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ORALS

MONDAY 7 JULY
PLENARY

PLEN1-01. BETWEEN A ROCK AND A HARD PLACE: COMMUNICATING CONTESTED GEOSCIENCE

lain Stewart
Plymouth University, Drake Circus, Plymouth PL4 8AA, United Kingdom

Geological issues are increasingly intruding into ordinary people’s lives. Whether it be onshore exploration and
extraction of oil and gas, deep injection of waters for geothermal power, or underground storage of carbon dioxide
and radioactive waste, many communities are having to confront the ramifications of geological interventions
beneath their backyard. In turn, professional geologists are increasingly being encouraged to communicate what
they do and what they know to the public, and even to advocate more directly policy dimensions with stake holders
and decision makers. Yet how can we do that when, for most people, geology is about 'stones' and stones are
'boring'! It is a problem compounded by the fact that many of our most acute geo-issues pertain to the unfamiliar
realm of the deep subsurface. The result is that geology is largely out of sight and out of mind. To counter this, this
talk will use a decade of experience in popularising geoscience for mainstream television programmes to explore
ways in which geologists can make our subject connect better with the dissonant public, and in doing so forge more
effective strategies for meaningful public engagement.

ENVIRONMENT

01EVA — HYDROGEOLOGY, THE WATER WITHIN

01EVA-01. NEOGENE-TO-RECENT TECTONICS: A KEYSTONE ELEMENT OF MANY HYDROLOGICAL/ GROUNDWATER
SYSTEMS IN AUSTRALIA

K C Lawrie, Ross S Brodie, ] Magee & L Halas

Groundwater Group, Environmental Geoscience Division, Geoscience Australia, GPO Box 378, Canberra, ACT 2601,
Australia

Climate and paleoclimate processes, together with surface topography, drainage and river flow characteristics, soils,
vegetation, land use, geomorphology and underlying geology, are key variables that dictate surface—groundwater
interaction and groundwater distribution and sustainability. However, the role of geodynamics/tectonics in
determining hydrological and groundwater processes as well as the 3D hydrogeological architecture of basins and
catchments, have often been overlooked or under-estimated in Australia. This paper will demonstrate the
importance of Neogene-to-recent tectonics for understanding hydrological systems across the continent generally,
using regional examples including the Ord Valley (East Kimberley, WA), the Burdekin Delta (North Queensland), and
the Murray and Darling Rivers (New South Wales/Victoria).

At long wavelengths (>10° km), dynamic topographic effects (influenced by plate stresses and Cenozoic volcanism in
Eastern Australia) have controlled the tilting of the continent, while dynamic uplift has produced a relatively small
topography range and low hydraulic heads to drive slow-moving groundwater flow systems. At intermediate (10>
10® km) wavelengths, tectonics, through large-scale undulations and regional dynamic topography effects, has
played a significant role in the development of major drainage basins, valley and river morphology, and consequently
the character and distribution of aquifers and aquitards within these catchments/basins. Intermediate scale
tectonics also influences the development of regional to intermediate scale groundwater flow systems. At short
wavelengths (<10 km), tectonics is locally manifested by the development of fault systems and associated tilting,
and discrete faults that modify local landscapes including valley and river morphology, and local aquifer and aquitard
character and distribution. Neogene-to-recent tectonics at short and intermediate wavelengths has also been linked
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to the control and avulsion of major river systems (e.g. Edwards—Murray; Keep—Ord and Talyawalka Creek—Darling
River) thereby influencing surface—groundwater interaction, inter-aquifer leakage and local to intermediate
groundwater flow.

In the Broken Hill Managed Aquifer Recharge (BHMAR) Project, previously unidentified deformation of Murray
Geological Basin unconsolidated sediments has been recognised beneath the Darling Floodplain, N.S.W. Deformation
is manifested as discrete faults, tilting and warping within discrete, complex strike-slip fault zones. These fault zones
control the major drainage features, inter-aquifer leakage, paleohydrology and recharge of the underlying Pliocene
aquifers. Tectonics therefore plays a vital role in the viability of MAR and groundwater extraction options in the area,
although the key tectonic elements were only revealed upon the acquisition of high-resolution airborne
electromagnetics (AEM) and LiDAR datasets, validated by drilling, and ground and borehole geophysics.

In summary, recent studies have demonstrated that Neogene-to-recent intraplate tectonics play an important role,
at a range of scales, in determining the location, nature and duration of surface hydrological processes including
surface—groundwater interactions, and the distribution and quality of groundwater resources. Many of these
features have only been mapped using high resolution geophysical and geospatial datasets, combined with novel
basin and landscape mapping, modelling and assessment approaches. Geodynamics/tectonics can therefore be
considered a ‘keystone’ element of many Australian hydrological and groundwater systems, often disproportionately
important to the workings of these systems relative to the size, abundance and/or distribution of the tectonic
elements that control or impact these systems.

01EVA-02. RAINFALL ISOTOPE (*H, 6°H and 6'0) INPUT TO GROUNDWATER IN AUSTRALIA
Cath Hughes, Carol Tadros, Suzanne Hollins, Jagoda Crawford, Dioni Cenddn & Karina Meredith

Institute for Environmental Research, Australian Nuclear Science and Technology Organisation, Locked Bag 2001,
Kirrawee DC, NSW 2232, Australia

The stable isotopes of water, 8’H and §'°0, are conservative tracers available for studying mixing of water in the
hydrosphere. Radioactive tritium (°H, half-life = 12.3 years), derived from both cosmogenic and anthropogenic
sources (nuclear testing), is an important tracer for dating of young groundwater. Measurements of stable water
isotopes and tritium in Australian rainfall have been made monthly at six coastal sites and Alice Springs since 1962 as
part of the Global Network of Isotopes in Precipitation (GNIP).

Since 2006 this network has been expanded to include seven inland sites in New South Wales, Queensland, South
Australia and Western Australia (8°H and 8'®0 analysed only). In addition, event-based studies of stable water
isotopes have been conducted at four locations in the Sydney region since 2005. These data have been analysed to
determine local meteoric water lines, weighted averages and to investigate the relationships between rainfall
isotopic composition, temperature and precipitation amount. Stable water isotopes are not completely conservative
as they undergo fractionation as a result of hydrological processes such as evaporation, precipitation, ice and snow
formation and melting, and geothermal activity. The fractionation can be used to understand the provenance and
history of groundwater and to define end members for mixing studies.

For age dating of groundwater using tritium the rainfall tritium composition is required. In addition to the 50-year
tritium record available from GNIP for six sites, data for an additional eleven locations throughout eastern Australia
were compiled for varying periods mainly between 1970 and 1991, thereby improving the spatial resolution of the
tritium time series in Australia. Unlike 8°H and 80, the spatial distribution and seasonal variation of tritium in
rainfall is largely controlled by the stratosphere to troposphere exchange of anthropogenic tritium from nuclear
testing, with the highest concentrations occurring at Adelaide and Melbourne during the early spring. Modern
concentrations appear to be stabilising with average annual concentrations in the range 1-3 TU increasing with
latitude. These data have also been used to estimate the tritium composition of rainfall resulting in the January 1974
Queensland floods, which are believed to have resulted in significant recharge to aquifers in Queensland and
northern NSW.

01EVA-03. GROUNDWATER SYSTEMS IN NORTHERN AUSTRALIA — ARE THEY SUITABLE FOR A NORTHERN FOOD
BOWL: EVIDENCE FROM RESIDENCE TIMES AND GEOCHEMICAL ANALYSES OF GROUND AND SURFACE WATERS IN
THE LAWN HILL REGION, NORTHWEST QUEENSLAND

Mira van der Ley™?, Dioni | Cendén® & lan T Graham'




ISchool of Biological, Earth and Environmental Sciences, The University of New South Wales, NSW 2052, Australia.
2Australian Nuclear Science and Technology Organisation, Locked Bag 2001, Kirrawee DC, NSW 2232, Australia

Water resources in the northern regions of Australia have become increasingly important with the possible
development of a northern “food-bowl’. Understanding the chemistry, flow systems, and mean residence time (MRT)
of groundwater systems in this region is therefore essential.

The Lawn Hill region of northwest Queensland is subjected to a semi-arid monsoonal climate with an average of 542
mm/a — the majority falling in the warmer months through November—March. Due to the polarity of rainfall, most
streams run dry during the dry season. However, four major perennial streams are maintained by groundwater
discharge, highlighting the importance of groundwater—surface water interaction and our understanding of such
systems. The regional geology is dominated by the Barkly Tableland, an expansive Cambrian carbonate plateau, or
siliciclastic formations of the Proterozoic Mount Isa Inlier.

The carbonate and siliciclastic lithologies exhibit variable influences on groundwater chemistry and flow. There are
distinct differences in chemical signatures whereby the carbonate-hosted groundwater was found to be strongly
influenced by carbonate dissolution with little evidence of evapotranspirative enrichment as indicated by both Cl
concentrations and stable water isotopes (SWI). Conversely, major ion chemistry and SWI composition of the
siliciclastic-hosted groundwaters suggest they are strongly influenced by evapotranspirative enrichment and less by
later water—rock interactions (though these do impart a signature on groundwater chemistry). Importantly, the
limited influence of evapotranspiration on carbonate-hosted groundwater with TDS values ranging 540-611 mg/L
means these waters are classified as freshwater and represent a low—medium irrigation salinity risk. Comparatively,
the siliciclastic-hosted groundwaters have much higher TDS values (599-7204 mg/L), which spans the fresh—
brackish—saline classifications and represents a medium—high salinity risk. These differences highlight the fact that
suitability of groundwater for irrigation purposes greatly depends on the geological controls through water—rock
interactions and influence on groundwater infiltration.

The mean residence time (MRT) of groundwater is an important indicator for groundwater sustainability. Again,
there is a clear distinction between carbonate and siliciclastic hosted groundwaters. Both tritium and radiocarbon
analyses of dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC) indicate a modern age for carbonate
groundwaters with fast recharge indicating the carbonate groundwater is less susceptible to depletion but more
susceptible to anthropogenic influences. Comparatively, measurable tritium concentrations in siliciclastic
groundwaters indicate a modern system; however, DIC and DOC radiocarbon analyses indicate a much older
groundwater up to ca 10 000 a (depending on the flow model applied). The differences between tritium and
radiocarbon MRT may indicate more complex mixing between young and old groundwater and slower recharge,
suggesting siliciclastic groundwaters may be susceptible to depletion.

01EVB — HYDROGEOLOGY, THE WATER WITHIN

01EVB-01. VERTICAL PERMEABILITY OF AQUITARDS — CORE TESTS TO BASIN SCALE MODELLING

Doug Anderson® & Wendy Timms®

"Water Research Laboratory, School of Civil and Environmental Engineering, The University of New South Wales, NSW
2052, Australia. *School of Mining Engineering, The University of New South Wales, NSW 2052, Australia

Direct measurement of hydraulic connectivity at multiple scales (core, bore, site and basin scale) can provide
confidence in groundwater models of groundwater extraction for water supply and for mining and gas extraction
projects. A lack of aquitard data often leads to indirect modelling of aquitards via a constant assumed ’vertical
conductance’ term between aquifers but contributes to non-unique models that are unreliable as a basis for
management decisions. This paper proposes a new leading practice for evaluating the possibility of vertical
connectivity in aquifer/aquitard systems through direct measurement and advanced multiple model techniques.
Bore testing methods typically provide hydraulic conductivity in a horizontal (K,) orientation, while aquifer pump
tests have a lower limit K of 10 m/s. Core-scale testing can add value to drilling data by providing high-resolution
vertical data including K, or K, for ultra-low K confining strata. For example, testing of silty cores by standard rigid
and flexible wall column techniques require 1-2 weeks, compared with <1 week in a geotechnical centrifuge
permeameter (CP). Hydraulic testing of half cores or semi-saturated cores (20 to 100 mm diameter) may only be
viable by CP, with advantages for quantifying coupled hydromechanical or hydrochemical processes under specific
in-situ conditions. Leading practice evaluation of vertical connectivity would involve many steps including: drill coring
and appropriate core preservation on site, permeability testing using a suitable method (eg. gas permeation, triaxial

5



cell or geotechnical centrifuge). A geostatistically relevant number of representative cores of a specified lithology
(determined by a data worth evaluation) are examined, followed by fluvial process modelling to generate multiple
permeability distributions for groundwater flow modelling. Permeability estimates of specific facies can be calibrated
to match the bulk-averaged values from core scale testing. Examples of multi-scale measurements and modelling of
aquifer—aquitard systems will be provided for alluvial and sedimentary rock groundwater systems.

01EVB-02. UNCERTAINTY IN EFFECTIVE HYDRAULIC CONDUCTIVITY DUE TO GEOLOGICAL HETEROGENEITY

Sanjeev Kumar Jha', George Mathews?, Florian Wawra® & John Vial?

ISchool of Civil and Environmental Engineering, The University of New South Wales, NSW 2052, Australia. ’National
ICT Australia, Sydney, NSW 2015, Australia

Any hydrogeological study requires determining an appropriate representative macroscopic volume (RMV) and
assigning an effective hydraulic conductivity (Ker) value to it. The hydraulic conductivity values are measured at a
small scale called representative elementary volume (REV). In an alluvium setting, it is important to understand the
arrangement of geobodies, their sizes, horizontal and vertical connectivity etc., to be able to determine how much
uncertainty in K value is caused by small and large scale geological features while translating the geological
information from REV to RMV scale.

In this study, a systematic investigation is performed to determine the influence of channel orientation and aspect
ratio on the K values over different RMVs. The geology is composed of meandering channels in a shallow fluvial
aquifer consisting of two facies, sand and clay. The proportion of each facies is considered as 50%. 3D binary facies
models are obtained by applying multiple-point geostatistical simulation (MPS) and parameterising the 3D structures
by applying a rotation parameter. Channels of two different depths and 7 orientations are considered. Fifty
realisations of each model produced a total of 700 (2x7x50) facies models for flow studies. The steady state
simulations are then performed using the MODFLOW-2005 code to obtain effective hydraulic conductivity values
(Kxefr, Kyef, Koef). Four contrasts of hydraulic conductivity values are considered in the flow simulations. Multiple
realisations from MPS simulations enable us to obtain a probability distribution over the upscaled hydraulic
parameter fields at the RMV scale. Results show that the K values are greatly influenced by the aspect ratio of
channels than the orientation of the channels.

01EVB-03. ESTIMATING DIFFUSION IN HETEROGENEOUS GROUNDWATER SYSTEMS USING SHORT-LIVED RADIO-
ISOTOPES AND STABLE ISOTOPES OF IODINE OR BROMINE

Mark A Peterson’, Dioni Cenddn®, Martin S Andersen?, Lida Mokhber-Shahin®, Henri Wong" & Brett Rowling®

Australian Nuclear Science and Technology Organisation, Locked Bag 2001, Kirrawee DC, NSW 2232, Australia.
Connected Waters Initiative Research Centre, The University of New South Wales, NSW 2052, Australia

Diffusion is an important and ubiquitous phenomenon in nature, but too often neglected or unmeasured in water
resource hydrogeology or solute transport. Diffusion may, in fact, be the dominant process that dictates
hydrogeochemistry and affects tracers. Conservative and age tracers are commonly used for water resource or
contaminant plume transport estimations, but will give misleading results, if diffusion is ignored. Diffusion of tracers
into aquitards, matrix pores of fractured rocks, blind fractures or other low conductivity zones lead to retardation
and possible adsorption, exchange, precipitation or decay. This becomes increasingly important as heterogeneity of
flow domains increase, for example, in fractured rock aquifers, interlayered sediments or aquifers associated with
aquitards. Traditional methods of measuring diffusion coefficients in small slices of heterogeneous rock are
unreliable for upscaling, so this study presents an alternative method based on lab-scale drill-core tests and suggests
field-scale borehole tracer tests.

Fick’s first law shows that diffusion rates are driven by concentration gradients. Short-lived radiotracers soon reach a
steady-state concentration gradient with enhanced flux where diffusion rate equals decay, while stable tracers trend
towards saturation and ever-decreasing fluxes. We compare diffusion of short-lived radiotracers *'I (half-life 8 days)
or ®Br (half-life 1.5 days) to their stable equivalent (I or Br) into 45-50 cm lengths of ~60 mm diameter drill core.
Five cores were selected from three fractured rock environments: sandstone, limestone and metavolcanics. By
regularly sampling and refilling the annulus with tracers around the enclosed core, we are able to discern differential
in-diffusion between stable- and radio-tracers.

For example, the annulus was sampled and refilled weekly with an (equivalent decayed) **'I activity of 22 Bg/g and
within three weeks (2.6 half-lives) each core had reached a characteristic steady state flux. The net fluxes were
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around 1.0 Bg/cm?/week in the sandstone cores, 0.2 Bg/cm?/week in the metavolcanics, and 0.05 Bg/cm?/week in
the limestone. This was compared to stable iodine weekly refills at 2.6 mg/L, which gave ever-diminishing diffusion
results. The net fluxes of stable iodine diminished steadily, e.g. over three weeks from 98 to 26 ng/cm?/week for the
most porous (medium sandstone ~15%), and from 11 to 7 ng/cm?/week for the least porous (limestone ~2%).

Experiments were also performed using ®’Br and stable bromine, with sampling and refills performed on a daily (0.68
half-lives) basis. Similar trends were apparent, though the data was noisier due to more frequent refills and less time
for diffusion to generate significant changes in the annulus reservoir solutions.

This method enables analysis of drill cores for comparative effective diffusion coefficients of different systems.
Quantitative interpretation is currently being refined. In principle, the method should be transferrable to single
boreholes or tracer tests between multiple boreholes to gain larger scale representation of effective diffusion within
a groundwater system. The normally confounding factors, such as dilution, advection, exchange, adsorption and
precipitation, are negated by comparing the stable with radio-tracer results, as all isotopes of these elements are
identically affected by such processes and losses.

01EVB-04. A HYDROGEOCHEMICAL STUDY OF SHALLOW SALINE GROUNDWATER IN SOUTH WEST SYDNEY,
AUSTRALIA

Sarah Taylor & Willem Vervoort
Faculty of Agriculture and Environment, The University of Sydney, NSW 2006, Australia.

Groundwater in western Sydney has been known to be saline for many years. The source of the salinity has not yet
been identified, though many have suggested that the marine origin of the Wianamatta Shales, which are the
dominant geological formation in areas of known high salinity, combined with the bowl-like topography of western
Sydney are significant contributors. Others have suggested that due to the high solubility of halite this is unlikely as
the sediments are over 200 million years old, and that dry deposition and evaporative concentration of precipitation
are the likely sources of the salt. Knowledge of the type and source of salts in groundwater in the area would be
useful for land managers at all levels, as it would enable them to make informed decisions about future practices to
prevent possible land degradation through salinisation.

A hydrogeochemical study was conducted in the Mt Annan area of southwest Sydney with monthly data collected
between July 2011 and July 2012 presented in this study from six permanently wet and one seasonally wet
monitoring bores. Seasonal variation in composition was not apparent, with electrical conductivity varying less than
10% between seasons at most sites, while the variation in seasonal rainfall was greater than 50%. It is thought that
an unusually wet summer and autumn in early 2012 may be obscuring any seasonality. Averaged electrical
conductivities of the sites ranged from 3863 uS/cm at Banksia to 22385 uS/cm at Lake Fitzpatrick 1, with averaged
pH being circumneutral for all sites. All groundwaters were Na—Cl dominated with chloride ranging from 27% of TDS
in the least saline samples to 43% of TDS in the most saline samples where it is the major constituent. Sodium
content ranged from 35-41% of TDS in the averaged data. Plots of sodium and chloride concentrations indicate that
most sodium is sourced from precipitation originating from ocean water as would be expected in a coastal location.
Other ions such as magnesium, calcium and carbonate however are enriched, thus water—rock interactions and
cation exchange could be contributing to the ion load of the groundwater. Stable isotope analysis revealed that the
samples fall on a local evaporation line (y = 5.29x + 0.08, R” = 0.91), suggesting that enrichment through evaporation
is an important source of salts. The proximity of the data to the LMWL and the GMW.L indicate that connate water is
unlikely to be present.

01EVC - HYDROGEOLOGY, THE WATER WITHIN

01EVC-01. HYDROGEOPHYSICAL DATA ACQUISITION STRATEGIES FOR NEAR-SURFACE HYDROGEOLOGICAL
INVESTIGATIONS IN THE AUSTRALIAN LANDSCAPE CONTEXT

K C Lawrie®, N B Christensen?, L Halas®, Ross S Brodie?, J Mageel, Kokpiang Tan' & J Clarke®

1Groundwater Group, Environmental Geoscience Division, Geoscience Australia, GPO Box 378, Canberra, ACT 2601,
Australia. 2Department of Geoscience, Aarhus University, DK-8000, Aarhus C, Denmark

Hydrogeophysical data are increasingly acquired as part of investigations to map key functional elements of
hydrogeological systems, and to underpin groundwater management. Within the suite of geophysical tools available,
airborne electromagnetics (AEM) provides a rapid cost-effective means of mapping relatively large,
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hydrogeologically complex areas. In Australia’s highly salinised landscapes, AEM, combined with ground and
borehole control, is the only broad-scale technique capable of mapping groundwater systems and groundwater
salinity to depths of 200-300 m. A wide range of AEM systems and acquisition platforms are available, and the
technology is now recognised as mature, and capable of mapping complex hydrogeology and groundwater salinity
relationships in a variety of landscape and geological settings. Optimisation of AEM data requires careful
consideration of AEM system suitability, calibration, validation and inversion methods. The choice of an appropriate
AEM system for a given task should be based on a comparative analysis of candidate systems, consisting of both
theoretical considerations and field studies including test lines over representative hydrostratigraphic targets.

For the Broken Hill Managed Aquifer Recharge (BHMAR) project the SkyTEM AEM system was chosen, after a
rigorous selection process, to map groundwater quality (salinity) distribution within a multi-layered sequence of
sand and gravel aquifers and clay aquitards to depths of ~120 m within unconsolidated sediments of the Murray
Geological Basin. The AEM acquisition strategy was governed by the need to rapidly identify and assess potential
managed aquifer recharge (MAR) and groundwater resource targets over a large area (>7500 km?), with a high
degree of confidence. Utilising a flight line spacing of 200-300 m, the AEM data, validated by drilling, successfully
mapped the key elements of the hydrostratigraphy, critical Neogene-to-recent tectonic features, and 14 potential
MAR and groundwater resource targets.

Subsequent to successful completion of the project the AEM data were re-inverted to assess optimal line spacings
for the different mapping objectives. Data for the central project area were re-inverted corresponding to a line
spacing of 200 m, 600 m, 1 km, 2 km and 5 km. Analysis of these data show that some key features of the
hydrogeological system (e.g. aquitard distribution and discrete faults) required for MAR target mapping and
evaluation as well as the understanding of groundwater processes, are only mapped with the required confidence
using higher resolution (200-300 m) line spacings. In contrast, the larger groundwater resource targets and the
principal near-surface aquifers can be identified at coarser line spacing (even at kilometre spacing).

For many groundwater mapping objectives, reconnaissance surveys at wide line spacings can be used to identify
broad-scale features, with higher resolution data in selected areas acquired subsequently to address specific
guestions. This multi-scale strategy is not always possible in project timelines, and, in the BHMAR project, it was
fortunate that a large number of targets were mapped at high resolution simultaneously due to a high failure rate in
MAR evaluations. Ultimately, the line spacing required will depend on the project objectives, the scale of key
landscape elements, and the nature of the hydrological system.

01EVC-02. GROUNDWATER REQUIREMENTS FOR A MINING OR COAL SEAM GAS GATEWAY APPLICATION

George Gates (retired)
NSW Office of Water, NSW 2001, Australia.

This talk has been prepared to assist applicants and others understand the groundwater information requirements
for a Gateway application.

The Mining and Petroleum Gateway process (‘Gateway process’) is an independent, scientific assessment of how a
state significant mining or CSG production proposal will impact the agricultural values of the land on which it is
proposed to be located.

The Gateway assessment is undertaken by an independent expert panel — the Mining and Petroleum Gateway Panel.
Members include: Mr Terry Short (Chair), Professor Garry Willgoose, Mr George Gates PSM, Dr lan Lavering, Dr Brett
Whelan and Dr Russell Frith.

The Gateway process is established through Part 4AA of the State Environmental Planning Policy (Mining, Petroleum
Production and Extractive Industries) 2007 (the Mining SEPP). The Mining and Petroleum Gateway Panel website
shows the panel assessments completed to date. See www.mpgp.nsw.gov.au

Strategic agricultural land (SAL) is highly productive land that has both unique natural resource characteristics (such
as soil and water resources) as well as socio-economic value (such as high productivity, infrastructure availability and
access to markets). Two categories of SAL have been identified: Biophysical SAL and Critical Industry Clusters (CICs).

The Panel expects applicants to address all of the criteria listed in the Mining SEPP. For groundwater there are
eleven areas were information is requested. This information will be used to assess the project against the criteria
specified in ‘Table 1 — Minimal Impact Considerations for Aquifer Interference Activities’ in the Aquifer Interference



Policy (AIP). The AIP can be found at: www.water.nsw.gov.au/Water-management/Law-and-policy/Key-
policies/Aquifer-interference/Aquifer-interference

The requirement for a simple groundwater flow model will be discussed together with appropriate field studies to
determine baseline hydrogeological conditions. Community concerns about the uncertainty of modelling results will
also be touched upon.

01EVD - GROUNDWATER QUALITY IMPLICATIONS OF CHANGES IN PHYSICAL

WATER MANAGEMENT

01EVD-01. GROUNDWATER MODERNISATION AND ASSOCIATED CHEMICAL CHANGES IN A HAWKESBURY
SANDSTONE AQUIFER (KULNURA-MANGROVE MOUNTAIN, NSW, AUSTRALIA)

Dioni Cendén™**, Stuart Hankin®, John Paul Williams® & lan Graham”

IAustralian Nuclear Science and Technology Organisation, Locked Bag 2001, Kirrawee DC, NSW 2232, Australia.
Connected Waters Initiative, The University of New South Wales, NSW 2052, Australia. >NSW Office of Water, PO
Box 340, Gosford, NSW 2250, Australia. “School of Biological, Earth and Environmental Sciences, The University of
New South Wales, NSW 2052, Australia

Land and groundwater usage has the potential to influence the groundwater chemistry of an aquifer. Progressive
modernisation of groundwater, variation in pH and associated water/rock reactions have been identified in areas of
the Kulnura—Mangrove Mountain aquifer (KMMA).

Detailed temporal and spatial sampling of groundwater (general hydrogeochemistry, H,O stable isotopes, 8"*Cpc, *H,
4¢C and ¥sr/®sr) revealed important inter-annual variations driven by groundwater extraction showing a progressive
influx of modern groundwater at >100 m depth in some areas. In the Peats Ridge plateau, shallow groundwater
samples show high C bomb pulse signatures, indicating modern recharged groundwater, while deeper
groundwater shows a yearly increase in modern *C inputs, instead of lower a**C values, as observed in other wells
and generally expected. Values evolved from 36.1 pMC (5.2 ka BP) in 2007, to modern values of 103 pMC in 2010
with the latest sample in 2012 failing to graphitise, probably due to the high CO, generally linked in the study area
with modern groundwater. The *H activities have also evolved from values below the quantification limit in 2007 and
2008 to values of ~¥1.1 TU in 2012.

The minimal buffering capacity of the quartzose sandstone aquifer, at least in its upper zone where dispersed
carbonates have long been dissolved, means that shallow groundwater generally has a low pH. Limited historical
data (1998) shows higher pH for all samples compared to the same wells analysed for this work. However, it is in the
central area where pH changes are most evident. During 2007, groundwater pH was similar to that expected for
samples at similar depths with consistent groundwater residence times; however, successive samples show a shift to
lower pH similar to those found in much shallower samples, as well as modern groundwater ages. Groundwater
extraction is therefore causing an inflow of modern waters at depth with associated acidification.

An important consequence of acidification is the capacity to mobilise trace metals. Of particular interest is
aluminium as it has been linked to enhanced risks of cognitive decline for subjects with a high daily intake from
drinking water (2 3.7 uM-day ™). Shallow samples in the Mangrove Mountain area and some of the deeper samples
with Al concentrations of ~3.45 uM are a risk for average drinking water intakes. The movement of low pH shallow
groundwater is causing an increase in Al concentrations, particularly in the central area of the KMMA, and this may
be affecting groundwater for local consumption or that recovered in bottling plants.

01EVE — GROUNDWATER QUALITY IMPLICATIONS OF CHANGES IN PHYSICAL

WATER MANAGEMENT

01EVE-01. LINKING GROUNDWATER DYNAMICS AND ESTUARINE WETLAND RESTORATION

William Glamore, Duncan Rayner & Jamie Ruprecht

Australia School of Civil and Environmental Engineering, Water Research Laboratory, The University of New South
Wales, NSW 2052, Australia



Estuaries are dynamic systems with fluctuating groundwater systems, water quality and inflows. In Australia more
than 5 million hectares of estuarine sediments contain acid sulfate soils. Large-scale drainage of these soils following
major floods in the 1950s has resulted in the oxidation of sulfidic sediments and the production of acidic soils and
groundwater. When leached to adjoining estuarine waters, the acidic and extremely high concentrations of metals,
including arsenic, can have devastating impacts on the environment and destroy infrastructure. The most common
method for remediating these soils is the restoration of tidal flows that contain natural buffering agents.

To date, extensive research has been undertaken to characterise the chemical dynamics, soil structure and solute
transport of the sulfuric subsoils. Onsite investigations have traditionally focused on soil acidity levels, localised
groundwater transport and impacts to agricultural infrastructure with limited investigations of catchment wide
processes including solute transport, acid plume coupling and buffering dynamics. The traditional site based
approach provides detailed information on localised acid hotspots but limited understanding of the larger catchment
dynamics and restoration potential of the site.

To better link groundwater and estuarine dynamics within a wetland restoration context, a catchment wide systems
approach is recommended. This alternative approach includes assessing a range of groundwater quality and
subcatchment variables to develop a prioritisation ranking for each groundwater subsystem. The potential impact of
each subsystem is then assessed across the estuary by examining the fate/transport of acidic plumes, the sensitive
receivers within the estuary landscapes, the flushing dynamics of the entire estuary, and the groundwater dynamics
under different forcing factors (including climate change).

This paper provides a detailed description of the catchment approach supported by conceptual models. Two case
studies are provided on large estuarine systems in New South Wales, Australia. The Shoalhaven River case study
provides a detailed example of the catchment wide site prioritisation study, which resulted in the ranking of 39
subcatchment systems for future restoration. The Manning River case study provides a detailed on-ground example
of how this prioritisation method and estuary wide approach can result in significant physical changes to onsite
water management.

01EVE-02. USING CONTAMINANT MASS FLUX AND MASS DISCHARGE TO SUPPORT GROUNDWATER REMEDIATION
AT BARANGAROO, SYDNEY, AUSTRALIA

Graham Hawkes' & Mark Burns®

TAECOM. °Lend Lease

The calculation of contaminant mass flux and mass discharge at Barangaroo, Sydney has been undertaken to support
approval by the regulators of a remediation approach and methodology. Subsurface conditions at Barangaroo, one
of Australia’s largest remediation sites, are geologically complex; the site being perched on the edge of Darling
Harbour and progressively developed and reclaimed for the past 120 years. Contamination at the site including
petroleum hydrocarbons and polyaromatic hydrocarbons is derived from the former gasworks facility, historic
wharves and associated commercial activities, and historical filling practices. The contaminant mass is located within
the fill and marine sediments that underlie the site.

Developing a remediation strategy at a site like Barangaroo is dependent upon understanding the distribution of
contaminants across the site and the dissolved mass flux or load of contaminants from contamination source zones
that might impact on sensitive receptors. The concepts of mass flux and mass discharge as a tool to support other
lines of evidence are increasingly becoming more recognised by Australian regulators as a means of protecting
receiving waters rather than setting groundwater concentration trigger levels.

After the development of a conceptual site model, mass flux modelling was conducted to assess the flux of
contamination that was proposed to remain in situ following the proposed remediation works and the improvement
in groundwater quality that could be expected to be realised as a result of the proposed remediation. Mass flux
discharge modelling using the Mass Flux Toolkit, developed by GSI Environmental, demonstrated that following the
removal of the contaminant mass within the proposed remediation extent, the groundwater quality reaching Darling
Harbour would be below the adopted marine water quality criteria for protection of the environment.

01EVE-03. RIPARIAN ZONE PROCESSES AND IMPLICATIONS FOR WATER QUALITY AND MANAGEMENT OF
CONNECTED WATER SYSTEMS: A CASE EXAMPLE OF ARSENIC GEOCHEMISTRY

Martin S Andersen’, Denis O’Carroll?, Nur Syahiza Zainuddin®, Ivona Maric!, Andy Baker, Richard Crane!, Adam
Hartland?, Josh Larsen®, Helen Rutlidgel's, Christopher E Marjo5 & lan Acworth®
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Water management in Australia’s arid and semi-arid regions has, in recent decades, focused on managing the
guantities of water in an environment of drought and increasing water demand from irrigated agriculture. Aspects of
riverbed ecology and water quality related to arid and semi-arid water management are only starting to be
considered. The increase in groundwater resource development has changed groundwater flow paths in riparian
zones on a massive scale. In arid and semi-arid catchments with large groundwater abstraction, streams and rivers
are transitioning from overall gaining to losing conditions. This has implications for biogeochemical reactions and the
transport of dissolved constituents between riparian aquifers and rivers. The shallow riparian groundwater zone
(here including the hyporheic zone) often has an abundance of fresh reactive organic matter either from recent
sedimentation or via infiltration of dissolved and particulate organic matter from the river. The oxidative demand of
this organic matter from microbial metabolism drives the reduced redox conditions of the groundwater in this zone,
which is therefore depleted in oxygen and contains high concentrations of dissolved reduced species (Fe(ll), Mn(ll),
H.S, As(lll), etc.). A gaining scenario is able to confine these species to the riparian groundwater zone, from where
they would eventually be discharged to the river, diluted in the surface water flow, re-oxidised, and for some species
(Fe(In), Mn(IV), As(V), etc.) precipitated as oxides. In contrast, in the losing scenario caused by groundwater
abstraction, the reduced water would instead migrate towards the abstraction bores and have no further interaction
with the stream. Considerable questions and uncertainty remains about these processes and their effect on the fate
of groundwater contaminants, especially arsenic. In this talk the release and mobility of arsenic in the riparian zone
will presented and the subsequent biogeochemical reactions discussed in terms of the aquifer geochemistry beyond
the riparian groundwater zone.

ENERGY
01EGA — OVERVIEW

01EGA-01. ENERGY IN AUSTRALIA — AN OVERVIEW

Alex Wonhas
CSIRO Earth Science and Resource Engineering, North Ryde, NSW 2113, Australia

Australia's domestic and export energy sectors are set to undergo a major transformation. However the exact
outcome of this transformation is uncertain. Three forces are typically identified as the shaping factors of the sector.
They are the desires to

e Enhance Australia’s economic prosperity
e Maximise the sustainability of energy resource developments and use
e Maintain energy security

While these factors are important we will argue that in the absence of strong political intervention it will in fact be
the successful development and commercialisation of science and technology that will shape the future of energy in
Australia (and the world). We will review the current state of the sector, discuss possible scenarios of the evolution
of both the domestic and export energy sectors, and highlight a number of examples that will show how science and
technology can shape the future of energy.

01EGB — NUCLEAR ENERGY

01EGB-01. MAPPING THE ARCHITECTURE OF SANDSTONE-HOSTED URANIUM MINERAL SYSTEMS IN THE
CALLABONNA SUB-BASIN, LAKE FROME REGION, USING REGIONAL-SCALE AIRBORNE ELECTROMAGNETIC (AEM)
DATA

lan Roach, Subhash Jaireth & Marina Costelloe
Geoscience Australia, GPO Box 378, Canberra ACT 2601, Australia



The Frome airborne electromagnetic (AEM) survey delivers fit-for-purpose pre-competitive AEM data to aid the
search for energy and mineral resources around the Lake Frome region of South Australia. The Survey includes a
total of 32,317 line kilometres of high quality airborne geophysical data over an area of 95,450 km?, or 10% of South
Australia, at a flight line spacing mostly of 2.5 km, expanding to 5 km spaced lines in the Marree—Strzelecki Desert
area to the north.

The Lake Frome region contains a large number of sandstone-hosted uranium deposits associated with Paleogene
and Neogene paleodrainage systems flowing from uranium-enriched Proterozoic rocks of the Curnamona Province.
Known resources are ~60 000 tonnes of U;0g including the In-situ Recovery (ISR) operations at Beverley, Pepegoona,
Pannikin and Honeymoon, and deposits at Four Mile East, Four Mile West, Yagdlin, Goulds Dam, Oban and Junction
Dam. The region continues to be a focus for the South Australian uranium exploration industry, particularly in the
southern Lake Frome area and around the flanks of the northern Flinders Ranges.

An integrated interpretation approach including a review of sandstone-hosted uranium mineral systems models in
the Lake Frome region improved the understanding of mineral systems in this area. This informed the mapping of
critical features of sandstone-hosted uranium mineral systems including basin architecture, paleovalley morphology,
sedimentary facies changes, hydrological connections between uranium sources and uranium sinks, and geological
structures. A synthesis of pre-existing groundwater flow systems data, isotopic dates of uranium deposits,
thermochronology data and zircon provenance data further constrain a landscape evolution model for the Mount
Painter and Mount Babbage inliers in the northern Flinders Ranges, affecting the mineral systems models.

The AEM data and subsequent interpretation comprehensively remap paleovalley systems in the southern Lake
Frome area and point to the potential for new uranium discoveries in New South Wales adjoining the survey area to
the east. The data provide a new understanding of the interaction between range-bounding fault systems and the
Mesozoic and Cenozoic stratigraphy around the northern Flinders Ranges and new insights for sandstone-hosted
uranium systems models for this area. New paleodrainage systems to the north of the Flinders Ranges, associated
with sandstone-hosted uranium discoveries, have also been interpreted from the AEM data.

The Frome AEM Survey dataset maps critical features of sandstone-hosted uranium mineral systems, geological
surfaces and depth of cover to ~300 m. By providing a regional framework for mineral explorers, the results reduce
exploration risk by showing where AEM is effective and what it responds to, and also allows mineral explorers to
merge their own tenement scale exploration results and high resolution ground EM or AEM surveys and place them
in a regional context.

© Commonwealth of Australia (Geoscience Australia) 2014.
This product is released under the Creative Commons Attribution 3.0 Australia Licence.
http://creativecommons.org/licenses/by/3.0/au/deed.en

Note: this presentation is taken from a draft AJES paper detailing the mapping of critical elements of sandstone-
hosted uranium mineral systems in the Lake Frome area.

GEOCAT # 79172

01EGC — NUCLEAR ENERGY

01EGC-01. THE FUTURE FOR NUCLEAR POWER IN AUSTRALIA

Tony Irwin

SMR Nuclear Technology Pty Ltd
Nuclear power makes an important contribution to baseload, low emissions electricity generation in 31 countries,
but not in Australia, which has been dependent on cheap coal. As Australia begins to consider all low emissions

options, the perceptions and concerns about nuclear energy have to be addressed. These include safety,
proliferation, economics, sustainability, total emissions and radioactive waste.

Small Modular Reactors may be a suitable option for Australia’s small grids and remote locations.

Looking to the future, Generation IV reactors, including the Integral Fast Reactor, Very High Temperature Gas
Reactors and Molten Salt reactors have the potential to transform the way we use nuclear power. Finally, fusion
power, forever “50 years away”, is getting nearer.
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01EGD — CLEAN ENERGY

01EGD-01. GOING DEEPER AND HOTTER FOR CLEANER, UNCONVENTIONAL ENERGY AND MINERAL RESOURCES

Klaus Regenauer-Lieb and the Laboratory for Multiscale Earth System Dynamics and Geothermal Research

The University of Western Australia, 35 Stirling Hwy, Crawley WA 6009 and CSIRO Earth Science and Resource
Engineering, Kensington, WA 6151, Australia

The Earth’s available resources fuel our rapidly developing human civilisation. This coming century will test our
innovative capability to adapt to a rapidly changing environment. Both the ever-increasing population and the
significant decline of the easily accessible conventional resources threaten our well-being, advanced societal
network, global economy and the international balance of power. Unconventional energy and mineral resources
define the most abundant resources available on our planet and are attractive targets for novel exploration,
stimulation and production techniques. Unconventional Energy (geothermal, shale gas, shale oil, tight gas, coalbed
methane, heavy oil/tar sands, methane hydrates) and mineral resources (deep in-situ leaching) are generally trapped
in a low porosity/permeability environment and are difficult to produce.

In this sense deep geothermal energy exploration in Australia has been pioneering the boundaries of current
geomaterial models through going deeper and hotter than ever reached before. A characteristic of material
behaviour at such conditions is that the material parameters develop a distinct dependence on the temperature
conditions in addition to their well-known pressure dependence. Although this is commonly neglected, the process
already starts at relatively shallow depth for clay rich rocks (like in unconventional shale gas plays), which can
deform in a ductile manner at geological strain rates. In addition they display dewatering reactions at a critical
temperature where the clay minerals dehydrate. The same style of temperature dependence is repeated for
different lithologies at greater depth. The presence of water has the effect of lowering this critical boundary. In the
Soultz-sous-Forets geothermal project in Europe, for instance, the interaction of the hydrothermal activity with the
granite produces clay rich shear zones, which lower the realm of localised ductile deformation to relatively low
temperature levels.

Thinking outside the box of hydraulic fracturing of brittle media is required for understanding and safely exploiting
geothermal and other unconventional reservoirs. New innovative approaches and concepts are required to unlock
the Australian unconventional geothermal, gas and mineral resources. The talk will present a new multidisciplinary
fundamental science based approach for the unconventional resource challenge. The approach consists of
combining a recent multiphysics, multiscale based geomechanics theory with laboratory and modern
computationally assisted petrophysics and material science concepts. The talk will be illustrated with field data, core
lab experiments results and numerical modelling of geothermal and deep hot shale gas prospects.

01EGE — SHALE GAS AND TIGHT GAS

01EGE-01. UNCONVENTIONAL GAS PROSPECTIVITY OF THE COOPER BASIN

Lisa Hall*, Tony Hill?, Bruce Radke’, Steve le Poidevin®, Chris Boreham?, Sandy Menpesz, Alison Troup3 & Owen Dixon®

!Geoscience Australia, GPO Box 378, Canberra ACT 2601, Australia. ZDepartment for Manufacturing, Innovation,
Trade, Resources and Energy, South Australia, Adelaide, SA 5000, Australia. 3Geologica/ Survey of Queensland,
Department of Natural Resources and Mines, Brisbane, Qld 4000, Australia

The Cooper Basin is an upper Carboniferous—Middle Triassic intracratonic sag basin in northeastern South Australia
and southwestern Queensland. The basin is Australia’s premier onshore hydrocarbon producing province and is
nationally significant, providing domestic gas for the East Coast Gas Market. Exploration activity in the region is
experiencing a revival with numerous explorers pursuing newly identified unconventional hydrocarbon plays, in
addition to conventional gas and oil prospects that are more clearly defined by 3D seismic. However, the
undiscovered unconventional gas resources in the basin remain poorly defined.

This study reviews the hydrocarbon prospectivity of the Cooper Basin with a focus on unconventional gas resources.
Regional basin architecture is characterised through compilation and integration of formation tops, structure
surfaces and isopach maps, indicating the wider extent of the Permian Toolachee and Patchawarra formations
further north in Queensland. Source distribution and quality are reviewed demonstrating the abundance of potential
source rocks across the whole basin. The Toolachee and Patchawarra formations are the richest source units,
however organic-rich rocks are also present in the Nappamerri, Daralingie and Epsilon formations, and the

13



Roseneath and Murteree shales. Petroleum systems modelling, incorporating new compositional kinetics, source
quality and Total Organic Carbon (TOC) maps, highlights the variability in burial, thermal and hydrocarbon
generation histories between depocentres. Although hydrocarbon generation began in the Permian, peak oil and gas
expulsion across the basin occurred in the Cretaceous. Pressure distribution estimates are made for all major
depocentres to better characterise variation in overpressure.

The Cooper Basin hosts a range of unconventional gas play types, including the very extensive basin-centred and
tight gas accumulations in the Gidgealpa Group, deep dry coal gas associated with the Patchawarra and Toolachee
formations, and the less extensive shale gas plays in the Murteree and Roseneath shales. However, the overlapping
nature of these plays makes it more convenient to consider them collectively as a composite Gidgealpa Group
unconventional gas play. The possible extent of the composite Gidgealpa Group gas play fairway is defined using a
common risk segment mapping workflow. Low and high confidence play fairway extents are also calculated.

In South Australia and the southwestern-most areas of Queensland, the composite Gidgealpa Group gas play fairway
maps show that the Nappamerri and Allunga troughs are highly prospective, along with the deepest areas of the
Patchawarra and Arrabury troughs. The play fairway maps also show the prospectivity potential for unconventional
gas further to the northeast in Queensland, including areas of the Windorah Tough and Ullenbury Depression.

The prospectivity of the Cooper Basin for composite unconventional gas plays far exceeds its currently known
conventional resources by at least an order of magnitude. Whilst significant additional work is required to better
characterise key petroleum systems elements, the play fairway area estimated for the combined Gidgealpa Group
gas play is significantly larger than that of the Roseneath and Murteree shale gas plays alone, suggesting very large
volumes of gas in-place and highlighting the Cooper Basin’s significance as a world class unconventional gas
province.

01EGE-02. PETROPHYSICAL CHARACTERISATION OF COOPER BASIN SHALE AND ADAPTABILITY OF TRADITIONAL
FRACCING TECHNOLOGIES

P Navinda K De Silva', Stefaan Simons’ & Paul Stevens®

!International Energy Policy Institute, University College London, 220 Victoria Square, Adelaide 5000, Australia;
n.desilva@ucl.ac.uk; +61 8 8110 9991. ’International Energy Policy Institute, University College London, 220 Victoria
Square, Adelaide 5000, Australia. >Royal Institute of International Affairs, Chatham House, 10 St James's Square,
London, UK.

The Cooper Basin shale is distinctively different from North American shales. Whilst it has the highest likelihood of
producing shale gas in Australia with its existing infrastructure and long history of natural gas development, as of yet,
there are no commercial lacustrine shale plays anywhere in the world. Lacustrine shales consist of considerably
higher clay content than marine shales. If the clay is non-reactive, this may not necessarily reduce the commerciality
of the shale play substantially. Nevertheless, it will certainly mean less clastic content compared to marine shales,
which could become a potential barrier for fracture stimulation. Having reactive clays will certainly not be desirable
as this will cause significant self-healing of stimulated fractures. In addition, complex formation networks with low
porosities will lead to less free gas content. Coupled with rapid depletion rates, it will certainly be challenging to
make shale gas operations economical due to the higher upfront costs required.

Fraccing is a mature technology developed in the US and employed successfully in many marine shale environments.
The fracccing fluid consists of a base fluid, proppants and a small amount of chemicals. The base fluid carries the
proppants with the chemical constituents, increasing the extent and efficiency of fracture stimulation. The primary
objective of this technology is to increase the permeability of the formations, allowing the gas to flow. The
permeability is reported to increase by more than 1000 times the original levels. So far, the applications on
lacustrine shales in the Cooper basin have proven to be reasonably effective, with around 20 wells drilled to date.
Yet, the question remains as to whether the most approriate technology is being used to maximise the gas
extraction potential based on the in-situ geological characteristics. Further research and development will be
required. Likewise, more needs to be known about the effectiveness of the chemicals being used to ensure adequate
brittleness of the lacustrine formations. Slickwater fraccing (in which synthetic polymers are used to thicken the fluid
and reduce friction between the fracturing fluids and rock formations) has been found to be more productive in
regards to US marine shales, as it uses less guar gum (thereby reducing costs) whilst still producing good reservoir
deliverability. Nevertheless, it is unclear whether it will be similarly effective for the non-marine shales in Australia.
In this study, a field dataset from the Cooper Basin will be used to estimate the impacts on reservoir deliverability for
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lacustrine shale. The development data based on US marine shales will be used to evaluate the success of lacustrine
shales. Further, gaps in understanding will be identified that will demand more research to increase the shale gas
development potential from lacustrine shale.

Key Words: Brittleness, Lacustrine shale, Fraccing, Permeability

01EGE-03. CHANGES IN MICROSTRUCTURE AND ELASTIC PROPERTIES OF ORGANIC-RICH MANCOS AND
KIMMERIDGE SHALES AFTER PYROLYSIS

Maxim Lebedev', Marina Pervukhina?®, Natalia Patrusheva®®, Alexey Yurikov**, Jeremie Dautriat?, Valeria Shulakova?,
Yulia Uvarova®, Boris Gurevich™? & David Dewhurst?

! Department of Exploration Geophysics, Curtin University, Bentley, WA 6102, Australia. °CSIRO Earth Science and
Resource Engineering, Kensington, WA 6151, Australia. 3Lomonosov Moscow State University. *“Moscow Institute of
Physics and Technology (State University)

Organic-rich shales, traditionally considered as source rocks, have recently become an ambitious goal for the oil and
gas industry as important unconventional reservoirs. Understanding of initiation and development of fractures in
organic-rich shales is crucially important as they drastically increase permeability of these low permeable shales.
Fracturing can be induced by rapid decomposition of organic matter caused by either natural heating, such as
emplacement of magmatic bodies into sedimentary basins or thermal methods used for enhanced oil recovery. In
this study we integrate laboratory experiment and numerical modelling to study fracture development in organic-
rich shale.

At the first step, we heated a cylindrical sample up to the temperature of 330°C. At the second step, we obtained
high-resolution (voxel size 3.4 micrometer cube) microtomographic (microCT) images of the Kimmeridge and
Mancos shale samples. At the third step static and dynamic elastic properties of the Mancos shale were measured.

Large kerogen-filled pores and cracks initiated by the heating can be identified from these micro CT images. We
repeated these steps for several temperatures in the range 330-550°C. The microtomographic images were
processed using AVIZO (Visualization Sciences Group) to estimate the dependency between the total area of
fractures and the temperature experienced by the sample. Total organic carbon content was tested in the samples
exposed to the same temperatures. This approach enables a quantitative analysis of fracture initiation and
development in organic-rich shales during heating.

Increase in both dynamic and static elastic moduli and decrease of Poisson’s ratios of the Mancos shale has been
observed in the samples that experienced temperatures up to about 400°C. The samples heated to the higher
temperatures up to 550°C exhibit the decrease of elastic moduli and increase of the Poisson’s ratio. Comparison of
the registered micro-CT images of the samples of Mancos shale subjected to temperatures up to 550°C shows
significant shrinkage of the kerogen-filling pore spaces resulted from bitumen expulsion into the pores.

01EGE-04. APPLICATION OF HYPER-SPECTRAL CATHODOLUMINESCENCE TO STUDY QUARTZ OVERGROWTH IN
SANDSTONES AND GAS SHALES

Z Li', C M MacRae’, N C Wilson?, A Torpy?, N Sherwood’, D N Dewhurst® & C Delle Piane®

ICSIRO Earth Science and Resource Engineering, North Ryde, NSW 2113, Australia. ’Microbeam Laboratory, CSIRO
Process Science and Engineering, Clayton, Vic 3168, Australia. 3CSIRO Earth Science and Resource Engineering,
Kensington, WA 6151, Australia

Cathodoluminescence (CL) is sensitive to material composition and crystal structure, trace level concentrations of
luminescence activators, and chemical valence of activator ions. Cathodoluminescence analysis can reveal the
heterogeneity of minerals including lattice mismatch within crystals and mineral/crystal defects resulting from
crystal heterogeneous growth (complex forming history, overgrowths, dissolution, and crack filling) during
diagenesis. Such knowledge can, in turn, be used to reconstruct the processes of mineral formation, alteration and
diagenesis. We have applied hyperspectral CL and X-ray imaging to the study of a suite of sandstone and shale
samples from Australia, the United States of America and Germany to investigate what new information can be
revealed.

An electron microprobe equipped with wave-length dispersive spectrometry, spectral energy-dispersive
spectrometry and an integrated grating cathodoluminscence spectrometer, has been used to study the samples. The
resulting CL and X-ray maps were analysed to determine the mineral assemblages and types of quartz present as
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well as gain evidence on fractures and cement overgrowths. The results indicate that this form of analysis is a
powerful and effective tool to evaluate the heterogeneous growth of minerals in sandstones and shales and reveal
diagenetic textures, which unravel the occurrence of fractures and associated healing as well as quartz overgrowths.
Such knowledge can provide a better understanding of the diagenetic history of the rocks, and assist in the
interpretation and understanding of basin-scale thermal processes that any associated organic matter has
undergone. Insights into the hydrocarbon generation and charging history may also be gained to assist in
hydrocarbon resource evaluation.

Sandstone samples: The CL-maps clearly illustrate the microstructures, rock fabrics, and distribution of natural
fractures including healed fractures in the minerals. The cementing and overgrowth of minerals are clearly visible in
the CL-maps, in particular quartz overgrowths are consistently visible. The overgrowth textures are chemically
indistinguishable by X-rays and backscattered electron imaging making CL imaging an indispensible technique.

Shale samples: The features are generally not as obvious as for the sandstones, however, some general observations
can be made:

Microstructure of gas shales, including shale fabric and distribution and grain-relationships of various minerals can
be well illustrated by CL-mapping.

Other diagenetic features including inter-granular cementing among minerals including quartz, feldspar and
carbonates, or in some cases, overgrowth of some minerals (quartz in particular) are also evident.

The CL images show mid-blue areas (peaks at 1.94 and 2.77eV) with variable intensity, consistent with detrital quartz
grains, and dark-blue areas (peaks at 1.94, 2.77, 3.1 and 3.6eV) with significantly lower intensity for overgrowths or
the cementing quartz.

01EGF — ENHANCING RECOVERY AND UNDERSTANDING FUGITIVE EMISSIONS

01EGF-01. DESCRIPTION OF A CO, ENHANCED COAL BED METHANE FIELD TRIAL USING A MULTI-LATERAL
HORIZONTAL WELL

Luke Connell, Zhejun Pan®, Michael Camilleri* & Meng Shangshi’
1CSIRO Earth Science and Resource Engineering, Kensington, WA 6151, Australia. 2China United Coalbed Methane

Enhanced recovery of coal bed methane by CO, injection (CO,-ECBM) offers the potential of increasing recovery of
the gas-in-place relative to primary recovery methods while storing CO,. This paper describes a CO,-ECBM field trial
that used a multilateral horizontal well with 2.3 km in seam length for injection. The trial, performed in China’s
Shanxi basin, involved transport of liquid CO, to the injection site and pumping of this directly into the injection well.
A u-tube sampling system was installed in a monitoring well 25 m from the main horizontal branch close to the
vertical section of the injection well. This u-tube system comprised three intervals separated by inflatable packers
from which gas and water samples were automatically collected and recovered to an on-site field laboratory for gas
analysis. The middle interval of this packer assembly was positioned to collect fluid samples from the coal seam
targeted for ECBM. At the start and towards the end of the period of CO, injection, a pulse of non-adsorbing tracer
gas was added to the CO,. There was clear breakthrough of the tracer in the middle packer interval of the monitoring
well, demonstrating the good connection between the injection and monitoring wells. The CO, composition of the
gas sample from the coal seam gradually increased over time as injected CO, migrated to the monitoring well and
reached a maximum of 12%. Coal permeability, and thus CO, injectivity, has been observed to decline during other
CO,-ECBM field trials as higher adsorbing CO, displaces reservoir methane. However, in this trial there was no clear
trend of decreasing injectivity with time, possibly due to the flow behaviour in the long horizontal well and the short
periods of CO, injection.

01EGF-02. THE EFFECT OF RESIDUAL WATER ON CH,—CO, DISPERSION IN CONSOLIDATED ROCK CORES
Vahab Honari, Michael Johns & Eric May

Centre for Energy, School of Mechanical & Chemical Engineering, The University of Western Australia, 35 Stirling
Hwy, Crawley WA 6009, Australia

Carbon dioxide (CO,) sequestration has been considered as a promising technology to mitigate atmospheric
emissions and control climate change. Although CO, has been recently stored in underground formations such as
aquifers or depleted oil or gas reservoirs, it has not been yet injected into producing natural gas reservoirs at the

16



early stage of their lives. Additionally, natural gas and CO, are miscible in all proportions at reservoir conditions.
Thus, it magnifies the main potential risks associated with the enhanced gas recovery (EGR) process; early
breakthrough of CO, into the production wells and production of natural gas largely mixed and contaminated with
injected CO,. Accurate prediction of the mixing between CO, and natural gas is, therefore, essential to determine the
reliability of the EGR process. This mixing process can be captured in reservoir simulators if accurate correlations
anchored to high-quality dispersion coefficient data for the two supercritical fluids.

In this work, we accurately measured the dispersion coefficients of CO, and CH,; at reservoir conditions. The
specialised core flood apparatus was used to measure this coefficient through sandstone cores at dry and wet
conditions with different water saturation levels. It showed that the resulting dispersion of the CO,—CH, system was
relatively the lowest in dry core and increased with increasing residual water saturation. Subsequently, the
dispersivity of the rock core, which is the physical property of a rock core and a measure of rock core heterogeneity,
increased as the water saturation increased. Based on our NMR-pore size distribution data, it was hypothesised that
the dispersivity change caused by increasing rock tortuosity (and heterogeneity). Finally, a generalised correlation
which captured the effects of pressure, temperature, flow velocity and water saturation was developed in a form to
be used in reservoir simulators.

01EGF-03. DIRECT MEASUREMENT OF FUGITIVE GAS EMISSIONS FROM OPEN CUT COAL MINES

Abouna Saghafi
CSIRO Energy Technology, North Ryde, NSW 2113, Australia

During open cut coal mining, significant volumes of gas are emitted from exposed coal seams, and from fractured
strata beneath the extracted seam into the atmosphere. The volume of emissions would depend on the gas content
of various gas-bearing sedimentary units and on their gas migration properties. This study discusses a direct method
of quantifying emissions from surface coal mining that has been trialled in Australia. The method is based on direct
measurement of surface emissions from uncovered coal seams in mine pits, concurrent measurement of residual gas
content of blasted coal in mine pits, and measurement of pre-mining gas content of the same seam from cores
retrieved from exploration boreholes drilled away from active mining.

The results from two Australian coal mines are presented in this paper: one in the Sydney Basin with mixed gas (CH,
and CO,) in the coal seams and the other in the Bowen Basin with seam gas mostly CH,.

In the Sydney Basin mine, the pre-mining gas content of the target seam was measured using cores from an
exploration borehole away from active mining. Gas content varied from 0.7 to 0.8 m?/t and gas composition varied
from 16 to 21% CH, (84—79% CO,). In-pit measurements included seam surface emissions and residual gas content of
blasted and ripped coal. Residual gas content varied from 0.09 to 0.15 m>/t; less than twofold across a mine pit.
Composition of the residual gas was in general 90% CO, and 10% CH,, with slight variation between samples. Coal
seam surface emissions flux varied from 1.03 to 7.50 mL (CO,—e) per minute and per square metre of the ground
surface (mL min™ m™), a sevenfold variation across the mine pit. In the Bowen Basin mine, the pre-mining gas
content of the target seam was ~1.4 m3/t and composed mainly of CH,. In-pit residual gas content varied from 0.5 to
1.1 m*/t; a twofold variation across the mine pit. Composition of the residual gas was in general 94-97% CH, and 3—
6% CO,. Coal seam surface emissions from this varied from 18.4 to 205.9 mL min™* m™CO,—e, more than tenfold
across a mine pit.

01EGF-04. THE COMPLEXITIES OF CONTINUOUS AIR MONITORING IN ATTRIBUTING METHANE TO SOURCES OF
PRODUCTION

Charlotte P Iverach’, Dave Lowryz, James France?, Rebecca E Fisher?, Euan G Nisbet?, Andy Baker’, lan R Acworth?,
Zoe Loh?, Stuart Day”* & Bryce F J Kelly*

Iconnected Waters Initiative Research Centre, The University of New South Wales, NSW 2052, Australia. zDepartment
of Earth Sciences, Royal Holloway, University of London, Egham, United Kingdom. >CSIRO Marine and Atmospheric
Research/Centre for Australian Weather and Climate Research, PMBI, Aspendale, Victoria 3195, Australia. “CSIRO
Energy Technology, Newcastle, NSW 2300, Australia

There is increasing interest in the use of mobile gas measurement systems for measuring fugitive methane (CH,)
emissions from coal seam gas developments. However, there are many sources of CH, in the atmosphere ranging
from pre-existing geological seeps and fugitive emissions from open cut coal mines, to methanogens in the soil, and
the digestive systems of ruminants. The isotopes of carbon within CH,; may have the potential to fingerprint sources
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of methane in the atmosphere, but our baseline (§Cqu4) data sets of CH, production from different landscape
settings and under different climatic conditions are still few in number.

We present preliminary survey results of a mobile CH, and carbon dioxide (CO,) survey from Sydney, New South
Wales to Dalby, Queensland, Australia. This survey passed through major cities, national parks, vineyards, dry-land
crop farming, livestock farming, irrigation farming, coal mining districts, and coal seam gas developments.

At all locations a combination of continuous concentration data and grab bag samples were collected. A continuous-
wave cavity ringdown spectrometer (CW-CRDS) (Picarro G2301) was used to measure CH, and CO, concentrations.
The grab samples, which were stored in 3L tedlar bags, were analysed for CH, concentration and isotopic carbon
ratio in the laboratory using two methods. At Royal Holloway, University of London, the concentration was
measured using a Picarro G1301, and the 8"Ccys measurements were made using a trace gas GC-IRMS system. At
the UNSW Australia, the samples were analysed using an isotopic CW-CRDS (Picarro G2132-i).

Repeat surveys one week apart show variations in both the CH, concentration and isotopic composition. This work
highlights the need for a combination of continuous point measurements combined with repeat mobile surveying to
understand the existing sources of CH,. This would enable a rigorous assessment of the impact of increased coal
seam gas activity. We also discuss the complexities of attributing CH, measured in the air to one or more sources
due to the overlapping of carbon isotope signatures.

DYNAMIC PLANET
01DPA1 — OROCLINES IN THE TASMANIDES

01DPA1-01. THE GIANT LACHLAN OROCLINE: WHERE? WHEN? HOW? WHY? AND SOME ECONOMIC IMPLICATIONS
FOR EASTERN AUSTRALIA

Ross Cayley* & Robert Musgrave®

1Geoscience Victoria, Melbourne, Vic 3000, Australia. ZGeological Survey of NSW, NSW Trade & Investment, Maitland,
NSW 2320, Australia

After decades of modern study, the Lachlan Fold Belt (LFB) remains an enigma. A new concept is needed. The New
England Fold Belt has oroclinal folds and is fragmented-concepts relevant to the LFB, with roll-back recognised as
critical to post-Ordovician evolution. Victoria has exposure that spans LFB width, with key timing and context
constraints. NSW aeromagnetic data reveals a giant oroclinal fold superimposed on the northern Stawell Zone, cut
by the north-trending Bootheragandra/Kiewa—Kancoona dextral strike-slip fault system. Stawell Zone and Darling
Basin age constraints allow Silurian anticlockwise palinspastic unfolding of the northern Stawell Zone restoring, with
the Kayrunnera Zone, a linear, continuous Cambrian accretionary wedge along east Gondwanaland. Restoration
closes the Darling Basin and displacement on the Kiewa—Kancoona Fault. Ordovician relationships between Victorian
LFB ‘zones’ mean that this unfolding must cascade zone-by-zone far into the eastern LFB, only halted at the
Melbourne Zone—Tabberabbera zone boundary—Early Devonian, the site of a major paleogeographic discontinuity.

The result of this wholesale palinspastic restoration is a narrow, linear, accretionary LFB with a single arc — the
Macquarie Arc — active along east Gondwanaland in the Ordovician. Explaining LFB evolution through the Silurian—
Devonian to its present complex configuration requires a new geodynamic model. In the Late Ordovician, the
Macquarie Arc subduction—accretion system transitioned into convergence as a micro-continent — Vandieland —
entered its southern end. The Benambran Orogeny was the result, extinguishing the Macquarie Arc and forming the
LFB. After this, part of the subduction zone was congested, with LFB segments trapped behind Vandieland as the
‘western LFB’.

North of Vandieland the paleo-Pacific plate was uncongested but unable to advance, so rolled-back. Pinned by the
microcontinent in the south, slab roll-back pivoted to create a curved asymmetry that progressively wrapped the
eastern LFB around the northern and eastern edges of Vandieland. This formed a giant Z-shaped orocline, with the
present day LFB configuration established by the Early Devonian. Throughout this time, these parts of the LFB lay in
trans-tension, folding and fragmenting along extensional and strike-slip faults that chased asymmetric southeast-
directed slab roll-back from NSW, through eastern Victoria and eventually into northeastern Tasmania. Transtension
thinned the crust, opening distributed back-arc rifts — the Omeo Metamorphic Complex, followed by the Darling
Basin and numerous other rifts and troughs. Waves of rejuvenated marine sedimentation and arc-related
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magmatism kept pace with orocline growth, culminating in NE Tasmania in the Lower Devonian with deposition of
the Mathinna Group and intrusion of the Blue Tier Batholith complex.

Today, the Lachlan Orocline is approximately 400 km in amplitude with well-defined limbs enclosing a fault-
disrupted core. It has effectively doubled apparent LFB width and introduced complexity that confounded all
previous attempts at a comprehensive explanation. Economic implications: Much more Macquarie Arc exists buried
beneath younger rocks in Eastern Australia than previously anticipated, and in totally unexpected places.
Identification of these, and of related fore- and back-arc settings under younger cover is a fantastic boon for
exploration for buried mineral systems in NSW, Victoria and Queensland.

01DPA1-02. TESTING THE TASMANIDE OROCLINES

Robert Musgrave

Geological Survey of New South Wales, NSW Trade & Investment, Maitland, NSW 2320, Australia

Arcuate structural elements are present throughout the assemblage of late Neoproterozoic to Paleozoic orogens
that constitute the eastern Australian Tasmanides, although the status of several of these as oroclines has not been
formally tested. The tightly recurved New England Orogen is generally accepted to include at least one orocline,
although the number of folds, mode of construction and even identification as an orocline have been questioned.
Curvature in the Delamerian Orogen is clearly expressed as an S-shaped pair of structural arcs in the Adelaide Fold
Belt, but the northern element, the Nackara Arc, has been interpreted as largely non-rotational, and so not an
orocline. Hinge rotations of rigid deep crustal elements underlie the thin-skinned Delamerian deformation. Recently,
an orocline has been proposed within the Thomson Orogen of northern Queensland as the result of oblique collision
involving a ribbon continent. Repetition of tectonic terranes in the southern part of the Lachlan Orogen has been
recognised for many years, but only after advances in filtering of aeromagnetic data allowed structures to be traced
below thick post-tectonic cover was this geometry reinterpreted as part of a pair of oroclines that displaced most of
the Lachlan Orogen.

Orocline tests comprise a plot of the coherence between the orientation of an early-formed directional element and
geological strike. Paleomagnetic declinations from the southern New England Orogen, when expressed as
anomalous declinations relative to the Gondwana polar wander path, plot linearly with strike with a gradient (m) of
0.98 — a positive (if incomplete) orocline test. Large strike-slip displacements that have been inferred from the
paleomagnetic data are not necessary. The circular distribution of paleomagnetic poles from the Nackara Arc has
been interpreted in terms of polar wander, but instead provides a positive orocline test (m = 0.97) for this part of the
Cambrian Delamerian orocline. Orocline tests for the North Queensland and Lachlan oroclines are less direct, but
also appear to be positive. An isolated Silurian pole from the northern Thomson Orogen can be reconciled with the
Gondwana polar wander path by removal of the proposed North Queensland orocline. Paleocurrent directions from
Ordovician turbidites in the Lachlan Orogen appear to support oroclinal rotation around the eastern (“Tambo”) fold
of the Lachlan orocline. The gradient of the plot of paleocurrent direction against strike of the orocline limbs is 0.57,
reflecting the incorporation of some pre-Ordovician (Delamerian) curvature in the geometry of the Lachlan orocline.
Ordovician to Early Devonian paleomagnetic poles from the eastern Lachlan Orogen are distributed along a small
circle, and the rate of change of declination is linear over the interval between the Benambran and Bindian
orogenies. Although it is not clear whether this represents rotation of an orocline limb, or rotation around smaller
secondary folds, the observation is consistent with oroclinal displacement in the late Silurian. Preliminary
paleomagnetic results from Cambrian basement on the limbs of the western (“Boosey”) fold of the Lachlan orocline
also pass the orocline test (m = 1.02).

01DPB1 — OROCLINES IN THE TASMANIDES

01DPB1-01. A POSITIVE TEST FOR THE NAMBUCCA OROCLINE?

Glen Phillips
Geological Survey of New South Wales, NSW Trade & Investment, Maitland, NSW 2320, Australia

Controversy surrounds the geometry and number of oroclines in the southern New England Orogen (SNEO).
Whereas the presence of the northern Texas and Coffs Harbour bends is founded on structural, lithological and
geophysical grounds, supporting evidence of the southern Manning and Nambucca oroclinal bends is less convincing.
Geological evidence for the presence of the Nambucca Orocline is based on the reconstruction of a broadly linear
extensional fault and basin system that formed prior to oroclinal bending. The relevance of the Nambucca Orocline
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to regional-scale structural models and the late Permian—early Triassic geodynamic model of eastern Australia will
also be discussed.

One type of test for oroclinal bending requires the identification of broadly linear pre-oroclinal features in an
orogenic belt. This has been shown in Cordilleran and Mediterranean examples, where linear orogenic features (such
as the forearc basin, arc, ophiolite and accretionary wedge and their associated faulted contacts), provide critical
piercing points that can be used to trace out the oroclinal structure. Where this approach has been used with some
success in the southern New England Orogen, locating the Manning and Nambucca bends within the complexly
deformed rocks of the accretionary wedge creates difficulties. As a result, pre-orocline linear features need to be
identified in the Tablelands Complex.

As part of the Geological Survey of NSW Statewide Seamless Geology Project, structural, metamorphic and
geochronological data have been compiled for the Tablelands Complex. This compilation supports the occurrence of
a broadly linear extensional fault—basin system of Permian age. Geological evidence includes the manifestation of
high-strain deformation, HT-LP metamorphism and S-type magmatism along the trace of regional-scale faults.
Significantly, the geometry of these faults is coincident with that of known extensional fault systems, comprising
both normal and transfer components situated oblique to right angles. To the east of the fault system, the
Nambucca Basin formed synchronously. Faults identified in the Nambucca Basin have the same orientation and
geometry as the faults associated with high-strain, HT-LP metamorphism and S-type magmatism in the Tablelands
Complex, and may represent growth faults. Further work is required to confirm the nature of these basin faults.
Reactivation of the extensional system took place during oroclinal tightening in the late Permian—Early Triassic
Hunter-Bowen event. Structural overprinting of extensional structures and inversion of the sedimentary basins took
place during this event.

With respect to the southern New England Orocline models, the Nambucca Orocline can be interpreted in two ways,
namely: (i) The Nambucca Orocline is the inner hinge of the Texas Orocline, or (ii) the Nambucca Orocline represents
a component of a complex 3 or 4 orocline system. These contrasting geometries influence potential geodynamic
models for orocline development in the SNEO respectively, summarised as: (i) oroclinal bending formed out of
response to dextral transpression along a north—south striking subduction zone, or (ii) oroclines formed in response
to subduction rollback and advance cycles.

01DPB1-02. WHY THE MANNING AND HASTINGS (NAMBUCCA) OROCLINES DO NOT EXIST
Paul Lennox®, Robin Offler® & Jie Yan*

ISchool of Biological, Earth and Environmental Sciences, The University of New South Wales, NSW 2052, Australia.
’New South Wales Institute of Frontiers Geoscience, University of Newcastle, Callaghan, NSW 2308, Australia

The southern New England Orogen from west to east, consists of a buried volcanic arc, concave to the east forearc
(Tamworth Belt) and a subduction—accretion complex (Tablelands Complex) associated with a W-dipping subduction
zone. Many authors believe that it was deformed into a megafold in the north (Texas-Coffs Harbour Orocline) and
two smaller scale, megafolds (Manning-Hastings/Nambucca Orocline) in the south between 275-260 Ma. It is
generally accepted that the Texas-Coffs Harbour Orocline is a classical orocline because it shows rotation of bedding
and early foliations about a vertical axis. By contrast, the Manning and Hastings/Nambucca Oroclines have been the
subject of much speculation with some advocating their existence, others sceptical of their existence.

The Manning Orocline has been defined, by some authors, by the distribution of early Permian granites in the
Tablelands Complex, discrete linear belts of serpentinite and forearc sequences in the southern Tamworth Belt and
Hastings Block. However, there are problems with this approach. For example, the distribution of granites may not
reflect ductile bending around an orocline, but merely vertical movement of fault-bounded blocks containing a
group of granites in a sheet. Further, the serpentinites are not of the same age (Port Macquarie Block 427-444 Ma;
W margin of the Hastings Block post 377 Ma) and they do not form a continuous ribbon around the Hastings Block.
Rather they occur as isolated north—south ribbons bounding the western part of the Hastings Block and as a series of
ribbons west of Hastings Block. There are no serpentinites on the northeastern limb of the Hastings Block. Finally, it
has been suggested that the hinge of this orocline is north of Mt George or alternatively 60—65 km to the west, near
Walcha. The bedding south and east of Mt George does not define a megafold as expected if the hinge zone existed
in this area. Further, in the Walcha district the foliation formed during two metamorphic events and thus cannot be
used to define the hinge zone as suggested by other authors. Thus neither interpretation fits the structural patterns
in these areas. There are also features of the Hastings/Nambucca Orocline that do not support it being an oroclinal
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structure. Firstly the Parrabel Dome, northern Hastings Block within the core of this orocline plunges gently rather
than subvertical as expected with a classical orocline. Secondly, the northern Hastings Block was translated between
faults and underwent rotation of 130° clockwise or 230° anticlockwise in the earliest Permian prior to deposition of
Permian sequences in the overlying Nambucca Block. Subsequently, south-directed movement of the Coffs Harbour
Block, during oroclinal bending, produced structures in the Northern Hastings Block similar to those in the Nambucca
Block. These features all argue against the presence of this orocline.

01DPC1 — EARTHQUAKES AND VOLCANOES IN THE NOT-SO-STABLE PLATE

01DPC1-01. TWENTY (+) POTENTIAL SITES FOR AUSTRALIA'S NEXT VOLCANO: BASED ON 3 MA VOLCANIC AREAS
(LAT. 9-41°S), VOLCANIC TRENDS, DYNAMIC PLATE-SETTINGS AND DEEP THERMAL UPWELLING MANTLE AREAS

Lin Sutherland™? & lan Graham®

ISchool of Science & Health, North Parramatta Campus, University of Western Sydney, NSW 2751, Australia.
’Geoscience & Archaeology, Australian Museum, Sydney, NSW 2010, Australia. School of Biological, Earth &
Environmental Sciences, University of New South Wales, NSW 2052, Australia

The eastern Australian plate and its extended intraplate volcanism (100—0.004 Ma) contains over 20 areas with <3
Ma activity, based on extensive isotopic, fission track and cosmogenic dating. Many young volcanics lie in areas of
repeated volcanic episodes. Although young basaltic volcanism prevails, felsic events are now increasingly
recognised. The young volcanic fields of western Victoria— SE South Australia and NE Queensland are usually
favoured for delivering the next volcano. The present survey suggests several other sites over the 4000 km-long belt
may deliver a volcanic surprise. Besides extensive basalt dating, the study uses zircon fission track dating to suggest
that sporadic breccia-pipe outbursts punctuate less active areas. The inputs also involve dynamic factors related to
Australian plate movements and stresses, and modelling of mantle upwelling sources under the migrating
lithosphere since 3Ma. Potential areas for a volcanic wake-up from north to south are:

Murray Islands, Torres Strait (9.2-9.7°S), where episodic events include young cones.

Northeast Queensland (15-21°S), where major episodes are rife (Piebald, McLean, Atherton, McBride, Chudleigh,
Nulla, Sturgeon Provinces) and extend to <15 ka, while other isolated young fields include preserved cones (Mount
Fox).

Central-West Queensland (21-27°S), from an area south of broad northern activity trends towards young buried
intrusions and related basalt-derived escaping gases (Hughenden—SW Queensland).

Southeast Queensland (24.7-27°S), where WSW-trending eruptions form a migratory line from Bundaberg (1 Ma),
Coalstoun Lakes (0.6 Ma) to Brigooda (0.4 Ma), may be related to stress field effects and form a present potential
eruption site near Chinchilla.

East New South Wales (30-35°S), where young zircon annealing ages and felsic breccias in areas of basaltic episodes
(New England, Yarrowitch, Barrington Plateau) suggest potential eruptive trends towards Sydney Basin regions.

SW New South Wales—NW Victoria (35—37.5°S), within an area of 2 Ma bentonitic ash beds and young interpreted
vents to the south.

Northeast Victoria (36—-38°S), in a region of young annealed zircons and minor 2 Ma basalt flows.

Western Victoria (36—38°S), across extensive episodes of young flows, vents and maars, including Holocene features,
in the Central Highlands and Plains Western District subprovinces.

SE South Australia (37.5-38°S), within 1-0.5 Ma young flows and vents of the Mount Gambier subprovince formed
above a deep secondary mantle plume. .

Bass Strait—Central Tasman Sea margins (38-41°S), within a deep thermal, active seismic region across predicted
plume-like migratory sources and mantle gas discharges in northern Tasmania.

All these potential sites of impending volcanism can be considered within a model of major long-term thermal
mantle upwelling under the sea-floor spreading margins of the East Australian Plate.

01DPC1-02. NEW FAULTS IN THE BARROW SUB-BASIN: ACCOMMODATION OF PRESENT-DAY STRAIN THROUGH
REACTIVATION, INVERSION AND DISCRETE NEW FAULT ZONES
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Toby Colson, Myra Keep & Michael D’Adamo
School of Earth and Environment, The University of Western Australia, 35 Stirling Hwy, Crawley WA 6009, Australia

The Barrow Sub-basin has long been known to host reactivation and inversion in the Neogene. Features such as the
Barrow Anticline and the Cape Range of WA have also long been known to be inversion anticlines with gentle limb
dips, adjacent to associated faults (the Barrow and the Giralia faults, respectively). More recently seismicity data
indicated that many present-day earthquakes in WA exhibit strike-slip focal mechanisms, and a range of possible
strike-slip reactivation features have been identified along the NW WA coast, including on Barrow Island.

To further investigate the role of neotectonics and young deformation, a number of 3D seismic datasets in the
region of Barrow Island were interpreted with respect to young and surface-breaching faults, and their links at
depth. Across the Shelley, Panaeus and NW Barrow data sets a number of young features were identified, defining a
strong and localised strain gradient in the region. Strong strain partitioning inboard on the Peedamullah Shelf
accommodates much of the recent strain. However an intriguing area of young faults also occurs around the Veranus
Islands, to the NE of Barrow Island. A number of anomalous, high strain (in terms of displacement) NNW- and NW-
trending faults breach the surface and form a complex array with NE- and E-trending faults. The entire area has
geometries consistent with strike-slip (transpressional) reactivation that affect only the seafloor — very few of the
faults link at depth. In addition, a number of other very young faults occur only at the seafloor and have no
connections at depth at all. We interpret these to be new faults, trending mainly to the NW — these coincide with a
sharp, linear NW-trending topographic change offshore of Barrow Island.

Therefore 3D seismic data around the Barrow Island Anticline show strong strain partitioning of present-day strain
by two quite different areas: 1) strong reactivation of the Peedamullah Shelf with a sharp strain gradient; and 2)
diffuse transpressional deformation on extremely young faults outboard of the Peedamullah Shelf, including a
number of faults that occur only at the surface and may be evidence of brand new faults forming at the present-
time.

01DPD1 - EARTHQUAKES AND VOLCANOES IN THE NOT-SO-STABLE PLATE

01DPD1-01. DO EARTHQUAKES HAPPEN ON FAULTS?

David Love

Department of Manufacturing, Innovation, Trade, Resources and Energy, South Australia, Adelaide, SA 5000,
Australia

‘Earthquakes happen on fault-lines’ is a paradigm well entrenched in the public consciousness. Unfortunately the
recorded earthquakes in Australia are widely scatted and do not appear to support the paradigm. It is well known
that in most cases our earthquake epicentres are inaccurate, and we seem to have many thrust mechanisms, which
would suggest scattered earthquakes. However when the better quality data are reviewed, they also do not show a
preference for fault lines, and there is no known mapped fault in Australia that has regular activity occurring on it.
Earthquakes have caused a small number of ruptures in Australia since 1968, and mostly these do not support
repeated events at the same site.

While it is clearly true that in many places, principally active ones, that earthquakes align well with faults, there are
many other places where this is not the case.

Hazard analyses of recent decades usually have a component related to faults. This commonly affects the map more
than the measured seismicity. If the best cases in Australia do not show repeated activity on faults, then hazard
weighting on faults should not dominate. In an analysis, we assume that activity is random in the shorter term, but
fairly regular in the very long term. Clearly this is not the case. An engineer is much more interested in a 1% chance
of a large event in the next 100 years, than looking at a return period of 10 000 years.

It has been argued that small earthquakes will occur almost anywhere, but large earthquakes will preferentially
occur on major faults. However if we look at the size of the damaging earthquakes in Australia, it can be shown that
well located events of such sizes do not preferentially align with faults.

There may be a need to more fully outline the completeness, accuracy and applicability of fault investigation before
it is used in hazard analysis. Most geologists are well aware of the lack of completeness, but this is a case where it
should be made explicit. Another relevant question is to what extent faults can heal, and stress be redistributed.
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It is very difficult to work outside accepted paradigms. However, if we are not prepared to tackle the difficult
guestions, we may end up with hazard maps that are well accepted, but wrong.

01DPD1-02. USING STUDIES OF THE PHYSICAL FEATURES OF YOUNG MONOGENETIC VOLCANIC FIELDS, INCLUDING
THE NEWER VOLCANIC PROVINCE OF SOUTHEASTERN AUSTRALIA, TO HELP EXPLORE RELATIONSHIPS BETWEEN
VOLCANISM, EARTHQUAKES AND TECTONIC SETTING

Bernie Joyce & Gary Gibson
School of Earth Sciences, The University of Melbourne Parkville, Vic 3010, Australia

Young monogenetic volcanic fields are widely distributed across the Earth, and recent improvements in dating their
activity increasingly indicate high risks of future activity, and substantial local hazards in many closely populated
areas.

Three important areas are Auckland, New Zealand, the Auvergne region of France, and the Eifel of Germany. Similar
monogenetic fields include the extensive young volcanic areas of northern Queensland and southeastern Australia.

The young monogenetic volcanoes of the extensive Newer Volcanic Province (NVP) of central and western Victoria
and adjacent southeastern South Australia have been extensively studied, and provide a detailed story of activity
over the last 5 Ma that can be traced up to just a few thousand years ago. Some 400 large and small scoria cones,
lava shields and maar craters have been catalogued and the distribution of lava flows and ash deposits mapped.
Many volcanoes are on the western plains, but a major concentration of some 100 scoria volcanoes, commonly as
little as 2 km apart, are clustered in an upland area around Creswick, and resemble in appearance parts of the
Auvergne region of France.

K/Ar dating and newer techniques including cosmogenic exposure dating are providing a more detailed story of the
youngest activity, and geomorphic and regolith mapping have been used to fill gaps and provide a more complete
history of activity. Geostatistical modelling has allowed an analysis of activity over time, identifying cycles of activity
and periods of little or no activity.

On the plains in the far west of the NVP, in a period of concentrated activity over the last 20 000 to 30 000 years, a
dozen volcanoes have erupted. If these were not clustered or overlapping in time this indicates a repose interval or
recurrence rate (i.e. eruption frequency) of some 2000 years. The recent redating at ca 5500 years BP of the Mt
Gambier volcanic complex, as the youngest identified eruption centre, demonstrates the need to consider long-term
volcanic risk and hazard.

Such recent detailed studies of the physical volcanology of monogenetic volcanic fields of the NVP and other fields
across the world, together with the application of new dating methods providing an overview of past eruption
history across each monogenetic province, show the need to explore the relationship of such volcanism to local
tectonic settings, and also local earthquake records, as a way to further refine the story of where and when future
activity may occur.

01DPE1 — ARCHEAN AND PROTEROZOIC HOT OROGENS

01DPE1-01. FROM ARCHEAN LID TECTONICS TO MODERN PLATE TECTONICS: THE ROLE OF EARLY CONTINENTS

Patrice Rey’, Nicolas Coltice’ & Nicolas Flament®

'Earthbyte Research Group, School of Geosciences, The University of Sydney, NSW 2006, Australia. *Université de
Lyon, CNRS-UMR 5276, Lab. de Géologie de Lyon, Ecole Normale Supérieure, France

On the modern Earth, plate tectonics rejuvenate the oceanic lithosphere, assembles continents into supercontinents
and breaks them apart. In the Archean however, the tectonics of the conductive lid (i.e. outer more rigid part of the
Earth above the convective mantle) may have been different for several reasons. First, because the convective
mantle was hotter, partial melting of the mantle may have produced thicker basaltic crust and therefore more
buoyant lids lacking the ability to subduct spontaneously. Second, crustal geotherms may also have been hotter,
making continents weaker, which would have promoted homogeneous deformation, rather than deformation
localised along narrow mountain belts and rifts. Third, peculiar lithological associations, such as Tonalite—
Trondjhemite—Granodiorite (TTG), and the interlayering of komatiite, tholeiite, calc-alkaline and felsic volcanics, have
little modern equivalents. Fourth, the stratification of the sub-continental lithospheric mantle — with strongly
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depleted and buoyant mantle above moderately to fertile mantle — also points to unique tectonic/geodynamic
processes in the Archean.

To explore tectonic processes in the Archean, we performed several series of 2D coupled thermal-mechanical
numerical experiments to test the mechanical and thermal behaviour of a composite continental-oceanic lid above a
convecting mantle. The composite lid includes a 225 km thick and buoyant continent adjacent to a stable oceanic lid.
The continent consists of 55 km thick crust — made of TTG and continental flood basalts — above a strongly depleted,
strong and buoyant lithospheric mantle. These experiments suggest a tectonic regime in which continents spread
laterally toward adjacent oceanic lids. The spreading and thinning of the continent drives exhumation of the fertile
subcontinental mantle, which in turn promotes polybaric decompression melting first from deep (>100 km) then to
shallow depths (<100 km). Continental boudinage and rifting accompanying the spreading drives further upwelling
and decompression melting to even shallower depths. This partial melting produces a moderately depleted mantle
layer, progressively incorporated through cooling into the lid.

Our numerical experiments also show that early continents forced the adjacent oceanic lid into the convective
mantle. Upon reaching a depth of 200 km, the slab pull force becomes large enough to promote subduction of the
oceanic lid even when the continent has lost its driving power through spreading and thinning. Although neither
melting due to the hydration of the mantle wedge nor slab melting are taken into account in our models, our
experiments predict that subduction of the lid would produce sanukitoid and TTG melts that would metasomatise
the lid above the subducting slab.

This simple model explains a range of hitherto puzzling observation including: 1/ the strong stratification of the
mantle lid; 2/ the multimodal polybaric (i.e. from deep >100 km to shallow <100 km) decompression melting of the
mantle; and 3/ regional and temporal overlap between komatiitic—tholeiitic basalts with arc-volcanism. In addition, it
suggests a way to transition from an early Archean transient stagnant lid regime to a steady-state plate tectonic
regime, with continents acting as kick-starters of subduction until subduction becomes spontaneous through the
increasing negative buoyancy of the oceanic lithosphere.

01DPF1 — ARCHEAN AND PROTEROZOIC HOT OROGENS

01DPF1-01. LINKING MINERAL SYSTEMS WITH GEODYNAMICS AND TECTONICS — A ‘WHOLE OF GEOLOGY
APPROACH’ TO THE GEOLOGICAL HISTORY

Laurie Hutton
Geological Survey of Queensland, Department of Natural Resources and Mines, Brisbane, Qld 4000, Australia

The geological evolution of a region is the result of many factors, all of which need to be assessed when determining
the geological history and mineralisation potential. Structural domains and fluid flow systematics are the result of a
complex interaction of many factors including tectonic environment, geodynamics, crustal evolution, sedimentation
regimes, metamorphism and igneous activity. While detailed studies in any one of these areas are critical to our
understanding, only a broad-scale assessment that links all of these processes, can deliver a geologically defensible
and robust interpretation. Unless our model explains all of the known data, across all disciplines, then the
interpretation is open to debate.

The Mount Isa Province, in northwest Queensland, is one of the most intensely mineralised terrains in the world. The
various styles of mineral endowment present in the province leads to the juxtaposing, both spatially and temporally,
of multiple world-class mineral deposits, with different styles and related to different tectonic settings. The Mount
Isa mine for example, contains a world-class Pb—Zn orebody, formed in a late sedimentary or early diagenetic setting,
in the same mine as a world-class Cu orebody, formed during the Isan Orogeny about 100 Ma later. An
understanding of the different regimes for these two deposits is critical to understanding the mineralisation in the
inlier.

The Paleoproterozoic rocks in Mount Isa Province developed in a succession of three extensional basins, the
Leichhardt Superbasin, the Calvert Superbasin and the Isa Superbasin, separated by periods of relaxation of
extensional stress, with only local compression. These basins are developed on a thick Archean to early
Paleoproterozoic crystalline basement. Sedimentation ceased close to the end of the Paleoproterozoic and was
followed during the Mesoproterozoic by several compressive and metamorphic events, which together make up the
Isan Orogeny. Recent interpretations suggest that early compression in the Isan Orogeny was coeval with continuing
sedimentation, particularly in the Lawn Hill Platform in the northwestern part of the province.
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Mineralisation mostly falls into two broad categories:

Pb—Zn mineralisation linked to saline fluid being drawn down during graben formation during superbasin formation
followed by expulsion of Pb—Zn bearing fluid during relaxation. The relative impact of graben-phase sedimentation
and sag-phase sedimentation is related to heatflow in the crust during extension and can be shown to vary across
the province. Major structures and mineral deposition occurs at the boundaries of different heat flow regimes, and
their character is closely related to the different regimes.

Cu—Au mineralisation is linked to expulsion of deeper-seated fluids during region-wide compression related to the
Isan Orogeny. Many of the structures, developed during the early dynamic events, were reused by deep-seated
fluids resulting in the overlap of mineralising events with widely different styles.

Not all mineralisation fits into these two categories, raising the possibility of other, as yet not fully documented,
mineralising events.

A better understanding about the tectonic and geodynamic forces, which shaped the Mount Isa Province, is
emerging as new models are developed for Proterozoic supercontinent reconstructions and how the province fits
within this global setting.

01DPF1-02. STRUCTURE AND GEOMETRY OF THE FRASER ZONE, EAST ALBANY-FRASER OROGEN
Lucy | Brisbout™?, Catherine C V Spaggiari' & Alan R A Aitken’

IGeological Survey of Western Australia. The Centre for Exploration Targeting, School of Earth and Environment, The
University of Western Australia, 35 Stirling Hwy, Crawley WA 6009, Australia

Structural analysis and forward modelling of potential field data from the 425 km long, 50 km wide,
Mesoproterozoic, metagabbro-dominated Fraser Zone in the east Albany-Fraser Orogen has led to new
interpretations of its structural architecture. The Fraser Zone contains interlayered gabbro—granite sheets that
intruded into Archean—Paleoproterozoic crust in the vicinity of the Biranup-Nornalup Zone boundary, and into
overlying sediments of the Arid Basin. These rocks were deformed under granulite facies conditions shortly after ca
1290 Ma, during Stage | of the Albany-Fraser Orogeny. The interpretation of high resolution aeromagnetic data and
field-based structural information shows that the Fraser Zone can be divided into two types of domains: those that
are dominated by regional-scale, northeast-trending tight to isoclinal folds, and domains that contain northeast-
trending dextral shear zones. These structures suggest that strain was strongly partitioned during deformation under
a transpressional regime. The Fraser Zone is also host to the recently discovered Nova-Bollinger Ni—Cu deposit,
which coincides with a structural feature defined in aeromagnetic data known as ‘The Eye’. The ‘Eye’ is one of
several similar features throughout the Fraser Zone that have sigmoidal geometries, interpreted to be due to dextral
rotation of more competent material (e.g. gabbro) during the formation of the dextral shear zones.

2.5 D potential field, crustal-scale modelling was undertaken along two profiles across the Fraser Zone and the
adjacent Biranup and Nornalup zones, constrained by geological and petrophysical data. The Fraser Zone was
modelled with a density of 3 g.cm™ (median density of Fraser Zone density samples), and interpreted as near-
triangular in shape in both profiles, extending to depths of 12 to 15.5 km. The geometry is consistent with a pop-up
structure, which is likely to have formed initially from injection of magma along the shear zone separating the
Biranup and Nornalup Zones, followed by structural modification and emplacement during transpression. In profile
2, a long wavelength (~150 km) gravity anomaly to the southeast of the Fraser Zone is interpreted as a sill-like body
of mafic—ultramafic material that is likely to contain a significant proportion of cumulates. This sill is interpreted to
be located in the middle-crust and, when attributed the same density as the Fraser Zone, to have a maximum
thickness of 14.5 km. It is potentially a deeper level intrusion related to the Fraser Zone.

01DPF1-03. MAGNETOTELLURIC SURVEY ACROSS CENTRAL AUSTRALIA: NEW CONSTRAINTS ON LITHOSPHERIC
ARCHITECTURE

Stephan Thiel, Martin Hand, Alan Oertel & Kate Robertson
School of Earth & Environmental Sciences, University of Adelaide, SA 5005, Australia

Central Australia is characterised by intraplate orogens, which expose Meso and Paleoproterozic crust that record
Grenvillian-aged (ca 1200-1100 Ma) events. A 350 km long north—south MT profile with 26 long-period (LP, 10-10
000 s periodicity) MT stations was deployed in July 2013 along the Stuart Highway from the SA—NT border to circa
100 km north of Alice Springs. To the south, the profile crosses the eastern part of the Musgrave—Albany Fraser
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Orogen and extends across the Amadeus Basin into the Arunta region north of the Redbank Shear Zone. In addition
to the LP MT stations, another 20 broadband (0.002-500 s) stations were deployed every 1 km across the Redbank
Shear Zone.

The profile is situated between previous MT profiles to the west by Selway et al. (2009) and the Georgina MT survey
by Geoscience Australia to the east. Additionally, our LP profile also connects to the Goma MT line in South Australia
(Duan et al. 2011; Selway et al. 2011), significantly extending the profile to more than 500 km.

Horizontal magnetic transfer functions at longer periods (>100 s) of the LP data sense conductive features oblique to
the profile and are likely related to sediments to the east. For periods below 100 s, the horizontal magnetic transfer
functions are primarily related to the east—west trending shear zones, visible from potential field data. The
significant step functions in the gravity data of the E-W aligned orogens are also visible in the phase tensor
representation of the LP MT data along the 350 km N-S profile. The electromagnetic response from phase tensors
along the profile can be divided into 4 distinct zones: the Musgrave, the Amadeus Basin, the Arunta region south of
the Redbank Shear Zone and the Arunta region north of the Redbank Shear Zone.

Initial inverse modelling of the LP MT profile supports the phase tensor observation. Near the surface the Amadeus
Basin is electrically conductive in the top few kilometres in the sedimentary strata but shows a homogeneous crust
underneath. The Musgrave and Arunta regions are characterised by deep trans-lithospheric faults of low electrical
resistivity extending into the mantle. The faults are connected to a region of enhanced conductivity at around 150
km depth with resistivities of a few tens of Ohmm. The Redbank Shear Zone shows a sharp resistivity gradient
comparable to previous surveys.

The initial results reveal a previously unknown deep mantle conductor that appears connected to both the Musgrave
and the Arunta regions, despite their contrasting ages. Additional modelling with other available MT data sets will
significantly enhance our understanding of the lithospheric architecture of Central Australia and provide constraints
on fluid flow and areas of deformation in the crust and mantle.

01DPF1-04. FROM THE SURFACE TO THE MOHO AND BACK IN A FEW Million years: PARTICLE'S FLOW PATH IN A
SAGDUCTION SYSTEM

Camille Francois’, Patrice Rey?, Pascal Philippot® & Daniela Rubatto®

'Equipe Géobiosphere Actuelle et Primitive, Institut Physique du Globe de Paris-Sorbonne Paris Cité, F-75005 Paris,
France. *Earthbyte Research Group, School of Geosciences, The University of Sydney, NSW 2006, Australia. *Research
School of Earth Sciences, The Australian National University, ACT 0200, Australia

Archean granitic domes and intervening greenstone basins are commonly interpreted in terms of sagduction, a
process, which corresponds to the gravitational sinking of surficial greenstone covers and coeval exhumation of
deeper granitic crust into broad domes. Alternatives models that can account for the regional dome and basin
pattern include fold interferences and extensional metamorphic core complexes. To distinguish between these
models we investigate the flow path of crustal particle in a typical Archean domes and basins terrane.

In the East Pilbara craton (Western Australia), the Warrawoona greenstone belt (which includes the Warrawoona
Group ca 3530-3430 Ma, and the Kelly Group 3335-3312 Ma) and adjacent Mount Edgar granitoid dome (with older
3470-3430 Ma gneisses on the rim, and younger 3330—-3220 Ma granites at the core), are particularly well preserved
and exposed. Doming occurred at ca 3310 Ma shortly after the deposition of the Charteris formation (3315-3312
Ma).

Garnet-bearing metasediments and metabasalts collected along the southern rim of the Mount Edgar dome reveal
higher-P but lower-T of equilibration (0.9-1.1 GPa and 450-550°C) than enclaves collected in the core of the dome
(0.6—0.7 GPa and 650-750°C). In-situ oxygen isotope analysis and U—Pb dating of zircons from the enclaves indicate a
metasedimentary origin (820 ~ 13%o) for the protolith and a metamorphic age of 3313 + 5 Ma, with no sign of older
zircon. In contrast, monazites included in garnet from the SW dome margin yield an age of 3443 + 5 Ma, which
points to an older metamorphic cycle coeval with the emplacement of the Warrawoona Group. Clearly, these older
gneisses are not the source of the metasedimentary enclaves in the Mount Edgar. The age of metamorphism in the
metasedimentary enclaves is very close to the deposition age of the Charteris formation. Since doming occurred
shortly after the deposition of the Charteris formation, we suggest that surface sediments where buried to lower
crustal conditions and exhumed back to the surface in a few million years.

To test this hypothesis we performed a series of thermal-mechanical numerical experiments.
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Results of forward thermo-mechanical modelling show that during sagduction, upper crustal rocks are buried then
exhumed in a few million years recording P-T—t evolutions similar to those deduced from the metasedimentary
enclaves in the Mount Edgar dome. Such a crustal flow is hard to reconcile with metamorphic core complexes and
fold interferences. Our numerical experiments show a large range of possible apparent geothermal gradients during
sagduction, including low apparent geothermal gradients that are similar to those proposed for Archean and modern
subduction. The wide range of gradients obtained in our sagduction modelling (i.e. 10-45°C/km) is in disagreement
with the distinction between sagduction and subduction based on high (>25°C/km) vs low (12—-15°C/km) apparent
geothermal gradients, respectively. Thereby, petrology and apparent geothermal gradient don’t seem sufficient to
discriminate between contrasting tectonic settings such as subduction and sagduction as both involve the burial of
cold surface rocks. A range of other observables must be invoked including duration and rates of processes, as well
as regional strain and flow patterns.

01DPA2 — MOON AND PLANETS

01DPA2-01. SIMILARITIES AND DIFFERENCES BETWEEN THE COMPOSITIONS OF THE EARTH'S MANTLE AND THE
MOON, AND THEIR IMPLICATIONS FOR THE MOON'S ORIGINS

Hugh O'Neill

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

Hypotheses on the origin of the Moon necessarily carry implications for whether the Moon’s chemical composition is
related to the Earth’s. Simple capture models imply that there is no compositional relationship beyond that expected
among inner solar system objects in general. At the other extreme, fission models derive the Moon entirely from the
Earth’s mantle. Giant Impact models conceptually fall in between, with some proportion of the Moon being derived
from the proto-Earth and the rest from the Impactor.

Increasingly precise determinations of the isotopic compositions of more and more elements in terrestrial, lunar and
other solar-system materials are emphasising just how extraordinary is the coincidence in the isotopic make-up of
elements in the Moon and the Earth’s mantle. Meanwhile, recent modelling of solar system formation challenges
many of the old presumptions about how the terrestrial planets might have formed. It is timely therefore to revisit
the question of the similarities and differences between the average composition of the Earth’s mantle plus crust,
known as the “Bulk Silicate Earth” (BSE), and its lunar equivalent, the average composition of the Moon or “Bulk
Moon” (BM). Understanding the compositional nexus constrains how the Moon formed, from a perspective distinct
from the dynamical considerations. But this exercise is not an easy one. All the planets and rocky objects of the inner
solar system share a common composition, which is their inheritance from the solar nebula.

To establish the degree of relationship requires knowing the composition of the BSE, and its uncertainties, especially
for key elements used in the Earth—Moon comparison; how and why this BSE composition is distinguishable from
other possible solar-system rocky-planet compositions (both the size of the Earth and contingent events during
Earth’s accretion might be involved); and the composition of the BM, and how well this is known, given our limited
knowledge of the Moon’s interior. Where significant differences in composition can be established, the question
then arises of how much of these differences are caused by the formation of the Moon, as opposed to inherited
from precursor materials like the putative Impactor.

With our present knowledge, robustly estimated significant differences in composition turn out to be few. One is the
extreme but general depletion in the BM of all the moderately volatile elements (e.g., Na, K, Zn and many others),
but not Mn. This could be caused by volatile loss of such elements during the Moon’s formation. The second
difference is that the BM appears to be richer in FeO than BSE, although the BM is much poorer in total Fe than the
Bulk Earth (i.e., including Earth’s core). Allowing for a small lunar core hints at an accompanying BM enrichment of Ni
and Co. This compositional feature points towards the Moon being formed from a combination proto-Earth’s mantle
and a highly oxidised Impactor, with a somewhat higher proportion of this Impactor in the material of the BM than in
the BSE. Such a scenario is not necessarily inconsistent with the similarity in oxygen isotopes.

01DPA2-02. IS THERE A WINDOW FOR PLATE TECTONICS IN TERRESTRIAL PLANET EVOLUTION?
Craig O'Neill, Adrian Lenardic, Sigi Zhang & Jonathon Wasiliev
Centre of Excellence in Core to Crust Fluid Systems (CCFS), Department of Earth and Planetary Sciences, Macquarie

University, Sydney, Australia.
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The tectonic regime of a planet depends critically on the contributions of basal and internal heating to the planetary
mantle, and how these evolve through time. We use viscoplastic mantle convection simulations, with evolving core—
mantle boundary temperatures, and radiogenic heat decay, to explore how these factors affect tectonic regime over
the lifetime of a planet.

The simulations demonstrate i) hot, initial starting conditions can produce a "hot" stagnant-lid regime, whilst
simulations starting cool may begin in a plate tectonic regime; ii) planets may evolve from an initial hot stagnant-lid
condition, through an episodic regime lasting 1-3 Ga, into a plate-tectonic regime, and finally into a cold, senescent
stagnant lid regime after ca 10 Ga of evolution, as heat production and basal temperatures wane; and iii) initial
conditions are one of the most sensitive parameters affecting planetary evolution — systems with exactly the same
physical parameters may exhibit completely different tectonics depending on initial conditions employed.

Estimates of Earth's initial temperatures suggest Earth may have begun in a hot stagnant lid mode, evolving into an
episodic regime throughout most of the Archean, before finally passing into a plate tectonic regime. The implication
of these results is that, for many cases, plate tectonics may be a phase in planetary evolution between hot and cold
stagnant states, rather than an end-member.

01DPB2 — TECTONICS OF THE TASMANIDES

01DPB2-01. MECHANISMS OF CONTINENTAL GROWTH ALONG EASTERN GONDWANA DURING THE PALEOZOIC:
ALTERNATING PERIODS OF TERRANE ACCRETION AND CONTINENTAL MAGMATIC FLARE-UPS

Solomon Buckman, Allen Nutman, Ryan Manton & Joshua John Richardson

School of Earth & Environmental Sciences, University of Wollongong, NSW 2522, Australia

New zircon geochronology from lithologies previously regarded as difficult to date, including eclogites and gabbros,
within the southern New England Orogen (NEO) are revealing surprisingly different ages to previously published
dates. This suggests that the tectonic evolution of the southern NEO is much more complex than the long-lived,
west-dipping subduction/accretion model that has dominated the literature since the advent of plate tectonics in
the 1970’s. Of particular significance are the volcano-sedimentary Carboniferous to Permo-Triassic zircons obtained
from the Rocky Beach eclogite at Port Macquarie suggesting that the Ordovician K—Ar dates obtained from phengites
may have been prone to excess argon issues and therefore not accurate. Likewise the Tacking Point Gabbro at Port
Macquarie was found to be Devonian (ca 390 Ma) rather than Permian as previously based on compositional
similarities with the Clarence River Suite. Ordovician detrital zircons from a volcaniclastic sandstone interbedded
with pillow basalts of the Watonga Formation confirm the presence of Ordovican conodonts in cherts of the
Watonga Formation. Small remnants of Ordovician to Silurian sedimentary rocks occur scattered throughout the
New England Orogen, including the Watonga Formation at Port Macquarie and the Murrawong Formation at
Nundle. These along with the disrupted Cambrian ophiolitic blocks within the Weraerai terrane hint at an early
Paleozoic evolution of the NEO that began in a subduction factory somewhere in the Panthalassic Ocean, well away
from the continental influence of Gondwana, at the same time that the Macquarie Arc was being formed.
Metamorphic zircon ages from the Attunga Eclogite indicate an age of ca 490 Ma with a 530-510 Ma inheritance.
The REE chemistry of the Attunga metamorphic zircons indicate growth in the presence of garnet but not
plagioclase, indicating eclogite facies metamorphism has been dated. We suggest that the Attunga Eclogite may
represent a portion of the metamorphic sole of the Weraerai terrane ophiolite that itself may represent the
basement material onto which the younger island-arc Gamilaroi terrane was built during the Silurian—Devonian. Final
collision of the Gamilaroi terrane with Gondwana occurred in the latest Devonian resulting in the Kanimblan
Orogeny and coinciding with the termination of magmatic activity in the Lachlan Orogen in the Middle Devonian. The
subsequent subduction flip resulted in a magmatic flare-up along eastern Gondwana that started with the
Carboniferous Bathurst Granites/Currububula Arc and migrated eastward by the Permian resulting in the
emplacement of the New England Batholith. The next quantum addition of juvenile crust is associated with the
collision of the Gympie terrane — another exotic, island-arc complex, which is responsible for the Hunter-Bowen
Orogeny and termination of magmatic activity within the New England Batholith at about the Permo-Triassic
boundary. It also led to the exhumation of the Port Macquarie eclogite/serpentinite before onset of another
magmatic flare-up in the Late Triassic associated with the Lorne and Clarence-Moreton basins.

01DPB2-02. GEOCHEMICAL EVIDENCE FOR PROVENANCE OF ORDOVICIAN CHERTS IN SOUTHEASTERN AUSTRALIA

Michael C Bruce & lan G Percival
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NSW 2753, Australia

Lower to Middle Ordovician cherts and cherty siltstones, associated with distal turbidite deposits of the Girilambone
and Adaminaby groups, are widespread in the Lachlan Orogen in central New South Wales. These cherts are well-
constrained biostratigraphically by conodonts ranging in age from the upper Tremadocian to lowermost Sandbian.
Broadly contemporaneous cherts are also present in two small remnants of postulated oceanic derivation now
exposed on the coast of NSW, in the Narooma Terrane (Furongian, i.e. latest Cambrian to Darriwilian), and in
allochthonous blocks (of late Middle and Upper Ordovician age) of the New England Orogen at Port Macquarie.
Darriwilian to earliest Gisbornian cherts interbedded with volcaniclastics in the Kiandra—Tumut region of southern
NSW provide a unique tectonic association with the Macquarie Volcanic Belt. Sixty samples representative of these
regions were analysed for selected major, trace and rare earth elements (REE).

Geochemical investigations of Ordovician cherts, to determine their provenance and compare depositional settings
in differing environments, have not previously been attempted in the Tasmanides of eastern Australia. Although
Th/Sc and La/Sc ratios have commonly been employed as provenance indicators in studies of turbidite sequences
elsewhere, we demonstrate that such ratios are less reliable than the Al,O3/TiO, ratio as a proxy for the composition
of the terrigenous component in cherts. The Al,03/TiO, ratio indicates two dominant sources from which the
sediment fraction of the cherts was derived at different times in the evolution of the Tasmanides; one indicative of
detrital deposition along a mature continental margin and the other sourced from a juvenile continent or submarine
plateau.

Cherts from the Albury-Bega and Hermidale terranes are LREE enriched, with small negative Ce anomalies,
moderately prominent negative Eu anomalies, relatively low total REEs and near-chondritic Y/Ho ratios. These REE
signatures characterise continental margin chert, and are consistent with deposition in an enclosed moderate sized
basin receiving terrigenous input predominantly from the Gondwana continental margin, but also tapping a juvenile
source in the late Lancefieldian—late Bendigonian and again in the mid Darriwilian. The Kiandra cherts are
interpreted to have been deposited proximal to a continental margin as overall they are LREE enriched, have small
Ce anomalies and low total REE abundances. The younger Kiandra samples are unique in having high Al,0;/TiO,
ratios coupled with virtually no Eu anomalies and may indicate a metalliferous contribution from an immature
volcanic source. They compare in age and REE chemistry with the older chert (upper Darriwilian—lower Gisbornian)
from Port Macquarie, whereas the younger chert from Port Macquarie appears to have formed further outboard,
tapping a mixed clastic source with no evidence of volcanic arc input. Narooma Terrane cherts are also consistent
with continental margin deposition but record definitive source variations, from a juvenile continent or submarine
plateau in the latest Cambrian to Early Ordovician, to a Gondwana source in the late Bendigonian—Chewtonian and
finally a mixed source in the late Darriwilian. There is no evidence of an undifferentiated volcanic arc contribution in
the Narooma cherts.

01DPB2-03. KINEMATIC RECONSTRUCTION OF THE HASTINGS BLOCK, SOUTHERN NEW ENGLAND OROGEN
Jie Yan', Paul Lennox’, Bryce FJ KeIIy1 & Robin Offler?

ISchool of Biological, Earth and Environmental Sciences, The University of New South Wales, NSW 2052, Australia.
’New South Wales Institute of Frontiers Geoscience, University of Newcastle, Callaghan, NSW 2308, Australia

This research project used 3D geological modelling software to build a 3D structural surface model of the Permo-
Carboniferous fore-arc rocks in the Northern Hastings Block (NHB; Lennox et al. 1999). The model was built using a
comprehensive field data set and a digital elevation model. It is designed to unravel a comprehensively mapped,
complexly folded, extensively faulted, layer-cake sequence without drill hole data. It is believed that this new
workflow will be widely applicable in the oil, gas, mining, and groundwater sectors.

There are a number of tectonic models that have been proposed to explain the structural and tectonic development
of the Hasting Block, which is outboard of similar forearc basin sequences in the Tamworth Belt. They include
emplacement either by faulting, with or without rotation, or rotation during folding of the southern section of the
Tamworth Belt. The new 3D model will enable testing of the validity of these existing tectonic models. It will assist in
constraining the relative timing of fault development, testing fault emplacement of the block and verifying the
number and orientation of folding events in the NHB. In this case study, the model is constrained by structural
evolution consistent with surface mapped features.
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