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PartV: the data supporting the science
This section will be hosted on a removable usb hard drive. It is
anticipated company data will only be included with permission.

Metadata and read.me files

Regional scale datasets

Geophysics
* Magnetics (incl worms)
* Gravity (incl worms)

DTM

* Tomography

Geology
* Interpretative layers and maps, 2D and 3D map and

GIS (will include line work eg faults, boundaries etc,
cross-sections, images, inversions, forward model
tests

Mineral Deposits

District scale datasets

Geophysics

Aster imagery

Seismic

Magneto-Telluric

Interpretative layers and maps

— Terrane scale 3D map (will include line work eg faults,
boundaries etc, cross-sections, images, inversions,
forward model tests)

Metamorphism

Metamorphic map

Metamorphic whole rock analyses
Metamorphic mineral analyses

Quantitative PT data and field gradients
Photomicrographs

Petrology, pseudosections and P-T-t evolutions

Geochemistry

Whole rock

Geochronology

Geology point datasets

structural geology
rock properties

Geology (GIS)

Interpretative layers
— maps
— time-space event charts

Prospect and Deposit scale datasets

Geophysics

— Aster imagery

— Hymap

— PIMA

— Interpretative layers and maps
Geochemistry

— Whole rock

— FLINCS

Geochronology

Geology point datasets (incl drilling)
— structural geology

— lithology

Geology (GIS)

— Interpretative layers

— maps

— Regional 3D map
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PART I: EXECUTIVE
SUMMARY AND THE
‘FIVE ANSWERS’

Executive Summary

An holistic approach to the hydrothermal mineral system
in the Mt Isa and McArthur River regions involves an
analysis of the “5 Questions” (Geodynamics, Architecture,
Sources, Pathways, Deposition) as a means to predicting
locations of new deposits in the region. This is a multi-scale
and multi-disciplinary approach that builds on earlier
research by the pmd*CRC in the region and seeks to
provide an integrated analysis that leads to more cost

effective exploration.

'The rich Pb-Zn-Ag, Cu and Cu-Au metal endowment of
the region, an area of >200,000 km?, is analysed across a
range of scales, from the lithospheric architecture to the
fluid compositions deemed responsible for mineralisation.
The Western and Eastern Fold Belts (or Successions) at
Mt Isa have, traditionally, been distinguished on their
contrasting lithology, metamorphic grade, structural
complexity, magmatic history and mineral deposits.

Rather, the similarities of these two regions, separated by
the Kalkadoon-Leichhardt Belt, are emphasised here and
suggest a shared geodynamic and metallogenic history. The
Mt Isa Inlier is somewhat unique in the North Australian
Craton as the dominant structural grain is north-south

and there are contrasts in evolution which suggest some
de-coupling of the Mt Isa geology from that in the
Northern Territory to the west, and from the Georgetown
Block to the east. At Mt Isa, a series of mainly extensional
Superbasins, magmatic episodes and shortening events
occurred between 1870 Ma and 1480 Ma. The early formed
Kalkadoon-Leichhardt Belt is interpreted as an elongate
basement-cored magmatic and volcanic arc (Cover
Sequence 1) related to subduction processes (towards

the west?) and it exerted a strong control on subsequent
evolution of the Eastern and Western Fold Belts. The
distribution of major geological units and faults is modelled
here in 3D maps of the region. Rifting led to the formation
of the north-south trending Leichhardt River Fault
Trough within which the Leichhardt Superbasin was
focussed during ENE-WSW extension, followed by the
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Calvert Superbasin which developed (almost orthogonally)
during NNE-SSW extension. The ensuing Isa Superbasin
has a widespread distribution with its development and
preservation largely being a function of the evolving Isan
Orogeny. This orogeny has accentuated the tectonic grain
to varying degrees in different areas and caused widespread

re-activation of the extensional fault architecture.

There is no compelling evidence for large scale, lateral
accretion of distinct terranes in the region. Extension,
elevated heat flow and protracted magmatic activity
characterise much of the history. This suggests mantle
plume activity and/or a distal back-arc setting during
extension. Felsic magmatic rocks enriched in radioactive
elements, and mafic bodies emplaced at different crustal
levels, both contributed to the thermal regime. Rifting of
the lithosphere is modelled numerically as a thin elastic
upper crust, with virtually every other lithospheric layer
being weak or plastic. Ductile flow in the middle crust,
magmatic accretion and basin formation in the upper crust
appear to be associated with emplacement of granite-cored
metamorphic core complexes in the Eastern (Wonga
Granite, 1745-1725 Ma) and Western Fold Belts (Sybella
Granite, 1650 Ma). Doming is a feature of the architecture
at various times resulting in topographic effects that

could have impacted on fluid flow regimes. Depositional
changes in sedimentary environments have been related

to deformation events, in extension and compression, and
such events are apparently matched by hairpin bends in the
5000 km long Apparent Polar Wander Path. Large shifts in
global position must have involved the entire lithospheric
plate, by slab pull or ridge push, in tandem with strong
vertical accretion. Combinations of these processes are the

far-field drivers of the mineral system.

Crustal thicknesses during rifting and later contraction
remain difficult to constrain. While there is a trend towards
thinner crust and deeper depositional environments in

the Eastern Fold Belt, this is also where the Isan Orogeny
generated greatest crustal thickening. Crustal addition was
from suites of granites intruded during, or following, late
stages of contraction and oscillating extension. Orogeny
resulted in shortening, uplift and a crustal thickness of up
to ca. 55 km beneath the Mt Isa region and shallowing to
45 km below the McArthur River region. The reason for
the emplacement of mafic magma into mid-crustal levels
of the Eastern Fold Belt, which triggered the intrusion of

the youngest suite of magmatic rocks, remains unclear but
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convective removal of thickened lithospheric mantle is a
possible process. Regionally significant high temperature-
low pressure metamorphism can be related, in large part,
to magmatic activity, perhaps driven by deeper level mafic
magmas. The metal endowment may be determined by
the availability of steep fluid pathways, such as along
major faults, connecting different fluid reservoirs during a

protracted period of vertical accretion and high heat flow.

As is manifest by fault control on deposit location, at a
range of scales, the regional faults are numerically modelled
(in FLAC) as fluid pathways which, in extension, draw
down fluids and, in compression, the convective cells
breakdown and fluids are expelled upwards, typically
ponding in permeable hanging wall positions or (less

often perhaps) at the sea floor. Discrete element modelling
(UDEC) at the district to deposit scales indicates that
stress anomalies associated with a particular compression
direction during D4 deformation played a critical role in
the localisation copper deposits in both the Eastern and
Western Fold Belts. Fault bends, jogs and intersections are

regarded as key localisation features.

The mineral system(s) operated, depositionally, during

the last 100 Ma of the 400 Ma history. Importantly,

the pre-existing Leichhardt and Calvert Superbasins
provided permeable aquifers and fluid reservoirs for many
of the metals that are hosted by the Isan Superbasin,

or deposited during the Isan Orogeny. In addition to
sedimentary formation waters in the Superbasins, the
origins of fluids are potentially diverse, with volatiles from
magmatic, metamorphic (basinal and basement units),
meteoric and possibly mantle sources. Combinations of
fluids in different proportions across gradients in salinity,
temperature and pressure are important controls on ore
deposition. For example, the generation of CO,-rich fluids
in IOCG-related hydrothermal breccias in the Eastern
Fold Belt and the carbon enrichment at the Mt Isa Copper
deposit in the west both attest to mixing of different fluid

sources as a mineralising process.

The application of these understandings, spatially, to area
selection in the exploration realm is attempted from a
range of scales for Cu (-Au) and Pb-Zn-Ag deposits.
All of the known major base metal mines are hosted in
Isa Superbasin rocks; note that deposits hosted in earlier
Superbasins, such as Mammoth Cu, formed during

the Isan Orogeny where competency contrasts were an

important control. The implication is that conditions for
mineralisation (e.g. extensional and thermal events) did not
lead to ore deposition during the Leichhardt and Calvert
Superbasin episodes. Rather, these Superbasins were key
fluid reservoirs and source regions for later mineralising
events. Their preservation and distribution in 3D space are
therefore important to constrain. Steep penetrative faults
appear to be the most effective mechanism for accessing
such fluids, and thus become a focus for regional to district

scale area selection.

A key prospectivity indicator at the regional scale is the
strike length of faults and related potential field gradients
as, being a loose proxy for fault depth, the longer faults tap
deeper into potential fluid reservoirs and may distort the
thermal gradient. In the strike extensive regions buried
under shallow cover, such fault structures can be manifest
as long wavelength gravity and aeromagnetic gradients.
At a more local scale, areas of geological complexity, fault
intersections and jogs, can be used to prioritise targets.
Aspects of alteration footprints at the deposit scale are
evaluated through the application of new remote sensing

data in the exploration tool kit.

Project Introduction

Industry Sponsors: X Strata, Zinifex, Copper Co,
Barrick Gold, Qld Mines Dept, NTGS

APWP — Apparent Polar Wander Path

CSB — Calvert Superbasin

ECV - Eastern Creek Volcanics

EFB - Eastern Fold Belt

FLAC - Fast Lagrangian Analysis of Continua
I0CG - Iron Oxide Copper Gold

ISB - Isa Superbasin

HFS — High Field Strength elements

HHPG - High Heat Producing Granites
HTLP - High Temperature Low Pressure Metamorphism
KILB - Kalkadoon-Leichhardt Belt

LHP — Lawn Hill Platform

LRFT - Leichhardt River Fault Trough

LSB — Leichhardt Superbasin

MKEFB — Mary Kathleen Fold Belt

MORB — Mid-Ocean Ridge Basalt
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NAC - North Australian Craton

RSB - Roper Superbasin

SCG - Soldiers Cap Group

TSR — Thermochemical Sulphate Reduction
UDEC - Universal Distinct Element Code
WEB — Western Fold Belt

The aim is to synthesise the across-scale elements of the
geological evolution and their relationship to mineralisation
in the region (Figure 1). The research seeks to deliver a
comprehensive analysis of crustal to district and deposit
scale characterisations of the controls on mineralisation.
Major advances being sought are know/ledge-based —
through a better understanding of geology and mineral
systems in 2D, 3D and 4D, building on existing models
and concepts, testing and developing new ideas and models,
technology-based — by developing an “exploration toolkit”,
with a focus on tangible, observable criteria, and economic-
based — to help reduce the time and cost to discovery. Key

project deliverables are:

* Better constrained tectono-magmatic history and role of

crust/mantle processes

* Better constrained tectono-thermal and metasomatic

history and a regional thermal model

Coupled deformation-thermal-fluid flow modelling of a

range of scenarios and scales

Revised time-space correlation of Eastern and Western

Fold Belts (or Successions)

3D geological maps of the outcropping region and its

undercover geology

Characterisation of structural controls on the

localisation of Cu, Cu-Au and Pb-Zn-Ag deposits

Fingerprinting fluid pathways related to mineralisation
and alteration, using across scale remote sensed

techniques
Comprehensive geoscientific database

Prospectivity analysis using 2D and 3D geological
models, deriving empirical criteria and employing
numerical simulations to test a range of coupled
deformation/thermal transport/fluid flow modelling

scenarios

An investigation of the permeability architecture at
times of mineralisation, evaluating the role of faults,

seals and potential aquifers

Exploration “toolkit”, from regional to deposit
scale studies that will allow prioritisation in project

generation decisions.

Figure |: Project area and major domains

(from G. Gibson, presented at I7 project meeting).
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'The project involves constructing 3D maps and
incorporating a range of diverse elements in the
investigation of the mineral system. The project brings
together, and builds on, the outcomes of the Eastern (11)
and Western (I12/3) Isa projects in relation to architecture
and evolution, and integrates results from the 1:1 projects
in the Isa Valley (I4) and Lawn Hill (G14) regions.

It seeks to extend this coverage to incorporate results from
the McArthur River region (I5). Methods involve data
compilation, processing, interpretation and modelling of
geophysical, geological and geochemical data. New data
acquisition includes bulk rock and mineral chemistry using
direct and remote detection techniques, field campaigns,
isotopic dating and fingerprinting of fluid systems. The
research is framed around five key questions (Geodynamics,
Architecture, Sources, Pathways, Deposition) and these
were subset, initially, into a series of modules, most of

which were completed, and are reported on here:

Q1: What is the Geodynamic setting?

* 'There remains considerable uncertainty regarding the
geodynamic setting and far-field factors controlling the
evolution of the inlier. A synthesis of observations is

presented here

* Constrain the tectono-magmatic history and role of
crust/mantle processes in magma generation, with
an emphasis on the WFB in the first instance, using
geological mapping, isotopic dating and radiogenic
isotope analysis. This research follows 3 themes on:
a) The nature of pre-Barramundi crustal elements,
b) Source regions of potassic “A-type” granites and

¢) Tectono-magmatic evolution

* Constrain the tectono-thermal and metasomatic
evolution, with an initial focus on the WFB, though
structural and microstructural studies, isotopic dating,
P-T-t paths and development of a regional thermal

model of the inlier
* Constrain the time-space correlation through a targeted
sampling campaign, using isotopic dating and sequence

stratigraphic concepts.
grap 1%

Q2: What is the architecture of the system?

* Develop 2D and 3D maps of the region, incorporating
existing coverage, and blending with models in

new areas
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* Examine the camp scale structural controls on

deposit clustering

* Determine the nature of structural controls on

copper deposits.

Q3: What are the fluids, their sources and reservoirs?

* Compile a database of isotopic and geochronological

data

* Examine potential fluid source regions using noble gas

and halogen tracers.

Q4: What are the fluid flow drivers and pathways?

* Undertake coupled deformation-thermal-fluid flow
numerical simulations in relation to scenarios from
the Mt Isa Inlier, with a focus on geodynamic history,
fluid flow pathways and drivers, thermal modelling, and
controls on Cu deposits in the WFB. Simulations of
the architecture at the time(s) of mineralisation will be
made, based on an understanding of the permeability

structure, mineralisation ages and fluid flow histories

* Examine potential role of hydrocarbons and the
broad scale permeability stucture of the WFB during
Zn-Pb-Ag mineralisation

* Investigate the potential fluid pathways and alteration
signals from detailed analysis of key localities,
geochemical modelling and relate to regional scale

features

* Characterise Cu-Au-U deposits, and develop guidelines

for exploration targeting

* Characterise the alteration footprints of mineralised
systems using across scale remote sensing techniques

with an initial focus in the Mt Isa Valley.

Q5: What are the metal transport and deposition

processes?

* Examine a range of possible geochemical models
that may be applicable to the mineralising systems

of interest

* Develop reactive transport and permeability models
related to Zn-Pb-Ag (e.g. Century), Cu (Isa), and
Cu-Au (Ernest Henry) deposits.
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Part I presents the essential framework for the research
project, summarises the main outcomes and offers “answers”
to the five questions asked of the Isan mineral system.
Part IT develops some exploration targeting criteria at a
range of scales, with predictions derived from 2D, 3D
and 4D modelling described in the project deliverables.
Part III summarises the science behind the five answers,
with reviews of each of the questions in turn. Part IV
(Appendix 1) contains the main project deliverables as a
series of stand-alone reports which serve to support the
analysis in Parts IT and III. Part V is a compendium of

mainly digital data sets related to the project deliverables.

The Mineral System’s ‘Five Answers’

“Answers” outlined here derive from the five questions
asked in Part III and from the supporting material in
Parts IV and V of this report.

Combinations of vertical and lateral accretion are the
driving forces. Interpreted far-field plate geometries suggest
an intra-continental rift through to a distal back arc basin
or, perhaps, evolving to a passive margin setting. Extension
was accommodated by sedimentary basin development
(Leichhardt, Calvert and Isa Superbasins), volcanism and
magmatism, with input to the high thermal gradient from
both radiogenic felsic rocks and mafic bodies emplaced in
the mid to upper crust. The region is modelled in extension
as a thin, brittle upper crust above a thermally weakened
lithosphere, where connectivity between the two vertically
stacked domains appears to be largely along steep crustal
scale faults. The Isa Superbasin (ISB) is regarded as a
composite of early rift-sag to later foreland basin. The Isan
Orogeny is associated with early north-south shortening
that overlapped with Isa Superbasin (ISB) sedimentation.
The latter is mostly preserved in the Lawn Hill Platform
(LHP) and Western Fold Belt (WFB) and in parts of the
Eastern Fold Belt (EFB). The major period of deformation
was an east-west shortening and crustal thickening which

was most pronounced in the EFB.

Across the WFB and EFB, Superbasin development

is interpreted to be interspersed with extensional core
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complex development and emplacement of syntectonic
granites (Wonga, Sybella), and the generation of
fault-controlled buttress-like geometries and doming.

"The rift architecture was founded on a faulted basement
substrate which had undergone crustal addition in

a volcanic/magmatic arc that focussed along the
Kalkadoon-Leichhardt Belt (KLB). Repeated extension
occurred during the Leichhardt (LSB) and Calvert
Superbasins (CSB). Uncertainty surrounds whether there
was an intervening compressional event. The “Cover
Sequence 2/3” unconformity is cited as a compressional
event in the literature (Betts et al. 2006), but it may instead
be related to extension on crustal scale detachments
(Gibson and Hitchman 2005). Although the Isan Orogeny
has generated complex structuring in places, the regional
Superbasin architecture can be modelled in 3D as a
sheet-like geometry with relatively flat enveloping surfaces
disrupted by a series of mainly steeply dipping faults. These
faults were generated during the Isan Orogeny or were
re-activated from earlier extensional events. Regions of
high temperature-low pressure metamorphism appear to be

largely related to magmatic input.

Sedimentary formation waters, magmatic, metamorphic,
surficial, and mantle fluids make up the diverse sources.
Most of the ore deposits and regional alteration have
mixed geochemical signals indicating the involvement

of at least two of the fluid end-members. Where basins
are thickly developed, as in the Leichhardt River Fault
Trough (LRFT), heterolithic proximal facies sediments are
identified as diagenetic aquifers for storage of sedimentary
formation waters. These were important fluid sources

both for earlier formed Pb-Zn-Ag deposits and the later
Cu deposits.

In the EFB, recent noble gas and halogen data suggests a
lesser role for magmatic fluids regionally than previously
thought and strong evidence for the involvement of
such fluids has only been obtained for the Ernest Henry
IOCG deposit. At other IOCG deposits, halogen data
indicates multiple sources of salinity in the ore forming
fluids with end member compositions being a halite
dissolution fluid and a bittern brine fluid. Noble gas

data is compatible with sedimentary formation waters

or locally derived metamorphic fluids being significant

fluid sources at Osborne, and contrast with the additional




external magmatic fluid component identified at Ernest
Henry. As Ernest Henry is the largest IOCG deposit in
the district, this may indicate the presence of magmatic
fluid components is required to form the richest deposit.
Magmatic volatiles have been identified in isolated
un-mineralised parts of the Mary Kathleen Fold Belt
and there is, as yet, no evidence for the involvement of

magmatic fluids in any of the deposits in the WEFB.

The Mt Isa Cu deposit is the best example of a
hydrothermal system with a large component of
basement-derived metamorphic fluids. In particular,

high “°Ar/36Ar values, together with rare CO,-rich fluid
inclusions, suggest devolatilisation of the Eastern Creek
Volcanics (ECV), and mixing with either bittern brines

or halite dissolution waters. In the EFB, metamorphic
fluids from metasedimentary rocks, such as the Corella
Formation, were an important potential source of CO,,
SOj4and Cl. The high abundance of CO, fluid inclusions in
IOCG deposits that formed close to the metamorphic peak
(Osborne, Eloise and Starra) is most likely to have had a

metamorphic origin.

The metal endowment may be determined by the
availability of steep fluid pathways, such as along major
faults, connecting different fluid reservoirs. This is manifest
by fault control on deposit location at a range of scales.
The regional scale faults of the Leichhardt River Fault
Trough are modelled numerically (in FLAC) as fluid
pathways that, in extension, tend to draw down fluids and
perturb relatively stable convection cells. Storage of such
fluids in diagenetic aquifers for ten’s of millions of years is
a key consideration, as such aquifers may be re-charged by
lateral flow and disturbed by topographic and structural
influences. In compression, the convection cells breakdown
quickly and fluids are expelled upwards, typically ponding
in permeable hanging wall positions or (perhaps) at the

sea floor.

Discrete element modelling (UDEC) at the district to
deposit scales indicates complex zoning of stress anomalies
in response to the partitioning of stress across fault

blocks, and the interaction between rock units of different
competencies. A far field ESE stress orientation provides
the best correlation with known deposits and suggests

regional a D4 stress regime may have been responsible for
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both Cu and Cu-Au mineralisation in the Eastern and
Western Fold Belts. Fault bends, jogs and intersections
are regarded as key localisation features. Tools for rapid
analysis of remote sensed data, combined with on-going
calibration with geology, provide great promise for

discriminating mineralisation-related alteration footprints.

Depositionally, the mineral system was only active in the

latter parts of the evolution. Extension and thermal input
during early Superbasin development did not result in the
formation of mineral deposits but rather were the storage

compartments for fluids drawn down into the system.

Fluid mixing and dilation are key ingredients to the
hydrothermal deposits studied. In particular, at the

Mt Isa Cu and IOCG deposits (Ernest Henry, Osborne),
brecciation is classically developed in and peripheral

to the ore zone. An analysis of apatite compositions
provides some insights to the fluid compositions at the
time of mineralisation at Ernest Henry. The apatites

record evidence for PO4~-HF-50,-CO; fluids that carry
As(%*) and/or SO, and that have little or no Cl or H,O.
An evolution from SO, to As could be related to mixing
of external fluids at that time or an in-situ change in the
redox state of the carrier fluid. Overgrowth of apatite by
titanate might record the transition from volatile CO,.
rich fluids to brine-rich liquids. The extreme nature of

the chemistry of the Ernest Henry apatites relative to the
regional rocks indicates that there are processes that existed
within the deposit that did not occur in structurally similar

barren rocks.

At the Mt Isa Cu deposit, ore-related brecciation

is represented by a “once-oft” fluid mixing event.

Arguably, the sulphide deposition process was by in-sizu
Thermochemical Sulphate Reduction. The range of
&**Sautfide (~15 to 30 %o) is consistent with high temperature
inorganic reduction of marine sulphate, implying either
bittern brines or halite dissolution waters. A geochemical
mixing model is developed to explain the enriched C
isotopes in carbonates and suggests the introduction of H,

as a strong reductant with possible mantle affinity.
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PART II:
EXPLORATION
TARGETING

(Main contributors: Murphy, Oliver, Laukamp,
McLellan)

Introduction

The explorationist’s role is to target new ore deposits.
Criteria on which area selections are made are scale
dependant, determined by conceptual models that are
applied and limited by the available and appropriate

data sets. They are invariably driven by a narrow range

of criteria, peppered with varying degrees of subjectivity.
Narrowing the search area from regional to prospect and
ore body scales is a process of eliminating areas deemed less
prospective. The success of this process may be measured
from the rate of discovery which, over the past decade, has
been low. That there are undiscovered ore bodies remaining
in the Mt Isa and McArthur River regions is virtually
certain, especially in the strike extensive under cover areas
where we are challenged in constraining a geological
framework. The objective here is to outline key criteria for
predicting new ore systems, using empirical observations
and process understanding of the mineral system. In
addition, acquisition of the appropriate data sets at various
scales, their costs and the relevant bodies who would collect

and provide such data are indicated and tabulated below

(Tables 1 and 2).

The variety of deposits can be regarded as belonging

to two general types, traditionally related to separate
mineral systems: 1) the generally older (?1660-1595 Ma)
Pb-Zn-Ag sediment hosted massive sulphides which may
be of gigantic proportions (e.g Mt Isa, Century, McArthur
River), and 2) the generally younger (1600-1500 Ma)

Cu +/-Au (+/- U) deposits which encompass Isa Cu

and Mammoth Cu deposits in the WFB and the IOCG
Cu-Au deposits in the EFB (e.g. Earnest Henry, Osborne).
Broken Hill-type Pb-Zn-Ag deposits (e.g. Cannington)
and Au-only deposits (e.g. Tick Hill) are not evaluated in
this analysis. In a broad view, similar processes drive the
mineralising system, with a commonality in source regions

and brine compositions across large regions and over time.
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For example, isotopic characteristics of brine fluids in the
McArthur River Pb-Zn-Ag deposit are indistinguishable
from those related to the U mineralisation in the Murphy
inlier (Polito et al. 2006b). Also, the source of copper from
the EVC at Mt Isa at around 1520 Ma (Wilson et al.
1985; Wyborn 1987; Heinrich et al. 1995; Matthai et al.
2004) is within the same Supersequence that contains the
diagenetic aquifers from which base metal brines were
sourced for the Pb-Zn orebodies (~1660 Ma if a syngenetic
model is accepted; Polito et al. 2006a). This commonality
suggests availability and/or stripping of different metals
from similar source regions at different times during the
last 100 Ma of the 400 Ma evolution. Ultimately, gradients
in temperature, pressure and salinity are the drivers for

ore deposition, and these gradients can arise from far field
effects, such as mantle plumes, core complex development
and orogeny, operating in tandem with more local scale
controls, such as areas of dilation, competency contrasts,

increased fluid flux and availability to fluid reservoirs.

Mineralising processes operated throughout the region,
as seen from the distributions of its contained deposits
(Figure 2). Remarkably, all of the major base metal mines
are hosted in upper level rocks: perhaps from as old as
~1680 Ma (although this age for Cannington host rock

is not well constrained and could be younger (Foster

and Austin 2007)), the WFB deposits (Mt Isa, Hilton,
~1655-1640 Ma host), up to 1595 Ma (Century host)
and demonstrably later deposits formed during the D2
Isan orogeny at ~1570 Ma (e.g. Silver King on the LHP).
The implication is that conditions for mineralisation did
not operate or combine in a focussed way until late in the
history, and that major deposits did not form during the
LSB and CSB episodes per se. The extensional and thermal
events that characterise the LSB and CSB do not appear
to be a driver for mineralisation in these Superbasins, yet
they form the foundation for the subsequent metallogenic
events and, without these as a substrate and fluid source
region, it is less likely that the ISB-hosted mineralisation
would ever be world class. Note that deposits hosted within
earlier Superbasins, such as the Mammoth Cu system,
were formed during the Isan Orogeny where competency
contrasts were an important control (Miller, McLellan(b);

Appendix 1).

Hydrothermal mineralization requires metal-bearing
fluids to flow across gradients of pressure, temperature,

chemical concentration, or a combination of these gradients
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(Phillips 1991). The existence of vertical or steeply dipping
aquifers within the architecture of a mineralising system
can be of great significance, because they provide a higher
potential for fluid to flow across gradients of temperature
and pressure than horizontal, or shallowly dipping aquifers.
A steep aquifer is also more likely to favour free thermal
convection (Mullis, 1995), which is a highly effective
fluid flow driving process in hydrothermal systems. In
addition to the presence of inclined and steeply dipping
aquifers, the overall high thermal gradient would have
further favoured free thermal convection over conductive
heat transfer (Turcotte and Schubert, 2002) in areas

with high permeability (Appendix 1, McLellan (a)). The
likelihood of free thermal convection to occur is therefore
significantly increased by the steepening of stratigraphy
and deformation fabrics in the upper crust by progressive
deformation in the ‘vice tectonics’ mode (Cruden et al.
2004). Overall, ‘vice-style’ tectonics (Cruden et al. 2004)
in a high geothermal gradient will lead to a number of
mechanical, structural and thermal consequences, which
greatly increase mineral prospectivity. Furthermore, the
steep structural grain in the upper crust leads to a high
degree of mechanical anisotropy at high angles to the

tectonic shortening direction, which tends to favour the

elongation of the shear zone and the formation of strike
slip fault zones (e.g. Teyssier and Tikoff, 1999).

Pb-Zn-Ag Deposits

Examples are: Mt Isa, Hilton-George Fisher, Lady
Loretta, Century, McArthur River.

These deposits are characterised by stratiform massive
sulphide lenses in carbonaceous shales and siltstones at
varying stratigraphic levels within the Isa Superbasin
(Table 1).There is an apparent strong fault control on the
location of deposits, in particular with long strike length
features (Figure 3). The age and timing of mineralisation
remains a source of considerable debate, from early,
shallow burial sub-seafloor replacement (e.g. McArthur
River) to later, deeper burial, syn-inversion replacement
(e.g. Century). There is increasing consensus that ore
deposition at the sediment-water interface is a less
important process than sub-seafloor replacement (Huston
et al. 2006). However, Feltrin et al. (2007) used geometric
and numerical models in their model of primary syngenetic
mineralization for Century with a protracted history

of reworking.

Figure 2: Deposit distributions according to major

commodity groups.
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Figure 3: Image of mapped fault length and locations

of major deposits.

As the explorationist undertakes project generation at
a terrane scale in other parts of the world for regions
with similar characteristics as the Mt Isa terrane, some
distinguishing features are, in approximate order of

importance:

* Plumbing system that taps deep into the crust (maybe

even mantle?), as evidenced by:

— Linear, strike extensive gravity anomalies with strong
gradients within an overall high gravity response.
'The sources of the high gravity responses are varied
(Wellman, 1987) but an association with abundant
mafic rocks at depth is implied. Sampling on at least
5 km station spacing is needed to determine this and,
typically, such data is available from Government

organisations

— Aecromagnetic response, though more influenced
by shallower level responses, with evidence of long
wavelength gradients. These typically have a similar
fault-related nature as the gravity responses, and an
integration of these two data sets provides essential

information relating to the terrane scale architecture

Page 16

— Complex pattern of faulting and major, laterally
continuous, large dimension faults. This is not unique
to the Isa region, as other terranes with similar
teatures are far less mineralised. In outcropping
terranes, mapped geology and TM, in the first
instance, would determine this, otherwise, in under
cover regions, determined from available regional
geophysics. Sources of such data generally reside with

Geological Survey organisations.

* Mesoproterozoic age — metal abundance varies in a

non-systematic pattern over Earth history with the
Mesoproterozoic being a particularly fertile period and a
major contribution to this global abundance is from the
Mt Isa and Broken Hill regions of Australia (Huston

et al. 2006). Stream sediment sampling of detrital
zircons to determine age spectra maybe an appropriate
technology (e.g. Terranechron) to gain a rapid, first pass
assessment of this history, in catchments of ~ 100 km?

and is a cost effective strategy

Intracratonic rift or distal back arc environment,
abundant mafic and felsic rocks, and a thick sediment
pile. A history of repeated extension and inversion,

perhaps observable from geological maps (at a
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minimum, 1:250 000 scale) and regional geophysical
signatures, particularly the magnetic expression of

rift-related mafic sequences

* High geothermal gradient and regional high
temperature/low pressure metamorphism. Nor is this
unique to the region, as there other less mineralised
terranes with similar features. Such information,
however, requires detailed analysis and is generally not

determinable from remote data sets

* Existing deposits and occurrences (“smoke”) are a clear

signal of fertility.

Having determined the terrain of interest, the following
criteria can be indicative of mineral camps, in approximate

order of importance:

* Evidence of potential source rocks (rift-related
volcanics) and diagenetic aquifers in lower parts of
stratigraphic pile, comprising thick proximal clastic
sequences with potential to be buried to 5-10 km depth
at times of mineralisation, e.g. LSB sediments and

volcanics (e.g. Polito et al. 2006a, b and c)

* Evidence of carbonaceous, argillaceous host rocks
in upper levels of youngest (pre-orogenic) basin,

e.g. ISB sediments

* Faulting — evidence for long strike length faults
(Figure 3), commonly associated with significant
gradients in potential field data, indicative of
penetrative, crustal scale faulting. In addition to mapped

geology, critical data sets are:

— Seismic data is an important contribution to this,
and is generally acquired by State organisations in
collaboration with exploration companies

— Gravity — minimum 3 km spacing, typically acquired
by Geological Surveys

— Aeromagnetics — minimum 400 m line spacing,

100 m height, acquired by Geological Surveys and/or

exploration companies

— Geostatistical approaches to the clustering of
vein-style Pb-Zn deposits which should show strong

correlations between faults and mineral occurrences.

* Evidence of extension and growth faulting — potential
driver of fluids by underpressure, dilation and downward

excavating convective flow

* Evidence of inversion, compressional folding and
faulting — potential driver of fluids by upward expulsion

from breached reservoirs

* Evidence of saline brines, evaporates or remnants

thereof in deeper parts of sediment pile

* Alteration — possibly seen from geophysical (magnetite
depletion?) or remote sensed data (TM, ASTER). This
would particularly include the common occurrence
of primary and diagenetic carbonates such as siderite
or dolomite that should be distinctive from regional
stratigraphic signals irrespective of the specific

genetic model

* Clustering of existing deposits and occurrences

(“smoke”)

* Stream sediment sampling — in catchments of 10 km?.

Geological Surveys and/or exploration companies.

An undercover example and how to explore in

this space

In the under cover regions, the 3D map and potential

field data are key resources. The “brine factories” are areas
that contain substantial thickness of potential source

rocks and diagenetic aquifers. These can be outlined in an
approximate way, based on extrapolation our interpretation
from the outcropping regions and interpretation of
potential field responses. Areas of thick accumulations of
LSB and CSB rocks that were buried to 5-10 km by the
time ISB was been deposited are key. Also critical is the
preservation of the ISB as a host rock. The outcropping
distribution of the ISB (red regions) is superimposed on an
interpreted fault architecture derived from potential field
gradients (Appendix 1, Murphy et al.). Warmer colours

in the image reflect longer strike length elements. Blue
lines are first and second order faults and green lines are
interpreted extensions of faults under cover. This highlights
large domains (Figure 4) which can be included or

excluded accordingly, such as:

* Excluded regions are:

— areas to the west of Mt Isa, that is to the west of
the Barramundi breakaway structure and beneath
the Georgina Basin, are excluded. This is because
the LSB and CSB are thin or absent, with shallow
depth to basement, and such regions are less likely
to have generated substantial fluids. However, lateral

fluid flow from the deeper, thicker LRFT westwards
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onto this platform may be possible, nut not as likely
to have seen as much fluid as the hanging wall

sediments

— the southward extension of the LRFT is mostly
excluded because the level of erosion is generally to
the LSB and basement levels, and ISB host sequences

seem to be only preserved in narrow fold/fault keels

— Areas of deep cover (refer to NWQMPR 2000).

* Included areas, the “brine factories”, are:

— northward continuation of the LRFT has the best

potential for preserving both the source aquifers and

the ISB host rocks
— the LHP preserves the ISB host sequences of

interest, and the under cover extensions of the LHP
eastwards are considered to have good potential.
There are regions of the LHP where the LSB may
be too deeply buried, such that secondary porosity
gets occluded, and the CSB may be an alternative
source (Polito et al. 2006c). This is particularly the
case in the northern hanging wall of the Little Range
Fault, and perhaps the eastern hanging wall of the

Riversleigh Lineament

— undercover extensions of the ISB northwards and

southwards in the EFB

— numerical modelling of fluid flow in the LRFT
shows an asymmetry whereby the most concentrated
flow occurs along the western side of the trough
and is more dispersed in the east (Appendix 1,
MecLellan (a)). This asymmetry is most likely due to
the thickening sediment wedge to the east and the
underlying basement detachment zone geometry.
As a result of this dilation, shear strain and fluid
flux is concentrated proximal to the western margin
fault. The hanging wall areas have higher dilation
and cumulative fluid fluxes than the footwall
(Appendix 1, McLellan (a)).

An analysis of the sensitivity of deposit location relative

to potential field gradients (Appendix 1, Murphy et al.)
shows that proximity to long wavelength features, i.e. deep
tapping faults, holds greater prospectivity (Figure 5). Using
bufters of varying width in relation to fault-related gravity
features of varying strike length, this demonstrates that the
bulk of metal is contained in corridors defined by the major
gradients. Hence, applying a buffer in the area selection
routine (e.g. the 80,000 km? buffer area in Figure 5

as a cutoff) results in a much more focussed outcome

(Figure 6).

Figure 4: Base Metal potential and edge
length image with superimposed ISB outcrop

(red) with excluded areas in stipple. Blue dots

are base metal occurrences.
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Figure 5: Plot of metal rank per unit

area with increasing distance from

fault-related gravity gradients using

length weighted buffers (Appendix I,
Murphy et al.).

Figure 6: Base Metal potential and edge
length image with superimposed ISB outcrop
and buffer area cutoff applied to gravity
gradients (Appendix |, Murphy et al.).

Scale 3: Prospect Analysis
Within a mineral camp, key features to evaluate are:
* Host rock — presence of carbonaceous argillite

* Fault architecture — fault intersections, dilational jogs;
complexity. Existence of penetrative faults, supported
by potential field data: detailed gravity, minimum 500m
station spacing, and aeromagnetics, minimum 200m

flight line spacing

* Local depocentres — growth faulting, hanging wall
positions? May be determined from mapping, and/or

magnetotelluric and seismic data

Alteration footprints

— lithogeochemical haloes up to 15 km from McArthur
River deposit (Large et al. 2000; enriched Zn, Pb, Cu,
Ag, T1,Hg and Mn)

— Illite xtalinity halo at Century — (Wilde 2006)

— carbonate (siderite), pyrite.
Stream sediment and rock chip sampling
AEM

Drilling.
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An undercover example and how to explore in

this space

This has not been a particular focus in the 17 project.
However, application of fault intersections on the LHP
coupled with fluid flow modelling have been investigated
under the G14 project with Zinifex (Murphy et al. 2007;
Zhang et al. 2007).

At this scale, an advanced mineralised prospect has been
outlined and further work in delineating its potential lies
in:

* Dirilling

* Determining the size and tenor of the alteration

tootprint — within halos:
— Hylogger characteristics need to be determined.

— PIMA at Mt Isa does not show diagnostic signals
(Appendix 1, Duckworth)

— Mn halo, C-O isotope halo as per Large et al. (2000),

Zn to Pb to Mn zonation and vectors related to that.

* Constraining fault architecture, through mapping and
3D modelling

* Constraining stratigraphy to look for parts of
the package with alternating shale/siltstone and
stratigraphic variations that could be interpreted as

growth faulting

* Constraining fluid compositions and isotopes. See
above, these have pretty good isotope haloes. Fluid
inclusions next to useless due to fine grain size and
questionable relationship of veins to mineralization

(except for Silver King style)
* Ground based EM

- DHEM.

Cu (-Au) Deposits

Examples are: Mt Isa Cu, Mt Gordon, Gunpowder Ernest
Henry, Osborne, Mt Elliott, Eloise.

'These deposits are characterised by a distinctive epigenetic
association, very strong structural controls (breccias, fault
bends and intersections, rock competence contrasts),

and modest to high copper grades with highly variable
gold (Table 2). The spectrum of deposits ranges from

Page 20

almost pure copper-rich and Au-absent (e.g. Mt Isa and
Mt Gordon in the WEFB) to Cu-Au deposits of the iron-
oxide-Cu-Au (IOCG) association which carry a diverse
and complex additional element enrichment (U, REE, Co,
Ba being the most common). The deposits are mostly of the
low sulphidation variety being dominated by chalcopyrite
and iron oxides. The timing of these deposits is dominated
by geochronology centred on 1530 Ma, the same timing as
emplacement of many intrusions of the Williams Batholith,
and several lines of evidence point to a magmatic origin for
some of the fluids at least in the EFB. In the WEFB, where
granitoids of this age are unknown, and for older IOCGs
in the EFB, basinal fluid sources are likely. Much of the
~1530 Ma mineralisation appears to have formed by the
initiation of strike-slip faulting and granite emplacement

during the final stages of cratonisation.

* 'Thick volcano-sedimentary packages lying on rifted

continental margin, actual arc rocks obscure or absent

* Widespread intrusions of likely same age as

mineralisation
* Paleo- to Mesoproterozoic

* Continent-scale anomalous magnetism and gravity

(big gradients, worms).

* Intense strike-slip fault networks in which it can
be demonstrated that some were active during

mineralisation

* Intensity of sodic-calcic alteration (for IOCGs) or
chlorite-hematite+/- carbonate +/-talc alteration (for
Mt Isa-Mt Gordon-style Cu). HyMap and ASTER
data can be used to detect regional metasomatic
alteration systems (e.g. sodic-calcic alteration in the
Snake Creek Anticline: “white mica composition”,
“white mica abundance”) or hydrothermal alteration
along major fault zones (e.g. Mt Dore fault zone in the

» «

Selwyn Corridor: “white mica abundance”, “white mica

composition”, “white mica relative water”)

* Strong rock property contrasts in association with fault
offsets. Stress partitioning, stress anomalies and failure

seem to be regionally important guides (Appendix 1,
McLellan (b))
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For IOCG style — abundant granite intrusion into
sediments or metasediments containing diverse rock

suites (carbonates, pelites, mafic volcanics)

For Mt Isa copper style — large contrasts in gravity,
magnetics, rock property contrasts at this scale

(e.g. Sybella Block vs Mt Isa valley)

Multi-layer prospectivity analysis. Blenkinsop et al.
(2005) work in the 12 project appears particularly
effective both at this scale and at Prospect Scale
(Figure 7)

Broad-scale geomechanical analysis of fault arrays

(Appendix 1, Ford and Blenkinsop; Ford et al. 2007).

Geostatistical and/or numerical analysis of parts of the
fault arrays most favourable for failure in tension or
extensional shear failure (weights of evidence, UDEC,
FLAC), using 2D and 3D prospect data from 1:100 000
to 1:10 000 scales

Trace element analysis of iron oxides for which
transition elements should reveal distinctive signals in
haloes, at least in the EFB

Core or edges of aecromagnetic anomalies in conjunction
with gradients in radiometrics and/or gravity,
particularly in the context of a prospectivity analysis and

geomechanical models

Abundance of veins and potassic alteration overprinting
earlier sodic-calcic alteration (for IOCGs) or dolomite-
silica+/- hematite-chlorite (for Mt Isa — Mt Gordon
style Cu)

Hyperspectral mineral maps, alone or in combination
with other geophysical data (e.g. magnetics, radiometric)
can be used to detect not only possible host rocks, but
also alteration assemblages and their spatial distribution.
A good knowledge of the mineralisation-related
alteration assemblage and its spatial distribution in
combination with a good knowledge of the geology

(calibration) of the investigated area is required

— Amphibolites are host rocks for some of the IOCGs
in the EFB (e.g. Mt Elliott, Selwyn Corridor)
and can be separated from other mafic units
(e.g. gabbros, dolerites) using mineral maps derived
from hyperspectral data (“MgOH content”, “MgOH
composition”, “amphibole/chlorite” and “Fe?* ass.

with MgOH?”)

Figure 7: Prospectivity model for IOCG deposits in EFB, 9 layer model
(from Blenkinsop et al. 2005).
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— Spatial relationships of sodic-calcic and potassic
alteration are important for the recognition of
IOCGs in the EFB and can be detected with mineral
maps derived from hyperspectral data (Na(-Ca)-

”» «

alteration: e.g. “white mica composition”, “white

mica abundance”; K-alteration in mafics: “MgOH
content”, “MgOH composition”, “amphibole/chlorite”
and “Fe?* ass. with MgOH” combined with “white

mica composition” and “white mica abundance”)

— 'The combination of magnetic, radiometric and
hyperspectral data can be used to detect sodic-calcic
alteration (integration of ASTER band 8 data with

magnetic and K-radiometric data).

An undercover example and how to explore in

this space

'The northern extensions of the LRE'T are considered
highly prospective, from a district scale assessment. We
have explored this space by employing discrete element
modelling, using UDEC (Appendix 1 McLellan et al.)
where particular fault intersections and an imposed
stress field appear to be an effective tool in predicting the

locations of existing deposits. Using criteria described

in McLellan et al. (see Appendix 1), a series of UDEC
outputs were exported to a GIS environment (Figure 8)
of the interpreted fault architecture in this northern
undercover region, an area of 150 x 150 km. These outputs
show a range of parameters of maximum principal stress
(01), minimum principal stress (03), differential stress (AG)
and failure state (plasticity). This tool appears to be a good
first pass tool in defining 10 x 10 km prospect areas.

* Detailed acromagnetics with backup ground magnetics
* IP and/or other electrical methods

* Geochemical zonation studies from drill chips or core
(Ernest Henry shows good ‘radial’ zonation) focussing

on Cu, Fe, As, Mn, Co, As, K, Na, Ca

» Stress inversion studies on veins, faults etc to determine

likely stress field during mineralisation

* Detailed structural mapping and/or interpretation of

dilatant fault, fault-bend, fault/rock properties

* Numerical modelling using stress inversion results to

impose far-field stresses on known fault or shear arrays.

Mt Gordon Mt Gordon

Esperanza Mammoth Esperanza Mammoth

Lady Annie Lady Annie

Mt Kelly Mt Kelly

Mt Gordon Mt Gordon

Esperanza Mammoth Esperanza Mammoth
Lady Annie Lady Annie

Me Kelly

Figure 8: Discrete element UDEC modeling in the undercover
northern extends of the Mount Isa region, a) maximum
principal stress (G,), red colours indicating highest values of
compressive stress, b) minimum principal stress (G3), red
colours indicating minimum values of least compressive stress,
highlighting areas of most likely fluid focussing, c) differential
stress (Ac), red colours indicating highest values, and

d) plasticity or failure state, with red values indicating most

intense failure. Cu occurrences shown as black stars.
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PART Ill: THE
SCIENCE BEHIND
THE ANSWERS: THE
‘FIVE QUESTIONS’

QI:What is the Geodynamic Setting?

(Major Contributors: Murphy, Gessner, Bierlein,
Hutton)

Why is the Mt Isa-McArthur region so well endowed

in world class deposits of different commodity groups
(Pb-Zn-Ag, Cu, Cu-Au)? The answer is, in large part,
determined by the geodynamic setting, involving far field
and deep seated effects which are not well constrained
but lead to a limited number of possible solutions. We
are concerned here with the evolution of the lithosphere,
that is, mechanically, the outer more rigid region of the
Earth compared to the underlying asthenosphere, which
flows during flexing of the lithosphere (Muirhead and
Drummond 1991; O'Reilly et al. 2001). Broadly, there
are two competing processes that impact on lithospheric
strength and thickness (e.g. Pearson 1999): vertical accretion
through asthenosphere-driven processes (e.g. plumes)
that cool the interior of the Earth leading to lithospheric
growth by mafic underplating and partial melting in an

intra-continental setting (Etheridge et al. 1987), and /atera/
accretion through plate margin processes, allowing heat

loss at the surface, with growth of the lithosphere through
subduction/accretion and collision. Combinations of these
processes over time are the likely drivers for the large metal
endowment of the North Australian Craton (NAC; Giles
et al. 2002; McLaren et al. 2005).

Crustal thickness and heat flow are key considerations.
Heterogeneity of the deep lithosphere in Australia is
evidenced by mantle xenoliths (O’Rielly et al. 2001),
while thickness variations are determined from acoustic/
elastic measurements (seismic reflection, refraction and
tomographic data; e.g. Drummond et al. 1988; Simons

et al. 1999) and from electromagnetic (MT) data

(e.g. Heinson et al. 2006). The crustal thickness of the
NAGC, that is the Mt Isa, McArthur, Tennant Creek and
Arunta regions, is up to 55 km compared to an Australian
Proterozoic average of 45 km (Figure 9; Chevrot and van
der Hilst 2000). The Moho depth (from tomographic
data) actually varies significantly within the project region,
from ca. 55 km in the south to ca. 40 km in the north.
The elevated thermal regime in the NAC is related by
McLaren et al. (2005) to the heterogeneous distribution
of high heat producing granites (HHPG) in the upper
5-10 km of the crust. A high geothermal gradient at Mt Isa
(Cull and Denham 1979) has been linked to widespread
high-temperature-low-pressure (HTLP) metamorphism
(Wyborn 1988). Additional thermal input is related to the

Figure 9: Depth to Moho surface and

outline of Proterozoic inlier.
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emplacement of mafic rocks, and high seismic velocities at
depth in the NAC have been interpreted as underplated
mafic rocks (Drummond and Collins 1986; Goncharov

et al. 1996; MacCready et al. 1998).

Without direct evidence of a preserved plate boundary

in the immediate environs of the inlier, the plate tectonic
setting has to be inferred from internal units and their
perceived relationships with other Proterozoic provinces
in Australia. Much depends on reconstructing geometry
in relation to the Curmanona Craton, the Gawler, Arunta
and Georgetown regions, and involves post-Isan Orogeny
rotations and translations (Figure 10; Giles et al. 2002).
A feature of the Australian Proterozoic is the correlation
of lithostratigraphic assemblages, together with similarities
in deformation and tectonomagmatic histories amongst
spatially distinct terrains (Giles et al. 2004). Some of

the more remarkable features that require geodynamic

explanation are:

* Tectonic switching, oscillating extension and
contraction, which culminated in the Isan Orogeny at
ca. 1600 Ma. There is apparent synchronicity between
changes in depositional environment (Southgate
et al. 1997), regional deformation events (Rubenach,
Appendix 1), and changes in the Apparent Polar
Wander Path (APWP), with hairpin bends in the
~50,000 km long trajectory (Indrum 2000)

* 'The inlier is unique in the overall architecture of the
NAC by the dominance of north-south trends. There
may be decoupling of the history at Mt Isa from
that of the more inboard craton to the west and with
outboard regions to the east (towards Georgetown). The
major north-south trending rift at Mt Isa (LSB) only
correlates with minor volcanism elsewhere in the NAC.
Also, the extension-related volcanics in the overlying
CSB appear to postdate the main felsic volcanism in
the Northern Territory by about 10 Ma. The dominant
north-south grain of the Mt Isa region is discordant
to the northwest-southeast trending fabric to the west,
interpreted as likely extensions of the stratigraphy in
the Northern Territory, and to the east-west fabric to
the east of the inlier. Although exploited by the Isan
Orogeny D2 deformation, the north-south grain is
regarded as a pre-existing architecture that ultimately
relates to KLB. If this belt originated as a volcanic arc,
it most likely parallels a north-south trending (west

dipping?) subduction zone.

Extension and thermal input dominate the history. The
tectonic environments to which this may be ascribed are:
intra-continental rifts, core complex development, backarc
basins, passive continental margins and volcano-magmatic
arcs. Fore-arc, trench environments and ophiolites are not

encountered, nor are large lateral terrane-scale translations

Figure 10: North Australian Craton
(Giles et al. 2002).
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required to explain the juxtaposition of different crustal
components (Betts and Lister 2001). Vertical accretion

via a mantle plume is not easily reconciled with the
palacomagnetic evidence of the widely varying location
over time, unless more than one plume is implicated. There
are some contrasting interpretations in the EFB and WFB
— a backarc basin in the EFB (Giles et al. 2002; Butera

et al. 2005), and an intra-continental rift in the WFB that
transformed into a passive margin (Gibson et al. 2006).
However, there is now compelling evidence that the inlier
evolved as a coherent entity, with a shared history in the
EFB and WFB. A distal continental backarc setting of
the NAC advanced by Giles et al. (2002) has wide appeal
(Figure 10), while noting uncertainty in the perceived
northward polarity of subduction and distance from

the subduction zone. A foreland basin during the upper
parts of the Isa Superbasin is interpreted in the evolving

Isan Orogen.

Discriminating a passive rifted margin from the

inboard side of a continental backarc basin is, however,
problematical (Bill Collins pers. comm.). The time and
length scales of such systems can be considerable. For
example, in modern analogues, the current eastern
Australian setting is commonly called a passive margin,
but in a broader context it actually developed because of
Pacific slab retreat, and thus is the cratonic edge (upper
plate) of a backarc basin. Mafic rocks provide insights to
the tectonic environment, source regions and depth of
melting. However, interpretations of tectonic environments
using discrimination diagrams based on basalts are of
limited use, as the inferred settings were defined in the
1970s, prior to modern backarc basin basalt chemistry
research. Commonly, these rocks are transitional between
arc basalt and MORB, as backarcs form by splitting of arcs
and evolve to genuine seafloor given sufficient time. Most
mafic rocks in the inlier (volcanics, dolerites 1670-1690,
syn-D2 dolerites, 1520-1550 Ma dolerites synchronous
with the Williams Batholith) show very similar results on
Spider diagrams normalized to N-MORB’s (Butera et al.
2005), i.e. flat and MORB-like for most of the High Field
Strength (HFS) elements, but strongly sloping and spiky
for the Large Ion Lithophiles and most incompatible HFS
elements, which is typical of a subducted slab component
(strong positive Pb anomaly, negative Nb anomaly, etc).
The spider plots are very similar to basaltic rocks from

back arcs.

'The history of Mt Isa spans almost 400 Ma of the
Proterozoic, and is broadly divided here into three time
periods (Figures 11 and 12):

* >1900-1840 Ma: basement, Barramundi Orogeny, Cover
Sequence 1 and Kalkadoon Leichhardt Belt (KLB)

magmatism

* 1800-1640 Ma: Basin formation, volcanism,
sedimentation and magmatism, encompassing three
Superbasins (Leichhardt, Calvert, lower part Isa).
Note that, in this analysis, we have distinguished two
elements of the ISB, a pre-1640 Ma sequence from a
post-1640 Ma sequence

* 1640-1570 Ma: Foreland basin (upper part ISB), Isan

Orogeny and late stage magmatism.

>1900-1840 Ma: Basement, Barramundi Orogeny,
KLB and Cover Sequence 1

'The basement comprises supracrustal sediments and
igneous rocks that were deformed and metamorphosed

to amphibolite facies during the ca. 1870 Ma Barramundi
Orogeny (Etheridge et al. 1987). In the centrally

located KLB (Figure 11), the Kalkadoon Granite Suite
(1.88-1.82 Ga) shows magmatic arc-type affinities that

is the most likely be related to subduction (Wilson,

1978). Large scale volcano-magmatic input to the crust
(the Kalkadoon Suite and Cover Sequence 1) suggests a
magmatic arc above a thickened lithosphere. This may have
formed inboard of an attenuated marginal basin to the east
of the Pilgrim Fault. This fault might separate different
basement elements (see Q2-Architecture), and is perhaps
a fossil subduction zone (Figure 13). Subsequent thinning
of lithosphere towards the east may be due to mafic
underplating, as reflected in the high gravity responses (see
Q2-Architecture). While there is isotopic similarity in the
basement, the relationship of the Kalkadoon Arc to the
NAC remains tentative, and an inferred subduction zone is

placed along May Downs Fault (Figure 13).

1800-1640 Ma: Superbasin development

In this ca. 210 Ma period, three successive Superbasins
developed. From a geodynamic perspective, a key question
is the nature of the switching of extensional modes in

different orientations leading to successive basin formation.
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There is a spread of interpretations in this regard:

* Periodically rejuvenated intra-continental rift
(Derrick 1982, O’Dea et al. 1997), punctuated by mild

contraction and inversion

* Continental backarc (Giles et al. 2002; Betts et al. 2006)
related to retreat of a northward dipping subduction
zone during LSB and CSB, with the ISB as a sag
phase due to ocean basin opening between Australia
and Laurentia. Interspersed contraction is related to

accretion events along the southern plate boundary

* Rift to rift-drift and passive margin development
(Gibson and Hitchman 2005), nof punctuated by mild

contraction and inversion, but rather by differential
uplift and block rotation. Was there an earlier (pre-Isa
Superbasin) compressional deformation? Previous
workers have suggested mild inversion/compression

to shut down the LSB and CSB (e.g. Betts 1999)
whereas Gibson and Hitchman’s (2006) model proposes
extension and tilt block rotation can account for

apparent compressional features of other workers

Ramp and strike slip basins, during ISB, related to far
field subduction to the south (Scott et al. 2000)

Later foreland basin in the upper part of the ISB in the
LHP (McConachie et al. 1993).

Figure I |: Major units and Superbasins. Key: CS| = Cover

Sequence |, CSB = Calvert Superbasin; LSB = Leichhardt
Superbasin; ISB = Isa Superbasin; RSB = Roper Superbasin;
KLB = Kalkadoon Leichhardt Belt, LRTF = Leichhardt River
Fault Trough, LHP = Lawn Hill Platform; SNB = South
Nicholson Basin; Ml = Murphy Inlier; McA R = McArthur
River region; CR = Carrara Range; EFB = Eastern Fold Belt.

Figure | 3: Sketch section of
~ 1850 Ma configuration.
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The Superbasins are:

* Leichhardt Superbasin (1800-1740 Ma): an
intra-continental rift focused in LRFT with major
north-south graben reflecting east-west extension
(O’Dea et al. 1997; Betts et al. 2006) or, perhaps
more correctly, ENE-WSW extension (NWQMPR
2000, Gibson and Hitchman 2005). O’Dea et al.

(1997) suggest the influence of a mantle plume or
upwelling asthenosphere to generate the thermal energy
responsible for the flood basalts. Superbasin ended with
development of mid-crustal (north-south?) oriented

extensional detachment and emplacement of Wonga
Granite (ca. 1745-1725 Ma; Figure 14)

+ Calvert Superbasin (1740-1670 Ma): following 20 Ma
hiatus, renewed extension on WSW-ENE trending
growth faults and north-south trending LSB faults.

A thinned continental crust is inferred further east
(1712-1654 Ma; Giles et al. 2004; Beardsmore et al.
1998) based a deep marine depositional setting of the
Soldiers Cap Group (SCG; but see Foster and Austin
2006). An apparent offset between locus of crustal
extension (sedimentation in LRFT') and locus of
sub-crustal lithosphere extension (magmatic rocks in
LHP) is interpreted to indicate asymmetric extension
on eastward facing detachment (Betts et al. 1998).
Progression into deeper marine settings northeastwards,
with upward fining cycles and thicker shales, suggests
the rift may have evolved (drifted) into a passive
continental margin setting (Figure 15 Gibson and
Hitchman 2005). End of CSB sedimentation was
closely followed by intrusion of the Sybella Granite
at 1670 Ma (into the LSB), an “A-type” granite from
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lower crustal melting (Wyborn et al. 1988) in a core
complex-model which presumably commenced during
sedimentation, with magmatic inflation leading to uplift
and cessation of sedimentation (Figure 15; Gibson

and Hitchman 2005). There is no record of erosional
breaching of the lower plate rocks during the Calvert

sedimentary cycle

* Isa Superbasin, lower part (1670-1640 Ma):
Sedimentation closely followed Sybella Batholith
emplacement and represents a major series of
transgressions. This has been related to decay of a
thermal anomaly, initiated at 1710 Ma and culminated
at 1670 Ma (Gibson and Hitchman 2005). The Isa
and Lower McNamara Groups are interpreted as sag
phase sedimentation (1670-1640 Ma) with episodic
syn-depositional faulting in a fluviatile to shallow
marine environment. The locus of post-rift subsidence
in the LHP (Krassay et al. 1997) was where the earlier
locus of Calvert magmatism and sub-crustal extension
was focused. This argues for an asymmetric, east-facing
extensional detachment (Betts et al. 1998; Gibson and
Hitchman 2005).

1640-1570 Ma Isan Orogeny to post-orogenic history

Although the drivers and geometry of this orogeny are

still poorly constrained, continental collision is most likely.
Several deformations and thermal events are recognized
(Figure 16). Early (D1) effects involved ca. 1640 Ma
north-south compression which is variably preserved in the

inlier (Rubenach, Appendix 1). During this deformation,

sedimentation was on-going in the Upper McNamara
Group of the LHP and McArthur regions. This may be

Figure 14: Schematic block diagram representation of Wonga Belt
Detachment, A) Wonga Belt mylonites and granite, B) Upper plate
Little Beauty Syncline, C) overlying mylonites. Based on Holcolmbe
etal (1991) and redrawn from G. Gibson presentation at I7 project

meeting. (Vertical dimension ~ 3km).
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Figure |5: Extensional detachment

model for the development of the LSB

and CSB (from G. Gibson, presented
at 17 Project meeting, 2005).

Figure | 6: Schematic tectono-thermal evolution.
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related to development of a foreland basin (1640-1590 Ma)
and a topographic front to the south as the Isan Orogeny
propagated (McConachie et al. 1993). The change in
sedimentation correlates with a hair-pin bend in the
APWP (Southgate et al. 1997; Indrum 2000). Generally,
crustal over-thickening leads to uplift and widespread
exposure of granulite facies rocks. The absence of granulites
and of a significant foreland basin is notable. Granulite
facies metamorphics, however, occur in the southern
Arunta region (Scrimgeour et al. 2005) at about this time

and may be interpreted as an orogenic front.

D2 involved thick-skinned east-west shortening
(MacCready et al. 1998) in both the EFB and WFB.
Folding in the LHP is much less intense, has a different
orientation, and steep strike slip faults may be dominant
here (Scott et al. 2000), as well as folding in relation

to reactivated normal faults (Betts and Lister 2001).
Following the peak deformation and metamorphism at
~1590 Ma, there was no significant uplift and erosion until
after 1500 Ma (perhaps 1 kbar of erosion in the EFB). It is
suggested that the previously thinned crust was restored to
roughly normal thickness, resulting in no significant uplift

and erosion.

Late- to post-orogenic magmatism (1550-1490 Ma) is a
characteristic feature of the EFB, but is absent from the
WEB. These magmas are interpreted as mantle-derived
material which ponded at <30 km depths during early
stage of partial melting and granite emplacement. Episodic
thermal pulses overlapped with east-west compression
(Figure 17). Isotopic data suggest a two component
magmatic source: Paleoproterozoic (2.2-2.3 Ga?) crustal
mantle or similar material recycled in crustal sequences and
a juvenile mantle-derived component (ca 1.5-1.55 Ga).

A tonalitic crustal source can generate 20-30 % melting
but the volume of granite and periodicity suggest input

of mafic magmatism and significant heating (>850°C) in
the lower crust. A residence time of 1-10 Ma is suggested
for ponding of magmas, with magma escape a function of
%melt in an oscillating deformation. This may be related to

slab roll-back in a back arc environment (Figure 17).

'The region is characterised by high heat flow, a high
geothermal gradient with evidence from HTLP

metamorphism, HHP granites and mafic underplating.
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Thermal modelling at a lithospheric scale was undertaken
to evaluate some of the sensitivities deriving from

these components under conditions of extension and
compression. Results suggests that the enrichment

of heat-producing elements resulted in very thin and

hot continental lithosphere, for which an upper crust
geothermal gradient of up to 50 °C/km and a total
lithosphere thickness of 30 km are plausible. The resulting
lack of shear strength in the thermally weakened lower
crust and upper mantle favoured the exhumation of
granite-cored metamorphic complexes in extension, and
suppressed the formation of shallow detachments in
contraction. Different burial depths of the basement during
rifting produced a thermally-induced lateral strength
contrast in the lithosphere which caused a preference for
steep shear zones and fabrics during shortening of the

rift complex during the Isan Orogeny. It is proposed that
the deformation behaviour of hot continental lithosphere
favours hydrothermal mineralization through the
preferential generation of steep fluid conduits. Increased
permeability along steeply dipping faults and shear zones
enables fluids to flow at higher rates across gradients of
pressure, temperature, and chemical concentration between
magmatic, metamorphic and surface reservoirs. Higher
flow rates facilitate advection of heat, fluids, and solutes,
and therefore increase mineralization rates. This means
that economic concentrations of minerals are much more
likely to form in hot thin lithosphere, particularly in

continental backarcs.

Metamorphic Core Complex model

The exhumation of mid-crustal rocks in the footwall of
detachment systems creates basement highs adjacent to
supra-detachment basins. The basement highs are predicted
to have cooled and strengthened the lithosphere by
exhuming the radiogenic enriched parts of the lithosphere
to shallower crustal levels. Unconsolidated sediments

in the basins had an insulating effect and increased the
geothermal gradient. The juxtaposition of weak lithosphere
in the basins, and stronger lithosphere in the basement
highs made the lithosphere in the basin areas more
sensitive to localisation of deformation during further
extension and led to steepening of stratigraphy and existing
structures during orogenic shortening, somewhat similar

to what Weinberg et al. (2003) suggested for granite-

greenstone belts in the Yilgarn craton of Western Australia.
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Intrinsic vs external drivers for tectonic processes

Weak continental crust caused by burial of high-heat
producing elements in the mid-crust has affected the
tectonic style during extension and shortening events.
An inability of the Isan lithosphere to support large
stresses needs to be taken into account when far-field
plate boundary processes are considered as driving forces
for tectonic processes, as suggested by Betts et al. (2002
and 2006) for the NAC. In their model, an orogen-scale,

west-over-east directed thrust is inferred to have cut the

lithosphere during the main deformation event. From
thermal modelling results, it appears questionable that
stress levels could have been high enough to localise

a plastic fault zone in weak middle crust, unless the
overburden of the heat producing basement rocks had
already been denuded at that stage. In addition to the
findings of Pysklywec and Beaumont (2004), who
suggested that Rayleigh-Taylor type convective instabilities
controlled the tectonic evolution of the Mt Isa Province,

Elkins-Tanton (2005) has shown that topographic

Figure | 7: Episodic magmatism in a back arc setting for the Eastern

Succession, with oscillating periods of melt formation during extension and
periods of melt emplacement during compression (from G. Mark, presented

at I7 project meeting, 2006).
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uplift and hydrous, alkali-rich melts can form as a direct
consequence of removal of the lower lithosphere by
convective instabilities. This could very well have been the
case at the time of the Williams-Naraku magmatic event,
which marked the end of magmatic activity in the entire
crustal province, and was followed by denudation and rapid
cooling post-1490 Ma. (Spikings et al. 2001; Spikings et al.
2002). The restites of intruded and erupted melts in regions
of upwelling (Elkins-Tanton and Hager, 2000), and crustal
thickening (Houseman et al. 1981), would have contributed
to increased density of the lower lithosphere, which may
have been sufficient to drive gravitational instabilities and
would have lead to delamination of parts of the lower
lithosphere. In the case of the Mt Isa Province, the restites
of the highly evolved Fe-rich Eastern Creek Volcanics, as
well as those of source regions of the syn-rift granitoids
melting events during rifting episodes would have provided
a significant volume of high density material in the lower

lithosphere across the Inlier.

Thickening of the crust during the Isan orogeny mostly
occurred in the eastern part of the province, and may have
been the ultimate cause for a delamination event which
provided the advection of mafic melts into the mid-crust,

causing the Williams-Naraku crustal melting event. This

delamination event would also have caused a pronounced
surface uplift, as shown by Stern et al. (2006) for the North
Island of New Zealand, causing erosional denudation of
high heat-producing mid-crustal rocks. The overall effect
of denudation would be a lowering of the geothermal
gradient, leading to strengthening of the lithosphere

by increasing the thickness of the elastic-plastic upper
crust. This increased strength of the upper crust would in
turn favour structurally controlled, focussed fluid flow in
brittle mid-to upper crustal settings, as observed in the
late orogenic Fe-sulphide copper deposits at Mt Isa and
Mammoth (Bell et al. 1988; Clark et al. 2002).

Thermo-mechanical process model

The substantial enrichment and redistribution of
radiogenic elements in the continental lithosphere of the
NAG, greatly increased the geothermal gradient during
extension and orogenic shortening of the lithosphere. The
increased geotherm resulted in a low strength lithosphere,
where a relatively thin elastic-plastic upper crust overlay

a thick viscous layer of partially molten mid- to lower-
crustal material (Figure 18). This stratification exerted a
crucial control on the tectonic style of deformation on

a lithospheric scale during the multiple rifting events,

Figure |8: Lithospheric strength
profiles for different thermal

gradients (Gessner, in preparation).
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as well as during contraction in the Isan Orogeny. Since
the contribution of radiogenic heat production to the
continental geotherm is highly sensitive to burial depth,
cratonisation of high-geotherm lithosphere is only

possible by denudation of the overburden. This seems to
have occurred after the mid-crustal emplacement of the
Williams-Naraku intrusive complex at the end of the Isan
Orogeny. Some form of up-welling as part of a large-scale
Rayleigh-Taylor instability is a plausible scenario to provide
the large volume of basic magma required to melt the

mid-crust.

For the extensional case, as has been explored in recent
modelling (Richardson 2007), a number of consequences
can be predicted in a weak lithosphere with a thick

viscous layer:

1. Metamorphic core complexes form. The thick viscous
layer in the mid-lower crust favours the formation
of metamorphic core complexes over a distributed
rifting style (Wijns et al. 2003). This leads to tectonic
denudation, and exhumation of basement complexes to
shallow levels, perhaps even to the earth’s surface. These
basement complexes may contain pre- to syn-tectonic

granitoids

2. Rheological, thermal, and chemical segregation of
the crust. Since denudation of mid-to lower crust
material is limited to the basement complexes, a
laterally inhomogeneous upper crust is generated,
where basement highs occur next to supra-detachment
basins. Since in the basement highs the heat-producing
elements are at a shallow crustal level these segments
may cool, and become stronger over time. Basins
however, will stay hot and weak. The boundaries
between these crustal segments are characterised by a
‘telescoped’ stratigraphy, and provide short transport
distances between chemical reservoirs in the basement

to those in basins

3. 'The lower crust is too soft to fail. This is illustrated by
thermal-mechanical models of continental extension
which showed that the high geotherm leads to softening
of the mid to lower crust, and in the upper mantle
when it is wet, i.e. a water-saturated olivine rheology
is assumed (Richardson, 2007). This means that stress
levels required to localise plastic shear zones in the lower
crust are unlikely to be reached (Figure 19a). Even if

the lithospheric mantle was dry and strong and shear

zones could localise at this level (Figure 19b), fault
zones that cut the entire continental lithosphere are
unlikely to form. Therefore passive margins and oceanic
basins are not likely to forma as long as a weak lower
crust can respond to lateral pressure gradients by ductile
flow (e.g. Block and Royden, 1990). In this situation,
continual stretching of the lithosphere will result in
overall distributed exhumation of deep lithosphere levels
and decompression melting of the mantle leading to
magmatic accretion at the base of the crust. This also
means that there is a ‘continuous’ presence of magma

as long as the system stays insulated by basins and

radiogenic upper crust

4. Saline basins. The basins formed in hot continental rifts
will tend to be shallow and highly saline, providing
fluids which are highly capable to leach base metals
from magmatic and metamorphic basement source rocks
(e.g. Yardley, 2005; Yardley and Baumgartner, 2007).

For the contractional case, the hot and weak lithosphere
architecture will lead to a number of effects following from
the ‘vice-tectonics’ model (Cruden et al. 2004; Cagnard

et al. 2006a,b):

* Vertical partitioning of deformation. Thickening of
the lithosphere will force the thick, predominantly
viscous layer in the lower crust to flow laterally, while
the elastic-plastic upper crust will be folded into steep
upright fold trains (Cagnard et al. 2006 a, b; Cruden
et al. 2004)

* Lateral partitioning of deformation. The segmentation
into cool and strong basement complexes and weak
and hot basins leads to more deformation in the
basin regions, and less deformation in the basement
complexes, with a strong localisation of deformation
predicted across regions of mechanical contrast, as for
example the boundaries between basement complexes

and basins

* Creation of vertical permeability. Steepening of
upper crustal stratigraphy and initially shallow
dipping structures (e.g. shallow dipping extensional
detachments), will result in a steeply dipping fabric,
which will facilitate vertical permeability. The key
effect of vertical permeability on mineralization in
hydrothermal systems is enhancing fluid flow across

steep gradients of pressure and temperature
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* Orogen-parallel stretching and formation strike slip
systems. Steepening of the structural grain will favour
orogen-parallel stretching and strike-slip movements
in subsequent increments of the same shortening
event, or during a later event with a similar shortening
direction. Orogen-parallel stretching may boudinage
the mechanically stronger basement complexes, leading
to enhanced magma and fluid permeability in boudin
necks. For example, the ~1530 Ma lithium-rich
pegmatites intruded in a boudin-neck position (Figure 1
in Rubenach (1992)) of the ~1650 Ma Sybella Batholith
(Connors and Page, 1995), suggesting increased
permeability for melts and fluids during orogen-parallel
stretching. In addition, the syn-copper mineralization
deformation geometry is related to oblique convergence
across the Mt Isa Fault system, which was resolved
by strike-slip movements along steep foliations and
structures (Bell et al. 1988; Gessner et al. 2006; Swager,
1986). Finally, changes in strike direction along strike-

slip systems in general are likely to be prime locations

for structurally controlled ore deposits (Cox and
Ruming, 2004), since they provide vertical zones with

enhanced fracture permeability

* Short-cuts between chemical reservoirs. Strike slip faults
will further enhance mineral prospectivity by providing
short pathways between deep and shallow fluid
reservoirs, and therefore facilitating fluid flow across

gradients of chemical composition

* Higher permeability on the mine scale. The overall
steep fabric orientation in the upper crust favours the
formation of highly permeable fracture networks in
steeper orientations than would otherwise be predicted
by Andersonian fault theory (Sibson and Cathles, 1990).

Cratonization of the Mt Isa Province was probably
achieved sequentially by (i) the local exhumation of
high-heat-producing basement in the lower plates of
metamorphic core complexes, and (ii) the erosion of upper

crustal levels after crustal shortening.

Figure |9: Strain pattern in
thermal-mechanical coupled models
of extension in high heat flow

continental crust with A) wet and

B) dry olivine rheology.
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The geodynamic setting for metallogenesis in the Mt Isa
region has been related to a) the position and geometry

of the terrane as an intra-cratonic rift on the fringes of

the NAC, where earlier subduction had occurred (KLB
arc), and/or b) its location as a distal back arc basin related
to subduction elsewhere (to the south and east?), and/or

¢) in a passive margin. Regardless of which of these settings
holds most validity and during what time period, extension
and thermal input dominate the early history. A high
geothermal gradient suggests a relatively thin brittle crust
which nucleates steep faults, over a hot, soft continental
lithosphere that undergoes repeated extension and core
complex development. Cycles of crustal extension and
Superbasin sedimentation are interspersed with thermal
pulses and synkinematic felsic magmas and emplacement
of mafic rocks. This is overprinted in a collisional-style
orogeny, where early north-south shortening overlapped
with sedimentation, and culminated in east-west
convergence which reactivates the rift-related architecture.
It is considered that the orogeny restored the thinned crust

to a greater than average thickness for the NAC.

Q2:What is the Architecture?

(Major Contributors: Murphy, Hutton)

An assessment of the architecture is built from an
understanding of the stratigraphy, structure, magmatic and
thermal evolution. There are essentially four Superbasins
developed (Figures 11 and 12): LSB, CSB, ISB and

Roper (RSB). The geographical distinction of EFB and
WEB, separated by the older KLB, has tended to mask
some important commonalities in architecture. However,
correlations of stratigraphic units, the nature of sedimentary
facies belts and linkages in detrital source regions strongly
suggest widespread Superbasin development (Betts et al.
2006). This is further emphasised through 3D modelling
of the geology (Appendix 1, Murphy et al.). Architecture-

related questions of interest are:

* What are commonalities and differences between the

WEB and EFB?

* How extensive are the Superbasins in 3D and

under cover?

* Which are the controlling faults?

* Do crustal-scale extensional detachments control the

Superbasins?

* What was the permeability distribution at the times of

mineralisation?

Pre-Barramundi Basement

These comprise mostly gneissic (meta-sedimentary?)
rocks and granitoid sweats which have been intruded
and metamorphosed (some to migmatites) during the

Barramundi Orogeny (1.87-1.85 Ga). Key points are:

* In the LHP and WFB, basement outcrops to the west
of Mt Isa, to the northwest in the Carrara Range and
in the Murphy Inlier, and is interpreted at relatively
shallow depths elsewhere (Figure 11; NWQMPR 2000).
In the WEB, the basement/cover contact relationship is

mainly interpreted as autochthonous but locally sheared

* 'The KLB represents a basement-cored ridge on
which Cover Sequence 1 developed. Note, the extent
of basement in this region is probably more than is
represented in the current 1:100 000 scale geological
maps. A relative homogeneous isotopic signature is
apparent between KLB basement and that to the west of
the Mt Isa Fault (Bierlien and Betts 2004; Bierlein et al.
2008), and both have inherited Archaean signatures. The
eastern boundary of the KLB is the Pilgrim Fault and
related geophysical gradient (Pilgrim Worm; Blenkinsop
et al. 2005)

* In the EFB, no rocks older than ca. 1760 Ma are
recognised; this also applies to the Georgetown Province
to the east. The Double Crossing Metamorphics were
regarded as possible basement (Blake 1987) but are
now interpreted as part of the Argylla Formation
(ca. 1760 Ma; Foster and Austin 2007). The basement/
cover contact relationship in the EFB may be a

para-autochthonous (Blenkinsop et al. 2005)

* Mafic rocks in the EFB provide evidence for the nature
of the basement, with depleted mantle Ty ages ranging
from 2.45-2.57 Ga., which closely resemble the ca
1.89-1.85 Ga felsic basement rocks (Tpy 2.45-2.58 Ga;
Mark et al. 2005; Blenkinsop et al. 2005). Broad-scale
Nd isotope patterns of the 1.74 Ga magmatic rocks

suggest the mid- to lower-crustal basement east of the
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Pilgrim Fault has younger average crustal residence
ages (~2.25 Ga) than that to the west, and implies
the Pilgrim Fault is a major basement boundary
(Blenkinsop et al. 2005, 2008). Note, however, the
complexity in Lu-Hf-O-U-Pb isotopes means that
differing Nd model ages from different granite suites
does not necessarily mean that a basement terrane

boundary has been crossed (Bill Collins pers. comm.)

* 'The broad inlier-scale variation in gravity signature of
a high intensity eastern region and a lower intensity
western region (see Figure 10 in Murphy et al.,
Appendix 1) must be explained by sources other than
basement. More basement outcrops in the western
regions where gravity is relatively low. The eastern highs
may be related to a high proportion of mafic rocks in
the mid to upper crust, as is also indicated from the
AGCRC seismic profile (MacCready et al. 1998). The
low intensity region to the west, below the Georgina

Basin, may be related to granites in the basement

(NWQMPR 2000)

* Faults that penetrate the basement have influenced
Superbasin development (Gibson and Hitchman 2005),
a corollary being that the major bounding faults within

the Superbasins may be re-activated basement faults.

Fracturing and propagation of faults from the basement
into the cover rocks may be an important mechanism
for focussing fluids into or out of the metamorphic
rocks. The localisation of upper level deposits and
related quartz veins (Polito et al. 2006 a, b, ¢) in relative
proximity to first order (i.e. basement penetrating) faults

is well know (Huston et al. 2006)

An interpreted top of basement shows a relatively
continuous, undulating form (Figure 20). A major
change in depth to basement occurs across the Pilgrim
Fault, the level on the eastern side is inferred from
regional geophysics. There is a large change in basement
elevation southwards across the Murphy Ridge. In the
McArthur River region, this interface is interpreted as

deepening westwards beneath the Roper Superbasin.

Cover Sequence 1

+ Cover Sequence 1 (~1.86 Ga; Blake and Stewart 1992)

volcanics and co-genetic magmatic rocks occur in the
KLB, Murphy inlier and southern McArthur regions.
There is a subsequent widespread magmatic event,
the Toby-Ewan Suite (Figure 11; NWQMPR 2000).
The KLB was a particular focus of crustal addition

and defines a linear north-south trending magmatic

Figure 20: Image of interpreted depth to

top to basement based on 3D modeling

(Murphy et al, Abpendix ).
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belt with a strike length of 300 km (Figure 11) and,
including undercover to the south and north, has a
combined strike length of >700 km. It is a unique
feature of the Proterozoic in northern Australia. Felsic

volcanics within this may be potential source rocks for
Pb-Zn metals.

1850-1800Ma

This time interval is generally not described in the Mt Isa
region and is more related to Tennant Creek and the
Davenport Ranges in the Northern Territory to the west.
Mafic rocks to the west of the Rufus Fault Zone in the
southern Mt Isa region have been equated with the ECV
(in the LSB), however, these have trends which suggest
correlation with mafic rocks in the Tennant Creek and

the Davenport Ranges, rather than mafic volcanics in the
LRFT. Furthermore mafic and felsic volcanics in the Saint
Ronans Metamorphics have yielded ages of 1829 Ma
(Chris Carson GA, personal communication) which are
equivalent to the Edmirringee Event in the Tennant Creek
and the Davenport Ranges. Other mafic volcanic events
in the Northern Territory, such as the Mount Hay event
(~1810 Ma) are not found at Mt Isa. It is possible that
mafic volcanics SW of Ardmore (Oroopo Metabasalt),
which has trends that link to the Tennant Creek and the
Davenport Ranges, may belong to the Mount Hay event.
This suggests that the Northern Territory geology continues
eastwards to as far as the Barramundi Worm (Hobbs et al.
2000; Murphy in Gibson and Hitchman 2005).

Leichhardt Superbasin (LSB)

The LSB encompasses “Cover Sequence 2” and is best
represented, volumetrically, in the LRFT, where deposition
occurred in a north-south trending graben with thick
sequences of mafic volcanics (with high magnetic intensity)
that give way to much thinner sequences to the west.

It comprises three Supersequences:

s 'The Guide Supersequence of basal greywacke,
conglomerate and bimodal to felsic volcanics overlain by
quartzite-dominant sediments. Mostly exposed in the
southern parts of the WFB, these were probably sourced
from an emergent KLB to the east. Correlative units

occur in the Murphy inlier and the McArthur region

* 'The Myally Supersequence of flood basalts and sediments
formed in a continental rift setting (ECV'). Temporal

equivalents occur to the east and the northwest, in

the LHP and the Murphy inlier. Broadly bimodal in
character, with more felsic elements in the east, and the
Argylla Volcanics as coeval with or slightly older than
the ECV. This event is accompanied by intrusive rocks
at mid crustal levels. The volcanics are in turn overlain
by feldspathic and quartz sandstones where active
extension in a marine to lacustrine setting was followed
by sag phase red-brown shales and siltstones in a tidal or

lagoonal environment

'The Quilalar Supersequence marks a return to widespread
quartzo-feldspathic sandstone deposition, suggesting
renewed extension, and followed by a sag phase of
dolomitic sediments and carbonates in both the WFB
and EFB

Oppositely dipping boundaries of the rift are inferred
growth faults with a dominantly north-south trend in
the LRFT. These faults are partially re-activated and
may be occluded by younger sequences, and the LSB
extends across the rift shoulders as thinner sequences.
The eastern boundary is placed along the Quilalar/
Dajarra Fault, while the western boundary of the LRET
is at least in part defined by the Mt Isa Fault, and

structures to the northwest (Twenty Nine Mile Fault)

The Mt Gordon Arch is interpreted as having
influenced LSB sedimentation, with the Myally
Supersequence thinning across it (Derrick 1982).
Gibson and Hitchman (2005) interpret it as a
syn-extensional feature, though accentuated by later
deformation. Numerical modelling of extensional
deformation (Appendix 1, McLellan, (b)) indicates
emergence in the central region of the trough,
adding support to the Gibson and Hitchman (2005)

interpretation

The oldest known rocks in the EFB are the Argylla
Formation dated at 1760 Ma in the core of the Duck
Creek Anticline. These were also deposited in a graben
structure and have been equated to the LSB rocks to
the west, included with the Myally Supersequence.
However, the mafic Marraba Volcanics in this region are
younger than the ECV as they overlie felsic volcanics
dated at 1760 Ma. Deposition in the Duck Creek
graben is interpreted to have occurred during a lapse in
sedimentation in the LRFT. The Pilgrim Fault marks
the boundary between the LRFT and the Duck Creek
graben
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* An image of the 3D distribution of the LSB is shown other than with the Llewellyn Creek Formation in the
in Figure 21, colour-coded by depth to base and by Snake Creek region (Foster and Austin 2007).
apparent thickness. This emphasises the LRFT with up
to 13 km of LSB, and also shows increased thickness in
the southern reaches of the Murphy inlier.

* 'The Big Supersequence comprises coarse clastics (Bigie
Formation) that infill topography then bi-modal
magmatism (Fiery Creek Volcanics) and coeval granite

(Weberra Granite, 1710 Ma). These are more localised

Calvert Superbasin (CSB) in development in the WFB and LHP, and not

'The CSB, part of “Cover Sequence 3”, comprises recognized in the EFB

two Supersequences, Big and Prize, separated by an s 'The Prize Supersequence comprises sediments formed
unconformity. It is best represented in the WFB, LHP and in a deltaic to shallow marine transgression with
Myally Shelf and is extensive in the McArthur River region siliciclastics, deepening into shallow marine shelf with
(Figure 11). Correlation is less well constrained in the EFB, shales and quartzite, interpreted as thermal relaxation

Figure 21: Leichhardt Superbasin
imaged by A) apparent thickness and

B) depth to base from 3D modeling
(Murphy et al, Appendix ).
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and sag sedimentation. Sedimentary linkage across

the KB was established between the WFB and Mary
Kathleen domain during this interval (Neumann et al.
2006). The basal Surprise Creek conglomerate sits
above a regional unconformity which extends from
Ardmore in the south to Fiery Creek in the north, a
distance of ca. 150 km. The nature of this unconformity,
whether related to a contractional or extensional event,
is still uncertain. If extensional, the event could have
occurred synchronously with the Fiery Creek Volcanics.
If compressional, then the event presumably post-dates
the Fiery Creek Volcanics. Tilt block rotation during
extension in a passive margin setting of may best explain
the field relationships (Gibson and Hitchman 2005).
Magmatic input occurred late in history (Carters Bore

Rhyolite, 1678 Ma)

Overall NNE-SSW directed extension in LRFT with
a northward deepening basin (Gibson and Hitchman
2005). Calvert-aged faults (e.g. Fiery Creek Fault)
typically northwest-southeast trending, northwest
dipping in LHP (Sweet and Hutton 1982; Betts et al.
1998, 1999, 2004), compared to east-west trending in
the LRFT. One scenario is that faults on the LHP were
dextrally rotated during the Isan Orogeny into an east-
west orientation in the LRFT. A preferred explanation
is that the different geometries are inherited from the

underlying LSB and basement architecture (Betts et al.
2006; Gibson and Hitchman 2005)

Cessation of the CSB is followed by emplacement

of the Sybella Batholith (1670 Ma). Detrital zircons

in the SCG (Llewelyn Creek Formation in Snake
Creek region) show input of a 1670 Ma source region,
suggesting derivation from unroofed Sybella Granite
(Neumann et al. 2006) or equivalent magmatic rocks
(Giles and Nutman 2003). These deep marine turbidites
contrast with the CSB sediments in the Mark Kathleen
Domain and a locus of this change is placed along the
Cloncurry Worm, a deep seated geophysical boundary,
re-activated locally as the Cloncurry Overthrust (Austin
and Blenkinsop, this volume)

An image of the 3D distribution of the CSB is shown in
Figure 22, colour coded by apparent thickness and depth
to base. The locus of deposition has shifted from the
LRFT, although still with significant thickness, and the
LHP has variable thickness, with increases towards the

Murphy inlier.

Isa Superbasin (ISB)

'The ISB has a widespread distribution in the LHP and the
LRFT, with an overall thinning towards the west. Current
interpretation separates the Superbasin into two sequences
(Figure 12): a 1670-1640 Ma sequence (Mt Isa and Lower
McNamara Groups) and a 1640-1590 Ma sequence (Upper
McNamara Group). It is characterised by a succession of
facies belts of shales, siliciclastics and carbonates with seven
Supersequences separated by maximum flooding surfaces
(Southgate et al. 1997).

* In the 1670-1640 Ma interval, two Supersequences
are recognized: Gun and Loretta. In the lower parts,
quartzites are followed by shales and are in turn overlain
by shallow marine stromatolitic carbonates and cherts
on the LHP, while a deeper marine environment
existed to the east in the LRFT (Southgate et al.
2000b). The Mt Isa Group is dominated by shales
and dolomitic siltstone while the Lower McNamara
Group mostly contains stromatolitic dolomite. Possible
interpretation is a shelf to deeper water progression
from west to east, essentially across the margin of the
LRFT. These rest on basement to the west of the May
Downs Fault. Stratal thickening towards NW- and
WNW-trending normal faults indicates architecture
inherited from the underlying CSB. Rocks of this age
are now recognised in the EFB, including the Milo
Beds in the Tommy Creek block with depositional
ages of between 1660-1653 Ma, and shale hosts of the
Dugald River deposit with a maximum depositional
age of ca. 1686 Ma; the Pb/Pb age of the deposit is
ca. 1665 Ma. This shows that the Superbasin was
inlier-wide and is now only sporadically preserved in

synclinal keels or faulted blocks

* In the 1640-1590 Ma interval, five Supersequences are
recognized: River, Term, Lawn, Wide and Doom. These
crop out mainly in the NW of the Inlier and appear
to be deposited in a different setting to the Lower
McNamara and Mt Isa Groups. Seismic profiling in
the area north of Lawn Hill shows an inversion during
River Supersequence (1640-1630), with deposition of
the Shady Bore Quartzite representing a significant
change in environment (Southgate et al. 1997). Units
above this show wedge-shaped geometries, thinning
across the Murphy Ridge and thickening to ca. 8 km
in the LHP (Krassay et al. 1997). East of Lawn Hill,
in the Kamarga Dome, 1820 Ma granite (basement)
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lies within a few metres of the base of the McNamara
Group indicating no thick sequences of LSB or CSB
developed across the dome. The Kamarga Dome shows
evidence of controlling sediment thickness and supply
during ISB (Sweet and Hutton 1982) and was probably
emergent since or before CSB-times. Rocks of this age
are also found in the EFB: in the Tommy Creek Block,
in the Marimo Basin, the Quamby Conglomerate in
fault-controlled graben adjacent to the Boomarra Horst,
and the Young Australia Group (Foster and Austin
2007; formerly in the SCG; see Figure 12)

* An image of the 3D distribution of the base of the
ISB is shown in Figure 23, colour coded by apparent
thickness and depth to base. The locus of greatest
thickness values is to the south of the Murphy inlier, in
the Isa Valley and in the EFB.

Roper Superbasin (RSB)

This is represented by the South Nicholson and Roper
Groups (Figure 11 and 12) which unconformably overlies

the ISB Superbasin and locally rests on basement. Previous

Figure 22: Calvert Superbasin imaged by
A) apparent thickness and B) depth to

base from 3D modeling (Murphy et al,
Appendix ).
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interpretation (NWQMPR 2000) suggested deposition
late in the Isan Orogeny, but detrital zircon populations

in the Roper Group appear too young for this to be the
case (Jackson et al. 1999). These also represent potential
aquifer units, with draw down of surficial fluids, and there
are ironstones developed. Although mildly deformed along
similar trends as the underling ISB, this is not implicated
in the mineral system per se as it post-dates the Isan
Orogeny. The level of incision along the basal unconformity
is variable, some hundreds of metres at the most in places,

yet along the margins of the Murphy ridge, the RSB

pmd*CRC 17 PROJECT FINAL REPORT

rests on basement. The RSB was perhaps extensive, as a
blanket across the region, but was stripped away prior to

the Cambrian.

These processes are intrinsically linked in time and space
with the development of the Superbasins. The history is
dominated by extension, creating the depositional space,
with fault control at varying orientations. Superbasins are
generally separated by magmatic events, metamorphism,

deformation and unconformities/disconformities.

Figure 23: Isa Superbasin imaged by A) apparent
thickness and B) depth to base from

3D modeling (Murphy et al, Appendix ).
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Isan Orogeny and late magmatic systems

'The Isan Orogeny affected the entire region to varying
degrees. High strains are especially seen in the EFB

and appears to diminish in intensity northwest through
the LHP and into the McArthur River region where
localised faulting is the main response. The onset of
orogeny (D1 deformation) in both WFB and EFB is
suggested from Rubenach’s results (Appendix 1) which
indicates east-west folds, low/med P metamorphism and
migmatisation related to a 1640 Ma event. This was a
thin-skinned thrusting (or perhaps extensional?) event.

It is proposed that north-south structures are related to

a foreland thrust belt which initiated at 1640 Ma and
continued through to 1590 Ma during deposition of the
Upper McNamara Group. This would imply that “D1”
folding of the Lawn Hill Formation on the LHP is a
reorientation of D2 elsewhere in the inlier to the south
and east. Positive inversion in the EFB is interpreted from
the association of major structures in cover rocks with
deep seated geophysical gradients (Blenkinsop et al. 2005).
The inference is that the basement/cover relationship in
the EFB may be parautochthonous, and does not demand
larger scale lateral translations to develop thin-skinned,
nappe-style structures (¢ Giles et al. 2006). This will be

tested in recently acquired seismic lines.

D2 was the main east-west compression which

is characterised by thrust development and peak
metamorphism. This is highest grade/most intense in

the south east of the inlier and lowest grade/least intense
(absent?) from the northwest around Century. It starts

at about 1600 Ma in the EFB and lasts for ca. 20 Ma.
Sedimentation continued at Lawn Hill until ca. 1590 Ma,
and suggests that the compression was diachronous
across the inlier. It may also change in orientation to a
more northwest-southeast compression direction around
Century, possibly reflecting proximity to a basement high
beneath the Georgina Basin; the fact that the Lawn Hill
Formation is probably not underlain by LRET (or other
north-south grabens) may play a role. The rotation to
more east-west structures on the Murphy Tectonic Ridge
probably also reflects basement tectonics and a waning

intensity of D2 to the north.

D3 was a more southeast-northwest compression direction
and appears to be associated with more brittle than ductile
structures. Many workers link Cu mineralisation to this
event (Figure 24) citing space creation where the brittle
structures interact with earlier ductile structures (D2)

and possibly with basin forming structures (i.e. normal

faults which define the edge of LSB). The age is less well
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constrained but probably between 1550-1530Ma. Strike
slip faulting and a Christmas-tree pattern of structures
developed with dextral NE trending, including the
Fountain Range Fault (>30 km lateral offset), and sinistral
NW trending.

Late- to post-orogenic magmatism is widespread in the
EFB but absent from the WEFB (Appendix 1, Murphy
et al.). It is characterised by episodic intrusion of a
number of Supersuites (Pollard et al. 1998), including
TTG magmas (1.55 Ga) and ‘A-type’ magmatism of the
Williams-Naraku Batholith, (1.53-1.49 Ga). There are
different temporal and spatial domains, and mingling of
mafic and felsic components is a feature (Wyborn et al.
1992; Mark et al. 2006). The timing of emplacement
overlaps with east-west compression and extension
(implied for generation of “A-type” magmas). The shapes
of the granites are much less elongate than earlier suites
and relatively flat bases are inferred in the modelling

(Appendix 1, Murphy et al.).

Pre-Isan Orogeny events

Pre-Isan Orogeny tectonothermal, magmatic and
deformation events are significant in the architecture of
the region, and can be recognised through the orogenic

overprint. These include:

* The Sybella Event at ca. 1670 Ma is represented by
metamorphism, deformation and magmatic inflation
associated with core complex development of the
Sybella Batholith. This immediately preceded and
perhaps overlapped with the ISB. The batholith forms

a north-south trend along the western flanks of the

LRFT and may extend northwards beneath the Mount

Gordon Arch (Derrick 1982). This is related to an

interpreted east facing detachment. Lower plate and
upper plate rocks are identified west of Mt Isa (note:
gneissic rocks south of Mt Isa may be lower plate or

may be associated with the Barramundi Orogeny)

* The Weberra Event between 1710-1690 Ma is

represented by a regional unconformity between the Big

and Prize Supersequences of the CSB, is coeval with

emplacement of the Weberra Granite and related to

the Fiery Creek Volcanics. This may be a compressional

(Betts et al. 2006) or, following Gibson et al. (2006), an

extensional event (as is adopted here)

* 'The Wonga Event at ca. 1740 Ma is mostly represented
east of the KLB in the Wonga Belt where synkinematic
emplacement of the Wonga Granite along a mid-crustal
extensional detachment is evident (Pearson et al. 1987;
Holcombe et al. 1991; Oliver et al. 1991). This is similar
to the Sybella event and is thought to represent an
elongate core complex ribbon, developed towards the
end of the LSB. The orientation of this detachment is
poorly constrained within the architecture of the region.
The response to this extensional event in the upper plate
rocks of the WEFB was through development of east-
west normal faults (Gibson and Hitchman 2005). Other
magmatic input in this interval is represented by the
Lunch Creek Gabbro, Burstall Granite and dolerite sills

* The Toby-Ewan event at about 1820-1800 Ma is
represented by granites mostly to the west of the KLLB
and beneath the LSB.

There is a complex distribution of metamorphic zones
through the region, as seen in the revised metamorphic
map (Figure 25). Regionally extensive areas of low grade
rocks (sub-greenschist facies) occur in the Isa Valley, LHP,
McArthur River and parts of the EFB. Higher grade
(greenschist, amphibolite facies) is mostly seen in the
EFB and to the west of the Mt Isa Fault. In these regions,
there are significant gradients in pressure-temperature
conditions which affect all parts of the stratigraphic pile,
from basement to the ISB. In general, the highest grades
are developed in the south and southeast, where there

is a greater degree of inversion of the Superbasins. It is
generally thought that the main topography created by
the Isan orogeny was probably located to the south, rather
than to the east. Studies by Rubenach (Appendix 1) have
unravelled complex pressure-temperature-time paths in
both the east and west (west of the Mt Isa Fault). It is now
believed that a large part of the zonation may be ascribed
to thermal input related to magmatic activity (Appendix 1,
Rubenach). The dip of the regional metamorphic isograds
is not well constrained, but may be influenced by the

regional enveloping surfaces to the Superbasins.

The fault architecture can be described in terms of first
order faults with considerable strike length and effect

significant geological contrasts or changes in Superbasin
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Figure 25: Metamorphic zonation map of the southern parts of the Mt Isa inlier.

Figure 26: Fault architecture in the Mount

Isa Inlier showing faults by inferred age of

first Superbasin influence.
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distribution, second order faults of generally lesser
dimensions and geological impact, etc. (Appendix 1,
Murphy et al.). They can also be represented by inferred
age of first generation of the fault (Figure 26).

* LSB-related faults are typically first order structures
that describe north-south boundaries to the principal
domains. There is an arcuate swing in inferred LSB
structures to northwest trending to the north of Mt Isa,
along the Twenty Nine Mile Fault and this is inferred to
link though to the Riversleigh Fault along the southwest
edge of the LHP. Mostly this boundary corresponds to
a deep seated gravity gradient, the Barrmundi Worm
(Hobbs et al. 2000; Murphy iz Gibson et al. 2005)

and is interpreted as a major basement dislocation

(Figure 27). Recently acquired seismic data puts this

concept to the test

CSB-related faults are generally “second order”
structures with a range of orientations in the LRFT
and LHP, separated by the Mt Gordon Fault. There are
possible CSB faults in the EFB but these need further

work to constrain

ISB-related faults are in themselves difficult to
discriminate from reactivated faults and, again, need

further analysis

The deep seated elements are indicated in Figure 28
and included is a west dipping detachment along
which a high velocity, presumed mafic slab occurs

(MacCready et al. 1998; Figure 29). This needs further

Figure 27: Perspective view of 3D
modelled faults and Sybella Batholith
(lilac) in the western regions of

the Mount Isa Inlier. May Downs
Fault (green) interpreted as major
east dipping structure linking at
depth with the Twenty Nine Mile
Fault (yellow) beneath. Mt Isa Fault
(purple) in hanging wall of May
Downs Fault. Paroo Fault (blue)

also shown, branching northwards
from Mt Isa/Twenty Nine Mile Fault
system. While lines = first order

fault traces, black line = Proterozoic

outcrop boundary; red dots = major
deposits. Grid from +10 to -40 km.

Figure 28: Major;, deep seated
structures in Mount Isa region
in perspective view towards NE
showing, from west to east, the
May Downs, Mount Isa, Quilalar
and Pilgrim Faults. Blue surface
beneath these represents

interpreted position of west

dipping detachment seen in
the AGCRC seismic profile
(MacCready et al. 1998).
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modelling in the light of more recent seismic data. .
However, the up dip projection of the seismic boundary

may correlate with a major gravity gradient which in

upward continued data has a westerly dip. This is here

termed the Eastern Suture Zone (Figure 30) and is

located about 90 km from the eastern end of the seismic

line. New seismic data in this region will improve

this picture

The architecture extends under-cover for considerable
distances (NWQMPR 2000) and interpreted potential
field gradients (Appendix 1, Murphy et al.) help to map
out the major fault trends (Figure 30). This gives a fuller
appreciation of the north-south trends and how they
are manifest as a distinctive feature in the region. It also
emphasises the east-west elements and basement trends

that dominate in the northern and western regions.

Pilgrim Fautt
. = \
FentainRange | Bysonga Thrust
Fault ! Bulonga Anticine

West Mount Isa Fault

Kalkadoon Belt

Marimo Fault

? East
| Cloncurry Fault

Georgina Basin

Depth (km)

i
N
=

Figure 29: Interpreted
east-west seismic

profile across the

Mount Isa Inlier

The image also contain:
ies. The major fault inferred

crustal structure 1 on refraction
partly constrain mid-crustal fault g

text.

5 traced from deeper reflections (mi
neath the high-velocity layers is dis

i (after MacCready
26ATSD etal | 998)
V=H M
Granite ~——— Lithological Fault = == Shearzonge — == Topof w9 Tk
contact )
Fic. 8. Full erustal geologic interpretation combining upper crustal interpretation of the reflection data with deeper

) which
pssed in the

Figure 30: Edge length image from combined
gravity and aeromagnetic interpretation
(Appendix |, Murphy et al.). Major deposits
(red dots) and outline of inlier (yellow

line) and AGCRC Seismic Line 94_01

(black) and west dipping gravity gradient

(Eastern Suture Zone).
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The most comprehensive analysis to date of permeability
distribution is by Polito et al. (2006 a, b and ¢)
undertaken as part of the AMIRA P552 in the Mt Isa,
Lawn Hill platform and southern McArthur regions.
This evaluates the diagenetic history of various units
within the Superbasins and examines their potential as
aquifers and source regions for metals. These data help

to identify potential fluid source regions, aquifer and seal
units. Secondary porosity is a key factor in determining
diagenetic aquifers, with the more proximal fluvial clastics
(heterolithic units) showing well developed secondary
porosity compared to cleaner quartz sands of the distal and

near-shore facies.

* In the LSB, these facies are best represented by the
Bottletree Formation, lower Mount Guide Quartzite
and Lena Quartzite, and represent successions of
several kilometres thickness. These display the greatest
diagenetic alteration and highest fluid to rock ratios
during peak diagenesis (Polito et al. 2006a). These
are likely sources of brines, particularly as they are
interbedded with or overlain by the ECV which are
regarded as a metal source to deposits in the region
(Wilson et al. 1985; Wyborn 1987; Heinrich et al.
1995; Matthai et al. 2004). Burial depths for creating
and maintaining porosity in these aquifers are
estimated at 5 to 10 km (Polito et al. 2006 a and b),
assuming a minimum geothermal gradient of 24°C/km
(Glikson et al. 2006). Similarly, LSB equivalents
in the McArthur River region, the Westmoreland
Conglomerate, lower Yiyinti Sandstone and Sly Creek
Sandstone, show evidence of secondary porosity
generation while the associated Siegal Volcanics are a
possible metal source (Cooke et al. 1998). In addition,
red beds in the Lochness Formation of the Myally

Subgroup are a possible source of oxidised fluids

* In the CSB, diagenetic aquifers in proximal fluvial
facies are seen in the Bigie Formation and lower parts
of the Surprise Creek Formation, and are generally
less than several hundreds of meters thick. Despite
the coarse grained and heterogeneous composition
of the sediments, these are considered as diagenetic
aquitards in the LRET (Polito et al. 2006a). Peak
diagenesis created up to 15% porosity in some units,
such as the Surprise Creek, yet early quartz cements

appear to be pervasive and to have occluded porosity

in these units. Although the thickness of the CSB (up
to 4 km) was sufficient to generate secondary porosity,
subsequent erosion events (between 1700-1695 Ma and
1688-1668 Ma) are considered to have promoted the
quartz overgrowths that arrested aquifer development
(Polito et al. 2006a). These uplift events may have
prevented deep burial of the CSB, at least in the LRFT.
In the LHP, however, there is seismic evidence to
suggest the LSB was too deeply buried (20-25 km) to
be a metal source for the Century deposit, whereas CSB
elements were sufficiently buried for the generation of
secondary porosity (Southgate et al. 2006; Polito et al.
2006a). Metals may have been sourced from leaching
of the Fiery Creek Volcanics in the LHP, and from the
Settlement Creek Volcanics, Gold Creek and Peters
Creek Volcanics in the southern McArthur region
(Polito et al. 2006b)

* In the ISB, proximal fluvial facies are thin or absent at
the base. Poroperm characteristics suggest that although
there is variable development of early diagenetic
features, most of the sandstone units in the Gun, River,
Term and Wide Supersequences display diagenetic
aquitard characteristics (Polito et al. 2006a) Peak
diagenesis and secondary porosity generation is patchily

developed within thin poorly connected sandstone units.

A key consideration is the storage of brines in deep
reservoirs for long periods, for over 100 Ma, as breaching
through faulting period is a significant risk. McLellan

((a) in Appendix 1) shows that extension tends to focus
fluid flow downwards into the basin whereas compression
has the opposite effect. That these reservoirs could have
been maintained for long periods may be indicative that
the pre-Isan Orogeny uplift and erosion events were
dominated by extension (Gibson and Hitchman 2005) and
that the inversion related to the Isan Orogeny per se was
the main mechanism by which the brines escaped to higher
levels into the ISB. Fluid migration may have begun as
early as ca. 1680 Ma, possibly overlapping with “syngenetic”
Pb-Zn mineralisation at McArthur River, and continued
through to at least ca. 1540 Ma (Polito et al. 2006b).

Distributions of the Superbasins, their contained
Supersequences, and related units are in large part
controlled by fault architecture, particularly the first order
features (Appendix 1, Murphy et al.). In addition, the major

deposits are closely related to long strike length features,
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suggesting a deep plumbing system (Figure 3). There is
evidence for multiple generations of faulting, at different
orientations over time, and for significant re-activation.
Early north-south trending faults that control sedimentary
thickness distributions in the LSB, for example, have been
re-used during the Isan orogeny and during younger events
(Spikings et al. 2006). Similarly, the east-west faults in the
LRFT are regarded as being initiated during the LSB, had
a strong influence on the CSB distribution, and were later

re-activated during the Isan Orogeny.

The inverted geometry of the LRFT has an overall
northerly plunge and is constricted southwards from
Mt Isa, with increasingly deeper levels exposed to the
south. The central part of the LRFT is dominated by
the Mt Gordon Arch, plunging southwards towards
Mt Isa and northwards towards the Gunpowder region

(Figure 31). As an interpreted original LSB feature, it is

likely that it had topographic influences on subsequent
events, such as fluid flow during extension of the ISB and

during Isan Orogeny.

The architecture of the Mt Isa and McArthur River regions
reflects a position within and along the outer margins

of the NAC (Myers 1996). An early subduction-related
magmatic arc developed in a north-south orientation
(KLB), apparently discordant to trends within the
pre-Barramundi basement. The top of basement is
modelled at relatively shallow through much of the

region, with deepest levels in the central parts of the LHP
(to -18 km). Basement is not seen east of the Pilgrim Fault,
but is inferred to -20 km in parts of the EFB (Blenkinsop
et al. 2006). The LSB and CSB are stacked basins along
the LRFT and related troughs which, together with

Figure 31: Perspective view of the Mount Gordon
Arch, with dark green surface representing base of the
Bottletree Formation (dark green is above ground, light

green is below ground), and Sybella Batholith (dark red

is interpreted above ground shape).
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magmatic input and core complex development, were
broadly controlled by (roughly) east-west and north-

south extension respectively. The LSB was widespread and
linkage between the WFB and EFB was established at least
by the Myally Supergroup. The CSB was more extensive

in the LRFT and LHP and sedimentary linkage across

the KLLB was established by Prize Supersequence time.
Other than the Llewellyn Creek Formation rocks in the
Snake Creek region, the CSB appears to be absent from
the EFB, although it could be present at depth. The ISB is
interpreted as a sag phase basin which was widespread in
the WFB and in the EFB. The upper parts of the ISB are
preserved in the LHP, interpreted as a foreland basin ahead

of the evolving Isan Orogen to the south and east.

The fault architecture is mostly dominated by relatively
steep structures in the near surface. Low angle detachments
and listric geometries are likely to be developed, especially
within basins. Some large scale dipping structures are
inferred on the basis of Superbasin character as crustal scale
dislocations, such as an east dipping detachment along the
western margins of the LRF'T (May Downs/Twenty Nine
Mile Fault), and the east dipping Cloncurry Fault. The
Pilgrim Fault is interpreted as a steep structure, following
MacCready et al. (1998) representation. Early formed
extensional detachments are inferred but there are few

constraints on their extent.

The preservation of diagenetic aquifers within proximal
facies of the LSB and CSB are key elements for the
generation of metal bearing brines. Their ability to access
higher levels of the ISB is mainly through faults acting
as permeable pathways. The undercover regions have

significant potential in this regard.

Question 3:What are the fluid and chemical
sources and reservoirs?

Major Contributors: Cleverley, Kendrick, Walshe,
Oliver, Bertelli & Blake

'The nature and origin of fluids are a key consideration for
understanding the Isan mineral system. There is a diversity
of fluids in this system which, in their sometimes tortuous
path to deposition, can be significantly modified and take

on new guises. Thus, tracing them back to their roots is a

complex issue. The dominant fluid-types at the district to

deposit scales include:

1. Sedimentary Formation Waters. Potential sources
include but are not restricted to the Leichhardt, Calvert
and Isa Superbasins in the WFB

2. Metamorphic fluid components such as Cl, CO; and
SO, derived from metasediments including the Corella

Formation

3. Metamorphic fluids derived from the crystalline

pre-Barramundi basement

4. Magmatic fluids (including Cl, CO; and SO,) derived
from granitic intrusions such as the Williams-Naraku

Batholiths and less abundant mafic phases in the EFB.

In addition, other fluid types that may have been present
include meteoric water and Hj-rich fluids derived directly
from the mantle. However, these latter fluid components
are difficult to constrain and, thus, there is uncertainty

regarding their input to the system.

Geological observations are an essential context in which
different fluid sources are evaluated. Geochemical data,
including stable and radiogenic isotopes (Ar, Ne, S, C, O,
D, Os) and fluid inclusion Br/Cl and I/Cl values, provide
a useful means of discriminating the different fluid types.
The geochemical parameters used in this analysis, and their
limitations, are summarised in Table 3. Most of the ore
deposits and regional alteration have mixed geochemical
signals indicating the involvement of at least two of

the fluid end-members. Proportional estimates of fluid
end-members in the deposits studied are given in Table 4.
The discriminant elements of interest are outlined below,
followed by a discussion on contributions from different
source regions. This is illustrated by two case studies drawn
from the WFB (Isa Copper) and EFB (Ernest Henry and

regional hydrothermal breccias), respectively.

Noble gas

Noble gas measurements are obtained from fluid inclusions
in quartz and carbonate, many of which have a secondary
origin but are interpreted to be related to mineralisation
(Kendrick et al. 2006a, b, ¢, 2007a, b). Sedimentary
Formation Waters have molar “°Ar/3¢Ar of <2000 and
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36Ar contents greater than or equal to air-saturated water
(>2-3 ppb). In contrast basement-derived magmatic,
metamorphic or deep-Earth fluids, derived from the
mantle, are characterised by “*Ar/36Ar values of ~30,000+.
The order of magnitude variation in “°Ar/36Ar means that
minor components can be identified when these different

fluid types mix.

The biggest uncertainty regarding the interpretation

of Ar data is that sedimentary formation waters and
metamorphic fluids derived by devolatilisation of the
meta-sedimentary host rocks could have very similar
40Ar/36Ar values. Therefore, the interpretation of
sedimentary formation water is heavily influenced by
stable isotope data that demonstrate external fluid
buffering (see below). Similarly, high “0Ar/3¢Ar values of
>30,000 do not distinguish basement-derived magmatic or
metamorphic fluids, and He or Ne isotope data is required
together with the Ar data to distinguish these basement-

derived fluids from a possible mantle input.

Finally, the noble gases could become decoupled from
major volatile species (H,O and CO,) during phase
separation. Decoupling could allow the original noble gas

signature of a fluid to be overprinted. However, none of

Table 4: Estimated significance of different fluid types. Nb — metamorphic fluids at Osborne include those that have
interacted with anatectic melts and the use of ‘magmatic fluid’ is restricted to cases where external volatiles are
introduced from the basement (A-type related) or the mantle Mantle involvement has been suggested previously
based on the presence of CO; fluid inclusions. However, the Corella Fm. is an alternative source of CO,

the fluid inclusions studied have the fractionated noble gas
signatures (Xe/Kr/Ar) that characterise phase separation,
and they have a limited range of 3°Ar concentrations.
These data, and the preservation of a magmatic signature
in Ernest Henry, the deposit with the most extensive
brecciation, suggest that overprinting during phase

separation has not been a major problem.

Halogens and salinity

Halogen values are also measured in fluid inclusions and
salinities are determined by microthermometry. Magmatic
fluids have a restricted range of Br/Cl and I/Cl similar

to values determined for mantle diamond (Table 3). The
Br/Cl and 1I/Cl characteristics of metamorphic fluids

are likely to be extremely variable and encompass a

range at least as great as Sedimentary Formation Water.
Sedimentary Formation Waters are subdivided on the basis
of halogen data into bittern brine and halite dissolution
waters (Hanor, 1994; Worden, 1996). Figure 32 summaries
the Mt Isa data.

Bittern brines are characterised by molar Br/Cl values of

greater than the seawater value of 1.5x1073 and elevated

1/Cl values of 50-500x10-3. The high Br/Cl values result

ASW Sed Form Waters Metamorphic Magmatic
Basement- Mantle
Deposit Met Sw Bit HD meta-sed  derived A-type (mafic)
Western Fold Belt
Mt Isa X X
Eastern Fold Belt
EH ! 40% 20 %! 40%
Osborne ! X X X
Eloise ! 80-90% 10% X1 <10%? J
Starra ! 80-90% 10% X1 « 10%?
L. Creek X X X
Regional alteration (albitisation)
MKFB ! 80% 10 %7 10% | 0%?

Clon.Dist
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from the evaporation of seawater beyond the point of halite
saturation, at the paleosurface. The elevated I/Cl values
result from fluid interaction with organic-rich sedimentary
rocks, in the sub-surface. Halite dissolution waters are
characterized by low Br/Cl and 1/Cl ratios of ~0.1x10- and
~10¢, respectively (Holser 1979).

Bittern brines have salinities of ~30 wt % salts, the point
of halite saturation in seawater, because they form by

the evaporation of seawater. The salinity of metamorphic
devolatilisation fluids is related to the volatile (H,O) and
Cl content of the host rock and is probably <20 wt % in
most cases (Kendrick et al. 2006). Magmatic fluids can
have bulk salinities of between 2 and 84 wt %. Any of these
fluids can increase their salinity by the dissolution of halite
in the subsurface. Meta-evaporitic scapolite is present
throughout the EFB and may have a similar effect on fluid
compositions (salinity and Br/CI-1/Cl) as halite.

Stable isotope constraints

In contrast to the noble gases and halogens, stable isotope
measurements are typically made on minerals, and fluid
values are calculated based on available temperature and
pressure constraints. The O, H and C isotopes are essential
for distinguishing open and closed fluid system behaviour.
The major limitation of stable isotopes is that they vary

by small amounts (parts per thousand) and that magmatic
fluids, metamorphic fluids and sedimentary formation

waters all have similar 6D and 88O values.

Sulphur isotopes provide an important constraint on

the source of ore constituents. Seawater or sedimentary
sulphate is characterised by highly positive values of up

to 40 (Table 3). Sulphide can retain a positive value if
reduction occurs in a closed system, however, open system

behaviour can result in strongly negative 6°*S values

Figure 32: Halogen ratios (Br/Cl and I/C|) for the Mount Isa Cu
and Erest Henry deposits showing proposed end-members

fluids. Data and figure for Mount Isa Cu deposit from Kendrick

et al. 2006¢ and Ernest Henry Fe oxide—Cu—Au deposit from
Kendrick et al. 2007a.
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(~ -40 to 0). Reduction can occur by a variety of organic
or inorganic reactions. The total fractionation is about
75%o at 25 °C but is reduced as temperature increases

(~ 21 %o at 300 °C and ~ 11%o at 500 °C), meaning less
variation in high temperature fluid systems. Magmatic or
mantle 8%4S values should cluster around 0. Limitations of
S isotopes include that it is impossible to distinguish if a
value around O represents a mantle or magmatic fluid, or
reflects leaching of an igneous rock by a fluid of unknown
origin. The strong fractionation of S isotopes during redox
reactions means that, in many cases, they are not a reliable
indicator of source but can be extremely useful for tracing

redox reactions.

Radiogenic isotopes

Os isotope measurements have been obtained by TIMS
on sulphide minerals. In theory, the Re-Os decay system
can be used to date ore minerals and the initial Os

isotope composition could trace a mantle input during
mineralisation. Unfortunately, this technique is still in

its infancy and knowledge of Re and Os mobility from
sulphide minerals (analogous to closure temperature) is
scarce. Extensive Os isotopic work was conducted within
the inlier (under the auspices of the H4 pmdCRC project)
with a view to investigating whether specific isotopic
features could be used to characterise specific mineralising
processes and the time dimension associated with them.
Further, it was hoped that terrane scale signatures may be
detected which would enable assessment of the relative
roles of mantle versus crustally derived fluid inputs

into mineralised systems. The outcomes of this research
suggest that each style of mineralising system produced
significantly different responses to the Os isotopic signature
preserved, thereby precluding generation of a holistic
investigative tool (Bruce Schaefer, pers. comm. 2008). The
specific details regarding such behaviour are discussed in
the H4 Final Report, and are not investigated here. This is
essentially because the minerals were open systems to Os
diffusion after mineralisation and they may not reflect the
composition of the ore fluids at the time of mineralisation.
Other radiogenic isotope systems (e.g. Sm-Nd) have

been applied to IOCG deposits, such as Olympic Dam

in South Australia, and provide a useful analogue for
interpretations based on stable isotope and noble gas data

in the Mt Isa Inlier.

pmd*CRC 17 PROJECT FINAL REPORT

Sedimentary Formation Waters

Possible reservoirs for sedimentary formation waters in

the Mt Isa Inlier include the Leichhardt, Calvert and Isa
Superbasins. Such fluids could also have been sourced from
unknown sedimentary basins above the present erosion
level. In addition, in the EFB, depending on the timing

of mineralisation and metamorphism, they could have
been present as pore-fluids within the host strata (e.g. at
Osborne; Fisher and Kendrick, 2008).

The involvement of bittern brines is favoured in the

Mt Isa copper mineralising system on the basis of Ar and
halogen data, and is supported by sulphur isotope data
which implies sedimentary sulphate was an important
sulphur source (Figures 33 and 34; Heinrich et al. 1989;
Andrew et al. 1989). Sedimentary formation waters are also
indicated in the major Pb-Zn mineralizing systems that
produced the Century, Hilton and George Fisher deposits
and, by analogy, the McArthur River deposit.

In addition, the noble gas and halogen data suggest bittern
brine sedimentary formation waters were dominant during
late-Isan Orogeny albitisation in the Mary Kathleen Fold
Belt (MKFB) and were present throughout the Cloncurry
District during the Isan Orogeny. However, strongly
correlated Br/Cl and 1/Cl values, which converge on

values slightly higher than expected for halite (Figure 35),
suggest that interaction with evaporites (or meta-evaporitic
scapolite) has been a major process in increasing the
salinity of sedimentary formation waters above 30 wt %
salts, in the EFB. Based on the noble gas and halogen data,
many of the ultra-high salinity multi-solid fluid inclusions
that have traditionally been related to magmatism are in
fact most likely to have a mixed origin dominantly from
sedimentary formation water and halite dissolution. It is
important to note that these interpretations are compatible

with stable isotope data.

Magmatic fluids

There is, as yet, no evidence for the involvement of magmatic
fluids in any of the mineral systems of the WFB. The

ca. 1650 Ma Sybella Batholith predates mineralisation at the
Mt Isa Cu deposit by at least 100 Ma. In contrast, there is
abundant evidence of magmatic activity throughout the EFB
during the latter part of the Isan Orogeny (1550-1500 Ma)

when many of the IOCG mineral systems formed.
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Figure 33: Redox-depth evolution of
C-saturated fluids at upper mantle conditions.
COH fluids will be dominated by CH4 and

H2 at depths greater than ~ 300 km (Right
panel). Maximum stability limits for graphite/
diamond and for SiC (Moissanite) with respect
FMQ (Fayalite, Magnetite, Qtz) are shown in
left panel.Also shown are evolution paths for
the mineral redox buffers IW (Iron/Wustite)
and “Q”IF (“Quartz”/lron/Fayalite; XFa = 0.1).

Figure 34: WFB § isotope data
(compilation by Clark 2001).
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Figure 35: Fractionated halogen signature in the Mary Kathleen Fold Belt

and Cloncurry District, favours fluid interaction with halite.

'The spatial correlation between ore deposits and mafic
intrusions is much stronger than the spatial correlation
between ore deposits and granite intrusions (Oliver

et al. 2008). However, the Williams-Naraku Batholiths
(1550-1500 Ma) are traditionally favoured as an important
source of magmatic fluids. Volatiles that may have had a
magmatic origin include ultra-high salinity aqueous fluid
inclusions and CO, + SO, CO; has a low solubility in
granitic melts, but it could have been introduced by the
less abundant mafic phases, or acquired by assimilating

meta—carbonate host rocks.

Given the extent of magmatic activity in the EFB

(Figure 11), it is difficult to conceive that the granite

(and mafic) intrusions did not play some role in the
mineralisation-related fluid systems. However, recent
noble gas and halogen data suggests this role may have
been much smaller than previously thought (Table 4) and
good evidence for the involvement of magmatic fluids has
only been obtained for Ernest Henry (Table 3). Magmatic
volatiles have also been confirmed in isolated unmineralised
parts of the Mary Kathleen Fold Belt (CO,-rich fluids are
Knobby Quarry) and the Cloncurry District (close to the
Saxby Granite).

Metamorphic fluids

Quartz hosted fluid inclusions in the Mt Isa Cu deposit
have high “0Ar/3Ar values of ~30,000. These are similar to
magmatic fluids, but the fluid inclusions are characterised
by salinities of less than 20 wt % and high Br/Cl and I/Cl1
values that are dissimilar to the mantle. Kendrick et al.
(2006) demonstrated the salinity, 3*Ar concentration, and
“ArE/Cl value of these high “°Ar/36Ar fluids are similar to

those expected for devolatilisation of the basement rocks.

Together with the lack of syn-mineralisation magmatic
activity in the WEFB, these data suggest the Mt Isa Cu
deposit is the best example of a hydrothermal system with a

large basement-derived metamorphic fluid component.

Metamorphic fluids may also have been derived from
metasedimentary rocks. Although stable istope data do
not favour an exclusive fluid origin from metasedimentary
rocks in the EFB, the Corella Formation could have been
an important source of CO,, SO, and Cl. Recent revisions
to the timing of IOCG mineralisation in the EFB suggest
that not only Osborne, but also Eloise and Starra, formed
close to the metamorphic peak and preceded intrusion

of Williams-Naraku Batholith by up to 60 Ma (Oliver

et al. 2008). Each of these deposits had a high abundance
of CO; fluid inclusions which is most likely to be of

metamorphic origin.

Other fluids

'This concerns fluids that may have passed through the
mineral system almost without trace. Some have argued
‘hidden’ fluids such as mantle-derived methane and
other H-rich species could control redox reactions and
may be essential for mineralisation in many Proterozoic
and Archaean terranes (e.g. Walshe et al. see Y4 — final
report). Although the presence of these fluids is considered
conjectural by many workers, their existence cannot be
readily discounted, and it is now widely recognised that
these fluid species are generated by serpentinisation

of ultramafic rocks in the mantle. A major obstacle to
confirming this hypothesis is that oxidation of methane

during mineralisation would produce carbon dioxide and
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water, thereby removing evidence for its involvement.

At the present time, there is no strong evidence for the
presence of these fluids in the Mt Isa Inlier. Os isotopes
have a primitive signature suggesting a possible link
between mineralisation and the mantle. However, these
primitive signatures are associated with anomalously young
Re-Os ages that demonstrate open system behaviour after

the mineralisation event.

The WFB and Mt Isa Copper

The Mt Isa Copper Deposit is the largest Isa-style’

deposit in the WFB (255 Mt @ 3.3 % Cu), similar deposit
styles occur at Mammoth and Gun Powder. Most recent
workers have accepted an epigenetic origin for the Mt Isa
Cu deposit and mineralisation probably occurred toward
the end of the Isan Orogeny. The Cu deposit is spatially
associated with a giant stratiform Pb-Zn deposit. However,
the genetic relationship between the Cu and Pb-Zn has

been controversial.
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Fluid inclusions in the Mt Isa Copper deposit are
dominated by moderately low salinity aqueous inclusions
(Figure 36A; Heinrich et al. 1989). CO; and halite
daughter minerals are relatively rare although, importantly,
some dolomite-hosted fluid inclusions contain up to
20 % CO,. Noble gas data from quartz- and dolomite-
hosted fluid inclusions are most easily explained by
mixing basinal brines and basement-derived metamorphic
fluids. The basinal brines with low “°Ar/36Ar and high
36Ar concentration are best preserved in the dolomite-

hosted fluid inclusions and in faults outside the mine area

(Figure 36B). Quartz-hosted fluid inclusions are dominated

by the metamorphic component and are paragenetically

most closely associated with Cu mineralisation. Miller et al.

(Appendix 1) suggest steeply dipping quartzites beneath

the major ore bodies were a major fluid aquifer for the deep

metamorphic fluid.

Sources of Sulphur and the sedimentary input

The range in 8*S,,q. for the major mineral deposits in
the WFB is from -18 to 30 %o (excluding fine grained
pyrite). The Mt Isa Cu orebody (and the discordant

Figure 36:
A) Fluid inclusion data for minerals associated with Cu mineralisation in the

Mount Isa deposit, B) “OAr/*¢Ar versus *¢Ar concentration plot. Indicates mixing

between deep metamorphic fluid and sedimentary formation water.
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sulfides within the Burketown Mineral Field including the
Century deposit) account for the most positive values of

~ 15 to 30 %o (Andrew et al. 1989; 14 report and references
therein; Polito et al. 2006a; Broadbent et al. 1998). The
Mammoth Cu deposit accounts for the most negative

8%S values (Clarke, 2003).

The range of 8**Sis4e at Mt Isa (~15 to 30 %o) is consistent
with high temperature inorganic reduction of marine
sulphate, implying the involvement of either bittern brines
or halite dissolution waters, at temperatures of greater than
~ 300 °C.The only other process that could yield this range
of values would be low temperature, biogenetically driven,
closed-system reduction of seawater sulphate. Resolving
these processes is important as it implies resolving when
and where the reduction of marine sulphate occurred in the
system. Arguably for the Mt Isa Cu deposit, the reduction
was in-situ Thermochemical Sulphate Reduction (T'SR; see

later discussion)

The negative range of 8**S 6. from the Mammoth

Cu deposit could be interpreted as low temperature,
biogenetically driven, open-system reduction of seawater
sulphate. However, on balance, Clarke (2003) interprets
the data in terms of high temperature in-situ redox
processes with a non-marine source of sulphur of isotopic

composition close to zero.

The extent and timing of TSR

The inorganic reduction of sulphate is strongly temperature
dependent. Laboratory experiments show that TSR will
proceed in hours to days at temperatures above about
~250-300°C but is very sluggish at lower temperatures
(100-200°C). The reaction is also faster at more acidic
conditions. Despite the problems in the laboratory, it is
commonly assumed by workers in the petroleum and
minerals industry that TSR operates at lower temperatures
(100-200°C) at rates sufficient to promote in-situ reduction
of sulphate to H,S. Broadbent et al. (1998), Cooke et al.
(1998) and Large et al. (1998) all assume significant

rates of TSR at low temperature in the formation of the

Pb-Zn deposits.

One possible mineralogical measure of the extent of sulfate
— sulphide equilibrium in the system is the presence/
absence of coarse-grained or hydrothermal pyrite. The

pyrite precipitation reaction at the species level is given by:

Fe2t + S;* = FeS,

The polysulfide species (S,%) is a minor species,
intermediate in redox state between sulfate and H,S
and hence its concentration is dependent on the extent
of equilibrium between the dominant oxidized and

reduced species:

175H28 + 0.258042_ = Szz_ +1.5H* + Hzo

Assuming a sufficient supply of iron in the fluids, then the
pyrite saturation reaction should act as a proxy for the rate
of production of the polysufide iron (S,%). Pyrite is the only
common sulphide with a polysulfide in its crystal structure.
Sphalerite, galena, pyrrhotite, chalcopyrite, bornite all

have the sulphide ion (S%) in their structures. Hence, the
precipitation of the other common sulfides is not affected
directly by the issue of the extent of thermochemical

sulphate reduction.

Notably, hydrothermal (coarse) pyrite is paragenetically
late in the Century deposit and correlates with distinctly
positive 8%S (sde values (Broadbent et al. 1998; Polito et al.
2006a). Paragenetically early sulfides have %S between

5 and 10 %o, while paragenetically late fracture — filling
and replacement-styles sulfides, associated with coarse
pyrite, have 8**S up to 20 to 25 %o in galena. These data
are consistent with a thermally prograding system such
that early sphalerite deposition occurs at low temperature
(100-200°C) in the absence of significant TSR and
hydrothermal pyrite precipitation. The presence of siderite
at this stage of the paragenesis implies ample availability
of iron in solution. Late replacement-style sulfides with
galena, positive 84S and coarse pyrite are all consistent
with increases in temperature to ~250-300°C and
enhanced TSR. The general pattern of increasing 8%*S with
time for the discordant veins of the Burketown Mineral
Field is also consistent with increasing temperature

and extent of TSR with time. This suggests the thermal
prograding event is regional rather than local. The George
Fisher deposit also shows paragenetic stages from early,
layer parallel vein-hosted sphalerite, sphalerite breccias
with minor galena and pyrrhotite to vein and breccia-
hosted galena with sphalerite, pyrrhotite and euhedral
pyrite. Similar paragenetic relationships occur at Hilton
and Mt Isa Pb-Zn deposits (Chapman, 2004; Perkins, 1997
and references therein). This evolution from early sphalerite
to late galena with euhedral pyrite is also consistent with a
thermally prograding event; increasing extent of TSR and
saturation of hydrothermal pyrite.
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Nature and location of reservoirs of formational brines

At the time of formation of the Mt Isa Cu deposit, possible

locations of bittern brine reservoirs were:

LSB or CSB Reservoirs
Possible sites within the LSB and CSB include dolomitic

red-beds that may have contained deposits of anhydrite
and dirty clastic rocks with potential to develop secondary
porosity (Polito et al. 2006b&c, Southgate et al. 2006).
Within the LRFT, the Lochness Formation was potentially
a source of anhydrite, is dominated by red-brown

siltstone and shale and is interpreted to have formed in a
periodically emergent tidal or lagoonal environment. This
formation is part of the Myally subgroup that thickens

to the north both on the eastern and western side of

the Mt Gordon arch. If the Lochness Formation or the
enclosing feldspathic sands were the reservoirs/aquifers
for bittern brines, then fluid migration at the time(s) of
formation of the Mt Isa Pb-Zn and Cu deposits was

upwards from north to south.

In the Century area on the LHDP, the equivalent rocks
occur 5- 8 km beneath the deposits, as inferred from
recent seismic studies. A north-south elongate dome,
approximately 10 km in width, occurs west of the Century
deposit and is bounded by the Termite Range Fault and
the Riversleigh Lineament. The dome approximates the
area of the discordant Pb-Zn-Ag lode-style deposits of the
Burketown Mineral Field (Broadbent et al. 1998; Polito

et al. 2006a) and represents a potential area of upward
fluid flow.

'The Mallapunyah Dome at the southern end of the Batten
Fault Zone in the McArthur River region is a similar scale
feature to that at Century. Within the dome area, dolerite
sills of the Settlement Creek and Gold Creek Volcanics
(CSB correlates) intrude a sequence of fluvial, lacustrine
and shallow marine hematitic sandstones, evaporitic
siltstones and carbonates. Base-metals were leached from
the dolerites by oxidized, saline brines (Cooke et al. 1998)
suggesting the dome was also a region of upwelling of

bittern brines from deeper in the section.

ISB Reservoirs

Possible reservoir localities in the ISB are salty fluids from
the McNamara Group, in particular the Lady Loretta

and Paradise Creek Formations, that occur broadly to

the north and west of Mt Isa. An interesting observation
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is that the geographic distribution of deposits with 8345
sulfide from ~ 15 to 30 %o, all occur close to or to the west
of the Mount Gordon Fault The list of deposits includes
Esperanza, Mount Kelly, Lady Loretta, Mt Isa Cu and
Pb-Zn and the deposits of the Burketown Mineral Field,
including the Century deposit. This raises the possibility
that brine reservoirs were located within the McNamara
Group and major structures such as the Mt Gordon Fault
partitioned and/or focused fluid flow. Uplift to the north
of the region, say in the vicinity of the Murphy Inlier may
have driven fluids to the south. This pattern of fluid flow
is perhaps counter intuitive given that the high grade
metamorphic rocks occur in the south of the Inlier so that
fluid flow might be expected to be south to north during

the Isan Orogeny.

Perched reservoirs in syn-orogenic clastics rocks

A possible source of bittern brines is perched basins that
may have existed at the time of the Isan Orogeny and
subsequently been eroded. Such basin could be considered
Quamby Conglomerate equivalents. In this scenario major
structures such as the Mt Gordon Fault may have focused
the downward flow of bittern brines from perched basins in

the system.

Links to super—reductants?

Re-Os data obtained for the Mt Isa Cu and Pb-Zn ores,
the George Fisher Pb-Zn deposits and the Century
deposit all yielded rather similar results with ages of
~1350-1450 Ma and initial 187Os/138Os intercepts close to
the mantle (e.g. 0.16 = 0.17 for century and 0.2 + 0.25 for
Mt Isa). The age of Cu and Pb-Zn mineralization defined
by these studies is significantly younger than the accepted
Pb-Pb model ages. The Isa Cu systems typically appeared
to have remained open and hence susceptible to Re and Os
mobility for protracted periods of time after ore formation

(Bruce Schaefer, pers. comm. 2008).

'The source of the metals in most sediment-hosted
Pb-Zn-Ag deposits has usually been attributed to the rocks
in the sedimentary basins hosting the deposits. This model
is supported by Pb isotope studies that demonstrate Pb has
a strong crustal isotopic signature. A primitive Os signal at
Century points to a reduced mantle reservoir component
(Bruce Schaefer, pers. comm. 2008) and the capacity to tap
this reservoir may be a key part of the process of forming

most of the larger deposits within the Isan mineral system.
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Deep-Earth H,-rich fluids have the capacity to transport
acid volatiles as well as drive Na and Mg metasomatism at

district scale.

The EFB IOCG deposits (Ernest Henry), Albitisation
and Hydrothermal breccia systems (1530 Ma)

IOCG mineralisation and albitisation in the EFB are
regarded as different parts of the same fluid system.
However, it is now recognised that there were multiple
mineralisation and albitisation events spanning a period of
>100 Ma and Ernest Henry is regarded as the only IOCG
deposit formed predominantly during the same time period
as late-Isan magmatism at ~1530 Ma (Oliver et al. 2008).
The age of the Ernest Henry IOCG deposit is constrained
as 1525 Ma by hydrothermal titanate U-Pb ages and is
within error of the 15 km distant Mt Margaret Granite.
Ernest Henry has a number of unique characteristics that

distinguish it from other IOCG deposits in the district:

* has strong noble gas evidence of a magmatic fluid

component (Figure 37).

* has strongly focused K-feldspar alteration and widely
developed brecciation. K-feldspar alteration is a natural
consequence of cooling fluids equilibrated with a

two feldspar granite and characterises magmatic ore

deposits world-wide. Other IOCG such as Osborne are

characterised by sodic alteration.

* has extensive late-Isan hydrothermal breccia pipes,
similar to those proximal to granite intrusions in the

Cloncurry District.

The close physical, petrographic and chemical similarity
of Ernest Henry and regional hydrothermal breccias
makes the regional breccias and alteration economically
interesting. Several features support a genetic link
between regional albitisation and IOCG mineralisation
including: 1) the synchronous timing of some albitisation
and mineralisation at 1530 Ma (Oliver et al. 2004);

2) geochemical arguments that link the acquisition of ore
constituents to the alteration reactions taking place during
albitisation (Oliver et al. 2004); and 3) the similarity of
noble gas and halogen data in regional fluid inclusions and
the Ernest Henry ore body. These latter data confirm the

presence of magmatic volatiles in barren regional alteration.

District-scale Hydrothermal Breccia Systems

Marshall (2003; 2006) described Na-Ca alteration and
associated brecciated rocks from the Mary Kathleen Fold
Belt and Cloncurry districts. In particular Marshall and
Oliver (2006) and Oliver et al. (2006) characterised the

Figure 37: Noble gas and halogen data are
most easily explained by mixing a deeply
derived fluid of probable magmatic origin and

upper-crustal halite dissolution sedimentary

formation waters.
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breccias into 3 distinct types; peak-metamorphic, Na-Ca,
b) retrograde, hematite-k-feldspar, and c) magmatic
hydrothermal, while Oliver et al. (2006) suggested that
the breccias most associated with Fe-oxide Cu-Au where
formed from magmatic CO, discharge at high pressures

(hydrothermal breccia pipes).

In particular one group of metasomatic rocks, dominated
by Na-(Ca) alteration assemblages were found in polymict,
milled, matrix supported breccias (Marshall and Oliver
2006). These regional hydrothermal breccias occur as pipe
or dyke like structures cross cutting the local stratigraphy
and have a close spatial association with the Williams-

age felsic intrusives (1580-1515 Ma). A description of

the breccia classifications, mechanics of formation and
genetic constraints has been attempted by Marshall (2003)
and Oliver et al. (2006). The hydrothermal breccias are
economically interesting because of the close physical,
petrographic and chemical similarity to ore-hosting
breccias at the Ernest Henry iron-oxide copper-gold
deposit (Mark et al. 2006), as shown in Figure 38. Most of

the work discussed in this section is from samples within

the Snake Creek area including the Drowning Child,
Suicide Ridge and Gilded Rose breccias, and we separate
these breccias by their spatial distribution with respect to
outcropping granite bodies. For details about the location
of these systems and the local geology the reader is referred
to Oliver et al. (2006).

Granite Proximal Hydrothermal Breccias

'The Suicide Ridge breccia pipe (Bertelli 2007) is a well
characterised example of a hydrothermal breccia emanating
from a brecciated, Na-altered granite carapace (Saxby
granite, 1520 Ma). The breccia (Figure 39) includes clast
material derived from the local wall rock (Snake Creek
pelites), and exotic clasts of Corella marble, mostly intact
and relatively unaltered, that maybe derived from as much
as 1 km away. The breccia also includes “clasts” of igneous
material, including pegmatites, aplites, hydrothermal
products and granites that exhibit an intrusive and
brecciated contact relationship. This indicates that the
process of magmatic crystallisation and fluid exsolution
was taking place prior to, and synchronous with the

emplacement of the breccia.

Figure 38: Examples of mineralised (Ernest Henry) and unmineralised
hydrothermal breccias in the Cloncurry district. A) High grade (> Iwt% Cu),
magnetite-chalcopyrite matrix supported breccia, B) lower grade (77 % Cu)
clast supported carbonate-magnetite-chalcopyrite breccia and, C) regional

hydrothermal breccia from the Snake Creek area consisting of albitsied clasts

and calcite-albite-magnetite matrix.

Page 60



There is also a broad fractionation of igneous material from
proximal to distal portions of the dyke where the included
granite and pegmatite clasts actually follow a reverse
fractionation with distance (i.e. the most fractionated and
hydrothermally alteration granite clasts are found furthest
from the mapped granite contact). Assuming that the
mapped outcrop is representative of the distribution, then
this may indicate that the outer portions of the granite
where entrained first and carried furthest during breccia
emplacement, while inner portions followed such that

the breccia preserves the original zonation within the

magmatic-hydrothermal system. This most fractioned
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Figure 39: Map of the Suicide Ridge
breccia pipe (after Bertelli, 2007)

that emanates from a brecciated,
albitised granite of the Saxby quite
(~1520 Ma), and cuts across

SCG pelites.

part of the sequence shows a zonation from hematite-
magnetite-bearing quartz-albite pegmatites, hematite-
quartz to hematite with subordinate quartz. This sequence,
assuming the magnetite-hematite is a primary product of
the melt-hydrothermal system, indicates that the magma

was oxidised, at least in the carapace region.

Bertelli (2007) has measured fluid inclusions in samples
of entrained magmatic material and the hydrothermal
Fe-stones and has shown that there are two dominant
fluid inclusion types formed during the genesis of the

breccia pipe (type I and III inclusions, Table 5). Broadly

Table 5: Summary of the fluid inclusion types characterised from the Suicide Ridge breccia system.The types can
be categorised as A) primary inclusions related to magmatic system (red box), B) inclusions in trails associated
with secondary Na-alteration (i.e. bright CL albite, blue box) and C) inclusions that are later paragenetically, but
type IV are overprinted by typeV (green box).Type Ic and Il inclusions are rare and of uncertain provenance
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type I (CO,-H,0) formed as primary inclusions in the
granitic rocks associated with the brecciation, while type
IIT (NaCl-CaCl,-H,0) formed in trails associated with
albitisation post-brecciation, and possibly dominate the

hydrothermal Fe-stones.

* CO,-H,O0: the primary inclusions record a wide
range of calculated densities that can be seen as scatter
in the isochors plotted in Figure 40 (red — primary,
blue — later). By assuming a confining pressure for the
pre-breccia granite of 300 MPa (Rubenach, 2005), and
a crystallisation temperature of ~540°C (albite-quartz
geothermometry, see similar rocks in Mark & Foster,
2000), then the type Ia inclusions record pressures
of around 420 MPa. This is 120 MPa overpressure
relative to the assumed confining pressure. However the
paragenetically slightly later type Ib inclusions record an
average pressure of between 270 MPa, which is within
error of the estimated confining pressure. The common
primary inclusions don't contain much Cl, however
some rarer mixed carbonic-salt inclusions have been
observed. Figure 41a is a summary plot of the calculated
mole fractions of NaCl-CO,-H,O in stage I carbonic
inclusions from Bertelli (2007) data. It is interesting
to note the constant ratio of NaCl-H,O but variable
CO,. This dataset indicates that the chemical coupling is
between the salt-water and the CO, is added external to

this system

* NaCl-CaCl-H,O: the breccia samples, in particular the

quartz-albite rich granite samples are cross-cut by trails

containing high salinity mixed salt inclusions (type 111,
Table 5). These trails are observed to be associated with
second stage albite alteration of some of the samples,
where the second generation albite is luminescent in
CL (related to the presence of Fe3*). This generation of
inclusions have a range of salinities from 45 to ~22 wt%
NaCl eq. (Figure 41b), without an obvious change in
the paragenetic stage or relationship. If we assume

that these fluids interacted with the breccia pipe at
similar metamorphic pressures (300 MPa) just after the
emplacement of the breccia, then the calculated trapping
temperatures range from ~440°C (45 wt% NaCl) to
300°C (32-22 wt% NaCl), which maybe in line with

the background thermal regime of the sequences upon
cooling of the granites at ~1520 Ma. It is not obvious
what causes the progressive shift to lower salinity in
these fluids. If the pressures are correct this may be a
function of mixing with a cooler, aqueous-rich fluid.
However the temperature-salinity curve is parallel to the
halite-liquid curve but shifted to higher pressures. If we
assume the temperatures are correct and the trend tracks
the halite liquidus (i.e. halite saturation is maintained
down temperature) the pressures would need to be
~100-150 MPa. This is significantly less than calculated
for the intrusion of the Saxby granite (300 MPa).

CO, Driven Brecciation in Granite

One of the paradoxes of these CO,-rich breccia systems,
and their relationship to granitic magmas, is the low

solubility of CO; in felsic melts. There are two ways that we

Figure 40: Isochores for the CO,-H,0
primary inclusions in granitic material of
the Suicide Ridge breccia (Bertelli, 2007),
showing the large range of densities in
type la (red) and Ib (blue) inclusions.
Using an estimate for the metamorphic
pressure (Rubenach, 2005) and Qtz-Ab
equilibrium temperature for these
granites (540°C) it can be shown that it
is possible the type la inclusions record
overpressures of ~ 120 MPa prior to
brecciation and subsequent relaxation to
litholstatic pressures (~300-270 MPa).
Higher temperatures of emplacement

of the granite would lead to higher

pressures of the type la inclusions.
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Figure 41: Summary data from Suicide Ridge fluid
inclusions (Bertelli, 2007) A) Calculated mole fractions
of NaCl-CO,-H,0 in the stage | carbonic inclusions.
B) Summary Th-salinity diagram for the Suicide Ridge
fluids form Bertelli (2007).The CO,-H,0 primary
inclusions (XCO2 ~ 0.9) are thought to be trapped
at 540°C (ab-qtz equilibrium) at confining pressures
of ~300 MPa (Rubenach, 2005).The secondary
NaCl-CaCl-H,0 inclusions fall on a variable salinity
and Th curve. Assuming the confining pressure of
300 MPa this equates to a trapping temperature
range of between 440-300°C as indicated on the

diagram (see text for further discussion).

might record high Xco, fluids from felsic rocks with low

solubility for this component:

a) 'The volatile phase exsolves from the melt in the
two phase field for H;O-CO,-NaCl fluids. This
process could generate (depending on the exact phase
relationships) a high Xco, fluid in equilibrium with a
high XNaCl fluid

b) CO; could be added as a volatile component directly to
the melt at the site of granite emplacement, so that the

melt immediately became saturated in a high Xco, fluid.

Mass balance constraints mean that it is unlikely that melt
exsolving fluid in the mixed fluid two phase region can
generate large quantities of high Xco, fluid; this process
would generate significantly more high-saline brine than

CO, fluid. This is not observed, and there is no evidence for

brine in equilibrium with the CO,-H,O fluid within the
granitic fragments at Suicide Ridge. A more likely scenario
is that the CO, was added to the melt as an external
component, and this process drove rapid, catastrophic
exsolution of volatiles from the melt. This process has been
suggested as the trigger mechanism for some explosive

volcanic eruptions (Murphy et al. 1998).

Can wolatile transfer into the melt cause the large overpressures
that are calculated from the fluid inclusions? To test this

idea a simple model was setup to look at the transfer of
CO, from a mafic rock (with high CO; solubility) to the
granite. This process has been considered because of the
commonly observed mafic magma mingling textiures in the
Saxby granites (M. Rubenach, pers. comm.), and because the
isotopic modelling of these granite systems indicates that a
mafic mixed component is quite common in these systems

(Mark and Pollard 2006; 12/3 report).
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and tholeiitic basalts for variab
water contents (wt%) and pressures of 300

hypothetical mafic-granite mixing curve is illustrated at

dots on the two curves (high T, low H,0 madfic to low T,
higher H,0 felsic).

Figure 43: Model for mixing mafic volatile intc
A) Calculated molar volume of the resulting fluids at
300 MPa and 850°C. Volatile saturation in the granite
occurs very early (727) while the resulting fluid only phase
separates after ~60% of mafic volatile has been added

to the felsic. B) Calculated overpressures within an
incompressible granite for the modelled volatile mixing and
volume changes. The overpressure is calculated for initially
volatile under saturated granite (black line) and initially
volatile saturated granite (blue line). Assuming general rock
tensile strengths of ~10-30 MPaq, fracturing and failer would
occur with between |0 and 80% mafic volatile component

(depending on the initial state of the granite).
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Figure 42 shows the starting scenario for this model
where the CO; solubility curves are plotted for felsic and
mafic magmas (calculations with VolatileCalc, Newman
and Lowenstern 2002) for variable temperature and
water contents. The dotted line is the assumed mixing
line between CO,-rich mafic melts and CO,-poor,
water-rich felsic melts. There is a significant drop in the
total concentration of COj that is soluble in melt during

this process.

From the initial data plotted in Figure 42 and knowledge of
typical water contents of melts in the granite-mafic system
a model, fluid was constructed for both end-members. The
initial fluid compositions are recorded on Figure 43, where
the mafic was assumed to be at CO, saturation at 300 MPa
(i.e. CO, degassing during adiabatic ascent from deeper
crustal levels). Figure 43a shows the calculated molar
volume of resulting volatile in the granite with progressive
mixing of mafic volatile component (plotted as molar
mixing fraction) and increasing Xco, of the volatile phase.
Volatile saturation in the granite would occur at ~10%
mafic component (based on the total water-CO, content).
The molar volume of the volatile phase increases rapidly

to start with (exsolution in the melt) and then continues

to rise until intersecting the two phase region (~60% mafic
component). At this point, three phases are present; silicate
melt, high Xn,c1 and high Xco, fluid. The mass fraction

of the two fluid components is heavily waited towards the

CO, fluid (~99% molar), with Xco, ~ 0.25.

Using the molar volume of the calculated volatile phase
generated in the melt we can attempt to calculated the over
pressures that this would generate. By assuming that the
granite is incompressible we can use Boyles law (PyV, =

P, V) to calculate the overpressure generated by the change
in volatile molar volume, which in this case is just Po/presure
= Py — P; (i.e. the reaction to the force try to get the system
to Py). Figure 43b is a plot of the mafic mixed fraction

of the model plotted against calculated overpressure for
granite initially under saturated (black line) and initially
saturated (blue line). If we assume that rock tensile
strengths are ~10-30 MPa and that rock failure will take
place when P = Peonfining + 6, where 0 is the tensile
strength, then catastrophic failure is likely for the melt-rock
system in the initially under saturated system. If the process
of volatile transfer is quick relative the rate at which failure
can take place, then it is possible in this model to generate

up to 70 MPa of overpressure. Although there are many
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assumptions in this approach, and the starting conditions
and evolution of the model can change, it does demonstrate
the ability to generate overpressures in granite systems

that approach those recorded in the Suicide Ridge breccia
(120 MPa).

Source of CO, in K-granites

The model discussed above assumes CO, was derived
from the mafic magmas that intrude synchronously with
the Williams and Saxby granites. A mantle/magmatic
contribution is supported by noble gas and stable isotope
data (Oliver et al. 1993; H6 final report). However,

in addition, these data provide evidence for crustal

CO, sources. There are three distinct reservoirs in the

Cloncurry block:

a) Corella Formation marbles (~1740 Ma, metamorphism
~1600 Ma)

b) Mantle CO, transported via mafic melts or directly to

the crust

¢) CO,-bearing lower crust (melt source region).

The arguments made previously about CO, solubility in
felsic magmas probably preclude significant large scale
transport by these systems, indicating a deep-crustal
component is not favoured. Geological evidence at Suicide
Ridge (textural location of fluid inclusions, halogen data
and fluid composition) indicates that the local source of
CO,-rich fluids in the breccia is the magmatic system.
However, clasts of the Corella Formation in this breccia
indicate a possible upper crustal contribution of carbonate
CO,. Furthermore, contamination of the granites by crustal
material seems to be minor at the level of emplacement

(Mark and Foster 2000; Mark and Pollard 2006).

Granite Distal Hydrothermal Breccias

Granite distal breccia systems are those described with no
obvious mapped relationship to granites, although they
may be close vertically to non-outcropping magmatic
bodies. This work recognised two key petrographic groups
based on the absence or presence of amphibole as an infill
phase. The amphibole-absent breccias are dominated by
calcite — albite infill with accessory magnetite — rutile —
apatite (Figure 44a). The most amphibole-rich breccias
contain albitised rounded clasts in a matrix of tremolite

— titanomagnetite — titanate (Figure 44b & c). The
tremolite can be overgrown and replaced by actinolite with

concomitant alteration of alanite/titanite to monazite/
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huttonite. Clasts are similar in both breccia types and

are a mixture of locally derived wallrock fragments,
dominated by calc-silicates and/or pellites, and transported
material. Field evidence suggests that some material may
have been transported up to 1-2 km (Oliver et al. 2006).
Apatite is present in all samples of breccia but is most
abundant in the calcite-rich breccia samples. Marshall

et al. (2004) suggest a further division to retrograde
breccias (hematite-kfeldspar), of which Ernest Henry and
Gilded Rose are examples. It is likely that the difference
between the breccia-types is a function of the dominant
fluid chemistry or the proportion of wallrock interaction
(fluid/rock ratio) during brecciation and alteration. The
assemblage amphibole — Ti-magnetite — titanite forms

at different Xco, than that of calcite — rutile — magnetite
(¢f Spear 1995).

One common difficulty is distinguishing between minerals
that are clastic components as opposed to hydrothermal
precipitates. In most samples apatite can be found within
clast material, as clastic components within the matrix
and as a precipitate. The morphology, chemical signature
and zoning can help to distinguish these different types,
however most clast apatite appears to have partially

re-equilibrated during brecciation.

Apatite Chemistry and Modelling

Using the halogen (F, CI) contents of the apatite that

is found in many of the metasomatic environments, it

is possible to reconstruct the main features of the fluid
chemistry. HCh (Shvarov and Bastrakov 1999) has been
used to model simple rock-fluid buffered systems to
attempt to back calculate the actual halogen contents of the
fluids from apatite data.

Figure 45 is a summary plot of all apatite chemical analysis
from breccia or related material in the Cloncurry district
from this work. Fluorine is plotted against Cl (atomic
formula units) and there are five distinctive groupings

on the plot. The best example of a magmatic apatite is
represented by group 1 from a gabbro within the Drowning
Child area. This is the core of a zoned apatite in the

gabbro and contains F~H,O>>Cl. Group 2 apatites are
regional hydrothermal breccia systems, typically containing
carbonate, with F>H,O>>Cl, group 3 are apatites with
excess F (i.e. more than 2 afu), possibly as a consequence
of the substitution of CO,.This includes all the Ernest
Henry apatites from the ore body breccia (black circles).
Group 5 represents apatite from the metasomatised margin

of the gabbro, where the mineralogy includes scapolite —

Figure 44: False coloured and grey scale Backscatter
Electron Images (BSEIl) showing the key petrographic
features of the calcite and amphibole hydrothermal
breccias.A) Calcite-type breccia with infilling
calcite-albite and dominated by magnetite-apatite
and rutile. B) Amphibole-type breccia showing apatite
clast partially reequilirbriated by the fluids overgrown
by magnetite-titanite and, C) Amphibole-type

breccia showing tremolite cores and actinolite rims

(Northern Snake Creek area).
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k-feldspar as an alteration product. These latter apatites
contain F>~CIl>H,0, while group 4 represent apatite from

late-stage hematite-chalcopyrite-chlorite breccia rocks.

Figure 46 shows the distribution of the key apatite trace
elements in the samples from this study. As and S are

seen to vary from zero to 0.5 and 0.18 afu respectively
(relative to 10 Ca apatite). The samples from Ernest Henry
(black dots) are typically the most enriched in the trace
components relative to the regional samples (for details see
Q5 Deposition in this volume). Some of the breccia samples
also show enrichment, especially in As. Hydrothermal
Fe-stone within the Na-Ca altered Gilded Rose breccia
contains apatite with enriched S compared to most other

samples (square with cross, Figure 44b).

'The exchange of halogens can be shown on a diagram
comparing Xy, and Xg,, (Figure 47). The single trend
line with the majority of the data points marks the 1:1
exchange of F:OH in the apatite. Data to the left of this
line (the more Cl enriched samples) are a departure from
this 1:1 exchange with Cl substituting for the halogen
site. Data are not permited to fall to the right of the line
by stoichiometric constraints in the apatite formula. The
dominant exchange of F — OH may indicate that in the
large part these systems (in which apatite is precipitating)

are influenced by external supplies of HF rather than HCL

Calculating the fluid chemistry

The halogen contents of apatite are a function of the
mixing properties on the apatite OH site, and the ratios

of the activities of the species H;O-HCI-HF. The mixing
models for apatite have been shown to be relatively close
to ideal, on-site mixing (Zhu and Sverjensky 1991; Zhu
and Sverjensky 1992), and as such using geochemical batch
modelling can be used to estimate the fluid chemistry

(bulk F vs Cl) from the apatite data.

HCh (Shvarov and Bastrakov 1999) has been used to
model the simple albite-anorthite-mica-quartz — HF-
NaCl-H,O system at between 600-450°C and 300 MPa.
(For references to thermodynamic data and model

setup see Cleverley & Oliver (2005)). Figure 48 shows
the results of the model at 600°C (approximating the
gabbro apatite) and 450°C (approximating the regional
rocks). The graphs depict the contours of Xy, and Xepp
in the apatite in equilibrium with a fluid of a particular
NaClI-F composition. The extimated fluid compositions
in equilibrium with the natural apatite data discussed
from Figure 45 are illustrated as numbered circles. As

an example, if we assume a temperature of 450°C for the
formation of the core apatite in the scapolite-bearing
rocks then the fluid composition would be approximately
0.8 mNaCl and 3000 ppm F (Figure 48). This assumes pH
buffering by albite-anorthite-muscovite-quartz which is

not unreasonable for these rocks.
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It should be noted that these calculations are only valid
based on the assumptions of the model system — T, P and
aH,0. We can not currently use this data to reconstruct
the aCO, which could have a large influence on the overall
model results. However, by making the same assumption
for all the apatites considered here it is at least possible

to compare like-for-like and get important comparative
information. For apatite with non-stoichiometric

this technique can not be applied because the mixing

relationships in the crystal lattice are far from ideal.

CI-Fe Metasomatism of Gabbro

Samples of the freshest gabbro, dominated by magmatic
textures (plagioclase-hornblende-quartz), contain some
restricted hydrothermal phases (Cl-amphibole, sulphides).

These samples also have magmatic apatite with rims

that form during the hydrothermal stage. The halogen
chemistry indicates that the transition from magmatic
core to hydrothermal rim is related to a shift from

low Cl to high Cl fluids (0.8 to 3.5-5 molal Cl) at almost
constant F (1 to 5, Figure 48). The gabbros themselves

are more intensely alterted close to the margins, and in
places the original mgmatic textures are almost destroyed
(see hyperspectral data and images of this same example
in Q4 Pathways in this volume). Alteration at the margins
includes phases such as Cl-K-amphibole, biotite, scapolite
consistent with a similar to the Fe-Cl metasomatism at
Ernest Henry (dark rock). From the apatite analysis it
appears that the post-crystallisation phase of the gabbro
showed evidence for the influx of a Cl-rich fluid that
likely did not contain much F, preserving the magmatic

F signature.

Figure 48: Models for the composition of apatite in
equilibrium with albite-anorthite-quartz-H,0 with variable
NaCl (molal) and F (mglkg) atA) 600°C and 300 MPa
and, B) 450°C and 300 MPa. Data points are end-
member positions calculated from the natural dataset in
fisure I | represented by |) magmatic (mdfic), 2) core
of scapolite marble, 3) towards F enrichment in scapolitic
marble, 4) extreme Cl enriched apatite from breccias

and 5) range of compositions of rim of magmatic apatite

(external fluids).
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Figure 49 shows the isochon (mass balance) plot for fresh
gabbro (at Drowning Child Breccia) versus that affected
by the intense Cl metasomatism as recorded by the apatite.
Interesting to note is the significant Cu striping that occurs
during this event. A model where fluids strip the Cu from
mafic rocks was first suggested by K. Butera (12/3 report)
and is also suggested by Oliver et al. (in press). Here the
evidence would suggest that the influx of locally derived
brine causes Fe-Cl metasomatism and strips Cu in the
process, lending some weight to this argument, although
the ultimate source of the salt-rich fluid is unknown at

this stage.

Metasomatism and Metamorphic Fluids

Apatite from scapolite-bearing marble from the

Snake Creek area also shows core-rim textures. These

are interpretated as the core forming during peak
metamorphism while the rim represents the influx of

some externally derived fluid with unknown source. The
core-rim evolution is marked by the trend from 2 to 3 on
Figure 48.This trend shows an increase in both F and Cl at
the expense of H,O and indicates that the incoming fluid
was F-Cl-rich (~3 molal Cl, 3500 ppm F) but contained
little H,O. This data indicates that at least these scapolite

marbles contained reservoired salty fluids during post
metamorphism (1 — 3 molal NaCl ~3-12 wt%). These
compositions are within the range calculated for peak
metamorphic rock equilibriated fluids (with respect to
reaction progress and scapolite composition) from Oliver
et al. (1992) and as calculated later in this section (see rock

fluids section).

Salt-rich Breccias

The last sample of apatite comes from breccias that appear
to form in equilibrium with salt-rich fluids. These samples
are also commonly associated with 1) apatite cores within
calcite-bearing breccias (probably reflecting clast material
from the wallrock) and, 2) k-feldspar, hematite, quartz

and chalcopyrite bearing breccias (i.e. Afternoon Low,
Roadmaker and Drowning Child Breccias). The apatite in
these samples gives calculated values beyond the modelling
results but extrapolation on Figure 48 indicates ~ 6-7
molal NaCl (20-25 wt%). The textures in the hematite-
quartz breccias are indicative of late fluid processes, and are
similar in appearance to many of the hematite-quartz-Cu
occurrences around the IOCG district. It is likely that
these assemblages formed post-breccia emplacement but

there is no evidence to suggest when this happened.

Figure 49: Drowning Child area of the
Northern Snake Creek district. Isochon
for the “fresh” versus altered gabbro
shown by the stars (see text). The

magnetite susceptibility also drops

towards the margin of the body.
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Fluids in equilibrium with scapolite marbles

Scapolitic calc-silicates in the MKFB and EFB are
characterised by minimal external fluid infiltration
during regional metamorphism (1600-1580 Ma). Using
mineral chemical and thermodynamic calculations,
Oliver et al. (1992) have calculated the range of rock
buffered fluid compositions that can be generated in
typical Corella calc-silicates in the MKFB. In particular
Oliver et al. (1992) suggest that the rock buffered fluids
can change composition on the 1-50m scale (as dictated
by compositional layering in the calc-silicates), and that
there is evidence for compartmentalisation of fluids
during metamorphism (i.e. no significant migration) and
external infiltration. The range of reaction progress values
calculated during their study also illustrated that fluid was
able to migrate through the deforming sequence without
impacting on adjacent layers, probably as transient grain

boundary and fracture flow.

Using the data from Oliver et al. (1992) derived from the
Corella formation in the MKFB the range of possible
fluid compositions are calculated, where the max-min

is a function of the calculated rock buffered reaction
progress (%cpx, Oliver et al. 1992). Here the approximate
mole fractions of NaCl-H,O-CO, (being the major
components) are; max — 0.25n,¢1-0.401,0-0.35¢0, and
min — 0.05n,c1-0.7011,0-0.25¢0,- While Oliver et al.
(1992) suggested that the range of fluid compositions
they calculated never fell within the fluid two-phase field
for NaCl-H,O-CO; at the estimated peak metamorphic
conditions (~600°C & 350 MPa) there has been recent
developments of a high PT equation of state for this
system (Duan et al. 1992a; Duan et al. 1992b; Duan

et al. 1995; Duan et al. 2000, UCSD Geofluids software).
Using the new fluid thermodynamic data for these fluid
compositions we find that at peak metamorphic PT

the max fluid composition does indeed phase separate

(Table 6).

The calculated range of single and two phase fluids

are consistent with the range of fluid inclusion types
(hypersaline, mixed salt carbonic and CO,) and densities
recorded for regional Na-Ca metasomatism in the district
(Fu et al. 2003; Kendrick et al. 2007). The phase separation
and consequent volume expansion related to the generation
of high mass fractions of vapour (X.,,0.43) in the max

%cpx fluid may account for the extensive but localised

Table 6: Calculated equilibrium fluid compositions
for the range of rock buffered fluids presented in
Oliver et al (1992) for the MKFB. P-T-conditions
are calculated for peak metamorphism
(1600-1580 Ma). Calculated using the

Geofluids Model | (UCSD Geofluids)

6000C and 350 Mp
Type max min

%cpx %cpx
Phase L V L only
XNaCl 0.44 0.00 0.05
XH20 0.48 0.29 0.70
XCoz2 0.08 0.71 0.25
Flinc Type MS coz LV
Density 1.40 0.85 0.86
Mass fract 0.56 0.43 1.00

metamorphic-related brecciation within the Corella and
Doherty Formations of the MKFB an EFB (Marshall
2003; Oliver et al. 2006).

The Evidence for Different Fluid Types

Unlike the Suicide Ridge example there are no direct

fluid inclusion studies on the northern Snake Creek
hydrothermal breccias (i.e. Drowning Child Breccia etc).
Here we have used the mineral assemblages, textures and in
particular apatite chemistry to help to determine the nature
of the fluids associated with brecciation and alteration.
Details about the breccias and there mechanical genesis

can be found in Oliver et al. (2006) and the chemistry/
paragenesis of much of the breccias is well described in
Marshall et al. (2006; 2006). The apatite chemistry has been
used to help reconstruct the fluid chemical fingerprints,
details about apatite chemistry and analysis at Ernest

Henry can be found in Q5 deposition in this report.

Fluids from the wallrocks

Post-brecciation infiltration of NaCl-CaCl,-H,O fluids
has been documented for the Suicide Ridge breccia system
(Type I1I fluids; Bertelli, 2007 and above). In areas without
the fluid inclusion data there is still good evidence for

the infiltration and migration of a brine fluid that is, at
least partly, derived from the metamorphic pile. Kendrick

et al. (2007) also use noble gas and halogen data from
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fluid inclusions to discuss the likely source of many of the

hydrothermal fluid components as crustal derived.

Within the hydrothermal breccias there is also textural-
chemical evidence for the source of fluids. Figure 50 shows
cathodeluminescence textures and spectra from albite
within hydrothermal breccias. Figure 50a is a marble clast
within a calcite-breccia in a false coloured CL image
(spectral wavelength range). The clast and the breccia
matrix contain albite, however the albite within the clast

is strongly luminescent (red colour), unlike the albite in

the matrix which is non-lumnecent. This same pattern

is seen in a quart-albite rock from the Suicide Ridge
breccia (Figure 50b) which contains dark albite cross-cut
by luminescent albite fractures. Figure 50c is the spectral
response of the albite from Figure 50a (clast versus matrix)
showing the strong luminescent response at 700 nm related
to the presence of Fe3* (Richter et al. 2002) and some much
weaker responses at 460 nm (Ti*). The CL luminescent
albite with Fe3* enrichment (see Bertelli, 2007 qualitative
microprobe assessment of this) also commonly weathers

to a pink colour and maybe mistaken for k-feldspar under

some circumstances.

The bright CL (Fe) albite is found within scapolite marble
and in later cross-cutting fractures at Suicide Ridge. The
latter is probably associated with the type III (300-400°C,
20-40 wt% NaCl) fluids at Suicide Ridge (Bertelli, 2007
and this document) and probably represent fluids derived
from the Corella formation (metamorphic and/or flow of
bittern brine). The presence of Fe3* in the albite suggests
that these fluids were not only Cl-rich but also potentially
highly oxidised.

There is sufficient evidence in the mineral chemistry

and fluid inclusion work that fluids are derived from

the wall rocks during the emplacement of melts and
breccias. These fluids on the whole are saline and have the
ability to metasomatise the rocks that they interact with.
Fluids interacting with the gabbro, for instance, caused
local Fe-Cl metasomatism as shown in the isochon for
fresh versus altered gabbro (Figure 49). Calculation of
the range of fluids that can be generated in equilibrium
with the Corella marble shows that there is a wide range
of salt-CO,-water contents that are possible, and that
under peak metamorphic conditions some of these would

instantaneously phase separate. This process drives the

Figure 50:A) False coloured composite CL image
(400, 600 and 700 nm), showing the (red)
luminescent albite within a clast of Corella marble
(bt-kfs-scap-ab), compare to the non-luminescent
albite with the breccia infill (dark). B) Stage |l
albite luminescing in a grey-scale SEM CL image
of a pegamtite from Suicide Ridge (Bertelli 2007).
C) CL spectra from albite wihtin calcite breccia for
luminescent and non-luminescent albite showing

the strong peak feature at ~700 nm.This is

thought to equate to Fe* in the structure.
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“tectonic” or “deformation” brecciation that is observed in

the Corella units.

Fluids from the Magmas

The Suicide Ridge breccia illustrates the role of magmatic
volatiles in the generation of hydrothermal breccias of the
type that host the Ernest Henry IOCG system. Mineral
chemical and fluid inclusion evidence suggests that these
fluids contain CO,-HF with variable amounts of S,
probably as SO, (Bertelli, 2007 crush leach experiments).
Williams batholith age gabbro contains melt crystallised
apatite that indicates the fluid in equilibrium with the
melt contained a few 1000 ppm F and ~1 molal NaCl.
The primary crystallisation of amphibole in these rocks
indicates that initially at least the aH,O was not low.
Previous work has shown that in magmatic=hydrothermal
systems with high magmatic CO; contents the amphiboles
commonly become destabilised and phases such as
andradite or pyroxene form instead (Cleverley et al.
2003). The Suicide Ridge magma, which exhibits strong
albitisation, does show evidence for pyroxene-bearing
assemblages proximal to the intrusion within the breccia.
Further away (>500 m) the primary mafic minerals as

amphibole and biotite.

Depending on the intrusion that is being studied the
magmatic-derived fluid phases have different compositions.
Brecciation appears to be driven by exsolution and

phase separation of a CO,-rich volatile, however some
intrusive seem to contain magmatic fluid of fairly average
composition which is then swamped by externally derived

fluid (i.e. salt-rich Corella fluids).

The ultimate source problem

One of the difficulties in determining the source of

fluids is to distinguish ultimate source from processes

of interactions along the flow path. For instance it was
discussed that some of the CO; in the volatile phases
from magmas may be lower crustal, but if the transport

is via melt is this classified as a crustal or magmatic fluid?
IOCG systems preserved Os isotopic signatures which
were dominated by inherited Os isotopic components. It is
important to recognise processes and the modification of
source signal in our datasets on fluid sources and reservoirs,
and this will be a goal for future research. It has been
shown here that the range of fluid types (as prescribed

by NaCl-CO,-HF-S0,-H,0) can vary significantly by

locality or geological setting and certainly questions such as

“which granite produces the fluid required for brecciation?”
or “what is the timing of brecciation relative to the ingress
of wallrock fluids?” will form the basis of the next tranche

of research.

Q4:What are the fluid pathways and drivers?

(Main contributors: Laukamp, McLellan, Austin,
Blenkinsop, Cudahy, Cleverley, Duckworth, Ford, Jones,
Keys, Miller, Oliver, Rubenach, Thomas)

Given the many possible fluid sources and reservoirs, we
are at once faced with the question of how such fluids came
to be concentrated into ore deposits, through a variety of
pathways and fluid flow drivers. Permeability generally
decreases as a function of depth in the crust, however,
permeable pathways (in addition to diagenetic aquifers)
are present in the form of faults, shear-zones or fractured
crystalline rocks, and these are key structural components
in facilitating fluid migration from deep in the system to
shallow ore depositional sites, or from meteoric sources.
'The driving forces may be topography, stress partitioning
and regime, the tectonic evolution and the thermal
structure at all scales. Several techniques were utilised in
different areas to gain a better insight to the question,

through:

* 2D and 3D numerical modelling of fluid flow at the
deposit- to regional-scale. These studies concentrated
on the LRFT, and are combined with earlier work on
the EFB (McLellan & Oliver, in press). In 3D, FLAC
is capable of fully coupling mechanics, fluid flow
and thermal processes while, in 2D, UDEC enables
numerical simulations of the response of a fractured
rock mass to stress and strain partitioning during

deformation. Methodologies are described in McLellan
(Appendix 1, (a) and (b))

* Detection of hydrothermal footprints using remote
sensed data from outcrop- to district-scale, around the
Mt Isa Pb-Zn-Ag deposit (Appendix 1, Duckworth)
and in the Cloncurry and Selwyn regions (Appendix 1,
Austin and Laukamp et al.)

* Constraining the tectonothermal and metasomatic
history using petrographic studies and age dating on
monazites (U-Pb). Results described by Rubenach
(Appendix 1) provide a history of the various
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deformational and metamorphic events, spanning the
Sybella Event and early albitisation (1670 Ma) through
to the end of the Isan Orogeny around 1500 Ma, and
provide insights to the development and distribution of
fluid pathways through time and the possible drivers of
the fluid pulses.

Field, microstructural and monazite age dating demonstrate
that the “Isan Orogeny” incorporates multiple events, from
at least ca. 1630 Ma to 1527 Ma, with the peak around

ca. 1590 Ma (D2; Figure 51). In the EFB, the Selwyn
Zone records major albitisation around ca. 1640-1680 Ma
and medium-P metamorphism late in D1 to early D2.
'The D2 history consists of multiple events, which are
mainly low-P isobaric. D4 (1527 Ma) was broadly
synchronous with many of the granites and dolerites

of the Williams Batholith, and with the brecciation,
Na-Ca alteration and Ernest Henry mineralization. In

the WFB, the metamorphic events include the Sybella
Event (ca. 1670 Ma) and D3 (ca. 1550 Ma). In contrast

to the WFB and Selwyn Zone where multiple events

are recorded, monazite dating in the Mary Kathleen

area (EFB) reveals a sharp metamorphic peak, with little
evidence for either the shallowly dipping Wonga Event of
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Pearson et al. (1992), Holcombe et al. (1991), Oliver et al.
(1991) or the alternative D1 shear zone event of Bell et al.
(1992). The Wonga Belt may be, instead, a steep D2 high

strain zone.

Kyanite-bearing shear zone events give D2 (1590 Ma) ages,
suggesting isobaric cooling soon after the metamorphic
peak. Heating/cooling spikes of up to 500°C imply igneous
intrusions, superimposed on the geotherms already elevated
due to the abundance of heat producing elements. It is
proposed that most of the metamorphic events in the Inlier
are the result of such igneous-induced spikes. During

the metamorphic peak it is proposed that pegmatites
transferred heat from the lower crust (where gabbros

caused extensive partial melting).

Significant epigenetic ore deposits are not necessarily
related to specific metasomatic events but occur in areas
showing abundant metasomatic assemblages. Many
deposits are hosted or spatially related to albitites,

Na-Ca alteration, potassic alteration, magnetite and silica-
dolomite. Examples are the silica-dolomite host for the
Mt Isa Cu ore body or potassic alteration at Ernest Henry.
Detailed analysis of the metamorphic assemblages in the

Mt Isa Inlier is therefore crucial for successful exploration.

Figure 51: Summary of deformational and metamorphic events across the

Mt Isa Inlier.
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3D modelling of the LRET during basin development
shows that extension drove downward migration of
surficial fluids and brine reflux (Appendix 1, McLellan

(a)). Downward migration is interpreted as the result of
dilation and failure during extensional. At shallow levels,
permeable sediments appear to be important, not only for
storing fluids, but also for within-basin lateral transport.
Shallow level permeable faults are also important pathways,
which facilitate downward migration of surficial derived
fluids into the system, either as a result of extension or

topography (Figure 52).

Topographic or emergent highs formed during extension
provide a credible fluid driver in the system (Appendix 1,
McLellan (a)). Topographic highs can form on the
footwalls of basin bounding faults (see below) but they
may also develop in the central parts of the trough as

a result of shear strain and shear failure being focussed

on the outer basin bounding faults, in conjunction with
thermal dependence and isostatic flexure. This flexure

and development of a topographic high, together with
emergence, may drive downward fluid flow into permeable
structures or sediments and may serve as an analogue

for the Mt Gordon Arch structure. In extension, basin
bounding faults are important fluid conduits at deep crustal
levels and provide pathways for deep derived fluids to reach

shallower depths in the crust.

Thermal structure is an important driver of fluids within

permeable rocks, and convection is often cited as a key

driver for migrating fluids from shallow sediments into
deeper parts of the system and back to shallow levels

again. This process may have been important in Pb-Zn-Ag
mineralisation in parts of the Mt Isa Inlier (Oliver et al.
2006), however, it is more likely that convection cells would
be more discrete, such as in specific permeable units or
structures and may have allowed partial mixing or transfer
of fluids at specific locations where cells accessed deeper
fluid conduits. Fault intersections, for example, could

provide such loci.

Fluid migration during Isan Orogeny

During compressional events, faults and lithological
boundaries can act as pathways for focusing fluid flow as
well as providing the mechanical-chemical contrasts which
are critical factors in the formation of large hydrothermal
ore deposits. Tectonic compression generally results in

a net upward migration of fluids through permeable
pathways, due to an increase in pore pressures, contraction
and dilation. Within the LRFT an interesting feature is
observed during compression, where the flow is generally
focussed into the hanging wall sediments, and less so into
the footwall, and these areas may facilitate fluid mixing

scenarios (see Figure 53).

FLAC3D modelling of simple strike-slip fault bend/
jog systems demonstrates that small changes in the fault
geometry can vary the amount of fluid flux substantially
(Ford, this volume). Using dilation and integrated fluid

flux as proxies for prospectivity, this allows the ranking of

Figure 52: Shallow level faults acting
as fluid pathways during extensional
tectonic events, allowing surfically
derived fluids to migrate to deeper

levels in the crust, either as a result

or topography or dilation and failure.
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different fault geometries to determine which variables

or combination of variables generate the most promising
results. Results of the scenario setting indicate that the
highest dilation and integrated fluid flux values are located
near the tops of the models after 10% shortening. As

the models were buried at 5 km, these highest values

are located at a depth of 5-7 km which is consistent

with the depth at which the Mt Isa copper orebody was
emplaced. The integrated fluid flux values are maximised
(in order of priority) by: a) fault width, b) contrast in
lithology, ¢) fault dip, d) fault bends and €) cross-cutting
faults. In the models containing a contrast in lithology
across the fault, the faults are acting as seals rather than
conduits for fluid flow between low permeability and high
permeability rocks. However, only the faults can focus the
fluid flow in this model, acting as a channel between the
contrasting lithologies (Appendix 1, Ford). Particularly
during compressive tectonic events, such as basin
inversion (Figure 53), basin bounding faults are important

fluid conduits.

The combination of faults and lithological boundaries can
also be described as geological complexity. Studies of the
geological complexity indicate that there are significantly
high correlations between copper endowment and
geological complexity in both the Eastern and WFBs,
Appendix 1 Ford. The area of highest geological complexity
in the Mt Isa Inlier is a north-south trending corridor in
the LRFT stretching from south of Mt Isa to north of
Gunpowder, which is where the major Cu deposits of the

terrane are located.

The focussing of fluid flow at the deposit scale can be
determined by highlighting areas that indicate partitioning
of low values of minimum principal stress and high positive
volumetric strain. Structural configurations relating to

Cu deposition during Isa Orogeny D4 deformation in the
LRFT and the WFB highlight numerous potential sites

for fluid focussing when examined using discrete element
modelling (Appendix 1, McLellan et al.). Applied to
shortening scenarios, there are strong spatial correlations
between sites of low values of minimum principal stress,
failure and dilation with known deposits and prospects.

A best-fit ESE-WNW orientation of maximum principal
stress in the WEB correlates with findings for the EFB
(McLellan & Oliver in press). A range of ore deposits

were tested by numerical modelling (using UDEC) at the
mine scale (Appendix 1, Keys), comprising the Gunpowder
deposits (Mammoth and Esperanza), the Mount Kelly
deposit and the Mt Isa Copper Mine in the WFB and the
Greenmount deposit and the Eloise Mine in the EFB. A
maximum principal stress orientation of approximately
ESE-WNW was optimal for dilation at all of the

deposits, with more complex patterns around the Mt Isa
Copper Mine (Appendix 1, Miller). In the latter case the
mechanism for breccia development relied on sinistral,
reverse movement on dominantly north-south oriented
bedding. This again implied that an approximate southeast-
northwest component of shortening was required to form
the Mt Isa Cu ore breccias. At the Mammoth deposit, drive
mapping showed that the ore lodes had formed in response
to shear on the Mammoth and Mammoth Extended
Faults. Shallow dipping striations on the fault surfaces
indicate movement was predominantly dextral strike slip.
UDEC modeling of the Gunpowder area shows a good fit

with the major deposit sites in this area (Figure 54).

PIMA studies on shale-hosted Pb-Zn-Ag

mineralisation

A limited program of spectral and petrological studies
of the alteration around the Mt Isa Pb-Zn deposit were
undertaken (Appendix 1, Duckworth) to identify the
alteration mineralogy in the Urquhart Shale and to

Figure 53: Basin bounding faults

at deep crustal levels acting as
fluid pathways during compressive
tectonic events, allowing deep
seated fluids to migrate to shallow
levels in the crust. Lighter colours
indicate areas of higher cumulative

fluid flux, which is greatest in the

hangingwall at shallow levels.
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characterise possible fluid pathways. The paragenetic
sequence recognised is biogenic pyrite, carbonate, sphalerite
+ pyrrhotite, pyrite, galena, chalcopyrite. Petrographic
observations suggest the fluids preferentially followed
zones of carbonate cement, leading to a partial replacement
of many of the sedimentary layers and early structures.
Abundant, dark grey aspectral material is not resolved

by PIMA, but using GADDS (general area detection
diffraction system), XRD and whole rock XRF suggests
that while the proportions of quartz and feldspar mineral
groups vary, the essential mineralogy is unchanged. In
general, the PIMA spectra suggest that the alteration is
strongly Mg-rich with minerals identified as phengite,
dolomite, intermediate chlorite, ankerite, talc and calcium
and potassium sulphates. The rocks distal to the Pb-Zn

mineralisation are more Fe-rich with minerals identified

as biotite, siderite and Fe-chlorite. Weathering of the
shales overlying mineralised and un-mineralised areas
produces kaolinite, dickite and muscovite, with less feldspar

breakdown above the un-mineralised areas.

Integrated Remote Sensing analysis

The detection of hydrothermal alteration patterns and
potential fluid pathways is assessed using ASTER and
HyMap remote sensing facilities, followed by field
mapping, using field and lab based analytical systems like
PIMA, GADDS and XRD. The development of advanced
spectral and hyperspectral remote sensing technologies has
proven to be a boon for mapping alteration, particularly
for defining phyllic and argillic alteration using ASTER
(e.g. pmd*CRC project I1 Van der Wielen et al. 2005).

An objective here is the calibration of this data with new

Figure 54: a) Plot of volumetric strain. Cool colours (blue and dark green)
represent dilational sites and other colours are contractional (light green to red);

b) Plan view of 2.3km x 2.3km area over the mines. Red star on left is Esperanza

and on right is Mammoth.
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high-resolution HyMap data (Thomas, this volume).

The raw HyMap data were used to make approximately
150 Regions of Interest, which were used to constrain the
ASTER data. The new suite of calibrated and reprocessed
data products are being interpreted (Thomas, this volume),
with large volumes of mosaiced, masked and calibrated data

available as an ftp download from the www.em.csiro.au/

NGMM webpage.

Ground-truthing of the newly processed HyMap data
in the EFB has involved discriminating four different
types of hydrothermal alteration patterns (Laukamp et al.,

this volume):

1) metasomatic 1 — metasediments (e.g. Snake Creek

Anticline)

2) metasomatic 2 — igneous bodies (e.g. Camel Hill
gabbros, Gin Creck Granites)

3) fluid channels 1 — faults (e.g. Cloncurry Fault, Mount
Dore Fault)

4) fluid channels 2 — breccia pipes (e.g. Suicide Ridge
north of the Saxby Granite).

In general widespread metasomatic alteration of
metasediments, such as sodic-calcic alteration in the Snake
Creek Anticline, was successfully detected with single
mineral maps (e.g. white mica abundance). Mineral maps
showing content of ferrous iron (associated or not with
MgOH) and white mica composition detect alteration of
igneous bodies (e.g. alteration rims of Camel Hill gabbro
bodies). The recognition of hydrothermal alteration along
faults can be limited in some areas because of masking
effects. However, detected albitisation of the Gin Creek
Granite in the western vicinity of the Cloncurry Fault
might indicate fault-related fluid migration. Identification
of discrete breccia pipes in the SCG and along the
contact zones with the Corella Formation, as possible
fluid conduits for IOCG deposits (Oliver et al. 2006) are,
thus far, problematic because of the complicated mineral
chemistry. However, single breccia pipes north of the
Saxby Granite have been identified with a number of
mineral maps (e.g. MgOH composition, Figure 55). This
on-going research holds much promise in detecting and

characterising mineralisation-related footprints.

Figure 55: MgOH composition image of area
northwest of the Saxby Granite (see Figure | for
location). Breccia Pipe extending from a carapace
on the north-eastern rim of a granite body to the
NE (white ellipse). For carbonates: blue colours:
magnesite, dolomite; red colours: calcite, siderite.
For MgOH-bearing rocks: blue colours: e.g. talc;

red colours: amphibole, epidote, chlorite. Black is

below threshold.
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In the EFB, ASTER data was evaluated for mapping

of sodic-calcic alteration along major crustal fault zones
(Appendix 1, Austin). Mineral indexes were used to map
minerals such as amphiboles and calcite as a means of
identifying sodic-calcic alteration. While this appears

to be effective, there are ambiguities due to numerous
mineral species having similar absorption features.
However, through integration ASTER band 8 data with
aeromagnetic and K-radiometric data, Austin (Appendix 1)
derived a modified mineral index which highlights albite-
actinolite-magnetite assemblages. Many of these are
spatially coincident with copper mineralisation, e.g. the
Selwyn Corridor, Kuridala, Monakoff, and deposits along
faults in the Stavely Formation, and under-cover deposits
in the EFB (Ernest Henry, Eloise and Osborne) coincide
with moderate highs in the index. It is hoped that this
mineral index may be used to assist with exploration

targeting of IOCG deposits.

The prolonged sedimentary history and tectonothermal
evolution of the Mt Isa Inlier was accompanied by a long
termed fluid evolution, its accumulation, dispersal and
ultimate focussing at the hydrothermal deposit. Basin
bounding faults played a major role for the downward
migration of surficial fluids. At shallow levels also,
permeable sediments and faults allowed downward
migration and circulation of these fluids and their

access to deeper fluid conduits. These locations may

have been important for the development of Pb-Zn-Ag

mineralisation in the Mt Isa Inlier.

Tectonic compression during the multiple deformational
events of the Isan Orogeny triggered upward migration
of fluids. The focussing of fluids along faults may have
been maximised by wide fault width, contrast in lithology,
shallow fault dip, fault bends and cross-cutting faults.
Correlations between copper endowment and geological
complexity (combination of faults and lithological
boundaries) is significantly high, pointing to the
importance of the connection of various fluid pathways.
Numerical modelling in the WEFB shows that fluid
focusing during the development of Cu-mineralisation
was related to a maximum principal stress orientation of
approximately ESE-WNW, confirming former studies in
the EFB.

ASTER data were processed with newly developed
techniques and calibrated with the superior HyMap data.
The evaluation of such spatial data as a tool for exploration
is still ongoing, but already shows some promising

results, as does the integration of ASTER band 8 data
with magnetic and K-radiometric data for highlighting
Cu-related alteration in the EFB.

Question 5:What are the deposition and
hydrothermal processes?

(Major Contributors: Cleverley, Walshe, Oliver, Keys,
Fisher)

The aim here is to synthesise the knowledge about

the processes of deposition and localisation of mineral
deposition within the Cu and Cu-Au mineral system, with
a focus on observations at Ernest Henry, Osborne, Mt Isa
and some other WFB copper deposits. The questions
arising from thinking about deposition impact the mineral
systems analysis at the smaller scales from mine-, ore
body- to thin section-scale. A wealth of information exists
for each of the deposit types that occur within the inlier
and this document aims to highlight the key questions that
need to be synthesised and the information that has been
collected during the 17 (and 11/2/3/4) project. Much of the
chemical work has been conducted as part of the terrane
contribution from the F6 (Fluids) project. It is still useful
to consider the broadly distinct deposit genres that exist,

with a focus on the former two in this project:

* Breccia hosted, Fe-oxide/silicate Copper-Au-U (EHM,
Osborne)

* Vein or breccia hosted quartz-copper-carbonate deposits

(Mt Isa etc)
* Sediment hosted Pb-Zn (Century, Mt Isa).
There has also been some limited work on uranium
prospects in the Mt Isa valley, but mostly in the context of
a broader mineral system. It should also be considered that
these deposit styles did not form at the same time in the
evolution of the terrane, and that mutually overprinting
styles are observed within the same locality.
The question of deposition leads to consideration of:

* Why did the deposition occur there?

* Why did deposition not occur there?

Page 79




* What controls the geometry and spatial distribution of

ore components in the deposit?

* What are the features to look for to help mining and

exploration practise?

* What are the key controls on changing solubility of the
component of interest to us at this location at the time

of interest?

* What was the mechanism by which fluid(s) got into the

immediate location?

a. How did fluid(s) and rock meet at this location,
did this influence the deposition mechanism

(e.g. condensation).

* What were the mechanisms by which sulphur, metals,
carbon and other redoixicants (e.g. O,, H,) where

transported to the site of deposition?

a. Building on information from macro-scale chemistry,
mineral chemical and textural analysis and fluid

inclusion analysis.

* What was the physical mechanism that drove the
deposition and dissolution that is recorded in the

mineral system?

a. Both fluid-chemical and mechanical mechanisms

need to be built into this answer.

* What is the physio-chemical evidence for the process of
deposition?
a. For example isotopes, geochemical trends etc

b. Can we map it spatially?

The Ernest Henry Fe-oxide Cu-Au deposit located

30 km northeast of Cloncurry is one of the largest of

a group of breccia-hosted Cu-Au deposits in the EFB
with a measured resource of 96 Mt @ 0.98% Cu and

0.49 g/t Au (Collier and Bryant 2003). A thorough

review and description of the Ernest Henry geology and
alteration can be found in Mark et al. (2006). The deposit
is hosted within a package of metavolcanic and intercalated
metasedimentary rocks, and is bound by broadly northeast
trending fault and shear zones. Alteration is dominated by
early Na- and Na-Ca which effected much of the sequence
and resulted in intense albitisation, thought to be related to
the district-scale Na-Ca alteration (de Jong and Williams
1995). This alteration is overprinted by pre-ore K-(IMn-Ba)

alteration represented by intense biotite-magnetite, best
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represented in Fe-rich lithologies, and rarer k-feldspar-
garnet alteration. The K-alteration forms a halo around
the mine (see Mark et al. 2006). The syn-ore alteration
assemblages are represented by K(Ba)-feldspar-quartz-

calcite and some minor sericite.

Mineralisation is hosted by breccias of K-feldspar altered
meta-andesites from the local host lithology and infill

of magnetite-calcite-quartz with chalcopyrite-pyrite and
lesser, but locally important, barite. The style of brecciation
changes across the deposit from a crackle type to clast
supported and matrix supported, with variable degrees of
tectonic versus chemical clast corrosion (Laneyrie, 2004,
Oliver et al. 2006). The proportion of calcite-quartz-
magnetite infill also changes locally (compare Figure 38
a,b and ¢). It has been suggested that Cu grade is directly
related to the clast distribution and/or breccia classification
(Collier and Bryant 2003; Laneyrie 2004) indicating a
strong chemical-mechanical control on grade distribution

(Figure 56).

Ernest Henry IOCG ore samples were studied to
understand their pretrographic relationship to the regional
breccia samples and to look for chemical and physical
similarities that might indicate a genetic link between the
regional breccias and the Ernest Henry ore hosts. A small
subset of samples has been studied in detail, however a
more complete paragenesis of the whole Ernest Henry
hydrothermal system can be found in (ref -> Mark, 2000;
Mark et al. 2006).

The Ernest Henry breccia samples are very similar to the
regional breccias in macro- and micro-scale appearance and
mineralogy (see Figure 38). There is an overall change in
the nature of the mineralized breccia spatially from crackle
-> clast dominant -> milled, clast poor brecciation. The
clast-rich samples are dominated by k-feldspar, zoned with
Ba, as an alteration of previously albitised clasts as well as
an infill component. Other minerals include amphibole

— biotite — calcite — magnetite — titanite — apatite —
chalcopyrite, in samples with less clasts the mineralogy
becomes dominated by magnetite — chalcopyrite — pyrite.
Throughout the Ernest Henry breccias there is evidence for
distinct quartz-rich zones that contain secondary euhedral
quartz (discussed later) with associated fractures containing
hematitic alteration of magnetite, FeMgMn-rich mica/clay
and chalcopyrite. The exact spatial relationships of these
quartz-zones and their orientation within the deposit are

unknown at this time.
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Figure 56: Breccia shape attributes for the EHM breccia
pipe showing:A) Aspect ratio vs circularity for EHM
data points and how these compare to various breccia
classification types (after Laneyrie, 2004),

B) Groups of measurements for clast size in the

breccia vs grade (Cu%).

There are also discrete zones of carbonate enrichment
within the ore-body and surrounding rocks, often seen

as carbonate flooding. The most concentrated of these is
within a unit called the marble matrix breccia which is
carbonate dominated (similar to the Eribus mineralised
prospect). Marshall et al. 2006 used stable isotopes to
conclude that this unit was dominated by sedimentary
carbon, and as such maybe a pre-exisiting unit within the
mine. However whole rock geochemical data shows that
Ca (and possibly CO,) have been mass added to many

parts of the ore system.

Whole Rock Geochemistry

Whole rock chemistry was analysed as part of honours
work at James Cook University (Lannery, 2004) and

this provides some basic insights into the nature of ore
deposition at Ernest Henry. Principally the ore deposit is
dominated by dilution processes, that is, the original rock

has dilated and the space has been infilled with precipitated

(and transported) material. These processes are common in

brecciated systems.

Plotting two immobile elements against each other can
help to show whether the hydrothermal rocks have a
common precursor, and if dilution played a large part in
the generation of the ore system. Figure 57 is a plot of
TiO, vs Al,O;which are considered to be immobile in
this system. Almost all of the data points lie on a straight
line that intercepts the origin and this indicates that there
is a common Ti/Al which probably relates to a common
host rock in the samples that were taken. Also the data
points are scattered along the line from a position thought
to represent the precursor rock composition towards the
origin. This represents a variable proportion of dilution in
the system (see the 50% infill position marked). For the
samples shown here there is a distinct separation between
rocks from the upper ore body (Figure 58) and those of the

lower ore body.
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Figure 57:Al vs Ti for whole rock data

at EHM (after Laneyrie, 2004; Oliver
pers. comm.) showing the consistent host
rock trend for all ore samples (i.e. clasts
are locally derived) and the change in the
proportion of chemical dilution within the

upper to lower orebody transition.

Figure 58: Cross section through the

Ernest Henry deposit showing the
major geological and ore units (courtesy
EHM Ltd).

Because the Al/Ti ratio is constant, the decrease in TiO, trend). This trend fits the observations that calcite and

(or AL,O3) can be used to proxy dilution. Figure 59a magnetite are not always found together, and areas of the

shows that the K behaves as an immobile element because . .
ore body tends to be more calcite or magnetite rich.

the data are distributed along a constant K/Ti ratio line.
This is in agreement with petrographic observations that . .

Copper is also a diluting component (Figure 60) although
K metasomatism slightly predates ore precipitation (Mark

there i istent trend between Ti and Cu. Thi
et al. 2006). Other components such as Ca and Fe show €re 18 Ro consistent tend between 21 and M. T

mobile (Figure 59b) behaviour and when plotted against pattern is explained by the Cu grade not being directly
each other indicate that there is a competition between Ca related to the proportion of dilution and/or infill in
and Fe as the key diluting component (i.e. negative data this case.
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an indicator o

the feldspar phase during

brecciation.

B) CaO vs Fe203 (wt%)
showing a string inverse
relationship indicating that

Ca and Fe compete during

the infill/precipitation process

(both components are

correlated with Ti not shown).

that while there is a
negative correlation showing
that Cu is added during
dilution (brecciation) the
complicated relationship
indicates that the process
of Cu addition into the

rocks is not only a function

of the brecciation and

precipitation process.
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3D Spatial Patterns

Using the Leapfrog (www.leapfrog3d.com, version 2

Beta) software the Ernest Henry drilling database has
been analysed to look for large scale patterns in the
geochemistry that can help to build a chemical architecture
for the mineral system. This approach has proved useful at
places such as St Ives gold camp (see pmd*CRC projects Y3
and Y4).

Drilling data was acquired from the mine and is dated to
August 2006. The data used in the leapfrog models was
the resource drilling and a limited section of blast hole
data. The drilling data includes geology logging (major and
minor), alteration (primary, secondary and trace) and the
assay data suite of Cu, Au, As, Co, Ni, Mn, Fe and U. All

images are shown in mine grid which matches with AMG.

Grade Shells

Leapfrog has the ability to generate isosurfaces for
concentrations of components such as Cu. These are not
strictly grade shells as there is no geostatistical constraints
performed within the program, however if the geostatistical
parameters and domains were utilised then the isosurfaces
would be a good approximation. Isosurfaces for Cu have
been generated using the reported geostatistical fitting
parameters for the upper ore body (orientation of 35° to
155°, 80° plunge and ellipses of 3,2,1) and compared with

high resolution isotropic isosurfaces.

Figure 61a is a plot of the leapfrog Cu shell for the
available Ernest Henry resource drilling database. The shell
is drawn for the 1.25% Cu concentration. Figure 61b is the
same view with the 500 ppm As shell added (blue). While

Figure 61:View to NE of the Leapfrog model for EHM
showing the A) 500 ppm As isosurface (isotropic,
spheroid fit) and, B) combined with the .25 wt% Cu
isosurface. The As and Cu are broadly similar but not

directly co-located indicating that these components

where transported in different fluids.
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the As is broadly co-located with Cu, in general the As is
offset and in places much of the footwall to the ore body
is As-rich (associated with the marble matrix breccia).

To illustrate this further the blast hole data from several
benches where used to plot a high resolution isosurface
for Cu and 750 ppm As (Figure 62a). Arsenic is again
observed in the footwall of the system, not co-located
with Cu. Figure 62b shows a 2D cross section through the
blast hole data (looking towards 065°, perpendicular to the
plunge of the ore body). The contours of Cu, As and Co
can be used to distinguish fine scale chemical architecture:
The ore body dipping to the south-east (Cu), As not
co-located and in the footwall, and Co appears to map out
linking structures that dip both south and steeply north.

pmd*CRC 17 PROJECT FINAL REPORT

Mineral Maps

Using the available assay geochemical datasets for Ernest
Henry, the mine staft have developed a methodology for
back-calculating the approximate mineral distributions in
the deposit (pyrite, magnetite, chalcopyrite). The mineral
maps are useful in detecting broad changes in the major
assemblages but should be treated with caution as they
based on limited available data. If phases exist that include
components used in the mineral maps but that are not
considered then the calculations will generate spurious

results (i.e. the presence of baryte effecting the S budget).

Figure 63 shows the distribution of pyrite (0.28 mol,
light blue, relative to the copper 1.25% isosurface (plotted

Figure 62: Detailed distribution
of As and Cu in blast hole
data from 3 benches in the
EHM open pit.A) Isosorfaces
for 500 ppm As and .25

% Cu and, B) cross-section

looking NE showing the

outlines of various isosurfaces
and the possible interpretation

of feeder structures or

pathways in this data.
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Figure 63: Leapfrog isosurface model for the

0.28 mol calculated pyrite shell (calculated using
the EHM approved min-mol procedure).

Figure 64:Views of the leapfrog models for Cu (1.25 wt%,
orange), Fe (30 wt%, pink) and logged k-feldspar + hematite
(red).A) view looking 050° and, B) view looking 305°.
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using the mine published variography data). The pyrite
shell is offset and sits above and to the west of the

main copper concentrations. This does not appear to be
related to a lithological change, although this can not be

entirely discounted.

Alteration Patterns

Using the logged alteration codes in the drilling database,
leapfrog was used to try to look for broad redox patterns.
'The models show a clustering of logged k-feldspar and
hematite that appeared to be spatially constrained, as well
as cutting across some of the ore body (Figure 64a). The
main focus of this alteration type is of interest because it
is coincident with the change in the orientation of the ore
body (southeast to south plunge), and the disruption of
the upper ore zone. The main kfs-hm alteration zone is

also seen to occur as a shell around high grade Fe (>30%)

in the bottom section of the ore zone (Figure 64b). This
high-grade Fe shell occurs within the ore body which has

variable Fe contents throughout the Cu-bearing breccia.

Using the CIMS drillhole photo database, an example of
the transition to kfs-hm alteration was logged for EH554
(Figure 65; section 450-471m). The upper unit is logged as
biotite alteration and is dominated by dark rocks with light
selvages of carbonate; in contrast the logged k-feldspar-
hematite marks a transition to brecciated rocks, but again
with zones of carbonate-quartz. These transitions are
fundamentally redox driven and are critical to map within

the ore system.

Regional Potential Field Data

Using the total magnetic intensity (TMI) draped over the
topographic surface (Figure 66) for the base of cover (top of

Figure 65: Ernest Henry Mine, Core Photo_EH554 )
Example of typical transition from bt alteration to kf-hm
(EH554).
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Proterozoic), it is observed that the areas of magnetic
high intensity values, delineating northeast-southwest
trending lineaments are also represented by highs in the
pre-Mesozoic paleotopography. These magnetic highs are
thought to be associated with the footwall and hanging

wall shear zones.

Figure 67 shows the regional Bouguer gravity image
superimposed on the mine-scale TMI image. Gradient
lines in the TMI (i.e. worms), the orientations of kfs-hm
alteration and possible new structures, and the sharp edges
of the regional gravity all appear to line up in a general

northeast-southwest orientation. This matches the trend

Figure 66:Total Magnetic Intensity image draped
over the modelled topography of the base of the
Phanerozic cover with the [.25% Cu isosurface
in yellow of the Ernest Henry deposit. All data is
vertically exagerated x2. Note the relationship
between magnetic high values and topographic
relief in the unconformity and the distinct NE
trend in magnetic data ridges, similar to that
seen in the disrupting fault at depth in the
copper grade. View looking down towards 038°.

‘ Gradient orientation

Figure 67: Regional Bouguer gravity with the magnetic
image for Ernest Henry (see previous figure) inset.
Note that the gravity gradients parallel the magnetic

ridges in the image.

2 4
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defined by Austin and co-workers (project 12/3) as a
preferred orientation of deposits in the EFB.

Petrographic Relationships

Figure 68 shows examples of typical breccia-hosted ore
from Ernest Henry in backscattered electron image
(BSEI). The key minerals are commonly extensively zoned
and include complex overgrowth textures. This and the
presence of coexisting phases in the rock such as (Ba)
K-feldspar, baryte and pyrite indicate that fluid mixing
was an important process at EHM. The textures in

Figure 68a and b are from the same area with a different

backscattered contrast (to highlight different minerals).

Figure 68a shows zoned apatite overgrown by titanate

and magnetite-chalcopyrite, while Figure 68b shows the
k-feldspar (zoned with Ba), quartz (black) and some calcite
as infill phases. This view contains little in the way of true
clast material and is fairly high-grade. The precipitation of
titanate and k-feldspar, even when they are shown to be
immobile is related to the nature of transport scale. Here
those components are probably moving at the micron-mm
scale within a sample but are conservative at the hand-
specimen scale. These images also illustrate the difficulty in
distinguishing clast material from hydrothermal precipitate

in these breccias.

Figure 68:Typical breccia-hosted ore as seen
in backscattered electron image showing

A) Zoned apatite and titanite overgrowths
with chalcopyrite-magnetite and B) zoned

k-feldspar and calcite, with quartz (black) as the

matrix phase.
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Figure 69 is an example of a crackle breccia peripheral

to the ore zone (EH440/119) which is logged as kf-mt
alteration in felsic volcanic. The crackle texture is obvious
in the thin section scan (A). The BSEI of the fracture

(B) shows that these are dominated by amphibole and
subordinate biotite (all showing strong, but texturally
preserving) alteration to chlorite. The k-feldspar is
pervasive and likely replaces pre-existing albite/anorthite,

but is associated with rounded quartz that appears to be

generated in the reaction. The contact between biotite and
k-feldspar is rich in titanite, probably from the breakdown
of biotite in the fracture during chloritisaton. Figure 69¢
illustrates the carbonate flooding that is common in some
localised areas within the ore body and peripheral crackle
breccia. Here the carbonate appears to be associated with
an increase of Ba in the k-feldspar (lighter in Figure 69¢)

as well as possible As-enrichment in apatite (see

details below).

Figure 69: EHM_BSEI_02)

A) Thin section scan showing the textures of a crackle breccia
rock, with fractures of amphibole-biotite in a k-feldspar
altered rock (pink coloured in this example). Pale patches
are carbonate.

B) BSEI of amphibole-biotite ?fracture cutting k-feldspar-
quartz (black), and C) carbonate alteration of the k-feldspar
with bright zones related to increased Ba content of
k-feldspar. Note also zoned apatite (arrowed) within

carbonate patch.
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Late stage processes

The Ernest Henry deposit contains a protracted and
complicated history as recorded by the paragenesis of ore
and alteration mineral assemblages (i.e. Mark et al. 2006).
Some textures in the deposit appear to be very late, such as
the cross-cutting carbonate veins with coarse remobilised
chalcopyrite. However some ore breccia samples contain
evidence for later, lower temperature processes that may
have been important. Some core contains discrete zones
of silica enrichment. Backscattered imaging of these

zones reveals quartz with disrupted euhedral textures and

an acicular mineral (possibly Mg-mica or chloritoid).
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The textures (Figure 70) indicate late-stage processes,
also associated with Cu deposition, but that post-date
the main brecciation event. The quartz can be seen to
contain remnent euhedral textures (CL image, B) which
may indicate insitu growth, although there has been
post-solidification modification. A prismatic, botryoidal
mineral phase overgrows the quartz and is often found
overgrowing the magnetite. This phase is zoned with
Mn, Mg and Fe (see Mn map, C), and maybe a form

of chloritoid(?). Magnetite is fractured and altered to a
more oxidised (although not true hematite) Fe-oxide, and

associated secondary chalcopyrite.

Figure 70: EHM_ images from a thin section of
typical quartz-rich part of the ore body in

A) backascatter, B) cathodoluminecence and

C) Mn element map.
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These hematitc-quartz-chalcophyrite assemblages can be
seen to occur as discrete zones within the Ernest Henry ore
body, and has been observed in regional prospects (i.e. The
Roadmaker in the drowning child breccia region) as well

as other IOCG classes of deposit. Some of the mineral
assemblages and textures appear similar to those observed
in Mt Isa copper style ore bodies, and these zones may

represent reactivation or secondary processes overprinting

an earlier IOCG breccia.

Fluid Processes Recorded by Apatite

The chemistry of apatite [Ca(POy);(OH),] is strongly
influenced by the chemistry of the volatile components in
the hydrothermal fluid. Common elemental substitutions
include Ca by REE, Sr, and Na; PO, by COs3, and SO4; and
OH by F and Cl. Determination of the apatite chemistry
and its paragentic relationship to other phases in the
mineral system can be useful in constraining the chemical

evolution of fluids or their chemical characteristics.

The apatite at Ernest Henry is petrographically very
different from that in the regional brecciated rocks as it
exhibits very strong concentric zonation in backscattered
electron images (generally dark cores to light rims). Often
the apatites are overgrown by titanite or intergrown with
magnetite — chalcopyrite associated with the brightest rim
(Figure 68a). The textures indicate that the apatite probably
grew in relative open space and at least partly predates

or is synchronous with the magnetite — chalcopyrite ore

association. The zonation is highly complex with evidence
for multiple growth and resorbtion surfaces but the overall
trend (dark cores to bright rims) is common in all ore
breccia samples. Apatite from regional breccia samples

has also been analysed and is plotted here for comparison

(see Question 3, this volume).

Halogens (F,Cl)

One of the key chemical substitutions in apatite is between
the halogen-water end-members: fluorapatite (FAp),
chlorapatite (ClAp) and hydroxyapatite (HAp). All of the
apatites in this study except those from the regional gabbro
exhibit strong F-enrichment. The complete database of
samples is plotted recalculated as atomic formulae units

(to 10 Ca) in Figure 71. Under this scheme, the OH-site
in the apatite should contain 2 atoms. It can be seen that
three distinct groups emerge from the data: a) samples
with F > 2 afu, b) samples with C10.06 and F 1.5 to 2 afu
and, c¢) gabbro samples with < 1 afu F and core to rim
variation of 0.1 to 0.6 afu ClI (cross symbols on figure). The
dashed line for Xon = 0 on Figure 70 demarcates samples
with little or no OH (on the line) and samples with excess
halogens for the stoichiometric OH-site (above the line).
As can be seen from the figure Ernest Henry apatites and
those from some of the regional breccia systems have excess
F in the apatite structure. Samples in group b (regional
breccia and scapolite marble) show a general core to rim

progression to more F-rich compositions at constant Cl

(indicating loss of OH).
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Group A apatites (excess F) include the Ernest Henry
apatite (all chemical zones), calcite-rich breccia and a
breccia-hosted Fe-stone (Gilded Rose locality). These
apatites also have the best evidence for direct hydrothermal
precipitation. The group B apatites include the amphibole-
rich breccia, scapolite marble and clast-rich breccia with
minor calcite. Group C represent the evolution from core
to rim of the apatite within the Williams Batholith age

mafic intrusive (see Question 3, this volume).

Arsenic & Sulphur

None of the strong concentric zonation observed in
backscatter images from the Ernest Henry apatite can
be attributed to variations in halogens in the OH-site.

However there is strong zonation in the S and As cotents

pmd*CRC 17 PROJECT FINAL REPORT

of these apatites with variations from S-rich cores (SO3
0.5 wt%) to As-rich rims (max As,Os 5 wt%) and this is
illustrated in a detailed traverse from a single EH apatite
grain in Figure 72. This zonation from S-rich core to
As-rich rims is common to all apatites observed within the

ore zone breccia (Figure 72).

Comparison of the regional dataset with those apatites
from EH shows that none of the other samples contain the
extreme enrichment in As, however the calcite-rich breccia
sample (white triangle on Figure 73) do show enrichment
relative to other regional samples. The apatite recorded

in breccia-hosted ironstone records the most extreme
S-enrichment, even in comparison to EH samples. The
relative observed increase in S and/or As in other samples

is not statistically valid using electron microprobe data.

Figure 72: Microprobe chemistry
for zoned apatite in typical

EHM magnetite-chalcopyrite ore,

showing variations in As and S.
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Interpretation of Apatite Chemistry

F-apatite is common in all the breccia systems, especially
associated with carbonate and CO, inclusions. The

phase relationships for F vs Clvs OH apatite are a
function of the relative activities of the phases in the
fluid (HF-HCI-H,0), and the controls of temperature,
pH etc. The F-apatite at Ernest Henry is not obviously

associated with fluorite and for rocks containing Ca-phases
(calcite, anorthite etc) the range of conditions that stabilise
F-apatite but not fluorite are relatively narrow (Figure 74),
after Zhu & Sverjensky, 1992). F-apatite becomes more
stable at lower temperatures for a given activity ration
between HF-HCI-H,O, but any reasonable HCl activities
at 500°C (EHM conditions) would give some Cl-apatite

Figure 73: Microprobe chemistry for apatites

from EHM and regional hydrothermal breccia

systems showing variations in As and S.

Figure 74: Phase diagram for NaCl-F (modelled using
HCh) and anorthite-bearing assemblage showing

the region of fluorite saturation (~4000 ppm F) and
F-apatite (apatite with > 0.5 FAp).This model is for
300MPa and 450°C but the relationships are similar

under different PT conditions.
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component. Therefore it is likely that the apatite is

precipitated from a fluid that is dominated by F relative to
H,O or CL

The Ernest Henry apatite all contains excess F (i.e. > 2 afu),
although this maybe in part an artefact of the microprobe
analysis (Stormer, 1993), repeat analysis, analysis along

the c-axis and standard analysis indicate that there is a

real component of excess F in the EHM apatite. Nichino
et al. (1981) show from FTIR analysis of apatites similar
to this (and teeth) that this is often associated with

the substitution of CO, for PO, (PO = COs* + F).
Although this has not directly been quantified in this work,
qualitative analysis with the light-element detection beam
(JCU superprobe) showed a broad C peak in the apatite
that was better defined than background.

While there is some published literature on the S contents
of apatite in natural magmatic-hydrothermal environments,
little exists for As. Streck and Dilles (1998) report that

S occurs in apatite as the S¢* oxidation state and replaces
PO; as a coupled substitution with Si* or Na*;

SO + Si* = PO,

Arsenic has been reported in apatite, and the As end-

member apatite (Johnbraumite) is found in the Franklin

Hills locality. Arsenic is also assumed to substitute for the
PO,-group with a direct non-coupled substitution by the
As** jon (Narasaraju et al. 1985; Perseil et al. 2000).

Assuming that there is no in-situ oxidation of S or As
during substitution into apatite these quantities can be used
to record the changes in the activites of the oxidised fluid
species. More accurately the apatite records the changing
sulphate/phosphate and arsenate/phosphate activity ratios.
A pH-fO, diagram for As-S (Figure 75) shows that

the §%*/5%* (pyrite-hematite) and As?**/As> (hematite)
buffers are located at very different redox states. It would
be tempting to interpret the change in As/S in apatite

as a shift in redox conditions, however it is unlikely that
the As-S substitutions occur at fixed charge states, and
the actual redox state of the elements in apatite is largely
unknown for As (S is better defined). Future work will use
the Australian synchrotron to better determine the redox

state of the chemical zones in the EHM apatites.

Summary

'The apatites record evidence for PO4,-HF-50,-CO, fluids
that are at least in part carrying As(®*) and/or SO, and that
have little or no Cl or H,O. The evolution from SO, to As

could be related to mixing of external fluids at that time or

Figure 75: Phase diagram of pH and fO, at 2 Kbar
and 450°C.
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an in-situ change in the redox state of carrier fluid (because
of mixing or phase separation). The overgrowth of apatite
by titanate (see textural photos) might record the transition
from volatile-rich fluids to brine liquids (evidence from
the regional breccias suggests that titanate forms instead of
apatite in breccias more associated with brines than CO,).
The extreme nature of the chemistry of the Ernest Henry
apatites relative to the regional rocks indicates that there
are processes that existed within the deposit that certainly

did not occur in barren rocks that are structurally similar.

Stable Isotopes

'The compilation of Mark et al. 2000 (SPIRT Report

to MIM) contains a database of stable isotope values
including S, C and O. While the C and O are published
elsewhere (Oliver et al. 2004, Marshall et al. 2006), the
S isotope data is described here in some detail. The S, C
and O isotope data is (where possible) available in 3D
within the Leapfrog model.

Sulphur

Figure 76 is a plot showing the 84S values for pyrite (A)
and baryte, and chalcopyrite (B). For pyrite the bulk of the
data lie between 0-5%o, with outlying clusters at around
-4%o and +11%eo. This range is similar to that observed for
chalcopyrite with the bulk of the data between 0-5%o and
some heavier values at +11%eo. Baryte occurs in two values
at +11 and +23%o. While the bulk of the analysed samples
in pyrite and chalcopyrite are restricted to 0-5%o, the
negative and positive samples are still from within the ore

body, although their exact textural relationships are unclear.

Figure 76a includes equilibrium lines for 84S between a
species and pyrite under different conditions in an attempt
to explain the distribution of the data. Line A is for SO,
at +23%o (hematite-magnetite buffer), line B is for SO, at
+11%o (hematite-magnetite buffer) and, line C is for 0%o
H,S (pyrite-magnetite buffer). Using this simple approach
the +23%o baryte appears to not be associated with any

Pyrite

lg]

Frequency

Chalcopyrite

Frequency

. Baryte

a

Figure 76: Ernest Henry sulphur data for A) pyrite
and B) pyrrhotite. d*S isotopes for pyrite and
chalcopyrite from compilations in SPIRT report
(Mark et al. 2000) for Ernest Henry ore body. Data
also includes Baryte = +1 |, +23%o (n=3), and
Pyrrhotite = +3, +1 1%o (n=2).
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equilibrium sulphides, while the +11%o baryite could
potentially be in equilibrium with the bulk of the 0-5%o
pyrite and chalcopyrite. The small propotion of -3% pyrite
could also be a function of equilibrium with a 0%o H,S S
source. In this simple model the +11%o pyrite-chalcopyrite
would occur where SO, was fully reduced, thus no

fractionation occurred to the sulphide phase.

Another possible explanation of the heavy pyrite-
chalcopyrite is the influx of (late) +23%o0 SO, (seawater
sulphate value) into a rock with average +3%o S (pyrite-
chalcopyrite-magnetite). Reduction of the seawater SO,
would lead to a range of heavier sulphide values. This
scenario has been modelled using Geochemists Workbench
(Bethke, 1996) and a simple chemical system (Figure 77).
Here the rock is assumed to be magnetite-chalcopyrite-
pyrite + H,S (+3%o) and this rock is titrated with SOy

at +23%o (300°C, Psat). The model predicts a range of S
isotope values from +3%o to +14%o covering the full range
of heavy values at Ernest Henry. However the natural data
do not show a complete range between +3 and +11%o,
and as such is it is more likely that the +23%o baryte is a
late phenomena unrelated to the breccia ore body and the

sulphide numbers.

It appears from the S data that two dominant S reservoirs
existed at the time of breccia ore generation: a) +11%o SO4
and b) ~0%o H,S. The bulk of the ore body was dominated

by oxidation and incomplete oxidation of the H,S leading

to a bulk range from 0-5%o. Some parts of the ore body
experienced extreme and total reduction of a +11%o SO,
fluid, giving rise to the +11%o sulphide values. While 0%o
H,S is typical a magmatic or magmatic-related source
(i-e. S scavenged from volcanic rocks), +11%o SO, is more
typical of magmatic SO, values at the conditions of the
magma chamber (600-800°C). For instance, primary
magmatic anhydrites at Mount Pinatabu were recorded
with values of +8-+11%o. While we can not rule out the
involvement of a S sourced from Proterozoic seawater
(+25%o0), only further analysis and textural relationships
can distinguish between this and a magmatic SO, (+11%o)

source.

Processes of Ore Deposition at EHM

'The Ernest Henry deposit is a hydrothermal breccia hosted
Magnetite-chalcopyrite ore system that has been shown
to date from 1525Ma but with some evidence of inherited
material (~i.e. Re-Os on molybdenite at ~1600Ma, Bruce
Schaefer pers. comm. 2008). The evidence presented in this
(and see Q3) suggest that fluid-mixing is the dominant
process operating at the time of deposition and the fluid
sources probably include sedimentary derived brines and
magmatic fluids. It maybe that 3 fluids are present and
that the system is long lived such that the deposit suffers a
“Mt Isa Cu-style” overprint (i.e. hematite-quartz). Micro
(zoned minerals) to macro (isotopes, leapfrog model)

textures show that different fluids were important and

Figure 77: Geochemists Work Bench (GWB)

S isotope modeling for simple EHM late ore
forming process (T = 300°C), Mt-Py-Cpy rock
+ H2S (834S = 3%o) reacting with SO2 (8345

= 23%e, Proterozoic seawater value).
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the macro-scale distribution of chemical components
(chemical architecture) obersverd with the leapfrog
model can be used to define a simple mixing architecture
showing possible pathways of oxidised and reduced

fluids. Figure 78 shows a single possible interpretative
scenario for the approximate geometries of fluid pathways
that are proposed to have existed in the EHM deposit.
Fluid mixing is considered the dominant mechanism of
chalcopyrite deposition. Domains of dominantly oxidized
fluid flow are inferred from domains of pyrite in excess

of chalcopyrite and the broad zones of red K-feldspar *
magnetite + hematite that mantle the ore zone, particularly
in the hanging wall. Domains of dominantly reduced
fluid flow are inferred from the As-rich zones in the
orebody and the footwall amphibole-biotite alteration. The
architecture of the mixing box is defined by NE trending,
steeply northwest dipping that appear to have constrained
oxidized fluid flow and NNW trending structures defined
by the strike of the mineralization. An E-W trending
lineament in the regional magnetic image suggests some
additional control on the fluid flow; possibly that the flow

of reduced fluid is sub-vertical along the intersection of

E-W and NNW trending structures. From the character
of the regional magnetic image, the district-scale pattern
of oxidized fluid flow may have been from south to north.
The exact nature of these pathways, and the ability to map
this spatially is subject to further research, however, based
on this geometry and the orientations in the potential field

data it maybe possible to relate the two.

Based on the available evidence it seems likely that a
magmatic SO,-CO,, and separate HAsO,-rich gaseous
fluid and reduced brine (S,Ba,K) fluid are important in the
formation of the EHM deposit. However at this stage it

is still difficult to decipher the exact mixing geometry or
model for the deposit. The similarities to regional breccia
systems have been discussed in Chapter Q3, however of all
the localities in the EFB that are most similar chemically
and mechanically to EHM, the Gilded Rose breccia

is high on the list. The distinct absence of direct Cu-S
mineralisation is still unclear although better descriptions
of the pathways mapped in the potential field data may
indicate possible deeper and/or undercover targets for

further investigation.

Figure 78: Mixing box model for the Ernest Henry deposit.A Plan
view at level of open-cut. B. Long-section view looking east. Mixing
of reduced (CH, - H, —rich; magenta shading) and oxidized

(SO, bearing; red shading) fluids is inferred from the stable

isotope data.
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This section represents a brief synopsis of the key findings
from a PhD study by Louise Fisher (JCU). The complete
manuscript is available as part of the TWiki/pmd*CRC

student delivery to sponsors. The findings of the PhD work

relative to the Osborne IOCG deposit are reproduced
below. Hydrothermal processes at the Osborne IOCG

deposit are documented by the fluid inclusion assemblage.

The main processes identified are:

* Decompression resulting in the un-mixing of a
CO,-bearing brine and precipitation of massive

hydrothermal quartz.

* Cooling and dilution of a high salinity brine over the

The halite dissolution fluid end member has been
identified as a fluid component in several Cu-Au
deposits in the Cloncurry district including Eloise and
Ernest Henry (Kendrick et al. 2006a; Kendrick et al.
2007)

Noble gas data is compatible with sedimentary
formation waters or locally derived metamorphic fluids

being significant fluid sources at Osborne

The noble gas and halogen data is not consistent with
an external magmatic fluid component such as that
identified at Ernest Henry (Kendrick et al. 2007a).
However, fluids derived from local anatectic pegmatites

may be involved (considered magmato-metamorphic).

period of Cu-Au ore deposition.
PIXE has been used to investigate the chemistry of the

Movement on deposit-bounding shear zones is suggested fluid inclusions (Figure 80), and this is an important tool

to be a probable cause of decompression, and the shear when trying to understand complex mutli-solid fluids such

zones are identified as potential pathways for fluid flow. as those observed here.

Analysis of the chemistry of the fluid inclusions from + The ore fluids have extremely high salinities with Fe
quartz from the ore body can be interpreted to show that: and Mn contents equivalent to those measured in fluids

* Halogen data indicates multiple sources of salinity in of magmatic origin. The high metal and salt content

the ore forming fluids (Figure 79). Br/Cl and I/Cl data

suggests that the end member compositions are:

of the fluids is attributed to the high temperatures and

pressures the fluids reached
— A halite dissolution fluid

— A bittern brine-like fluid.

* 'The ore fluids have low Cu concentrations (<150 ppm)

relative to other IOCG deposits in the Cloncurry
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district. At temperatures of 500-600°C (as measured .
by microthermometry in MS-type inclusions) these

fluids would have been significantly undersaturated with

respect to chalcopyrite (Figure 81)

Fluid mixing is identified as the most likely cause of
Cu-Au precipitation with geochemical modelling

suggesting that the resultant cooling and redox changes

are the main controls on ore deposition (Figure 82).

for comparison (Williams et al., 2001).
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Comparison between calculated chalcopyrite solubility and Cu concentrations measured
by PIXE and LA-ICP-MS at the Osbome deposit (modified after Liu and McPhail, 2005).
The solid lines denote calculated chalcopyrite solubility in 10 molal chloride solutions
(equivalent to 37 wt% NaCl — similar to highest values measured in post deposition LVD
inclusions at Osborne) at 1 kbar in equilibrium with hematite-magnetite-pyrite (HMP) and
magnetite-pyrite-pyrrhotite (MPP). The grey shaded boxes represent the measured
ranges of homogenization temperatures and Cu concentrations measured in pre- and
post-ore deposition fluids at the Osborne deposit. Data from the Starra deposit are given
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Figure 80:
PIXE images of

the chemistry

of fluid

inclusions.

Figure 81: Comparison between

calculated chalcopyrite solubility and

Cu concentrations measured by PIXIE

and LA-ICP-MS at the Osborne deposit
(modified after Liu and McPhail 2005).The
solid lines denote calculated chalcopyrite
solubility in 10 molal chloride solutions
(equivalent to 37 wt9%6 NaCl — similar to
highest values measured in post-deposition
LVD inclusions at Osborne) at |kbar in
equilibrium with hematite-magnetite-pyrtie
(HMP) and magnetite-pyrite-pyrrhotite
(MPP).The grey shaded boxes represent
the measured ranges of homogenisation
temperatures and Cu concentrations
measured in pre- and post-ore deposition
fluids at the Osborne deposit. Data

from the Starra deposit are given for

comparison (Williams et al. 2001).
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Figure 82: Results of HCh modelling of the
ore formation at Osborne (see Fisher, 2007
for details). A) Model results for flow-through
HCh model showing chalcopyrite (line)
precipitation at the transition from hematite-
pyrite to magnetite. B) Phase diagram

for Cu+/H+ and log fH2S showing the

relationships between the Cu-Fe-S phases

and the path for the geochemical model in
Figure 82A.

Key ingredients for an IOCG deposit — Osborne

The study of ore forming processes at Osborne has
identified key processes and fluid components that are
important in ore deposition. However, the Osborne deposit
formed over 50 Ma before other known IOCG deposits in
the Cloncurry district, making it less likely that it would
share common fluid ingredients with the other deposits.
Despite this, some common features can be established
including the presence of a high salinity fluid that has
interacted with evaporite sequences and the importance

of fluid mixing as an ore deposition mechanism.

A magmatic fluid is not an essential component and has
only been identified at one deposit in the region, Ernest
Henry, using noble gas and halogen data (Kendrick et al.
2007a). However, Ernest Henry is the largest IOCG
deposit in the Cloncurry district which raises the question
of whether the presence of a magmatic fluid component
is required to form the largest deposits. Nd, O, H and

S isotopic studies of IOCG systems in the Gawler
Craton show a similar association. The highest grade and
tonnage ore system in the region, Olympic Dam, has a

primitive, mantle derived, fluid component while lower
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grade prospects do not record this fluid input (Skirrow

et al. 2005). However, as the Osborne, Starra and Eloise
deposits can not be considered low grade and have all been
productive, the data for the Cloncurry district suggests that
fluid pathways that promote fluid mixing may be the more

important criteria for ore formation.

The findings of this study and of studies of other deposits
in the region (see Mark et al. 2004; Kendrick et al. 2006)
suggest that IOCG deposits, even within a single district,
can have both magmatic and non-magmatic fluid sources
or a combination of the two. This is similar to findings in
studies of IOCG deposits in South America (Chiaradia
et al. 2006) which found that a spectrum of deposits

were to be observed; from iron oxide-apatite and IOCG
deposits associated with magmatic fluids to IOCG
deposits associated with evaporitic fluids. That no single
mechanism can be invoked to model the genesis of these
deposits will be an important consideration when revising

exploration strategies.

The Mt Isa Cu orebodies are hosted in the steeply dipping
dolomitic siltstones and shales of Urquhart Shale above
the upper basement (ECV) as illustrated in Figure 83.
The syn-tectonic timing of the copper mineralization and
related silica and dolomite alteration was documented by

Perkins (1984). The copper, silica and dolomite are broadly

zoned with respect to the basement contact, with an inner
siliceous zone and an outer dolomitic alteration (Figure 84
and Waring, 1980). The copper mineralization is focused on
the siliceous zone. Talc is most abundant on the southern
extremities of the known Cu system (Figure 84) but also
occurs in the north on the footwall of the 3500 orebody.
Carbon is well developed on the basement contact and
stilpnomelane * biotite + talc + pyrrhotite assemblages as
well as chlorite — pyrrhotite assemblages occur in marginal
zones to the copper orebodies (Perkins, 1984; Swager,
1985; Swager et al. 1987; Miller, 2006; Figure 85).

The structural control on the distribution of alteration
elements is illustrated for the 3000/3500 orebodies in
Figures 86 and 87. Notably the distribution of pyrrhotite
with respect to chalcopyrite is controlled by 3500FW fault,
with pyrrhotite mostly occurring in the footwall of the fault
and chalcopyrite in the hanging wall. The distribution of
carbon and talc is also partitioned along the 3500FW fault.

Mixing box model for the 3500 ore body

Salient features of the “chemical” architecture for the
3500 orebody are:

* The orebody is bounded by the basement contact, the
3500 FW fault and west dipping, NNW trending faults
in the hanging wall

Figure 83: Model of the
Mount Isa Cu ore-bodies
(2% Cu grade shells shown)
above the upper basement
(Eastern Creek Volcanics).
White - Basement contact

(looking down and to the

west). Green — ore shells of
(from south to north): HW-
FW- X4 1 Orebodies, | 100,
3000, 3500 (Enterprise
Orebodies), 500, 650.
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* 'The silica alteration of the core zones to dolomite and These observations may be explained in terms of a “mixing
coarse hydrothermal pyrite across the hanging wall box” model (Figure 88) that envisages mixing of an
structures oxidized sulfate-bearing formational water with a reduced

* Pyrrhotite rather than pyrite is stable in the footwall to deep-seated fluid from the lower crust or mantle. The major

the 3500 FW Fault pathway for the deep-seated fluid was steeply dipping

to sub-vertical and possibly defined by the quartzite in
* Carbonaceous rocks occur on the basement contact the basement. The hanging wall and footwall structures
* A zone of quartzite occurs in the basement beneath the acted as seals with the major flow of oxidized occurring

ore body. in a hanging wall compartment with secondary pyrite and

Figure 84: 3D projection of the alteration zoning of the | 100 orebody.
Diagram from Waring (1980).The yellow zones represent the pyritic “ribs”

of fine-grained pyrite that predate the Cu mineralization.

PLAN 15 LEVEL N NN A R ) Figure 85: Distribution

of silicates and carbon
around the Isa Cu ore

system. Carbonaceous

mylonite is developed
. on the basement
N\ Cu orebody
—ms= Pb-Zn orebody I contact. Stilpnomelane

+ biotite + talc —

[“.“l Greenstone )
e pyrrhotite assemblages
fii%jcarbonaceous mylonite

- (S) and chlorite —

pyrrhotite assemblages

(C) occur marginal to
the copper ore bodies.
Figures from Swager
(1985) and Swager
et al. (1987).
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dolomite as stable phases in the pathway of the oxidized
fluid. The carbonaceous mylonite is considered to have

acted as a seal on the base of the mixing box.

Testing the mixing-box model
A stable isotope study of DDH S678ED4 across the

proposed region of the mixing box was undertaken to
determine the presence of redox gradients predicted by
the model. Changes in the ratio of oxidized and reduced

sulphur species in mineralising fluids should be recorded

by changes in the value of %S pyrite, chalcopyrite and
pyrrhotite and, similarly, changes in the ratio of oxidized
and reduced carbon should be recorded in changes in the
value of 813C of carbonate and graphite. The results and
interpretation are given in Figures 89 to 91.'The most
significant result was the evidence from 83C values in
carbonate and carbon of partial reduction of carbonate
and reduction of carbonate to carbon, in the footwall
transition zone of the 3500 ore body. The 3C enrichments

in carbonate reflect partial reduction of oxidized carbon

Figure 86: Geological elements and
mineral zoning of the 3000, 3500
(Enterprise Mine) orebodies. A Top-down
view of 3000 and 3500 ore bodies.
Blue — NNW 3500 faults and dark

red is the 3500 FW Fault. B, C, D, E:
Top-down views of mineral zoning with
increasing depth from levels 1990, 1940,
1890 and 1840 respectively. Yellow =
pyrrhotite, green = chalcopyrite, red
—basement/3500FW and blue — NNW
3500 faults. F Top-down (north — right)
illustrating the distribution of graphite
and talc on the footwall of the 3500

orebody. G. Inset shows distribution of

talc (as observed) on the plane of the
3500 FW Fault 3D model (by Peter

Neumayr and Damien Keys).

Figure 87:A: Section showing the
structural architectural controls on
the 3500 orebody (by Xstrata). The
orebody is bounded by basement
contact, the 3500 FW Fault and W
dipping, NNW trending faults in the
hanging wall. B:A simplified overlay
of the alteration on the architecture
for the 3500N ore body. The silica
alteration of the core zones to
dolomite and coarse hydrothermal
pyrite across the hanging wall
structures and pyrrhotite rather
than pyrite is stable in the footwall
to the 3500 FW Fault. There is a

zone of quartzite in the basement,

directly beneath the orebody (after
Miller 2006).
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species to methane with the residual oxidized species being
enriched in 3C (Figure 91) and implies in-sifu reduction of
carbonate to carbon. Both reactions require a reductant to

proceed. The most likely reductant was H. Specifically:

* 'The carbonate sample in the transition zone to the

footwall gave a replicated 8'3C value of + 5.6 %o

* In comparison, 8°C values of carbonate from the
hanging wall range between -3.9 and -5.5 and footwall
carbonate samples ranged between -5.7 and -9.9 %o

The 8'3C value of the carbon sample in the transition

zone to the footwall gave a value of -9.9 %o

The 3'3C values of four carbon samples in the ore zone

were remarkably consistent around -23.78+ 0.2 %o

The %S values of pyrite, chalcopyrite and pyrrhotite
vary in a coherent way from the hanging wall to the

footwall. These patterns suggest isotope equilibrium

between the species. In the hanging wall zone 6%*S

values of pyrite and chalcopyrite vary between +13.8 and

Figure 88: Mixing box model for the formation of
the 3500 orebody. The model envisages mixing
of an oxidized sulfate-bearing formational water
with a reduced deep-seated fluid from the lower

crust or mantle.

Figure 89:

Stable isotope
study of DDH
S678EDA4.
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+ 18 %o with chalcopyrite tending to be lighter

than pyrite. Within the ore zone there is a small but
systematic increase in the 8%*S values of pyrite and
chalcopyrite from +11.3 to +13.8 %o from the hanging
wall to the footwall. Below the ore zone 8**S values

of pyrrhotite and pyrite increase into the footwall
systematically and significantly from +13.9 to 23 %o.

The 3C enrichment in carbonate reflects partial reduction

of oxidized carbon species to methane:

CO; + 4H, = CH,+ 2H,0 (eq. Q5-1)

The residual oxidized species (CO,, H,COj;, CaCOj3)
become enriched in 13C as 12C partitions preferentially to
methane. The 3C enrichment in carbon, such that the 63C
value of carbon approaches that of the carbonate implies

in-situ reduction of carbonate to carbon:
CaCO; + 2H, +2H* = Ca?* + C + 3H,0 (eq. Q5-2)

The textural setting of the carbon in sample 206

(Figure 90) is consistent with this proposed mechanism.
In this sample carbon is dispersed with the carbonate and
in parts rims carbonate. More commonly carbon occurs as

relatively late cross-cutting features (e.g. sample 185.1).

Addition of a strong reductant to the system is required for
the above reactions to proceed. The most likely reductant
was H,. The flow path for the hydridic fluid was probably
steeply dipping to sub-vertical and entry point was across
the Paroo Fault, and focused on the footwall transition
zone of the 3500 orebody. The carbonaceous mylonite was
probably a product on the carbonate reduction occurring
on the basement contact. It may have subsequently acted as

a seal on the base of the mixing box.

The consistency of the 813C value of carbon in the ore
zone suggests the ratio of CH, / CO; or CH4/ H,CO;

is buffered for fluids in the base of the 3500 ore zone.

'The most likely buffering reaction is the carbon hydrolysis

reaction:
2C + 3H,0 = CH4+ H,COj; (eq. Q5-3)

The carbon 813C ~ - 24 %o is enriched in 13C by ~ 10 %o
compared with expected sedimentary C values for the
middle Proterozoic. The value of 8!3C carbonate in
equilibrium with carbon with §3C at ca. - 24 %o should
be ~-12 to - 16 %o for temperatures of 300 to 400 °C.
No values as light as this were obtained in this study but

613C carbonate values down to -14 %o are known from the
Cu system (Waring, 1990).

Figure 90: Samples
from DDH S678ED4
showing textural
context of stable
isotope samples

for depth intervals
185.1.197.3 and
206m. Samples 197.3
and 206 show the
enrichments for '3C for

carbon and carbonate

respectively.

Page 106




pmd*CRC 17 PROJECT FINAL REPORT

The %S values of pyrite, chalcopyrite and pyrrhotite vary
in a coherent way from the hanging wall to the footwall of
the 3500 ore body.

* In the hanging wall zone, 8>S values of pyrite and
chalcopyrite range between +13.8 and + 18 %o with
chalcopyrite tending to be lighter than pyrite

* Within the ore zone, there is a small but systematic
increase in the §%S values of pyrite and chalcopyrite
from +11.3 to +13.8 %o from hanging wall to footwall

* Below the ore zone, 84S values of pyrrhotite and
pyrite increase into the footwall systematically and
significantly from +13.9 to 23 %o.

The small but systematic increase in the 8**S values of
pyrite and chalcopyrite from hanging wall to footwall of
the 3500 ore body is again suggestive of some buftering
mechanism operating to constrain the ratio of reduced/
oxidized sulphur species in the fluid. The ratio of reduced/
oxidized sulphur species may be related to the pH and the
ratio of CHy / H,COj through reactions such as:

H+ + HSO4> + CH4 = H2C03 + st + H20 (Cq Q5-4)
for which:
HSO./ H,S = (H,CO, / CHY(K)™* (H*) * (eq. Q5-5)

If CH,4 / HyCO; is buffered by carbon saturation, as
suggested above, then the reduced/oxidized sulphur species

in solution becomes a function of pH. Hence systematic

variations in 3*S values of pyrite and chalcopyrite across
the 3500 ore body could reflect changes in pH in a carbon
saturated environment. Decreasing the pH (increasing H*)
would decrease the ration of HSO,/ H,S in solution. In

a mixing environment, this would promote the reduction
of sulphate in solution and lead to an increase in 8%S
values for reduced sulphur species. This effect progressively
increased into the footwall as evidenced by the increase of

&3S values of pyrite and pyrrhotite.

The mixing model is consistent with the inferred fluid
reservoirs from the argon isotope and halogen constraints
(see Question 3). The inference from the halogen data is
that the oxidized sulfate-bearing formational water was a
bittern brine, and is supported sulphur isotope data that
implies sedimentary sulphate was at least one of the sources

of sulphur in that system, and by earlier studies (Heinrich
et al. 1989; Andrew et al. 1989).

There is still considerable discussion around the question
of the origin of the reduced, deep-seated fluid. The major
difference in thinking is around the depth of the source/
reservoir for this fluid. Was it sourced from the lower curst
or from the mantle? If from the mantle, at what depth?
Kendrick takes a minimalist view on this issue arguing
(see Kendrick et al. 2006¢) that the high Ar*0 / Ar® reflect
a metamorphic fluid derived from pre-Barramundi crustal
basement. However, Walshe argues a metamorphic fluid is
likely to be a CO,-rich fluid and contain sufficient H, to

reduce carbonate to carbon.

Figure 91: Interpretation of the |3C
enrichments in carbonate (sample 197.3)

and carbon (sample 206) in the transition

zone to the footwall.
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Mechanisms of chalcopyrite precipitation

'The factors that influence copper solubility are T, P, redox,
salinity, pH and sulphur content of the fluid. Depending
on conditions, nature of metal and sulfur speciation, copper
may be transported in oxidized or reduced fluids or in

acid or alkaline conditions, as indicated by the following

hydrolysis reactions:

CuFeS, + 3H* + 0.5H,0 = Fe? + Cu* + 2H,S + 0.250,
(eq. Q3-6)

CuFeS, + H* + 0.5H,0 + 3.750, = Fe?* + Cu* + 2HSO,"
(eq. Q5-7)

CuFeS, + 0.5H,0 + 3HCI = FeCl, + CuCl + 2HS" +
2H* + 0.250; (eq. Q5-8)

Figure 92: Sketch of log
fO2/pH plot redrawn
assuming Cu+/H+ - H,S
conditions below the limit

of bornite stability and
assuming Cu+/H+ as well as
H,S is constant. The mixing

trend is based on numerical

modelling experiments
by Ed Mikucki (CSIRO)
for Archean gold systems
(MERIWA358 report).

Figure 93: Sketch of log
fO,/pH plot assuming
chalcopyrite is soluble at
high pH as well as low pH.
The stabiliy fields for talc
(blue) and chlorite (green)

occur at high pH conditions
with H3Si04- the stable

aqueous species.
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The phase diagram sketched in Figures 92 and 93 show
the diversity of possibilities for copper transport. Given
the constraints imposed on Figure 92, the mixing trend
would avoid the bornite stability field. The mixing trend
on Figure 93 is between an oxidized, slightly acidic fluid
and a reduced, highly alkaline fluid. As the fluid becomes
progressively acid and oxidized then chlorite will become
progressively more Si-rich, talc will eventually precipitate
and quartz saturated. Sketch assumes Cu+/H+ - H,S
conditions below the limit of bornite stability and Cu+/H+

as well as H,S are constant.

A feature of the Mt Isa Cu ore bodies is the absence

of bornite. Hence, in considering the mechanism(s) of
transport and deposition of Cu, an important question is
how the system avoided precipitating bornite. The sketch
shown in Figure 94 illustrates the limits on the stability of
pyrite — chalcopyrite assemblages with respect to bornite
as a function of log Cu*/H* and logH,S. There is a rather
limited set of conditions at which pyrite and chalcopyrite
will be stable. The boundary of bn with ccp and bn with
hm is independent of presence of third phase so that these
boundaries are a general uppers limit of Cu+/H+ - H,S
conditions of ccp stability rather than bornite. The hint is
that the fluids in the system were buffered in some way to
avoid exceeding those limits. The phase diagrams assume
Cu+/H+ - H,S conditions below the limit of for bornite

stability and Cu+/H+ as well as H,S is constant.

cop/hm/imt —

/

ccp/py/mt

py/lhmimt

L B

0.5l0g units pylpoimt

H,S
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Mixing Scenarios

The mixing trends shown in Figures 92 and 93 consider

two scenarios:

a)

* an oxidized, sulphate bearing brine that was buffered
by dolomite and anhydrite (anhydrite is known from
the upper, northern limits of the Cu Mine) and
transported Ca?*, Mg, Fe?*, Cu*, HSO,4-

and

* areduced, acidic fluid, enriched in CH, and H, that
transported Cu*, Na*, Mg?, H,S

b)
* an oxidized, sulphate bearing brine

and

* areduced, alkaline fluid enriched in CH, and H, that
transported Cu*, Na*, Mg, H,S

Both mixing paths could produce:
* carbon * chalcopyrite + pyrite + pyrrhotite assemblages
* dolomite * pyrite assembalges

* awide range in °*S values of pyrite and pyrrhotite

reflecting reduction significant reduction of sulphate

+ awide range in 83C values of carbon and carbonate as
a result of either oxidation of methane or reduction of

carbonate/ H,COj.

Figure 94: Sketch of log Cu+/H+ vs logH,S
illustrating the limits on the stability of
chalcopyrite (ccp) and pyrite (py) assemblage.
Note the boundary of bornite (bn) with ccp

and bn with hematite (hm) is independent of
presence of third phase. Hence these boundaries
are a general upper limit of Cu+/H+ - H,S
conditions of chalcopyrite stability with respect to
bornite.The slopes of the phase boundaries are

indicated on the diagram.

ccp/py/po
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The second scenario allows the possibility of switching
from dolomite to quartz saturated conditions with
decreasing pH. It also allows a progression with decreasing
pH from chloritic assemblages with progressively more
Si-rich chlorite to talc. The changes in fluid chemistry from
Ca-rich to Na-rich brines (Heinrich et al. 1989; pmd*CRC

14 report) are taken to reflect the mixing process.

Exploration implications of the mixing model

The available chemical and mineralogical information
(mineral zoning, carbon and sulfur isotope data) allow
construction of a simplified, mine-scale mixing model
(Figures 95 and 96). Data sources are Waring (1990);
Andrew et al. (1989), Heinrich et al. (1989), Painter (2001);

Painter et al. (1999). The zones of talc alteration are taken

Figure 95:

A simplified,
mine-scale mixing
model constructed
from mineral zoning
and carbon and
sulfur isotope data.
The mixing model
is overlain on a
long-section of the

copper ore system.
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overlain on alteration image
(suppled by Andy Wilde).




to be the focus of reduced and alkaline fluid flow. The redox
gradients are identified by:

* domains of 834S > ~ 15 %o i.e. where there has been

significant reduction of sulfate and/or
* domains of 813C carbonate < ~ -6 to -7 %o

* i.e where there has been significant reduction of
sulphate to H,S coupled with significant oxidation of
CH, to HyCOgs as per the reaction:

H* + HSO4’ + CH4 = H2C03 + H2S + Hzo (Cq Q5'9)

One implication of the model is that there is potential for
a repetition of Cu mineralization to the south of current
mining. In addition, the distribution of the near-zero S —
isotope signal in the fine grained pyrite in the Urquhart
Shale to the north of Isa Cu and Pb-Zn systems, together
with the primitive Os isotope signal in the shale, suggests
a flux of mantle-derived hydridic fluid was centred to the
north of the known deposits (Figure 97). The reduced
alkaline fluids of the Cu system are postulated to be related
to this hydridic fluid flux. Potential exists for mixing
architectures to be replicated north of the suggested
domain of hydridic fluid flux i.e. there is the possibility of

replicating the Cu system in this area.

Based on the evidence for multiple fluid pathways, complex

oscillating mineral chemistry, ranges in isotope signals,

pmd*CRC 17 PROJECT FINAL REPORT

gradients in redox and coexisting phases it seems likely that
fluid mixing played an important role in ore deposition
within the Mt Isa copper systems. One critical aspect of

all of these systems is the possibility that multiple events
occurred together in the same place over a protracted

period of time.

Synthesis and predictive mineral discovery

The five questions addressed here, geodynamics,
architecture, fluid reservoirs and sources, pathways and
deposition, are intrinsically linked in a cascade of scales
that underpin an understanding of the Isan mineral system.
At the broadest scale, repeated extension and thermal input
set up a high geothermal gradient rift architecture of thin
crust on a weak lithosphere. Accretion of mantle-derived
material, via plumes, is a likely input, leading to core
complex development, magmatic inflation and concurrent
sedimentary basins. Intracontinental rift, back arc basin and
passive margin models have application to the region at

different times.

At the terrane scale, it is considered significant in an
exploration sense that the depositional cycle of the system
only operated during the later stages of the 400 Ma history,
that is, during the Isan Superbasin and in the ensuing

Isan Orogeny. A pre-requisite is a sedimentary basin

Figure 97: District-scale
mixing model and
speculation of the location

of the next Mount Isa

Cu system. Geology map
from Painter et al. (1999).
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substrate with an inherited fault architecture. This served
to partition different fluid source regions, particularly
sedimentary formation waters in basal aquifer units.

The connectivity between different fluid sources seems

to be achieved by faults that tap deeper in the crust and
potentially perturb convective flow regimes. Complex
fluid flow patterns emerge and compete with convective
circulation, in extension and compression. The latter may
be a more important driver, though topographic uplift and
thermal input, than previously thought for the world class
Pb-Zn-Ag massive sulphide mineralisation, particulary
in areas of geological complexity. For the syn-tectonic
and syn-metamorphic Cu and Cu-Au (IOCG) deposits,
stress anomalies associated with particular structural
configurations (fault bends, jogs, intersections) are
identified as a localisation control. Recognition of ore
deposit footprints using high resolution remote sensing
techniques is an emerging tool of immense benefit in
outcropping regions. In the strike extensive regions under
surficial cover, potential field gradient data is critical for

defining the 3D architecture as a platform for exploration.

At the ore deposit scale, mixing with other fluids from

a range of sources is largely influenced by gradients

in temperature, salinity and redox potential. There are
recurrent instances from isotopic footprints of fluid mixing
as a depositional mechanism. The potential involvement of
mantle and perhaps deep Earth fluids emerges from studies
of IOCG CuAu to sediment-hosted Cu and to sediment
hosted PbZnAg hydrothermal deposit styles.
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Abstract

New geochemical, U-Pb zircon and Nd-Hf isotope data for felsic and mafic components of the
Kalkadoo-Leichardt Belt (KLB) confirm that the evolution and tectonic make-up of this belt prior
to 1.8 Ga was closely aligned with that of the Western Fold Belt. Like pre-1.8 Ga magmatic rocks
of the Western Fold Belt, those in the KLB are characterised by late Archaean to Palaeoproterozoic
crustal residence ages (Tpwm ca. 2.3 to 2.6 Ga) but the geochemical data suggest stronger within-
plate affinities, implying that the KLB intrusions underwent a greater degree of crustal assimilation
and/or were emplaced further inboard of the active subduction margin. A new SHRIMP U-Pb
zircon age of ca. 1.86 Ga from a felsic intrusion in the northern KLB confirms earlier age
constraints for the main phase of the Kalkadoon Granite. Nd isotope patterns for intrusions in the
Western Fold Belt and the KLB are distinct from those of ca. 1.7 to 1.5 Ga intrusions in the Eastern
Fold Belt. This isotopic discrepancy suggests the Eastern Fold Belt underwent a separate
evolutionary history and was accreted to the WFB/KLB at some stage prior to, or during, the ca.
1.86 Ga Barramundi Orogeny. The occurrence of widespread, isotopically homogeneous ca. 1.72
Ga magmatism (Argylla Event) across the entire Mt Isa Inlier implies that amalgamation of the
allochthonous Eastern Fold Belt with the North Australian Craton was completed by that time. The
significantly elevated metallogenic potential of the Eastern Fold Belt for iron-oxide-copper-gold,
relatively low endowment of the Kalkadoon-Leichhardt Belt, and predominance of base metal
occurrences in the Western Fold Belt, are all a direct function of the tectonic interplay and
lithospheric processes that controlled the evolution of the Mt Isa Inlier prior to ca. 1.8 Ga.



Introduction

The Kalkadoon-Leichhardt Belt (KLB) extends for about 250 to 300 km (N-S) by 30 to 50 km (E-
W) and consists of predominantly felsic intrusive rocks (i.e., Kalkadoon Granite) and comagmatic
volcanics (Leichhardt VVolcanics). Emplacement of these igneous suites in generally considered to
have occurred at ca. 1.87 — 1.85 Ga (Page, 1983), during the final stages of the Barramundi
Orogeny (Page and Williams, 1988; Neumann et al., 2006). The KLB separates the Western Fold
Belt (comprising the Lawn Hill Platform and Leichhardt River Fault Trough) from the Eastern Fold
Belt (Blake, 1987) via a series of variably well-defined, fault-bounded contacts (Fig. 1).

Extensive studies have been carried out on the structure and sedimentary sequences of the
Western and Eastern fold belts, as well as the KLB, and consequently, the post-1.8 Ga evolution of
the Inlier and its superbasins have been reasonably well constrained (e.g. Betts et al., 2006, and
references therein). However, major uncertainties remain regarding the pre-1.8 Ga crustal
architecture and nature of the basement in each of the three belts, and the nature of the tectonic
setting that led to and prevailed during the amalgamation of the fold belts. Previous studies have
highlighted differences in crustal architecture between the Western and Eastern Fold Belts, and
various models to explain these differences have been proposed (Drummond et al., 1998;
MacCready et al., 1998; MacCready, 2006). These include the presence of a mafic underplate, or
subduction of oceanic crust, beneath the Western Fold Belt, or the presence of thick basaltic
horizons within the supracrustal succession in the Eastern Fold Belt, or the emplacement of mafic
intrusions along a decollement that once separated the Western from the Eastern Fold Belt.
However, limited exposure of pre 1.8 Ga basement rocks, largely confined to the southern portions
of the Western Fold Belt and the western KLB, has rendered difficult any interpretation regarding
the Palaeoproterozoic tectonic setting and geological evolution of the Mt Isa Inlier.

Such basement rocks include variably deformed and metamorphosed supracrustal
successions, and the comagmatic ca. 1.87 — 1.85 Ga intrusive and extrusive rocks of the KLB.
Bierlein and Betts (2004) studied a range of pre 1.8 Ga basement rocks from either side of the Mt
Isa Fault Zone to investigate the nature of this metallogenically important structure. The main
findings of this study were that the Mount Isa Fault is unlikely to represent a suture zone that
separates discrete Palaeoproterozoic crustal fragments. Furthermore, the data presented in Bierlein
and Betts (2004) indicated that the crustal blocks on both sides of the Mt Isa Fault Zone must have
been within close proximity of each other since the Palaeoproterozoic, and that the Western Fold
Belt was part of the (ancestral) North Australian Craton well before the ~1.89 — 1.87 Ga
Barramundi Orogeny. The study by Bierlein and Betts (2004) was limited to the southern portion of



the Western Fold Belt and the westernmost part of the KLB within relatively close proximity of the

Mt Isa Cu-Pb-Zn deposit.

Figure 1: Geological sketch map of the Mt Isa Inlier, showing the extent of the Kalkadoon-Leichhardt Belt
(KB), major structural elements, location of samples collected for this study, and new SHRIMP U-Pb ages
(modified from Bierlein and Betts, 2004).

In this study, we have investigated a range of mafic — felsic igneous rocks from the northern, central

and southern extremities of the KLB to obtain further constraints on magma sources, nature of the



basement these magmas were injected into, and to better determine the role of the KLB in the

amalgamation of the Mt Isa Inlier.

Methods

Regional field work and sampling was carried out during two campaigns in 2005 and 2006. During
this work, it became clear that existing geological maps of the KLB did not capture the range of
texturally and lithologically diverse igneous rock types present, and thus did not accurately convey
the apparently complex emplacement history of the Kalkadoon Batholith. Samples collected during
2005/6 include undeformed pegmatite in foliated gneiss and weakly deformed pink feldspar granite,
porphyritic hornblende-bearing syno-granite, quartz porphyry, and megacrystic homogeneous to
rapakivi-textured diorite-granite phases, all from the Kalkaldoon Batholith, to homogeneous,
basaltic-doleritic-gabbroic (in part magnetite-olivine-bearing) enclaves (ranging from several cm to
several m in diameter) within the granitic intrusions, and highly deformed, hydrated amphibolite
gneiss within homogeneous to moderately deformed Kalkadoon granite (Fig. 2). In some instances,
the contact between mafic and felsic-porphyritic phases is rather diffuse and characterized by
abundant schlieren, implying comagmatic formation in a fractionating system, hybridization at
depth, and more or less coeval emplacement of these compositionally distinct phases.

Thirtyfour petrographically documented samples were prepared for chemical analysis by
jaw crushing (2-5 kg) and milling in WC. Abundances of major and trace elements were determined
at Geoscience Australia, Canberra (XRF & ICP-MS). Major and minor elements (Si, Ti, Al, Fe,
Mn, Mg, Ca, Na, K, P, S) were determined by wavelength-dispersive XRF on fused disks using
methods similar to those of Norrish and Hutton (1969). Precision for these elements is better than
+1% of the reported values. Arsenic, Ba, Cr, Cu, Ni, Sc, V, Zn and Zr were determined by pressed
pellet on a wavelength-dispersive XRF using methods similar to those described by Norrish and
Chappell (1977). Selected trace elements (Cs, Ga, Nb, Pb, Rb, Sb, Sn, Sr, Ta, Th, U, Y) and the
Rare Earth elements were analysed by ICP-MS (Perkin EImer ELAN 6000) using methods similar
to those of Eggins et al. (1997), but on solutions obtained by dissolution of fused glass disks (Pyke,
2000). Fe,03/FeO ratios were determined by electrochemical titration using a modified
methodology based on Shapiro and Brannock (1962). Whole-rock analytical data of these samples
are summarised in Table 1.

SHRIMP U-Pb zircon data were obtained for 5 samples, to expand the existing zircon age
data base for pre-1.76 Ga basement lithologies in the Mt Isa Inlier, and compare the
Palaeoproterozoic crustal evolution of the KLB with that of the western and eastern fold belts.
Samples FBMI-6504 and -6510 are from the northern KLB; FBMI-6518 is from a mafic intrusion



in the central portion of the KLB; FBMI-5601 was collected from the Mt Erle Igneous Complex
and FBMI-5605 from the Revenue Granite, which are both located in the southernmost part of the
KLB. Zircons from samples FBMI-6504, -6510, -5601, and -5605 were of similar texture, and
generally more angular (euhedral) in shape and abundant than zircon grains from Sample FBMI-
6518 (Fig. 3). Prismatic, oscillatory zoning is common in cathodoluminescence and transmitted
light images. Zircon grains from all five samples were mounted in epoxy SHRIMP zircon grain
mounts with chips of the BR266 standard, polished to reveal mid-sections and gold coated for
SHRIMP analysis. The five samples were analysed during four analytical sessions on the SHRIMP
B ion microprobe at Curtin University in Perth in July and October 2007. The primary standard,
BR266 (JU] = 903ppm, 559Ma), was used as the calibration standard. Gold coating was provided
by The Centre for Microscopy, Characterisation and Analysis at the University of Western
Australia. Standard SHRIMP procedures for zircon analyses were used. The primary ion beam
diameter ranged between 20 and 30 micrometers with a beam current ranging from 1.7nA to 5.0 nA
throughout the sessions. Six scans of the mass spectrum were recorded for each analysis. Gold
coating and any surface contamination around the analysis spot were removed by rastering the
primary ion beam for 2 minutes prior to analysis. Mass resolution of the secondary ion beam was
5190 (1% valley definition) during the analysis. SQUID software (Ludwig, 2001) was used to
produce calibrated Pb/U and Th/U data, in addition to Pb/Pb isotope ratios. Summarized results are
given in Table 2.

Zircon-Hf isotope analyses were done using a Nu Plasma MC-ICPMS coupled to an ArF
excimer laser (193 nm) at University of Melbourne (see Woodhead et al., 2004 for details). Static
spot sizes used for the analyses varied from 38 to 60 um depending upon the size of the grains,
complexity of the cathodoluminescence images and Hf content of the zircons. A power density on
the sample of between 2-4 J/cm?® was employed, with a repetition rate of 4 Hz. A background
measurement of 60 seconds was followed by between 30-60 seconds of data acquisition ‘on peak’,
again, often depending upon the thickness of the zircon. Where possible, Hf analytical spots were
co-located with areas from which SHRIMP U-Pb age data had been obtained previously, allowing
for the capture and integration of geochronological and isotopic information from the same grain.
The Y Hf/*""Hf ratios listed in Table 3 are corrected for interfering Lu and Yb, mass bias (by
internal normalization to constant *"°Hf/*""Hf = 0.7325) and are reported relative to *"°Hf/*""Hf
=0.281630 for the BR266 zircon standard (Belshaw et al., 1998; Woodhead et al., 2004).

Whole rock Sm-Nd isotope data were obtained for 14 samples, including those for which
SHRIMP U-Pb and in-situ Hf isotope analyses had been obtained. Following Maas et al. (2005),
powders (30-50 mg) were spiked with mixed ***Sm-""°Nd tracer solution and dissolved at high
pressure. Sm and Nd were extracted using a combination of EICHROM RE and LN resin columns,



FBMI6501; dolerite in Kalkadoon Granite

FBMI6504; transitional contact between
Kalkadoon main phase and quartz porphyry
(along pencil)

FBMI16510

Figure 2; examples of KLB phases sampled.

FBMI6516

FBMI15602

Myabee Granite (gabbroic phase;
FBMI15608d)
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FBMI5610 (CL image)

FBMI5604 (CL image) FBMI6505 (transmitted light image)

FBMI5604 (CL image) FBMI5618 (CL image)

Figure 3; CL images of zircons from samples
FBMI5610, FBMI5604, FBMI5605, and
FBMI15618.



with total procedural blanks below 0.1 ng. Isotopic analyses were carried out on the Melbourne

University NU Plasma multi-collector ICP-MS. Further details are given in Table 4.

Results

The felsic phases of the Kalkadoon Batholith analysed in this study comprise peraluminous (Fig. 4)
and predominantly potassic (Fig. 5) rocks, and plot in the field of sub-alkalic diorites and granites
(Fig. 6) on the SiO, versus Na,O+K,0 diagram of Le Maitre et al. (1989). This is supported by
immobile trace element systematics (Winchester and Floyd, 1977): all our felsic samples plot
entirely within the extrusive equivalents of dioritic-granitic rocks (i.e., rhyodacites/dacites and
rhyolites; Figs 7a, b), illustrating the validity of using immobile trace elements. With increasing
SiO;, the felsic samples show a general decrease in TiO,, P,0Os, MgO, CaO, Cr, and Ni, with
increasing K;O, Rb, and Ba (Figs 8, 9). This probably reflects early crystallization/removal of
apatite, hornblende, biotite, plagioclase and titanite. The intermediate sample is also from a potassic
and peraluminous rock (Figs 4, 5), and plots into the syenodiorite field in Figure 6 (andesite field in
Figs 7a and b). In the Harker diagrams shown in Figures 8 and 9, the syenodiorite plots away from
the tail end of the diorite-granite samples. These samples straddle the fields for ‘within-plate’ or ‘A-
type’ granites, and ‘volcanic-arc’ and “‘syn-collisional’ granites in a discrimination diagram (Fig.
10) from Pearce et al. (1994).

The samples of mafic enclaves are mostly from peraluminous, low- to medium-K,
sub-alkaline rocks that plot into the field for gabbros (Figs 4, 5, 6), but they also include
metaluminous dolerites, and high-K, alkaline rocks of shoshonitic composition. Immobile trace
element discrimination plots for volcanic rocks classify the mafic enclaves as having calc-alkaline,
andesitic-basaltic to sub-alkaline, basaltic compositions (Figs 7a, b), despite the degree of alteration
that has affected most of these enclaves and accounts for their deviation from the field of ‘normal,
unaltered basalt’ in a diagram of CaO versus Na,O (Fig. 11). Ternary discrimination diagrams used
to identify main magma types and discriminate tectonic settings are shown in Figure 12 (after
Pearce, 1996). On a Nb-Zr-Y diagram (Fig. 12a), the mafic enclaves (and intermediate
syenodiorite) delineate a transitional trend that includes MORB, VAB and WPB fields. A somewhat
stronger arc-related affinity is evident from the Zr-Th-Nb diagram in Figure 12b, with evidence for
the assimilation of continental crust and/or a subduction component also apparent on a Ti-Zr-Y
diagram (Fig. 12c).

On a primitive mantle-normalised element diagram (Fig. 13), the felsic samples from the
KLB are characterized by a general enrichment in low field-strength (LFSE) and large ion

lithophile elements (LILE), and irregular normalized abundances of high field-strength elements



(HFSE) abundances. Notably, the diorites and granites from the KLB display negative Ba, Sr, Nb,
TiO,, and Cr anomalies, while Th, Zr and Y are enriched. Both Rb/Sr and Rb/Ba ratios generally
increase with SiO, concentrations, indicative of the crystallization of feldspar. Furthermore, the
felsic samples from the KLB are all characterised by low Sr/Y ratios and are thus Sr-depleted/Y -
undepleted. Such ratios rule out an origin by deep-crustal melting with garnet as a stable residue
phase, a signature typically displayed by some (adakite-like) granitoids derived from the deep
section of overthickened arc crust (e.g., Tulloch and Kimbrough, 2003). Low Sr concentrations also
imply plagioclase was stable during crustal melting, which, in turn, points to melting of the felsic
KLB magmas at much shallower depths in the crust.

The intermediate rock sample also displays general enrichement in LILE and LFSE over
conservative elements such as Cr and Ni (Fig. 14). However, the primitive mantle-normalised
element diagram of the synodioritic enclave from the central portion of the Kalkadoon batholith
displays only minor positive and negative anomalies with respect to Ba, Th, Nb, Zr, TiO,, Y, and
Sc.

The mafic samples from the KLB are characterized by scattered primitive mantle
normalised element trends (Fig. 15) for Rb, Ba, K;0, Pb and Cr, but generally consistent positive
anomalies of Th and V, while also displaying negative Nb and Sr anomalies. In general, with
increasing SiO,, the concentrations of K,O, TiO,, P,Os increase. These rocks are also characterized
by relatively ‘flat” Zr/Y and TiO,/Y ratios, typical of basaltic rocks associated with attenuated
continental terrane settings (Pearce, 1996). The scattered trends with respect to the more mobile
elements such as Rb, Ba, and K,O in these samples is probably, at least to some extent, due to the
effects of alteration, but also indicative of mixing between the mafic enclaves and the dioritic-
granitic host material.

Initial SHRIMP U-Th-Pb analyses of zircons from basaltic dyke FBMI-6518 indicated
unusually young ages of <1000 Ma, which were thought to stem from contamination. However, re-
sampling of residual material and isotopic analyses of a second zircon separate from this sample
confirmed the anomalously young age for this sample. The associated ***Pb-corrected 2°° Pb/?*¢ U
ages and isotopic ratios are presented in Table 2a. Excluding data omitted as a result of either high
common Pb >1% or discordance > 5% for age estimation, the 2°*Ph/***U age associated with zircon
grains in sample FBMI-6518 containing <1% common Pb only is estimated at 795 + 28 Ma
(MSWD =13,n=38).
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Taking into account discordant data reduces the data set to 5 grains with an estimated age of
785 + 62 Ma (MSWD =0.3). Re-analysis of several zircons from FBMI-6518 yielded a ***Pb-
corrected “%° Pb/?*® U age of 763 + 85 Ma. Magmatic zircon ages near 750-800 Ma have not
previously been reported from the Mt Isa Inlier. Basaltic dikes of this age may be related to
magmatic events associated with the break-up of Rodinia; for example, ca. 800 Ma mafic rocks are
known from large parts of eastern and central Australia (e.g., Condie, 2004; Wingate et al., 2004).
The occurrence of extensional tectonics almost 1,000 Ma after the emplacement of its
Palaeoproterozoic counterparts might also explain why the mafic dyke is geochemically
indistinguishable from the other samples.

U-Th-Pb isotope data for zircons from samples FBMI-6504 and FBMI-6510 (northern
portion of the KLB) are listed in Table 2b. The zircons in sample FBMI-6510 are concordant to
slightly discordant (Fig.16) and yield an average 2*’Pb/*®Pb age of 1775 + 6 Ma (MSWD = 1.25,
27 analyses, 2 points with > 1% common Pb omitted), while five analyses from FBMI-6504 (<5%
discordant) give an average *°’Pb/**®Pb age of 1855 + 8 Ma (MSWD=1.09, Fig.17). Younger ages
are indicated for the two measured samples from the southern part of the KLB. Zircons in FBMI-
5601 are concordant to ~20% discordant (Table 2c, Fig.18) and yield an average %*’Pb/?®®*Pb age of
1718 £ 6 (MSWD = 2, data >10% discordant excluded). A majority of the analysed zircons in
sample FBMI-5605 (Table 2c, Fig. 19) have U>1300ppm and were excluded from consideration
because of potential Pb/U calibration problems with high-U zircon. The remaining analyses
combine to give a “*Pb-corrected 2°’Ph/*®Pb age of 1722 + 5 Ma (MSWD =2).

YO1f/ "1 ratios in 21 analysed zircons from sample FBMI-6504 vary from 0.281286 to
0.281661 with typical in-run uncertainties (2se) of <+0.000040 for an individual analysis. Zircons
from sample FBMI-6510 show a much smaller range (0.281598 - 0.281773, Table 3; Figure 20).
178 u/M""Hf ratios range from 0.00049 to 0.00209, and 0.00045 to 0.00115, respectively, and are
thus considerably lower than in average upper continental crust (0.0078); this is typical of zircon
and greatly reduces the size of corrections for *"®Hf ingrowth. Multiple Hf isotope analyses of some
grains show that Hf isotope zoning is negligible compared to analytical error, consistent with the

lack of U-Pb isotopic evidence for distinct zircon cores.
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Figure 16: Concordia plot showing SHRIMP U-Pb data for zircons in sample FBMI-6510 from northern
KLB. Error ellipses are 1c. Pooled data for 25 analyses provide an average *°’Pb/*°Pb age of 1775 + 6 Ma
(means square of weighted deviations, MSWD, is 1.25).

Figure 17: Concordia plot for zircons in sample FBMI-6504 from northern KLB. The average *°’Pb/*®°Pb age
for 5 concordant to near-concordant analyses is 1855 = 8 Ma (MSWD 1.09).
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Figure 18: Concordia plot for zircons in sample FBMI-5601 from the southern KLB. Analyses that are <10%
discordant (black ellipses) define a *’Pb/*®Pb age of 1718 + 6 Ma (MSWD 2). Data >10% discordant (red
ellipses) omitted.

Figure 19: Concordia plot for zircons in sample FBMI-5605 from southern KLB. Most analyses had U.1300
ppm and were ignored (red ellipses, see text). Remaining analyses (black) yield a ?°’Pb/*®Pb age of 1722 + 5
Ma (MSWD 2).
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Figure 20: Plot of Y Hf/*""Hf versus age for zircons in FBMI-6504 and -6510 from the northern KLB. The
equivalent range in gy IS = -6 to =~ +6. Data are compared with model Hf isotope evolutions in depleted
mantle (present-day *"°Lu/*""Hf 0.04, ®Hf/*""Hf 0.283281, from Corfu and Stott, 1993 and Salters and
Stracke, 2004, respectively) and in 3.6 Ga crust (using a *"°Lu/*""Hf = 0.015, equivalent to the bulk crustal
ratio from Griffin et al., 2006). 3.6 Ga crust was chosen as a limiting end-member based on evidence for
zircon inheritanceas old as 3.6 Ga in the Western Fold Belt Ga (Bierlein et al., 2007). The decay constant for
"°Lu of 1.865E-11/yr (Scherer et al., 2001).

Initial eng for thirteen samples with ages in the range 1.86-1.72 Ga varies from -4.1 to +2.3
(Table 4). The felsic and dioritic rocks have slightly lower values than the dolerites (-1.3 to -4.1 vs
+2.3 10 -2.4, see Fig 21). Depleted mantle model ages (Tpm2) range from 2.12 to 2.60, suggesting a
dominant Paleoproterozoic crustal signature in the source rocks of the 1.86 - 1.72 Ga felsic
intrusions from the KLB. The larger eng range in the dolerites and dioritic intrusives presumably
reflects mixed of crustal and mantle sources (Fig. 21). Admixture of juvenile components also
appears to be important in the mid-Proterozoic TTG and potassic granitoids of the Eastern Fold
Belt. The =790 Ma mafic dyke in the KLB, with engi = -7.0, clearly contains a dominantly crustal
Nd isotope signature, reflecting extensive modification of the mafic magma through crustal

contamination or a magma origin in “enriched” lithospheric mantle.
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Figure 21: Nd isotope evolution diagram for felsic (open circles) and mafic/intermediate (inverted black
triangles) igneous rocks from the Kalkadoon-Leichhardt Belt (this study). Also shown are data for Burstall
Granite, Argylla Volcanics (unpubl. data, Geoscience Australia), granite (open ellipsoid) and mafic enclaves
(upright black triangles) in Kalkadoon Granite, Kurbayia Migmatites (upright open triangles) and Yaringa
Metamorphics from the western Fold Belt (all data from Bierlein and Betts, 2004), and ranges for diverse
rock types from the Eastern Fold Belt (i.e., east of the Pilgrim Fault, dashed rectangles; G. Mark, unpubl.
data). Evolution trajectories of hypothetical depleted mantle and model Paleoproterozoic continental crust

(Tom 2.5-2.0) shown for comparison.

Discussion

The geochemical and isotopic data presented herein, when placed into the context of previous
studies and the new Lu-Hf constraints, allow us to make broad inferences regarding the pre-1.8 Ga
evolution of the KLB, as well as tectonic and metallogenic comparisons between the KLB and the
fold belts on either side.
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Petrogenetic constraints from whole-rock geochemistry

The potassic nature of the diorites and granites from the KLB is a common feature of granites
throughout the Mt Isa Inlier (e.g., Williams and Naraku batholiths, Pollard et al., 1998; Sybella
Granite, Hoadley, 2000), and also typical of batholiths in Proterozoic terranes elsewhere (e.g.
Wyborn, 1988; R&mo and Haapala, 1995; Creaser, 1996). The alkali-enriched (but not peralkaline)
intrusions typically carry rapakivi-textured K-feldspar phenocrysts, which result from variations in
the stability of the crystallizing feldspar during magma mixing and mingling. Most rapakivi granites
elsewhere are classified as ‘A-type’ or ‘within-plate’ and are thought to be derived from (high-
temperature) melting of older (i.e. Proterozoic or Archaean) crust (Wyborn, 1988). As illustrated in
Figure 10, about 50% of the KLB diorites and granites plot in the field of within-plate granites.
However, the extent of the negative Nb anomaly with respect to Th in all samples is indicative of
the involvement of subduction in an arc-like setting, as Nb is preferentially retained in high-
pressure stable phases such as amphiboles, titanite and rutile in the subducting plate (e.g., Pearce
and Peate, 1995). Conversely, the high K concentrations, low Ti/Y and Sr/Y ratios, and lack of Y
depletion in these samples suggest that their source was garnet-absent and contained a significant
concentration of K-bearing phases. The lack of a high Ti/Y ratio also suggests that melting occurred
at relatively shallow levels, unlike those expected in a typical intra-plate setting. Thus, garnet
formation would have been inhibited due to pressures below 8 to 10 kbar (Drummond and Defant,
1990), or garnet could have been melted out due to the relatively high degree of partial melting
caused by added water from the subduction process. On the other hand, estimated temperatures of
magma generation for the KLB diorites and granites range from approximately 780° to 980°C (c.f.
Si0; vs P,Os in Fig. 8), suggesting partial melting of amphibole-bearing crust occurred
predominantly under fluid-absent conditions. Heating of continental crust to bring on extensive
melting in that temperature range would require the injection of mantle-derived melts (Clemens and
Vielzeuf, 1987; Hoardley, 2000). This mechanism, in turn, would have promoted magma mixing
and mingling of originally heterogeneous melts to produce the fractional crystallization and
hybridization processes (enclaves) that are so widespread in the Kalkadoon Batholith (e.g.,
Christiansen and Keith, 1996). Significant crustal contamination of the parental magmas that gave
rise to the KLB diorites and granites is also apparent from the relatively high Th enrichment, with
the degree of continental assimilation greater than what has been observed in felsic intrusions from
the Western Fold Belt (Bierlein and Betts, 2004). This is in contrast to the findings by McDonald et
al. (1997) who argued on the basis of strongly fractionated REE and persistent significant Nb, Ti
and P anomalies (in primitive mantle normalized plots) that the Kalkadoon Batholith was

characterized by a strong arc-like geochemical affinity.
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The mafic enclaves and dolerites from the KLB are compositionally diverse and thus cover
a range of model tectonic settings on Pearce-type discrimination plots. This may be accounted for
by magma mixing and mingling of heterogeneous melts in a transitional tectonic setting. The least
fractionated of the mafic rocks samples have sub-alkaline MORB-like characteristics, while the
most fractionated samples displaying within-plate affinities (Fig. 12c; note that fractional
crystallization has little effect on the Ti-Zr-Y composition of these basaltic rocks; Dudas, 1992). Hi
Fe contents in some of the mafic samples may reflect thinning and melting of the lithosphere in the
source region. It has long been recognized that the geochemical characteristics of basalts derived
from magmas that form in areas of attenuated continental lithosphere (i.e., ‘within-plate’) can
significantly depart from their typical affinity and resemble volcanic-arc or even MORB basalts
(Pearce, 1996, and references therein). Thus, some ambiguity remains regarding the ‘true nature’ of
the geodynamic setting for the formation of the mafic precursor rocks of the enclaves within
diorites and granites from the KLB. The pattern in Figure 12c can be best explained by a
combination of processes that involved variable degrees of partial melting of a metasomatised
mantle wedge in an attenuated continental (possibly back-arc) setting, coupled with crustal

subduction and/or assimilation of upper crustal material with volcanic-arc-like characteristics.

Significance of SHRIMP U-Pb and Sm-Nd data

The SHRIMP age of 1855 + 8 Ma for sample FBMI-6504 is in good agreement with the accepted
ca. 1.87 — 1.85 Ga age of emplacement of the Kalkadoon Batholith (Page and Williams, 1988;
McDonald et al., 1997; Bierlein et al., 2007). In contrast, the younger zircon ages, from ca. 1.85 to
1.75 Ga, and the 1775 + 6 Ma age for sample FBMI-6510 are unexpected and somewhat difficult to
reconcile with field and petrographic evidence which would predict a ca. 1.86 Ga age for this pink,
plagioclase-bearing porphyritic granite. Inspection of the FMBI-6510 zircons and SHRIMP U-Pb
data shows no obvious problems with the zircon age: the grains appear generally homogeneous
without evidence for cores and/or metamorphic/hydrothermal overgrowths, common lead is low,
the data points are largely concordant, Th/U ratios are within the magmatic range, and the age is
based on a well-clustered population of °’Pb/?%®Pb ages, i.e. it is not susceptible to Pb/U calibration
problems in the ionprobe. The ca. 1.78 Ga age for sample FBMI-6510 is therefore considered a
valid estimate for the emplacement of this intrusion. Elsewhere, magmatic ages in the range 1.79-
1.73 Ga are known from widespread, bimodal magmatism in the Leichhardt Superbasin (Betts et
al., 2006; Neumann et al., 2006), but magmatic activity in the western Fold Belt during this period
produced mainly mafic volcanics (e.g., Eastern Creek Volcanics) and was limited to the margins of
the superbasin in the north-south orientated Leichardt River Fault Trough (O’Dea et al., 1997).
Sample FBMI-6510, collected to the NE of Lake Julius well within the KLB, shows a co-magmatic
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relationship with the surrounding dioritic-granitic phase of the Kalkadoon Batholith (Fig 2) and is
quite different from the basaltic rocks of the Eastern Creek Volcanics or their equivalents (Wilson
et al., 1984). The most plausible explanation therefore is that this intrusion forms part of the ca.
1.78 — 1.74 Ga Argylla Suite (e.g., Wilson, 1978), which is characterised by pinkish-grey,
porphyritic rhyolite and dacite. Although more widespread in the eastern and western fold belts,
Wilson (1978) documented an occurrence of ryholitic volcanics belonging to the Argylla Formation
within the outcrop area of the Kalkadoon Granite just south of the Mt Remarkable Fault (Fig. 1).
The ca. 1.78 Ga Mairindi Creek (approx. 4 km north of Dutchess) and Bowlers Hole A-type
granites in the southern part of the KLB were also considered to be part of this suite (Budd et al.,
2001). By contrast, the Mt Erle Igneous Complex (sample FBMI5601; ca. 1718 Ma) and Revenue
Granite (sample FBMI15605; ca. 1722 Ma) belong to the ca. 1.74 — 1.72 Ga Burstall Suite which
intrudes the southern and central portions of the Kalkadoon Batholith (Page and Sun, 1998). Both of
these granites show A-type affinities, are spatially associated with minor (Fe-oxide?) Au-Cu
mineralisation (Budd et al., 2001) and probably represent the products of relatively fractionated,
late-stage melts that developed towards the end of the Burstall magmatic event.

An important observation in the zircon data reported here and by others is the apparent
paucity of inherited zircons in granitoids from the northern, central, and southern portions of the
KLB. An absence of inherited zircon could be interpreted in terms of relatively young magma
sources. This echoes Wyborn and Page (1983) and McCulloch (1987) who argued - on the basis of
Nd model ages and zircon U-Pb ages - that crustal material within the Mt Isa Inlier had largely
formed by differentiation from the mantle at 2.1 - 1.9 Ga. However, detrital zircon cores as old as ~
2.2 Ga from the Yaringa Metamorphics and Leichhardt Metamorphics were considered to provide a
maximum age for supracrustal migmatitic protoliths in the Western Fold Belt and the KLB (Page
and Williams, 1988). McDonald et al. (1997) reported a number of 2.42 - 2.50 Ga zircon cores from
the “Black Angel Gneiss” in the western part of the KLB and argued that the crustal evolution of
the Kalkadoon-Leichhardt Belt commenced in the Late Archaean. Nd model ages of 2.42 - 2.58 Ga
for the same rocks were thought to be consistent with this model while Tpy ages of 2.75 to 2.83 Ga
for mafic supracrustal units were considered to indicate the presence of even older Archaean crust
(McDonald et al., 1997). U-Pb zircon ages of 2.53 to 2.5 Ga were also reported by Griffin et al.
(2006), for recycled zircons in modern stream sediments from a large portion of the Eastern Fold
Belt. These data indicate that much of the Mt Isa Inlier are comprised of rocks with similar isotopic
characteristics that can be used to suggest that the basement to the inlier is broadly homogeneous
and formed at the same time.

More recent work by Bierlein and Betts (2004) on pre-1.8 Ga basement lithologies from

both sides of the Mt Isa Fault confirmed the Late Archaean to Early Proterozoic timing of initial
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crust formation in the Western Fold Belt and at least the western part of the KLB. In-situ

Y81/ ""Hf isotope data of zircons published in Bierlein et al. (2007) confirmed that Archaean —
Palaeoproterozoic magmatic zircons from both the Western Fold Belt and the western part of the
KLB were sourced from the same parental lithospheric isotopic reservoir, which evolved over time
from more primitive mantle to more supracrustal compositions, without significant contributions
from juvenile sources in the Palaeoproterozoic. The oldest inherited zircons recorded by Bierlein et
al. (2007) yield SHRIMP ages of ca. 3.6 — 3.3 Ga, representing the earliest geochronological
evidence for the existence of an Archaean protolith in the western Mt Isa Inlier. Although not
diagnostic of the nature and age of the basement beneath this region, these inherited zircons,
together with isotopic data from other studies, are permissive of a tectonic reconstruction involving
Archaean crust underlying much of the Proterozoic succession in the Western Fold Belt, and
possibly at least the northern and central portions of the KLB. The lack of inherited zircons in
samples FBMI-6504 and FBMI-6510 can be accounted for by in-situ growth of zircon during upper
amphibolite facies metamorphism, or extensive reaction of the magma during ascent and
emplacement at ca. 1.86 Ga and 1.78 Ga, respectively.

The close similarity in Hf isotopic compositions of felsic intrusive rocks from the northern
segment of the KLB with those from the western portion of the central KLB and Palaeoproterozoic
basement rocks from west of the Mt Isa Fault constrains their thermo-tectonic evolution and
strongly supports the notion that the composition of these rocks formed as a result of crustal
reworking of a common protolith. The general lack of inherited zircons in samples FBMI-6504 and
-6510 is consistent with observations reported in previous studies (e.g., Page, 1983; Wyborn, 1988;
Bierlein et al., 2007). A sample from a mafic enclave within Kurbayia Migmatites in the central
portion of the KLB analysed for inherited zircons by Bierlein et al. (2007) also lacked evidence for
inheritance. Due to a general lack of exceedingly low Th/U ratios that characterise many
metamorphic zircons (Rubatto, 2002), absence of complex zonation patterns and internal age
coherence of zircons analysed in the study by Bierlein et al. (2007), and virtually no evidence for a
~1,100° C intrusion in the Kalkadoon Batholith that could account for the near-quantitative melting
of inherited zircons in the enclave, these authors concluded that these intrusions derived from a Zr-
undersaturated, mafic to intermediate precursor. The same explanation is considered applicable to
the northern segment of the KLB, and supported by Hf isotopic compositions of zircons that point
to their derivation from a heterogeneous source with contributions from both primitive (mantle)
material and older crustal components. Such a scenario can also account for the apparent lack of
inherited zircons in ca. 1.74 and 1.55 — 15. Ga intrusions east of the Pilgrim Fault (e.g., Page and
Sun, 1998; Dauvis et al., 2001), rather than having to invoke a model that precludes the existence of

older (possibly Archaean) components within the basement in the eastern Fold Belt. Similarly, it
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can explain why metasedimentary rocks such as the Soldiers Cap Group lack inherited ca. 1.89 —
1.84 Ga zircons (e.g., Giles and Nutman, 2002), even if they were derived solely from crystalline
units in the KLB.

Tectonic setting of the KLB and metallogenic considerations

The above data indicate that much of the western and central portions of Mt Isa Inlier consist of
rocks with similar isotopic characteristics which, in turn, can be used to suggest that the basement
to the Western Fold Belt and KLB is broadly homogeneous and formed at the same time. The ca.
2.36 and 2.60 Ga Tpwm ages of felsic and mafic igneous rocks from across the KLB are very similar
to those reported from the Western Fold Belt and western KLB by previous workers (e.g.,
McDonald et al., 1997; Bierlein and Betts, 2004) and confirm that these portions of the Mt Isa Inlier
were underlain by an isotopically indistinguishable lithospheric block, with both felsic and mafic
intrusions sampling Palaeoproterozoic to late Archaean basement. In contrast, detailed Sm-Nd
isotopic data across the inlier (Page and Sun, 1998; Mark, 2001; G. Mark, unpublished) show that
the basement rocks to the east of the Pilgrim Fault probably represent an allochthonous block that
was accreted to the inlier between 2.20 Ga and 1.85 Ga. As illustrated in Figure 21, most of the ca.
1.74 - 1.50 Ga magmatic rocks in the Eastern Fold Belt are isotopically distinct and characterised
by younger average crustal residence ages (Tpwm ca. 2.08 — 2.30 Ga). This apparent contrast in Nd
Towm of the source material was considered by Page and Sun (1998) to represent either the result of
significantly greater mafic underplating of a common protolith, or that the Eastern Fold Belt was an
allochthonous block. Given the lack of a more heterogeneous spread of Nd Tpwm ages - which would
be expected if magmatism in the Eastern Fold Belt were the result of mixing between old basement
and various proportions of juvenile material following underplating - and the isotopically
homogenous profile of Argylla intrusions in both the KLB and the Eastern Fold Belt (Fig. 21), we
favour a model involving the accretion of the allochthonous Eastern Fold Belt to the North
Australian Craton margin some time prior to ca. 1.86 Ga. In light of the geochemical and isotopic
data presented herein, the preferred model for the pre-1.8 Ga evolution of the KLB involves its
derivation from an older, Palaeoproterozoic to Archaean crust (or magmatic arc) that was
rejuvenated by the injection of mantle material and possible contributions from a subducting slab
associated with the amalgamation of the North Australian Craton. In terms of their geochemical
characteristics, tectonic affinities and Nd Tpw profiles, the intrusive rocks of the KLB are closely
aligned with the Western Fold Belt, but dominated by a less obvious arc-like signature and a greater
extent of crustal assimilation (Figs 21, 22). The distribution of rocks belonging to the Argylla

magmatic suite across all three segments of the Mt Isa Inlier, as well as the Palaeoproterozoic to
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Archaean isotopic source signature of psammo-pelitic rocks of the Soldiers Cap Formation in the
eastern Fold Belt (Fig. 21) confirm that the amalgamation of the western Fold Belt and the KLB

with the eastern Fold Belt had been completed well prior to ca. 1.78 Ga.

Figure 22: composite tectonic make-up of the Mt Isa Inlier prior to ca. 1.8 Ga (top) and ca. 1.7 Ga (bottom).
The “‘Barramundi’ Fault represents the future ‘back stop’ suture on the western side of the evolving Inlier,
with the Pilgrim Fault demarcating the collisional suture between the amalgamated western Fold Belt and the
KLB, and the eastern Fold Belt. Plume-induced or back-arc extensional thinning of the lithosphere to as little
as 10km (B. Collins, pers. comm.. 2007) underneath the Eastern Fold Belt gave rise to IOCG in the eastern
Fold Belt.
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Their derivation from a thickened (but attenuated following the Barramundi Orogeny),
metasomatised continental lithosphere, and fractionation processes involved in the formation of the
magmas, are less likely to favour the generation of major IOCG deposits in the KLB, when
compared to the tectonic setting of the Eastern Fold Belt in the Mid-Proterozoic. This is because
IOCGs are related spatially and temporally with widespread anorogenic, alkaline or A-type granitic
igneous events in an intracratonic setting in lithosphere that is several hundred million years older
than the metallogenic event (Groves and Bierlein, 2007). These associations strongly suggest that
iron-oxide Cu-Au deposits are related to plume-induced partial melting of SCLM previously
metasomatised during subduction or other tectonic processes along cratonic margins. The deposits
are spatially and temporally related to less fractionated, subalkaline to alkaline granites that were
emplaced at relatively high crustal levels, in a tectonic setting dominated by transpression and basin
inversion in a long-lived arc-parallel fault system related to subduction (e.g., South American
Cordillera; Groves and Bierlein, 2007, and references therein). In view of the post-1.8 Ga
deformation history of the KLB, which involved attenuation, and subsequent thickening,
underplating and uplift of the central section of the Mt Isa Inlier (e.g., Betts et al., 2006), the crustal
levels currently exposed in the KLB would indicate that this long-lived and uplifted basement
region of the Inlier is characterised by a relatively poor preservation potential for most deposit types

that form in shallow crustal levels in arc and backarc settings.

Conclusions

In spite of a general absence of inherited zircons in two samples from felsic igneous phases of the
northern and central portions of the KLB, whole-rock geochemical and Lu-Hf data presented herein
confirm findings of previous studies that have proposed formation of the KLB from older,
Palaeoproterozoic to Archaean crust with arc affinities, and varying degrees of crustal
contamination. These data support a model whereby the pre-1.8 Ga evolution of the KLB was
closely aligned with that of the Western Fold Belt in terms of their tectonic setting and lithospheric
make-up, but the KLB may represent the remnant of a magmatic arc or transitional continental
ribbon inboard of the zone of active subduction during the amalgamation of the North and West
Australian cratons. Marked differences in the isotopic and geochemical signature of deeper crustal
rocks in the Eastern Fold Belt suggest that this portion of the inlier underwent a distinct thermo-
tectonic history in the Palaeoproterozoic and was accreted to the margin of the amalgamating North
Australian Craton between ca. 2.2 and 1.85 Ga. The apparent differences in lithospheric evolution
and tectonic make-up can account for the distinct metallogenic character and mineral potential of
the Eastern Fold Belt, when compared with that of the KLB and the Western Fold Belt.
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SUMMARY - MAIN POINTS

e High grade and lower grade metamorphic belts alternate EW across the inlier.
Although their present dips are unknown, is proposed that the isograd surfaces
originally had shallow dips.

e The Wonga Event (~1740 Ma) and the Sybella Event (~1670 Ma) are significant
but localized high-grade shear zone events associated with granite and
gabbro/dolerite emplacement that occurred prior to the Isan Orogeny. New age
determinations indicate that two tectonothermal episodes occurred during the
Sybella Event in the May Downs Gneiss, with earlier cordierite/Kfeldspar
assemblages overprinted by migmatitic biotite/sillimanite/Kfeldspar gneisses.

e A new monazite age of 1651 Ma places constraints on the early albitization and
cordierite growth in the Selwyn Zone. Whether or not the albitization/cordierite
growth is included in the Isan Orogeny is a matter of definition.

e The peak of metamorphism in the Isan Orogeny (D, events) occurred ~1580 Ma
in both the Mary Kathleen/Duchess Zone and the Mount Isa area, but an extended
period, 1580-1595 Ma, is suggested by age dates from the Selwyn Zone.

e A new monazite age determination of 1596+ 27 Ma for the Mica Creek
Pegmatites is consistent with structural interpretations that they formed during D..
Thus pegmatites occur in sillimanite zone metamorphics throughout the Inlier.

e Both the Mary Kathleen/Duchess Zone and the Mount Isa area show
anticlockwise P-T-t paths close to the Al,SiOs triple point for the metamorphic
peak and post-peak events. This is also the case for the Selwyn Zone, but in
addition the latter also shows early cordierite metamorphism followed by, in D;
and early D, times, a clockwise medium pressure P-T-t loop. Although the
diversity in bulk compositions in the Selwyn Zone makes this clockwise loop
more easily recognizable, the lack of similar loops in the other zones is probably
real.

e Part of the thermal budget in the Isan Orogeny is probably the result of elevated
values of radioactive heat producing elements in the crust. However, abundant
mafic intrusions occur throughout the Isan and pre-lsan metamorphic history, and
the highly fractionated nature of these intrusions at the current level of erosion
implies large bodies of layered gabbros deeper in the crust. It is proposed that
repeated intrusions of gabbros occurred under the higher grade areas, resulting in
migmatization of middle crustal rocks and upwards transfer of heat via advection
due to rise of pegmatites into what are now the sillimanite zones.

e The Mount Isa Inlier is not only highly endowed with mineralization, but is also
extraordinary in the abundance and lithological diversity of metasomatic rocks
that formed throughout the tectonothermal history. Epigenetic ore deposits are
more abundant in areas of significant metasomatism, regardless of whether they
formed contemporaneously. Mixing of metal-rich and barren metasomatic fluids
was probably crucial in determining whether particular metasomatic lithologies
are mineralised.



2. ISOGRAD MAP AND CROSS SECTION
2.1 Isograd map

The isograd map (Fig. 1) was modified from Foster & Rubenach (2006) by James
Austin to make it GIS compatible. The following discussion has been adapted from
Rubenach (2005). The zones are composite, and are not related to any specific
metamorphic event, although they mainly the peak of metamorphism in the Isan
Orogeny. Pelitic isograds were given preference, but otherwise calcsilicate zones were
used. The biotite zone in calcsilicate rocks extends from greenschist facies to lower
amphibolite facies, whereas the diopside isograd corresponds approximately to the
sillimanite isograd in the Mount Isa Inlier. Note that regional “rock buffered” calcsilicate
zones were plotted, not fluid buffered zones related to granite intrusions and/or
hydrothermal activity.

Significant points concerning isograd patterns are as follows:

1.The overall isograd pattern is a series of amphibolite facies tongues that are
elongate north-south, and which alternate with greenschist facies belts. As a
generalization, in the Selwyn Zone the metamorphic grade decreases northwards, with
the largest areas of sillimanite and sillimanite/Kfeldspar rocks in the southeast of the
Mount Isa Inlier. In the Eastern Fold Belt the higher-grade rocks are concentrated in two
NS zones, one though Duchess and Mary Kathleen and the other from Osborne to the
Snake Creek Anticline (Fig. 1).

2. There are no obvious relationships between metamorphic grade and
stratigraphy. For example, lower units of cover sequence 2 rocks in the Duck Creek
Anticline are greenschist facies, while the cover sequence 3 Soldiers Cap Group is mainly
amphibolite facies. More locally, isograds are roughly parallel to the stratigraphy from
the Middle Creek Anticline across to the eastern part of the Snake Creek Anticline, but
sharply transect the stratigraphy on the northern and western sides of the Snake creek
Anticline.

3. Grade changes occur across major faults such as the Cloncurry and Pilgrim
Faults. The easterly-dipping Cloncurry Fault is almost certainly an old structure that was
probably repeatedly reactivated. In the Snake Creek area, the juxtaposition of sillimanite
zone Soldiers Cap Formation against greenschist facies Corella Beds to the west implies
reactivation of the Cloncurry Fault as a post-metamorphism reverse and/or strike-slip
fault.

4. There is a curious relationship between the presence of large granite bodies and
amphibolite facies metamorphism, but with no large bodies of granite (as opposed to
smaller-scale magmatic rocks in migmatites and as pegmatites) emplaced during the
metamorphic peak, Thus granites are absent from such greenschist facies areas as the
Marimo Basin and the Duck Creek Anticline. A zone of granites (e.g. the Wonga
Batholith) corresponds to the narrow high grade Wonga Belt extending through the Mary
Kathleen-Duchess zone (Fig. 1). These granites intruded ca. 1730-1750 Ma, with
accompanying deformation and amphibolite facies metamorphism (Oliver et al., 1991),



but amphibolite facies metamorphism also occurred along the belt in the Isan Orogeny.
This could be in part explained by the presence of elevated values of heat-forming
elements in the granites, as suggested by McLaren et al. (1999) for the Sybella Granite at
Mount Isa, but the peak of metamorphism in the Isan Orogeny occurred ca. 150 Ma after
the Wonga Batholith and ca. 100 Ma after the emplacement of the Sybella Granite.
There appears to be a broad spatial relationship between amphibolite facies metamorphic
rocks and the Williams Batholith in the SE of the Inlier (Fig.2). If the Marramungee
granites are included, the plutons were emplaced in the period 1500-1550 Ma, ca. 40-50
Ma after the metamorphic peak but synchronous with weaker ductile deformation events
(D3, Dg4). However, there is no correlation between amphibolite facies and the Wimberu
and Naraku granites, almost all of which are younger than 1520 Ma.

Figure 1. Isograd map of the Mount Isa Inlier, after Foster and Rubenach (2006), made
GIS compatible by J. Austin. The section line through Mount Isa (Fig. 2) is shown.



2.2 Metamorphic cross-section

The metamorphic cross-section A-B (Fig. 2) shows Isan Orogeny peak of
metamorphism temperatures rather than isograds. Unfortunately the dips of the isograds
and isothermal surfaces are unknown, so the dips shown on the section are speculative. It
is assumed that the surfaces were dominantly shallow dipping when formed, and were
folded in post-D, events. The temperatures are based on the following:

1. Greenschist facies, less than 550°C.

2. Amphibolite facies, greater than 550°C. In pelitic rocks, the cordierite, andalusite

or staurolite incoming isograds correspond to ~550° at 3-4 kbar

3. The sillimanite isograd, using the Pattison (1992) triple point in the Al,SiOs

system, is about 580°C at 4 kbar. This also corresponds approximately to the
diopside isograd in regional calcsilicate rocks in the inlier (Foster & Rubenach,
2006).

4. The sillimanite/Kfeldspar isograd is roughly 650°C at 3kbar and 690°C at 4 kbar.
For convenience the old terminology of cover sequences 1-3 is used in Figure 2. Cover
sequence 1 still correlates with the rocks of the Kalkadoon-Leichardt Block (Leichardt
Volcanics, KalkadoonBatholith), cover sequence 2 approximates the Leichardt
Superbasin, whereas cover sequence 3 roughly corresponds to the Calvert and Isa
superbasins (Southgate et al., 2000).

Figure 2. NNW-SSE cross section through the Mount Isa Inlier through Mount Isa. For
convenience cover sequences 1-3 are included rather than the more recent superbasins.
The dips of the isograd surfaces are unknown, so are schematic. See text for the
derivation of the temperatures.



3. DEFORMATION/METAMORPHIC HISTORY
3.1 Deformation events

Models for the tectonothermal evolution of the Eastern Fold Belt are based on the
regional mapping and age determinations of geologists from the Bureau of Mineral
Resources, now Geoscience Australia (e.g., Blake & Stewart, 1992; Jaques et al, 1982;
Ryburn et al, 1988; Page & Sun, 1998; and references therein). Most researchers agree
that during the Isan Orogeny, NS to NNW-SSE compression (D; events) was followed by
EW compression (D, and most subsequent events) (e.g., Loosveld 1989; O’Dea et al,
1997; Betts et al, 1997; Adshead-Bell, 2000; Mares, 1998; Lewthwaite, 2001; Rubenach
& Lewthwaite, 2002; Sayab, 2006a, b; Rubenach et al., in press). However, significant
differences between JCU workers and others concerns their use of FIA’s (foliation
intersection axes) within porphyroblasts, predicated on the arguments that porphyroblasts
commonly do not rotate during ductile deformation (Mares, 1998; Sayab, 2005a). In
contrast, researchers from Monash University (e.g., O’Dea et al, 1997, 2006; Betts et al.,
2006; Giles et al., 2006a, b) emphasize thin-skinned tectonics and nappe formation
during D».

D . Wonga event, Pearson et al. (1992). Correlated with the “Big” event of
Southgate et al. (2000) in the Eastern Fold Belt. Ages in the range 1735-1750 Ma.
Affected the Corella Formation and correlatives (Doherty Formation, Corella beds) and
the Double Crossing Metamorphics. Greenschist to amphibolite facies, with the number
of discrete events unknown.

Dsg. After recognition that a localized high-grade shear zone event was
synchronous with the emplacement of the Sybella Granite a SHRIMP zircon age of 1673
+2.5 Ma was determined for a granite that cross-cut highly deformed main-phase
Sybella Granite (Hoadley et al., 2001). The latter was dated at 1671 + 8Ma (Connors &
Page, 1995), so the shear zone developed during the batholith emplacement. Recent
mapping and monazite dating (this project, see below) has established two
deformation/metamorphic events synchronous with the emplacement of the Sybella
Granite, an earlier one producing a shallowly dipping gneissic foliation and cordierite-
Kfeldspar assemblages, and a younger steep E-W foliation and migmatitic sillimanite-
biotite-Kfeldspar assemblages. Both these events are penecontemporaneous with the
main-phase Sybella Granite.

The nomenclature of Rubenach et al. (in press) is followed for the Isa Orogeny events, as
outlined below (also see Fig. 3).
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Figure 3. Schematic history of the Mount Isa Inlier during the Isan Orogeny. WFB,
Western Fold Belt; EFB, Eastern Fold belt. Deformation events are schematically
represented as either plan views or sections. Age dates are based on this report. Mineral
abbreviations are after Kretz (1983; also see appendix. The deformation history is based
largely on JCU work and other models are discussed in Rubenach et al. (in press;
appendix).



Dpp. A bedding-parallel foliation is the earliest recognized. At least one event
produced a flat foliation sub-parallel with bedding in rocks throughout most of the
Eastern Fold belt. I interpret this as being mainly extensional. However, rare recumbent
folds with E-W axes overprinted by N-S F, folds are also present (e.g. in the Snake Creek
Anticline), and these may represent pre-D; thrusting. It is therefore possible that the
bedding-parallel foliation in some locations could be a combination of extensional and
thrusting events.

D;. E-W folds with steep axial surfaces are best preserved in the area north of the
Snake Creek Anticline and in the Corella Formation, but they occur throughout the Inlier.
Giles et al (2006a) interpret both the N-S Snake Creek Anticline and the E-W folds as
being associated with the one thrusting event, but on metamorphic and structural grounds,
particularly the widespread occurrence of the E-W folds, it is proposed that they represent
separate events. Further evidence of this event is provided by foliations preserved in
porphyroblasts throughout the EFB (e.g. Reinhardt, 1992, in the Rosebud Syncline, Mary
Kathleen area; Mares, 1998, in the Fairmile area; Adshead-Bell, 1998, in the Selwyn
Ranges area; Sayab, 2005a, 2006, in the Snake Creek and White Blow areas).

D.a. This event produced N-S folds with mainly steep axial planes. The most
intense foliation in the region is Sp,.

D2p. Small-scale folds formed in this event are relatively uncommon; they have
N-S axes, shallow axial planes, and show top-to-the west sense of shear. Crenulations
are more common but localized. This event is discussed in Bell and Hickey (1998),
Rubenach and Barker, (1998), Mares (1998), Adshead-Bell (1998), Rubenach and
Lewthwaite (2002), and Sayab (2005a, 2006), with many of these authors designating it
as Ds. The peak of metamorphism in the Isan Orogeny throughout the Inlier occurred
around late Dy, to Dyp.

Ds. This event, recognized by all workers, produced NNW-trending folds, with
steep axial surfaces. It produced crenulations and/or resulted in reactivation or re-use of
SZa.

D,. This event resulted in NE-trending folds with steep axial surfaces, and
crenulations and/or reactivation of S,,. D4 structures are relatively uncommon in the
Inlier, but can be recognized over much of the Snake Creek Anticline where it was
probably synchronous with the intrusion of the Saxby Granite and the formation of
breccias and late albitization in the Corella Formation. Although a ductile event in the
Snake creek Anticline, this event could be a significant brittle event, associated with
copper and Cu-Au mineralization, elsewhere in the inlier (omd*CRC report, D. Keys).



3.2 Metamorphism in the Eastern Fold Belt-previous work

Former work includes regional metamorphic studies (Jaques et al., 1982; Foster &
Rubenach, 2006), the Snake Creek Anticline (Rubenach & Lewthwaite, 2002; Rubenach
et al., in press, Appendix 1; Giles et al, 2006b) the Eastern Selwyn Ranges (de Jong,
1995), the Fairmile area (Mares, 1998), the Eloise Mine (Baker, 1996) the Selwyn Range
area (Adshead-Bell, 2000;), the Gilded Rose area (Lewthwaite, 2001; Sayab, 2005) the
Sandy Creek area (Sayab, 2006; Giles et al., 2006a), the Cannington Mine (Kim & Bell,
2005) and the Osborne Mine (Adshead, 1995; French, 1997; Banville, 1998). Other
significant studies elsewhere in the Eastern Fold Belt (Wonga Belt, Tommy Creek Block)
include those of Oliver et al. (1991), Reinhardt (1987, 1992), Reinhardt & Rubenach
(1989), Bell et al. (1992), Hill et al. (1992), Lally (1997) and Sayab (2006). For pelitic
rocks between the biotite and sillimanite zones the assemblages are quite similar. A
common progression is garnet zone followed by staurolite/andalusite (Eastern Selwyn
Ranges, Gilded Rose, Tommy Creek Block, Sandy Creek, White Blow Formation,
Selwyn Ranges. Exceptions include much of the Mary Kathleen-Duchess Zone, where
the progression is biotite zone, cordierite zone and andalusite zone (Foster & Rubenach,
2006), with areas of unusual high-Mg rocks that metamorphosed to assemblages that
include anthophyllite, talc, cordierite and cordierite (Reinhardt, 1987). As is the case at
Snake Creek, some outcrops in the Selwyn Ranges, commonly with associated
albitization, have cordierite + andalusite assemblages in association with the dominant
garnet-staurolite-andalusite assemblages (Adshead-Bell, 2000).

The tectonothermal evolution of the eastern part of the EFB (the Selwyn Zone) is
discussed in Rubenach et al (in press; Appendix 1). Based on new data from the Snake
Creek Anticline a modified composite P-T-t path has also been constructed (Fig. 4).

The Mary Kathleen Zone of the EFB shows high metamorphic field gradients (as
indicted by the closely-spaced isograds) located along a central high-strain belt, the
Wonga Belt. Although most authors recognize that at least some of the strain is a D, Isan
Orogeny overprint, two competing hypotheses have been proposed for pre-D,
deformation. In one of these the Wonga Belt is interpreted as an original extensional
shear zone at ~1740 Ma (the “Wonga Event) (Pearson et al., 1992). In an alternative
hypothesis, Bell et al. (1992) interpret the Wonga Belt as forming as a vertical shear zone
during Isan Orogeny D; thrusting. These hypotheses are discussed below in the light of
new age determinations.
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Figure 4. Composite P-T-t path plotted on a psuedosection (THERMOCALC
NCMnKFMASH system, Holland & Powell, 1998) for a typical andalusite-garnet-
biotite-muscovite schist from the Snake Creek Anticline (on the sillimanite isograd). The
path was determined from psuedosections for a variety of compositions, and is modified
from Rubenach et al. (in press). 1, albitization (not in this sample); 2, growth of cordierite
(not this sample) and andalusite; 3, growth of kyanite (not this sample) and garnet; 4,
growt