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ABSTRACT
Major geophysical lineaments are commonly associated with active to ancient faults
at a variety of scales. They may correlate with the edges of rifts, depositional basins,
orogenic belts or plate boundaries, and they commonly represent corridors along
which deformation, mineralisation, magmatism and intra-crustal heat flow is
concentrated. In many instances, they encompass a number of these features.
The Cloncurry Lineament, a major feature in wavelet processed magnetic and gravity
potential field (worm) data over the Mount Isa Inlier Eastern Succession, displays
several such characteristics. It is over 200 km long and inferred to extend to at least 30
km depth. It delineates a contact between two major Paleoproterozoic sedimentary
sequences, implying that it originated as a normal fault during rifting and basin
formation. Magnetic forward modelling results suggest it corresponds to the eastern
margin of a 5-10 km wide deformation zone within the calc-silicate Doherty
Formation; the Cloncurry Fault Zone.
The Cloncurry Fault Zone encompasses a continuum of deformation from ~1.6 to1.5
Ga. While D1-D2 deformation is regionally dominant, D3 is more significant in the
fault zone itself as evidenced by much lower temperatures during mylonitisation (500350ºC) and the superimposition of mylonitic fabrics on Maramungee aged (~1550 Ma)
granites. Mapping and structural fabric analysis of the Cloncurry Fault Zone show that
D3 involved WSW shortening, sub-perpendicular to a pre-existing basin-bounding
fault. D3 created an anastomosing shear zone system displaying variable slip vectors
with synchronous variably NNW or SSE plunging folds. Penetrative fabrics are
attributed to strain partitioning in the D3 event, rather than a more complex history of
overprinting. During D4-D5 a sinistral Riedel strike-slip fault system formed,
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coincident with massive Na-Ca brecciation. Intrusive magmatism and IOCG, Cu, and
Au mineralisation also occurred during the D3-D5 history of the Cloncurry Fault Zone,
highlighting its importance as a magmatic and hydrothermal pathway.
Sodic-calcic (Na-Ca) metasomatism, associated with Cu-Au mineralisation in the
Mount Isa Eastern Succession, is widely recognised but heterogeneously distributed,
and difficult to map regionally. Hence, a method to map Na-Ca alteration remotely
was developed. ASTER Band ratios were ineffective for mapping amphiboles and
carbonates as a proxy for sodic-calcic alteration due to numerous mineral species
having similar absorption features in ASTER band 8. Therefore, the low Kradiometric and highly magnetic properties of Na-Ca alteration were integrated with
ASTER band 8 to form a Sodic-Calcic Alteration Index. The Index highlights albiteactinolite-magnetite

assemblages

that

are

coincident

copper

with

Cu-Au

mineralisation in the Eastern Succession, and the Index is useful for regional
exploration in the Mount Isa Inlier.
Weights-of-evidence analysis identifies the Cloncurry Lineament as an important
crustal-scale control on Au, Au-Cu, Cu-Au, and Cu mineralisation, and
autocorrelation is used to identify local structural controls within the broad regional
control. This integrated approach, using worms and weights-of-evidence and
autocorrelation, may prove a useful exploration tool for mineralised terrains under
Phanerozoic cover.
Mineralisation along the Cloncurry Lineament appears to be facilitated by two main
factors. Firstly, it is associated with long, deep-crustal structure lying above dynamic
lower crust/mantle, which has concentrated magmatism and metasomatism. Secondly,
the associated structures have been repeatedly reactivated; increasing the chances that
dilation may coincide in space and time with upflow of mineralising fluids to form a
Abstract
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mineral deposit. These two factors appear to be consistent in several of the world’s
major mineralised lineaments.
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INTRODUCTION
1. Geophysical Lineaments
In geology a lineament is a linear topographical feature that is thought to reflect a
crustal structure (Lapidus, 1987) and might be reflected by aligned volcanoes or a
straight stream course. In geophysics Lineaments represent edges in petrophysical
properties, particularly magnetic and gravity data. Lineaments, especially major
gravity and magnetic lineaments are commonly associated with edges of cratons or
geological provinces and represent fundamental contrasts in the composition of the
lower crust. The significance of these major geophysical lineaments and their
associated crustal features are widely discussed in the literature (e.g., Etheridge, 1986;
O’Driscoll, 1986; Brown and Whelan, 1995; Griffin et al., 1998; Hildenbrand et al.,
2000; Hobbs et al., 2000; Smethurst, 2000; Weaver and Dolan, 2000; Boyce and
Morris, 2002; Chernikoff et al, 2002; Crafford and Grauch, 2002; Grauch et al., 2003;
De Wit and Tinker, 2004; Sherrod et al., 2004; Eccles et al., 2005; Baldwin et al,
2006; Bierlein et al., 2006; Master, 2006; Shultz et al., 2007) and several themes recur
throughout:
Lineaments commonly correlate with active to ancient faults, from various small-scale
(e.g., Sherrod et al., 2004) to crustal-scale (e.g., Weaver and Dolan, 2000) to transcrustal (trans-cratonic) scale. An example of a trans-crustal scale fault system is the
Tibesti Lineament, a 6000-km long east-southeast-trending lineament extending from
Kenya to Morocco (Guiraud et al., 2000).
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Figure 1: The Tibesti Lineament which cuts across north Africa (from Guiraud et al, 2000)

This lineament shows up on satellite images, air-photo mosaics and terrain elevation
models, as swarms of parallel faults and corresponds to a major mantle discontinuity
of surface wave velocities, implying that it penetrates the lithosphere deeply (Master,
2006). The lineament is traceable into North America (which was connected to
northwest Africa in the late Palaeozoic) and cuts obliquely across numerous
Palaeoproterozoic to Late Mesoproterozoic orogenic belts (Master, 2006).
Lineaments occur over or at the edges of sites of rifting or other depositional basins
e.g., the eastern Queen Maud block, where continental rifting took place at ca. 2.5 Ga
(Schultz et al., 2007). 2.46–2.50 Ga granitoids produced in the early stages of rifting
are located west of a major geophysical lineament (referred to as the Eastern Magnetic
High) that represents the boundary between the Queen Maud block and the Rae
domain, as characterized by older 2.6–2.7 Ga magmatism (Schultz et al., 2007).
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Figure 2: Location of a magnetic lineament (dotted line) that separates the Queen Maud

Block and the Rae Domain of Northern Canada (from Schultz et al, 2007)

Lineaments can represent the edges of orogenic belts, for example the “North-South
Gravity Lineament” (Griffin et al., 1998) based on geophysical data of Ma (1987) that
coincides with the Taihang–Yanshan orogen (Chen et al., 2003). The Taihang–
Yanshan orogen experienced intrusion of voluminous monzonitic and related mafic
rocks, and widespread volcanism (Chen et al., 2003) and divides the North China
Craton into two tectonic domains. The region to the west of the gravity lineament is
characterized by thick (150–220 km) lithosphere (Chen et al., 2003).
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Figure 3: The North-South Gravity Lineament (NSGL: Griffin et a.l, 1998) that divides thick
lithosphere in the west from much thinner crust in the east and coincides with the Mesozoic
Taihang–Yanshan orogen (from Chen et al, 2007).

The region east of the lineament witnessed intensive magmatism and basin
development in the late Mesozoic and was transformed into an orogenic belt in which
numerous orogenic gold deposits where formed (Goldfarb et al., 2007) from mantle
sourced fluids (e.g., Mao et al., 2003).
Lineaments are associated with convergent plate boundaries e.g., the Junction
Magnetic Anomaly (North Island, New Zealand), which consists of 10 sub-parallel
lineaments that delineate the Dun Mountain Ophiolite Belt (Eccles et al., 2005). The
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Lineaments are interpreted to be serpentinite shear or melange zones that separate
terranes accreted onto the New Zealand Gondwana margin in late Mesozoic time, and
consist of several imbricate slices that dip steeply east and extend to considerable
crustal depth (Eccles et al., 2005).

Figure 4: The Junction Magnetic Lineament , New Zealand separates terranes accreted onto
the New Zealand Gondwana margin the Mesozoic (modified from Eccles et al, 2005)

Lineaments commonly represent fundamental crustal thresholds and corridors of
disturbance along which deformation is concentrated (O’Driscoll, 1986). They may
represent old structures that are reactivated throughout their tectono-metallogenic
evolution (e.g., Etheridge, 1986) and exert a significant influence over the subsequent
tectonic history of the crust. Basement fault reactivation is now recognized as an
important control on sedimentation and fault propagation in intracratonic basins (e.g.
Boyce and Morris, 2002). For example in southern Ontario, structurally complex mid-
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Proterozoic (ca. 1.2 Ga) basement rocks are overlain by up to 1500 m of Paleozoic
sedimentary strata. Boyce and Morris (2002) used aeromagnetic and gravimetric
lineament mapping to constrain basement discontinuity locations, thus defining a
spatial relationship between basement reactivation and deformation within the
overlying basin.
Major Lineaments may exercise deep-seated control on the location of mineral belts
by acting as fluid pathways between, for example, the mantle and the mid to upper
crust. This is particularly true of gold (e.g., Crafford and Grauch, 2002; Bierlein et al.,
2006) and copper deposits (e.g., Hildenbrand et al., 2000; Chernicoff et al., 2002).
Geophysical lineaments characterize the Idaho-Montana porphyry belt and the La
Caridad-Mineral Park belt in northern Mexico and western Arizona (Hildenbrand et
al., 2000). The giant Bingham Canyon and the Butte porphyry copper systems sit at
lineament intersections (Hildenbrand et al., 2000). Lineaments define deep-rooted
faults and magmatism that localise epithermal Au mineralisation along the Carlin
trend and Battle Mountain-Eureka mineral belts of northwest Nevada (e.g.,
Hildenbrand et al., 2000; Crafford and Grauch, 2002). In Australia major lineaments
aided the discovery of the giant Olympic Dam Cu-U-Au deposit at Roxby Downs,
South Australia (O’Driscoll, 1986). The Barramundi worm, Western Mount Isa Inlier
has a clear spatial association with Pb-Zn massive sulphide mineralisation (e.g.,
Hobbs et al. 2000) and gravity worms in the Yilgarn Craton, Western Austalian show
a clear association with faults that host gold deposits (Bierlein et al 2006).
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Figure 5 : Regional scale faults and lineaments of eastern South America and the locations of
major volcanoes and porphyry Cu deposits (from Chernicoff et al, 2002).

Structures associated with lineaments commonly act as pathways for intruding
magmas (e.g., O’Driscoll, 1986; Chernicoff et al., 2002; Chen, et al. 2003; Schultz et
al., 2007) and can serve as channels for intra-crustal heat flow (e.g., Master, 2006;
Chen, et al. 2003). Hence they play integral roles in the chemical, metamorphic,
metasomatic and metallogenic evolution of the crust.
In many instances major lineaments encompass a number of the above themes. Good
examples are the Battle Mountain-Eureka and Carlin Trends in Nevada, USA, where
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pre-existing crustal Proterozoic fault zones, produced by continental rifting were
reactivated during Tertiary extension and acted as a pathway for deep, gold-rich
fluids, to form Carlin-type deposits. (e.g., Crafford and Grauch, 2002; Grauch et al.,
2003).

2. Worms
The basis of this project, “worm” data, utilizes a relatively recent method of
geophysical analysis, developed by researchers at CSIRO division of Mining and
Exploration in 1997. In gravity and magnetic data most of the information is
contained in irregularities in the analytical signal which in turn map the boundaries of
contrasting properties of subsurface rocks (e.g. contacts, faults) (Holden et al, 2000).
The detection and visualization of these irregularities at different scales (multiscale
edges) can greatly enhance the interpretation of potential field data in terms of the 3D
geology (Hornby, et al., 1999). Multiscale edge mapping is an automatic process of
picking edges in potential field data at a variety of different scales (Archibald at al,
1999; Hornby et al, 1999). An example is shown in Figure 6. In the horizontal plane
such edges form isolated 'worms' which are essentially an automated version of lines a
geologist might draw whilst interpreting potential field data (Holden et al., (2000).
However, when derived in 3D (i.e., by worming successive levels of upward
continued potential field data) these 'worms' form surfaces whose shape and
associated parameters are a function of the 3D subsurface geometry of rocks, provided
contrasting petrophysical properties exist (Holden, et al, 2000), illustrated in Figure 7.
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Figure 6 : Gravity worms over Australia at relatively low values of upward continuation:
hotter colours indicate stronger gravity contrast (from Horowitz et al., 2000).

The data can be used to pick faults and contacts at local and regional scales, and can
be used to estimate their dip and depth extent. Interpretation and processing
methodologies for “worm” data have been developed by GeoInformatics (formerly
fractal graphics) who have been utilising worms for regional / greenfields exploration.
Barry Murphy (e.g., Murphy et al, 2006) and Peter Milligan (e.g., Milligan et al.,
2002, 2003) have been active in the developing the application of worms to mineral
exploration across a number of Australian terrains. Worm data has been generated for
most major Australian mineral provinces including the Yilgarn (e.g., Bierlein et al,
2006), the Gawler Block (e.g., Milligan et al, 2002), western Victoria (e.g., Murphy et
al, 2006) Lachlan Fold Belt (e.g., Direen et al, 2000), Tasmania (e.g., Murphy et al,
2004) the Mt Isa Inlier (e.g., Murphy 2005) and Broken Hill (Murphy pers. comm.)
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Figure 7 : Examples of worm morphology. Subsurface geology is shown in yellow, and
multiscale edges with increasing scale upwards (coloured points) (from Holden et al 2000).
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3. The Cloncurry Lineament
Wavelet processed aeromagnetics and gravity “worms” over the Mt Isa Inlier,
supplied by Xstrata Copper Australia have revealed the presence of several
geophysical lineaments. A major lineament that borders the Cenozoic Drummond
basin, in the far-east of the Mount Isa Inlier, to the north and south of Cloncurry will
be referred to as the Cloncurry Lineament (Figure X). Parts of the magnetic and
gravity “worms” coincide with major geological structures (the Cloncurry Fault
and/or the Cloncurry Overthrust) that have been discussed in numerous studies,
associated with almost as many structural hypotheses, throughout the years.

Figure 8 : Magnetic worm data over the Mt Isa Eastern Succession, showing various levels of
upward continuation in virtual-3D. One of the major worms in the area, the Cloncurry Worm,
is shown by the dashed line.
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However, the new wavelet processed geophysical data demonstrates that the scale of
the structure(s) is far greater than previously thought. The gravity worm is traceable
for up to 500 km north-south, and extends to 60 km upward continuation in some
places, indicating a potential depth extent of about 30 km into the crust.
Major “worms” correspond to the largest scale structures and the largest order mineral
deposits in the Mount Isa Inlier (Murphy et al, 2004; Hobbs et al, 2000). The
Barramundi worm in the west of the inlier passes through the Mount Isa Cu-Pb-Zn
deposit (Hobbs et al., 2000) and the Cloncurry Worm which passes through the
Cannington Ag-Pb-Zn and near the Ernest Henry IOCG deposit.
An important reason to study the meaning of worms is that the exploration industry
requires new ways to find mineral deposits. In the last few decades all major mineral
discoveries in the areas fringing the Mount Isa Inlier, including Ernest Henry,
Osborne, Eloise and Cannington, have been made undercover. Australia-wide there is
a growing emphasis on exploration undercover, which has led to the discovery of
deposits such as Olympic Dam and Prominent Hill.
The focus of leading industry explorers is shifting from traditional methods, towards
“predictive mineral discovery”. A major component of this new way of thinking is the
concept of “exploration undercover” which relies heavily on the application of
advanced geophysics, including worms. The knowledge can be applied to predictive
mineral exploration in the large areas of Australian Proterozoic mineral belts that lie
beneath Phanerozoic sedimentary basins.
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AIMS OF THE THESIS
This thesis aims to investigate the origin and role of the Cloncurry Lineament within
the Mount Isa Inlier, including aspects of the lineament’s geology, geophysics, and its
possible role as a fluid pathway during regional metasomatism and mineralisation.
The primary aim is to understand the geological expression of the lineation
highlighted by wavelet processed magnetic data (i.e., the Cloncurry Lineament), by
linking the source or sources of magnetic/density contrast to the lithologies and
structures that produce them. Integral to the project is to understand the lineament’s
surface geological expression which was proposed by Rubenach, Blenkinsop et al.
(pers. com, 2003) to be an unmapped belt of mylonites. Data and interpretation from
the structural and geophysical investigations will be used to better constrain the 3-D
architecture the Eastern Succession. Geophysical, geological, geochemical and
spectral data will be integrated using GIS for use as a predictive exploration tool.
The second major aim is to understand the significance of the Cloncurry Lineament in
the context of the tectonic evolution of the Mt Isa Eastern Succession. This requires
investigation of the relationship of the Cloncurry Lineament to the Cloncurry Fault,
Cloncurry Overthrust and other spatially co-incident structures. The Cloncurry
Lineament’s role as a potential geological control on successive episodic deformation,
and its potential as a pathway for granitic and mafic magmatism, and metasomatism
need to be studied, as well as the Lineament’s spatial and genetic relationships to both
Cu-Au and Pb-Zn-Ag mineralisation. The late history of the Cloncurry Lineament
during Phanerozoic basin formation will also be considered. Review and integration
of new findings are used to reconstruct the geological history of this part of the
Eastern Succession.
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The final aim of the thesis is to add to the body of knowledge about major lineaments,
and to assist development of methods that incorporate magnetic and gravity worm
data in predictive mineral exploration, particularly as tools for exploration
undercover.
The aims will be addressed in several outputs, all of which are fed by available data,
newly generated data, interpretation and analysis, as illustrated in Figure 9.

Figure 9: Flow Chart of major data inputs and intellectual outputs of the thesis.
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THESIS STRUCTURE
This thesis has been structured as four original papers, which have been written 100%
by the author with editorial advice and guidance by supervisor T. G., Blenkinsop. The
four papers are supplemented with an abstract, introduction, conclusion, and
appendices.
1. Austin, J.R. & Blenkinsop, T.G. 2008, ‘The Cloncurry Lineament:
Geophysical and geological evidence for a deep crustal structure in the Eastern
Succession of the Mount Isa Inlier’, Precambrian Research, in press.
The first paper primarily discusses the geophysics of the Cloncurry Lineament to
provide context for assessing the geology. The methods focus on the magnetic worm,
because there is much greater data density in the aeromagnetic data relative to the
gravity data. The lineament can be studied and modelled in detail. However, a full
interpretation is also made of the gravity worm. The main components of this work
are: collection and processing of magnetic susceptibility data; collection, processing
and interpretation of field structural data; construction of cross-sections with
attributed magnetic susceptibility values, testing the cross-sections via forward
modelling techniques, and according refinement of the structural model based on the
variance between calculated and observed magnetic response.
2. Austin, J. R. & Blenkinsop, T. G. 2008, ‘The Cloncurry Fault Zone: strain
partitioning vs. multiple deformations in a long-lived, crustal-scale structure in
the Mount Isa Inlier’, Tectonophysics, submitted.
The second paper builds on the findings of the first by investigation of the specific
structural geology associated with the Cloncurry Lineament. It aims to place the
conclusions of paper one into a structural and tectonic context. The main data and
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methods in this study are: the collection and processing of structural data; outcrop to
regional scale mapping; stereographic analysis of folding and kinematic data,
petrographic and hand sample scale kinematic analysis. Integration and analysis of
these data are used to build a tectonic history of the Cloncurry Lineament and assess
its importance in the geologic history of the area. A major tool used in this study is
GIS, which allows the integration of regional data sets with data generated in this
study.
3. Austin, J. R., & Blenkinsop, T. G. 2008, ‘Remote mapping of Sodic-Calcic
alteration: Application to IOCG exploration in the Eastern Succession, Mount
Isa Inlier’, Australian Journal of Earth Science, submitted.
A major aim of the thesis is to asses the role of the Cloncurry lineament as a fluid
pathway. While the area of the Cloncurry lineament has been long known as a highly
metasomatically altered zone, the alteration has proven very difficult to map at local
to regional scales. The third paper aims to use ASTER multispectral data to identify
alteration types that may be associated with large-scale structures, and mineral
deposits. The main components of the study are: acquisition and processing of
ASTER data, regional scale mapping and geological review, collection and
preparation of field samples for spectral scanning. Major tools for this study are
PIMA (Portable Infrared Mineral Analyser), and generation of ASTER band ratios
and alteration indexes by ERmapper software. The study assesses and compares
ASTER data with mapped geology, radiometrics and magnetic data within the
MapInfo environment and ultimately develops a new approach to mapping Na-Ca
alteration by integration of these data.

Thesis Structure

16

4. Austin, J. R. & Blenkinsop, T. G. 2008, ‘Crustal to deposit scale controls on
mineralization in the Eastern Mount Isa Inlier from weights of evidence and
autocorrelation analysis’, Mineralium Deposita, submitted.
The final paper aims to asses the relationship between the Cloncurry Lineament and
mineral deposits in the far east of the Mt Isa Inlier. The major components of this
paper are: review of the structural, chemical and temporal inter-relationships of PbZn-Ag, Cu and Au mineralisation in the area, assessment of the spatial relationship
between mineralisation and the Cloncurry lineament via weights of evidence analysis
and assessment of the spatial patterns of mineralisation using the auto-correlation
technique. The paper aims to assess the Cloncurry Lineament’s relationship to
mineralisation, and identify structural controls on mineralisation for different deposit
types at regional to local scales.
A summary of the major findings of the thesis, and their context to the overall aims of
the thesis is given in the synthesis, and recommendations are made for future research
directions pertaining to the finding of this thesis.

Appendices
A major contribution of this thesis is the inclusion of a 1:50,000 scale geological map
which details structural data collected throughout the study area, and delineates
numerous previously unrecognised mylonite zones and faults.
Additional work carried out during the tenure of the PhD has also contributed to
several other publications, which are included in the appendices and support the four
above papers.
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Foster, D. & Austin, J. R. 2008, ‘The 1800 to 1610 Ma stratigraphic and
magmatic history of the Eastern Succession, Mount Isa Inlier, and correlations
with adjacent paleoproterozoic terranes’, Precambrian Research, in press.
This above paper gives a tectonostratigraphic overview of the depositional history of
the Eastern Succession, and its context within the Northern Australian Craton. (30%
contribution).
Blenkinsop, T. G., Huddlestone-Holmes, C. R., Foster, D. R. W., Edmiston, M.
A., Lepong, P., Mark, G., Austin, J. R., Murphy, F. C. & Ford, A. 2008, ‘The
crustal scale architecture of the Eastern Succession, Mount Isa: the influence of
inversion’, Precambrian Research, in press.
The above paper gives a regional structural context to papers and may be referred to
for general discussion about the broad scale structural evolution of the Mount Isa
Eastern Succession. (10% contribution).
Rubenach, M. J., Blenkinsop, T. G. & Austin, J. R. 2005, ‘Structural and
metasomatic evolution of the Mt Isa Block’, Geological Society of Australia
SGTSG, STOMP 2005, pre-conference field trip guide.
The above is included as a general reference to the geology of the Mt Isa inlier. (10%
contribution).
Raw and processed structural, geochemical, spectral and geophysical data, outcrop
scale structural and ASTER Mineral maps are included in the appendices. The data is
made available in printed format and/or included on a CD Rom. A list of publications,
presentations made, conferences, courses and workshops attended by the author
during the tenure of this study is also included.

Thesis Structure

18

CHAPTER 1: The Cloncurry Lineament:
Geophysical and geological evidence for a deep
crustal structure in the Eastern Succession of the
Mount Isa Inlier

ABSTRACT
The Cloncurry Lineament is a major feature evident from wavelet processed magnetic
and gravity potential field data over the Mount Isa Inlier Eastern Succession. It is
laterally continuous over 200 km of strike length and is inferred from the gravity data
to extend to at least 30 km depth. It delineates the contact between two major
Paleoproterozoic sedimentary sequences, and is spatially associated with a number of
mineral deposits including Cannington Ag-Pb-Zn, Ernest Henry Cu-Au and many
smaller Cu±Au deposits.
Mapping and magnetic forward modelling along several profiles perpendicular to the
Cloncurry Lineament suggests that it corresponds to the eastern margin of a 5-10 km
wide deformation zone within the calc-silicate dominated Doherty Formation. The
western boundary of this deformation zone is a distinct narrow fault zone (the
Cloncurry Fault). The deformation zone consists of multiple generations of shearing
and faulting accompanied by metasomatic alteration. Large variations in the magnetic
response within the deformation zone can be modelled as sub-vertical brecciation
zones. Breccia types range from highly magnetic actinolite-albite-magnetite breccias
through to late stage, non-magnetic, quartz-K-feldspar ± hematite breccias. The longlived history of multiple reactivation, strike continuity, width and vertical extent of the
deformation zone suggest that it is a major crustal structure. The structure may have
originated during basin formation and later acted as a fluid pathway for alteration and
base metal mineralization.
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1. INTRODUCTION
The Mount Isa Inlier dominantly consists of early Proterozoic rocks that have
experienced a long history of tectonism. The architecture of the inlier is largely due to
the Isan Orogeny (ca 1.6

- 1.5 Ga), which produced complex and highly

heterogeneous crustal structures that have been subject to varying kinematic
interpretations (e.g. Bell 1983; Giles et al., 2002; Betts et al., 2006). The large-scale
structure of the inlier is particularly problematic. Many detailed studies have focussed
on central parts of the inlier, and have been extrapolated to infer similar deformation
styles throughout the inlier. At present the only seismic transect across the inlier
reveals little information about the deep crust (Goleby et al., 1998; MacCready et al.,
1998). Paradoxically, large scale, deeply penetrative structures can be difficult to
identify from detailed surface mapping, because their continuity may not be apparent
from mapping of isolated study areas.
In contrast to the limitations of previous geological data, multiscale edge detection of
potential field data, termed ‘worming’ (Archibald et al, 1999), detects geophysical
contrasts and provides an opportunity to readily identify and examine large scale,
deep crustal structures in three dimensions. A high-quality aeromagnetic dataset (200400 m line spacing) and regional gravity data have been wavelet processed to produce
magnetic and gravity “worm” data for the whole Mount Isa Inlier (magnetic data
supplied by Xstrata Pty ltd., worms generated by Fractal Graphics-Geoinformatics). A
large geophysical contrast identified near and sub-parallel to the eastern edge of the
inlier, referred to here as the Cloncurry worm, stands out as one of the most
significant crustal structures in the inlier in both the aeromagnetic and gravity data
sets. The magnetic worm, the main focus of this paper, is a continuous feature
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oriented approximately 160°-170° that extends 200 km northwards from near the
Cannington Ag-Zn-Pb mine (Figure 1-1).

Figure 1-1: The Mt Isa Eastern Succession, showing the trace of the high upward
continuation magnetic and gravity worms superimposed on the geological units. The area
studied in the field for this project is boxed (geophysical images of the entire map area are
shown in Figures 1-3 to 1-6) and the profiles of the forward magnetic models presented in
Figures 1-8 to 1-11 are marked. Map has been modified from NWQMPR (2000), worm data
was provided by Xstrata.
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This investigation represents an opportunity to study a crustal scale worm located
within a structurally complicated, highly metamorphosed terrain, where the geological
interpretation of worms may not be straightforward (cf. Hobbs et al., 2000). The aim
of this paper is to describe and investigate the Cloncurry worm using field mapping
and geophysical modelling. It will identify the crustal components that cause the
worm, and assess its potential importance to the tectonic and metallogenic history of
the Mount Isa Eastern Succession. The position of the worm along the eastern edge of
the exposed Paleoproterozoic rocks of the Mount Isa Inlier makes it particularly
significant for understanding the relationships of the Mount Isa Inlier to other
Proterozoic terranes of Australia and thus for Proterozoic plate reconstructions (cf.
Giles et al., 2004; Betts et al., 2006).

2. REGIONAL GEOLOGY
The Mount Isa Inlier is amongst the world’s most productive mineral provinces and
contains Cu, iron oxide–copper-gold (IOCG), Ag-Pb-Zn and U deposits. The majority
of its complex tectonic development took place from 1.9 to 1.5 Ga and it is overlain in
places by Cambrian, Jurassic and Cainozoic basins. The oldest rocks in the inlier are
Archean in age, with the earliest documented tectonic activity occurring during the
Barramundi Orogeny at 1.9-1.85 Ga (Etheridge et al., 1987). This was followed by
rifting that resulted in the deposition of cover sequence 1 (CS1 of Blake, 1980, DE1 of
Loosveld, 1989) and intrusion of the Kalkadoon Granite at 1.87-1.85 Ga. Following
initiation of a second rifting phase, cover sequence 2 (CS2, DE2) was deposited from
1.8-1.72 Ga, with the Wonga Granite intruding at about 1.74 Ga. A third rifting phase
from 1.7-1.6 Ga allowed deposition of cover sequence 3 (CS3, DE3), and the Sybella
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Granite was intruded at ~1.70 Ga (Page and Bell, 1986, Betts et al., 1998). The cover
sequences are divided into Eastern and Western Successions approximately through
the centre of the inlier. The above deposition/deformation scheme only applies to the
post-Barramundi events. The tectonostratigraphy is summarised in more detail by
Foster and Austin (this volume).
The Isan Orogeny, occurring from ~1600-1500 Ma, was the major contractional
deformation in the Mount Isa Inlier. Contention exists over the style and sequence of
events within the orogeny; some researchers have proposed three protracted, localised
events (eg, MacCready et al., 1998; Holcombe et al., 1992), while others have
suggested up to seven separate regional events (e .g., Mares, 1998). While many
workers still adopt the D1, D2 and D3 terminology of Bell (1983), there is a growing
body of evidence (e.g., Giles et al., 2006, O’Dea and Lister, 1995) to suggest that
deformation was inconsistent across the inlier, and that the terminology applied by
Bell (1983) to the west may not apply in the east.
Proterozoic metamorphism in the inlier was high temperature, low pressure, up to
upper amphibolite facies, (Foster and Rubenach, 2006, Rubenach, this volume). Peak
metamorphism is commonly thought to be syn-D2 (Rubenach and Barker, 1998),
based on 1595-1580 Ma dates

(Rubenach, 2003; Foster and Rubenach 2006,

Rubenach, this volume) from schists of the Soldiers Cap Group in the Snake Creek
anticline. It is possible that the peak metamorphism has migrated from east (~1595
Ma) to west (1530 Ma) with time (Oliver et al., 1998). Several mechanisms are
proposed to explain this metamorphism, including mantle under-plating (Oliver et al.,
1998) and large mafic / felsic mid-crustal intrusions (McLaren et al., 1999; McLaren
et al., 2005; Hand and Rubatto, 2002).
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Plutons of the Williams and Naraku Batholiths intruded large areas of the Eastern
Succession from 1550 to 1490 Ma. There is a progression in batholith compositions
from tonalitic to normal I-type chemistry over this period (Mark, 2001). Mafic dykes,
sills and pod-like intrusions aged ~1780 Ma, ~1740 ma, ~1600 Ma, ~1500 Ma, and
1116 Ma (Blake, 1987) intrude cover sequence 2 and 3 units in the area. Many are
sills that have intruded into CS3 units, such as the Soldiers Cap Group, and have been
metamorphosed at amphibolite facies and extensively folded. A number of post-Isan
Orogeny, unaltered dykes may be temporally related to the Lakeview dolerite in the
southern central Mount Isa Inlier (Blake, 1987), which has been dated at ~1116 Ma
(Page, 1983).

2.1. Geology of the Study Area
There are four major stratigraphic units in the study area (Figure 1-1). The CS2
Mitakoodi Quartzite (1755 Ma; Page, 1998) is the oldest and whilst it does not crop
out, it is thought to underlie the CS2 Doherty Formation (Blenkinsop et al., this
volume). The other two CS2 units are the Doherty Formation (~1725 Ma; Page and
Sun, 1998), which crops out in the southern part of the area, and the Corella
Formation (1750-1742 Ma; Page and Sun, 1998), which crops out in the north. The
Corella and Doherty Formations are lithologically similar, but may have an age
difference of ~20 Ma (see Foster and Austin this volume for a discussion of these
data). This study focuses on the Doherty Formation contact with the Soldiers Cap
Group. The lithology of the Doherty Formation is highly variable due to structural
complexity and metasomatic alteration. The dominant rock types are thinly bedded
calc-silicate granofels and massive calc-silicate breccias (Figure 1-2a) (Blake, 1987)
that are texturally and compositionally diverse, but commonly have actinolite-albite-
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magnetite mineralogy (De Jong and Williams, 1995). The Doherty Formation also
contains minor massive calc-silicate granofels, marble, mica schist, black slate, chert,
calcareous-feldspathic arenite, porphyritic rhyolite, metabasalt, amphibolite and
banded quartz-tourmaline rock (Blake, 1987). Mylonites found in places throughout
the Doherty Formation are generally oriented NNW, usually sub-vertical, and are
found in calc-silicate, gabbroic-doleritic (Figure 1-2b) and granitic composition rocks.
Many of the mylonites have experienced sodic-calcic metasomatism.
The CS2 units are overlain by the CS3 Soldiers Cap Group (1680-1655 Ma, Page and
Sun, 1998; Giles & Nutman, 2003). In the study area the Soldiers Cap Group consists
mostly of quartzite, muscovite and biotite schist, gneiss and migmatites. It contains
metabasalt that occurs as concordant to subconcordant bands a few metres thick and
ironstones that are often found adjacent to amphibolites and sub-parallel to bedding
(Hatton and Davidson, 2004). Its contact with the Doherty Formation, to the west, has
been subject to contrasting interpretations, as a normal fault (Hatton and Davidson,
2004), a thrust or reverse fault (Loosveld, 1989) or a strike-slip fault zone (Oliver et
al., 1998).
The CS2 and CS3 rocks are intruded by plutons of the Williams-Naraku Batholith,
particularly the Maramungee and related granites (~1550-1545 Ma; Page & Sun
1998), the Saxby and Mount Angelay granites (~1530-1520 Ma; Mark, 2001; Pollard
and McNaughton, 1997; Pollard et al., 1998) and the Squirrel Hills and related
granites (~1510-1490 Ma, Page and Sun, 1998). Pegmatitic dykes that intrude the
area have been dated at 1595 Ma at
Osborne (Gauthier et al., 2001). Multiple generations of mafic rocks including
amphibolites, meta-dolerites and dolerites, occur as sills, pod like intrusions and
dykes. Evidence of magma mingling is observed at a number of localities within the
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Williams Batholith, for example at Boorama Waterhole, on the upper Williams River,
and on Surprise Creek (located on Figure 1-1). The metamorphic grade of the area
varies from greenschist facies in the north to upper amphibolite facies in the south
(Foster and Rubenach, 2006). In the high grade areas, pelitic rocks contain sillimanite
and/or K-feldspar and calc-silicate rocks contain diopside (Foster & Rubenach, 2006).
The cover sequence rocks are overprinted by multiple phases of metasomatism.
Initially, sodic alteration caused widespread regional albitisation of feldspars. A
second stage of sodic-calcic alteration produced actinolite-albite-magnetite breccia
assemblages (De Jong and
Williams, 1995; Oliver et al., 2004), particularly in the Doherty Formation. Kfeldspar-hematite (‘Red Rock’ alteration of Carter, 1961) and chlorite-epidote
alteration also occur locally.
Structures formed by the earliest deformation event D1 are rarely observed in the
Eastern Succession, including this study area, and thus its geometry is poorly known
(Beardsmore, 1988). D1 was recognised as a north over south thrusting event by
Sayab (2005) in part of the study area (cf. Bell, 1983). Oliver et al. (1998) suggested
that during D1 the ca 1670 Soldiers Cap Group was “interleaved” with the ca 1750
Corella (Doherty) Formation, whilst Giles et al. (2006) were unable to determine if D1
was related to shortening or extension. D2 and D3 were both roughly E-W shortening
events and are thought to have formed the dominant ~N-S structural grain of the
Eastern Succession (Beardsmore et al., 1988; Adshead-Bell, 1998; Betts at al., 2000;
Hatton and Davidson, 2004). D2 produced upright N-NNW trending folding, shearing
and veins associated with peak metamorphism which was followed in D3 by kinking
and brecciation events (Oliver et al., 1998). Work by Giles et al. (2006) in the south
of the Eastern Succession presents a different picture; that D2 involved northChapter 1: The Cloncurry Lineament
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Figure 1-2: Examples of critical deformed rock types observed in the field. a) A typical
albite-actinolite-magnetite breccia from within the Doherty Formation. This sample contains
one large (~40 mm) dominantly albite clast within a coarse grained (2-4 mm) albiteactinolite-magnetite matrix. The sample is also cut by a late K-feldspar-hematite vein visible
through the centre with a zone of marginal alteration approximately 2 cm wide. b) A typical
whispy mylonitic foliation, that is commonly developed in albite-actinolite (sodic-calcic
altered) gabbros and diorites. c) A typical late fault breccia containing angular ~10mm
quartz clasts and fine grained K-feldspar-hematite matrix. Many similar examples show sign
of extensive reactivation, causing complicated patterns of infill and veining.
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northwest-directed thrusting and folding while D3 produced N-S trending upright
folding. This is similar to the structural history proposed by O’Dea et al. (2006) and
Betts et al. (2006) for the western part of the Eastern Succession.
Younger events have been recognised at some localities, such as crenulation
cleavages (Oliver et al., 1998), or warps and kinks on previously formed structures
(Giles et al., 2006), which were considered to be transitional between ductile
deformation and later brittle faulting. The last major deformation event produced
brittle faults that commonly record dextral displacement (Oliver, 1995; Betts et al.,
2006; O’Dea et al., 1997). The faults have a wide array of orientations, but NW,
NNW, N and NE trends are common, and the faults are delineated in many places by
ridges of quartz ± hematite veining, brecciation and albite alteration (Figure 1-2c).
Oliver (1995) proposed that the dextral faulting and brecciation occurred during D4
(<1500Ma), the waning stages of east-west shortening. The D4 faults were thought to
be a set of NE/NW conjugate faults by Carter (1961). However Betts et al. (2006) and
O’Dea et al. (1997) viewed the late fault geometry as a system of NNW-NNE master
faults with subsidiary Riedel shears formed in a wrench setting. Many faults have
been reactivated syn-post Jurassic and some show up to 50 m normal displacement.
This faulting is manifested by sericite veining that overprints that quartz-k-feldsparhematite breccia faults, such as the Cloncurry Fault.

3. METHODS AND DATA
3.1 Worming
Multiscale edge detection using potential field geophysics (worming) was developed
by researchers working for Fractal Graphics (Geoinformatics) and CSIRO Exploration
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and Mining. Hornby et al. (1999) first introduced the concept, which was developed
in successive studies by Archibald et al. (1999), Horowitz et al. (2000), and Holden et
al. (2000). Worms comprise points of maximum gradient that are derived from a
process of wavelet transformation and upward continuation of magnetic and gravity
potential field data. Upward continuation uses measurements of a potential field at
one elevation to determine the values of the field at a higher level. The process
constrains the position and strength of potential field gradients, and the results can be
interpreted in terms of the 3D architecture and depth extent of geological structures.
Worm points can be joined to form worm sheets on fine to coarse scales, reflecting
increasing height in upward continuation space (Archibald et al. 1999). Assumptions
required for successful interpretation of worms are that singular contrasts in density or
magnetic susceptibility correspond with apparent edges in the potential field, and that
these contrasts can be interpreted geologically (Archibald et al. 1999), for example, as
faults or contacts. Worm point data record the 3D position (xyz) and amplitude (w) of
maximum gradients. Low upward continuation worms are high frequency/short
wavelength gradients that relate to shallow sources, whereas high upward
continuation worms are low frequency/long wavelength gradients that typically
correspond to deeper crustal sources (Murphy, 2005). Holden et al. (2000) produced
synthetic models that show the dip direction of a geological contact mirrors its related
worm sheet, up to the amplitude maxima.
A common application of worms is mapping and investigation of crustal architecture
(e.g. Hobbs et al., 2000; Direen et al., 2000; Bierlein et al., 2006). Worms readily
identify geological features such as faults, geological contacts, granitic intrusions,
ironstones and mafic dykes provided there is significant petrophysical variation to
generate a contrast in magnetic or gravity potential. The worming process is blind to
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geological structures that lack a density or magnetic susceptibility contrast. However,
such structures may be inferred from their interaction with adjacent worm sheets, e.g.,
faults that truncate or offset worm gradients. An important aspect of worming is that it
allows ready location of deep structures (e.g., along the Cloncurry Lineament) even
though their surface expression may not be obvious. Shallow dipping, near surface
density contrasts are poorly delineated by worming. Because magnetic and gravity
worms reflect different physical properties, any given geological structure may have
different expressions in magnetic and gravity worms. An inherent limitation of
magnetic worms is that they can not be used to infer structures below the depth of the
Curie point (~500ºC). 25ºC / km is a likely geothermal gradient (cf. Cull, 1982;
Holgate and Chopra, 2004), giving a Curie point about 20 km below the surface.

3.2 Magnetic Susceptibility
The Bureau of Mineral Resources petrophysics database (Hone et al., 1987), which
covers the entire Mount Isa Inlier, contains few data entries for the areas adjacent to
the Cloncurry worm. Therefore, magnetic susceptibility (K) has been measured during
this study at approximately 277 field locations in the field study area (Figure 1-1).
Magnetic susceptibility data were acquired using a Geo Instruments GMS-2 magnetic
susceptibility meter on surface rocks. Each location was characterised by the average
of 8 readings and the maximum reading (a proxy for upper limit of realistic
susceptibility). Average and average maximum values have been calculated for each
stratigraphic unit and each rock type within that unit, giving a realistic range of
susceptibility. The resultant susceptibility dataset was critical to the construction of
magnetic forward models in this paper.
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3.3 Magnetic Forward Modelling
Magnetic forward models were generated using Encom Model Vision Pro 7 software.
Four 15-40 km cross-sections sub-perpendicular to the Cloncurry worm were chosen
(Figure 1-1). The sections were chosen to investigate areas of interest, where surface
geology is well constrained. Geological cross-sections were generated with reference
to mapped geology, geophysical worms, and structural data obtained in this study.
Magnetic profiles were sampled from aeromagnetic data, which was collected in 1994
by MIM Holdings Ltd. (now Xstrata), for the whole of the Mount Isa Inlier. The
survey was flown at a height of 70 m, on a 200 m – 400 m line spacing and is grided
at a 50 m cell size. A greyscale total magnetic intensity map was produced for the area
as well as anomaly profiles at various levels of upward continuation (Blenkinsop et
al., this volume). The cross-sections were imported into ModelVision Pro and used as
a template to construct bodies that were then assigned appropriate magnetic
susceptibility values. The resultant curves were compared to the actual magnetic
profile and the model was adjusted to fit the profile as closely as possible. The
magnetic profiles generated illustrate several important structural features in relation
to the Cloncurry worm.

4. RESULTS
4.1 Worm Interpretation
Magnetic and gravity worm point data define two distinct 3D surfaces corresponding
to major geophysical contrasts near the eastern margin of the Mount Isa Inlier. The
Cloncurry Lineament is defined as the surface trace of the 26 km upward continued
magnetic worm (Figure 1-3). The Cloncurry Fault is a completely different structure

Chapter 1: The Cloncurry Lineament

32

Figure 1-3: High (~20-30 km) upward continuation magnetic worms (rainbow coloured lines,
from ~ 20 km upward continuation in blue to 30 km upward continuation in red) are
superimposed on the Eastern Succession geology shown in Figure 1-1. The worms
correspond to the major magnetic anomalies and delineate major lithological contacts and
structures e.g., granite contacts, and the Soldiers Cap Group/ Doherty Formation contact.
Geology is modified from NWQMPR (2000), legend as for figure 1-1. Worm data is provided
by Xstrata.
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Figure 1-4: Low (~2-5 km) level upward continuation magnetic worms (rainbow coloured
lines, from ~ 2 km upward continuation in blue to 5 km upward continuation in red). These
worms highlight magnetic anomalies caused by near surface features such as contacts, and
doleritic dykes. Geology as in Figure1-1, data sources as for Figure 1-3.
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that is identified as a relatively late, NNW-trending, steeply east dipping fault that has
a filling of quartz-K-feldspar-hematite ± sericite breccia in places (Figures 1-1, 1-3).
The Cloncurry Overthrust (Loosveld, 1989) is a moderately east dipping structure that
occurs at the Soldiers Cap Group/Doherty Formation contact that is distinct from both
the Cloncurry Fault and the Cloncurry Lineament, but does locally coincide with both.
The Cloncurry Flexure is a NE trending zone (Blenkinsop et al., this volume) in
which the magnetic worm is deflected into a NNE orientation and across which the
gravity worm is apparently offset dextrally by 50 km (Figure 1-3).
4.1.1. Magnetic and gravity worms: similarities and differences
The gravity and magnetic worms have different surface traces (Figure 1-1), indicating
a different anomaly source. From the southern part of Figure 1-3, the magnetic
lineament follows the Doherty Formation/ Soldiers Cap Group contact (Figure 1-3),
then deviates from the Doherty Formation/Soldiers Cap Group contact through the
Saxby Granite and NNE through the Cloncurry Flexure. To the north of the flexure,
the magnetic worm traces the eastern margin of the Corella Formation (Figure 1-3).
In contrast the gravity worm (Figure 1-5) traces the western margin of the Doherty
Formation along the contact with the Squirrel Hills Granite, as seen particularly well
in the low upward continued worms (Figure 1-6). It follows a similar trend to the
magnetic lineament toward the Saxby granite and deviates from the magnetic worm to
the northwest and is cut off in the vicinity of Cloncurry, near the termination of the
Cloncurry Fault. The gravity worm is apparently dextrally offset about 50 km in the
region of the Cloncurry Flexure. It follows a similar trend to the magnetic worm along
the Corella Formation contact with the Soldiers Cap Group to the north of the
Cloncurry Flexure. The gravity worm represents two different sources of gravity
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contrast: In the south it traces the contact between a gravity low on the west (the
Squirrel Hills, Saxby and Mount Angelay granites) while in the north it has a gravity
low on the east that corresponds to the Soldiers Cap Group. The gravity worm is
evident as a coherent structure in worms processed up to 65 km upward continuation
in the north, where it sits at the contact of the Corella Formation and the Soldiers Cap
Group. In the south it is evident in worms processed to ~20 km upward continuation,
probably because the Squirrel Hills Granite, the source of the contrast, only extends a
few km below the surface (Blenkinsop et al. 2008).
The contrast in worm locations between low upward continuation magnetic and
gravity worms partly reflects the different properties being measured and partly
reflects the difference in resolution between the magnetic and gravity data. Low
upward continuation magnetic worms trace the eastern side of the Soldiers Cap Group
/ Doherty Formation contact because there is a large magnetic contrast between the
Soldiers Cap Group (0-50 x 10-5 SI) and the Doherty breccias (~5000 x 10-5 SI) and
calc-silicates (1000-2000 x 10-5 SI) (see below). The gravity worm broadly traces the
same structure; however at low levels of upward continuation it delineates the contact
of the Doherty Formation with the low density Squirrel Hills Granite. This results
because the density of the Soldiers Cap Group and the Doherty Formation both
average ~ 2.8 x 103 kg/m3, while the Squirrel Hills Granite averages ~2.6 x 103 kg/m3
(average values calculated from density measurements by M. Edmiston). Gravity data
which is sampled broadly (at 8 km intervals) is less well constrained than the
aeromagnetic data, which is sampled every 8m along lines spaced 200-400 m. This
means that the near surface (low upward continuation) worms are poorly defined and
that the sparsely sampled gravity data is best suited to detecting deep contrasts.
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Figure 1-5: High (~40-60 km) level upward continuation gravity worms (rainbow coloured
lines, from ~ 40 km upward continuation in blue to 60 km upward continuation in red). These
worms correspond to the major gravity anomalies in model area and are interpreted to be
basement faults. Geology as in Figure 1-1, data sources as for Figure 1-3.
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Figure 1-6: Low (~5-10 km) level upward continuation gravity worms (rainbow coloured
lines, from ~ 5 km upward continuation in blue to 10 km upward continuation in red). These
worms highlight gravity anomalies caused by near surface features. Geology as in Figure 11, data sources as in Figure 1-3.
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4.1.2. Granite-related components of the magnetic worm
Many of the 1550-1500 Ma aged granites have moderate magnetic susceptibilities of
500-2000 x 10-5 SI (Table 1-1) and produce low upward continuation magnetic worms
that trace parts of the Saxby, Wimberu, Mount Angelay, Naraku and Squirrel Hills
granites. The worms can also be used to infer the presence of intrusions at depth (e.g.,
a possible intrusion at 10-20 km depth, east of Ernest Henry; Figures 1-1 & 1-3). The
Saxby Granite contacts are traced by low upward continuation magnetic worms.
However, high (>12 km) upward continuation worms do not delineate the Saxby
Granite nor the Doherty/Soldiers Cap contact, which sits 8 - 10 km to the west of the
worm. The position of the worm here probably represents the Soldiers Cap
Group/Doherty Formation contact, sitting at depth below the Soldiers Cap Group and
Saxby Granite, because the worm is laterally continuous with the contact further to
the south. It appears that the magnetic response of shallow level granites combines
with the Soldiers Cap/Doherty contact magnetic response with increasing upward
continuation resulting in two separate edges at low upward continuation that fuse
together at higher levels to produce one worm (Figure 1-7b).
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Figure 1-7: a) Simplified geology of the study area, and worms at varying levels of upward
continuation: pink = 26 km, red = 10 km, blue = 5 km and green = 2. b) and c) zoom in on
areas of importance and illustrate two important observations of the Cloncurry worm: b) that
the high upward continuation response may reflect a fusion of several lower upward
continuation worms; c) that a high upward continuation may round a zigzagging worm into a
smooth continuous one.
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4.1.3. Structural components of the magnetic worm
At several locations the dominant low upward continuation worm trend of 150° is
deflected sharply to a 045° trend (Figure 1-7c). Published geology maps (e.g.,
Donchak et al., 1984) and unpublished mapping for this study suggest that 150° is the
dominant structural grain in the area adjacent to the Cloncurry Lineament. The 045°
offsets are only obvious where they cut the contact of two magnetically contrasting
units (e.g. Soldiers Cap Group & Doherty Formation). The offsets may represent
transfer faults formed as part of the primary rift structure (Queensland Department of
Mines and Energy et al., 2000; NWQMPR). This interpretation seems appropriate in
the case of the ~045° trending Cloncurry Flexure which has a 50 km offset. If transfer
faults were generated early (i.e., pre-syn D1) they would have been reactivated during
later deformation. Alternatively the 045° trend may correspond to more recently
generated (D3 or D4) dextral faulting that occurs widely throughout the inlier (Carter,
1961; Laing, 1998), although this faulting may have reactivated earlier structures.
Mapping of an apparent offset in the Boorama Creek (Figure 1-7c) area failed to
reveal any evidence of late faulting, which is commonly expressed as prominent
ridges of quartz breccia. Instead the offset was found to correspond to a topographic
low, which is covered by river deposits. The 150° structural grain which parallels the
Doherty / Soldiers Cap contact has been cut by 45° trending transfer and/or dextral
strike-slip faults resulting in a zigzagging low upward continuation worm that is
represented at high upward continuations as a smoothed line of best fit striking about
160°, that does not parallel either of the component 150 or 45º trends.
4.1.4. Worm Interpretation Summary
The Cloncurry Lineament is the surface trace of the Cloncurry magnetic worm, and
coincides with a geologically complex zone of highly folded metasedimentary rocks
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of the Soldiers Cap Group, laminated calc-silicates, breccias and mylonites within the
Doherty Formation, and numerous mafic to felsic intrusions, mostly of the WilliamsNaraku Batholith. In general Cloncurry Lineament marks the boundary between the
CS2 Doherty Formation and the CS3 Soldiers Cap Group. However, it is a composite
structure, and locally correlates to several stages of faulting and mafic to felsic
intrusions. The most difficult aspect of interpreting the Cloncurry Lineament is that it
represents a number of variably anastomosing structures with complex spatial and
temporal relationships.

4.2. Magnetic Susceptibility Data
4.2.1. Soldiers Cap Group
The BMR database suggests a high K average of 8000 x 10-5 SI for Soldiers Cap
Group rocks across the inlier. However the data collected in this study, which is from
49 locations concentrated along the Cloncurry Lineament (Table 1- 1), gives an
average K value of 433 x 10-5 SI for the Soldiers Cap Group rocks. The highest
readings are from mafic rocks (6,000-10,000 x 10-5 SI) and ironstones (9,000-15,000
x 10-5 SI) while the more common, psammite, quartzite and schist units are generally
devoid of magnetic minerals, with a value of 0-50 x 10-5 SI. The variation in the
susceptibility ranges between mafic rocks of the Doherty Formation and Soldiers Cap
Group may reflect compositional differences due to weathering or alteration type.
4.2.2. Doherty Formation
The Doherty Formation has more variable lithology and a wide range of K values
from, 0 to ~30,000 x 10-5 SI. It includes laminated to massive calc-silicates and
mylonites with moderate K values of 1000-2000 x 10-5 SI, breccias and other sodiccalcic alteration assemblages with
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Table 1-1: Magnetic susceptibility (Mag Sus) measurements from 277 stations in the study
area. Avg mag is average susceptibility, avg max is the average of maximum susceptibilities
for each location, count is the number of stations. The magnetic susceptibility of units
adjacent to the Cloncurry Lineament contrast strongly. Soldiers Cap rocks have low
susceptibilities, the granites have low to moderate susceptibilities and the Doherty Formation
generally has high susceptibility.
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~5000 x 10-5 SI K values, and mafic meta-igneous rocks that are significantly more
susceptible, ranging from 8,000-12,000 x 10-5 SI. In addition it is intruded by a variety
of granites (0-2000 x 10-5) and dolerites (~5000 x 10-5). The high degree and
variability of alteration has a profound effect on K values. Sodic-calcic alteration can
produce some highly susceptible mineral assemblages, whereas potassic alteration has
the opposite effect.
4.2.3. Williams-Naraku Batholith
Readings have been obtained for the Squirrel Hills Granite, Saxby Granite and
Maramungee-type granites within the Williams-Naraku Batholith. Readings taken in
the Saxby Granite from several distinct plutons vary from 0 to 8,000 x 10-5 SI and
average ~2,000 x 10-5 SI. The more magnetic zones within the Saxby Granite
commonly correspond to areas of mafic-felsic magma mingling. The Squirrel Hills
Granite is markedly less magnetic, with fresh/unaltered samples averaging 500 x 10-5
SI. However, this value is unlikely to be valid for the entire Squirrel Hills Granite,
considering its highly zoned nature. Maramungee type (including “undifferentiated”)
granites average around 1500 x 10-5 SI.
4.2.4. Magnetic Susceptibility Summary
Based on the figures discussed above, a marked magnetic contrast is expected
between the Soldiers Cap Group, which has low K values, and the Doherty
Formation, which has much higher K values. A marked contrast is also expected
between the Saxby/ Maramungee granites and the Soldiers Cap Group. Dolerites and
ironstones should produce marked magnetic anomalies within the Soldiers Cap
Group. Breccias, dolerites and amphibolites should produce distinctly high magnetic
potential over relatively small areas within the Doherty Formation. All of these

Chapter 1: The Cloncurry Lineament

44

contrasts are expected to correlate with “worms” at varying levels of upward
continuation.

4.3. Magnetic Forward Modelling Results
Magnetic forward models have been generated along four profiles (Figures 1-8 to 111) to compare with structural interpretations. The magnetic signature of the models
can be divided into eastern, central and western zones. The gravity worm marks the
change from low density granites in the west to moderate density Doherty Formation/
Soldiers Caps Group meta-sedimentary rocks in the east, and thus does not strictly
correspond with any of the structure presented below, despite locally coinciding with
the Cloncurry Fault.
4.3.1. The eastern zone
In the east of the models a low K body corresponds to Soldiers Cap Group metasedimentary rocks. Within this body there are moderately to highly magnetic (15005000 x 10-5 SI) interfolded amphibolite sills and/or sub-vertical dolerite dykes. The
mafic bodies can to some extent be used to highlight folding in the Soldiers Cap
Group. Many of the amphibolite bodies do not extend to the surface in the models
reflecting weathering which has decreased the magnetic susceptibility of amphibolites
near the surface. The Cloncurry Lineament, which marks the boundary of the eastern
zone with the central zone to the west, is interpreted to be a sub-vertical faulted
margin based on the modelling results. The Doherty Formation/ Soldiers Cap Group
contact has a different expression in each model, ranging from steeply east dipping in
the Williams River and Mallee Gap models, to vertical in the Boorama Creek model,
to steeply west dipping in the Maramungee model. These orientations are consistent
with the geometry observed in the magnetic worm data from each location. Mylonites
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Figure 1-8: A magnetic forward model across the Williams River area; profile located in
Figure 1-1.

Figure 1-9: A magnetic forward model across Mallee Gap area; profile located in Figure 11.
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are commonly observed at the boundary of the eastern and central zones, particularly
where the contact is well exposed, between Boorama and Maramungee creeks. Two
types of breccias are also commonly observed at the boundary. Highly magnetic calcsilicate breccias of the Doherty Formation at the contacts with the Soldiers Cap Group
reflect tectonic-metasomatic
activity syn-post D3. Quartz-hematite-K-feldspar ± sericite breccias which have low
magnetic susceptibility also mark the boundary in places and probably indicate latepost Isan Orogeny reactivation of the contact. The boundary is modelled as nonmagnetic quartz breccias in the Williams River and Mallee Gap profiles (Figures 1-8
and 1-9), as highly magnetic sub-vertical Na-Ca breccia bodies in the Boorama profile
(Figure 1-10) and as foliated gneiss (the Maramungee Granite) in the Maramungee
profile (Figure 1-11).
4.3.2. The central zone
The central zone, west of the Cloncurry Lineament, consists mainly of calc-silicate
Doherty Formation, which is moderately magnetic (2000 – 4000 x 10-5 SI). Its highly
variable magnetic signature reflects a high level of complexity within this zone. The
high intensity peaks are modelled by highly magnetic (5000 – 9000 x 10-5 SI) subvertical breccia bodies (e.g. Figure 1-2a) or sub-vertical highly magnetic dolerite
bodies, as seen in the field. The package also contains low to moderate susceptibility
(1000 – 2000 x 10-5 SI) granitic bodies, non-magnetic late fault-hosted quartz-Kfeldspar-hematite ± sericite breccias (Figure 1-2c), and Soldiers Cap Group inliers.
This zone is generally bounded on the west by the Cloncurry Fault, which, in the
south of the study area, loosely coincides with the Squirrel Hills Granite contact. In
the Mallee Gap area, there are two high magnetic intensity zones, each side of the
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Cloncurry Fault, reflecting a transition from a high intensity central zone in the south
to a high intensity

Figure 1-10: A Magnetic forward model across Boorama Creek area; profile located in
Figure 1-1.

Figure 1-11: A magnetic forward model across Maramungee area; profile located in Figure
1-1.
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western zone in the north. This may be due to the Doherty Formation underlying the
Soldiers Cap Group in the north, but being eroded, or displaced by the Squirrel Hills
Granite, in the south.
4.3.3 The western zone
The third zone, west of the Cloncurry Fault, comprises Williams Batholith granites
(Squirrel Hills, Mount Angelay) intruded into the Doherty (± Corella) Formation and
older stratigraphic
units below. The lower magnetic intensity of this zone is due to the presence of the
granites and/or lower volume of albite-actinolite-magnetite breccias and dolerites than
in the central zone. The western zone is interpreted to have moderately susceptible
(1500 SI) Mitakoodi Quartzite at approximately 2-3 km depth based on magnetic and
gravity modelling (cf., Blenkinsop et al., this volume). The Squirrel Hills Granite is
magnetically zoned, with distinct sub-bodies of contrasting susceptibility varying
from ~0 – 3000 x 10-5 SI. This interpretation is supported by Donchak et al., (1984)
who interpret the Squirrel Hills Granite to be a large composite body, incorporating a
wide variety of compositions from numerous intrusive phases.
4.3.4. Forward Modelling Summary
The results suggest that a) the Cloncurry Lineament (the magnetic worm) corresponds
to the eastern margin of a major deep fault zone at the contact of the Soldiers Cap
Group and the Doherty Formation; b) The Cloncurry Fault corresponds to the western
margin of the fault zone c) sub-vertical breccia bodies produce large anomalies at the
margin, and within this fault zone, in the outcropping Doherty Formation; d) the
Squirrel Hills Granite is strongly compositionally zoned based on variations in its
magnetic susceptibility.
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An important distinction between the models is that the Doherty Formation is
prevalent east of the Cloncurry fault in the south, whilst it is prevalent on the west of
the Cloncurry Fault in the north (near Snake Creek), resulting in differing magnetic
expressions of each zones. The Williams River profile (Figure 1-8) has the highest
intensity zone on the west of the Cloncurry Fault; the Mallee Gap profile (Figure 1-9)
has two narrow zones of high intensity on either side of the Cloncurry Fault, while the
southern two profiles (Figures 1-10 and 1-11) have the highest intensity zones east of
the Cloncurry Fault. The abundance of sub vertical mylonite zones, sub-vertical
albite-actinolite-magnetite breccia bodies and late quartz-K-feldspar-hematite faults
interpreted in these models and observed in the field suggest that the central zone of
the models, which is a NNW trending 5-10 km wide corridor of mainly Doherty
Formation, is a deformation zone, with both continuous and discontinuous
deformation on outcrop to regional scales. A major feature highlighted by the models
is that the Soldiers Cap/ Doherty contact appears to be sub-vertical and not a
moderately east-dipping thrust zone as suggested by several authors (cf. Blake and
Stewart, 1992; MacCready et al., 1998; Drummond et al., 1998; Loosveld, 1989). The
intensity and variability of alteration and the predominance of breccias, which are
considered to be a major Na-Ca alteration product (Williams, 1998), highlight the
importance of this fault zone as a major regional fluid pathway.

5. TECTONIC INTERPRETATION
Figure 1-12 shows a tectonic history for the Cloncurry Lineament based on field
observations, worm data, magnetic forward modelling, and previous research.
Although the regional geological history includes multiple structural, magmatic,
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depositional, mineralisation and metasomatic events, the history described here
focuses on those events most relevant to the evolution of the Cloncurry Lineament.
CS3: At ~1685 Ma NE-SW extension led to rift development, allowing deposition of
the CS3 Soldiers Cap Group turbidites into a deep marine environment (Loosveld,
1989). The contrast between the shallow water CS3 rocks on the west and the deep
water CS3 rocks east of the Cloncurry Lineament (Neumann et al., 2006; Gibson et
al., 2006) suggests that it may have formed the western margin of a rift basin, thus
forming a tectonic contact between the Doherty Formation and Soldiers Cap Group.
This model is used by Hatton and Davidson (2004) in their work on the evolution of
the Soldiers Cap Group ironstones. The Cloncurry Lineament may have been offset
by NE orientated transfer faults at this stage.
D1: The geometry of D1 in the Eastern Fold Belt is poorly understood (Sayab, 2005).
D1 has no clear manifestation in the study area. Due to the uncertainty surrounding D1
in the field and the literature, is not incorporated into Figure 1-12.
D2: This phase, which coincides with the peak of metamorphism (~1590 Ma; Foster
and Rubenach, this volume), produced ~NNW oriented, variably plunging, macro- to
micro-scale folds, that form the dominant structural grain of the study area. The
higher metamorphic grade east of the Cloncurry Fault (Foster and Rubenach, 2006)
suggests that positive inversion and reverse movement along the primary structure
occurred post-peak metamorphism (D2-D3), uplifting deeper, hotter rocks to the east.
E-W compression may have generated large-scale folding (D2), and reverse faulting
(cf. Blake and Stewart, 1992; MacCready et al., 1998; Drummond et al., 1998;
Loosveld, 1989).
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D3: The third event produced N-S trending, variably plunging folds, kinks and
thrusting in response to E-W compression at about 1530 Ma. At this time epidoteactinolite-albite-calcite breccias formed (Oliver, 1995; Williams, 1998) within the
Doherty Formation and along the Soldiers Cap Group/Doherty Formation contact.
Some of this D3 brecciation has been interpreted by Oliver et al. (2006) as due to fluid
over-pressuring. During D3 the Saxby and Mount Angelay granites intruded, probably
along the tectonic contact between the Soldiers Cap Group and the Doherty
Formation.
D4: Dextral faulting and brecciation occurred during D4 (~1500 Ma) in conjunction
with the later stages of east-west shortening. NE-trending dextral faults offset the
Doherty/Soldiers Cap contact along NE-SW planes, particularly in the south of study
area. The faults and their intersections with other structures provided suitable points
for secondary mineral deposition, evident as small malachite-azurite copper
mineralisation.

Figure 1-12: A hypothetical tectonic history of the Doherty/Soldiers Cap contact in the Southeastern Mount Isa Inlier that illustrates a one potential scenario to explain geological
structures and worm geometry observed along the Cloncurry Lineament.
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6. SUMMARY
The Cloncurry Lineament is a previously unrecognised major geophysical edge that
delineates the margin of an important deformation zone. This deformation zone is a
composite of different structures including: mylonites, calc-silicate breccias, granitic
intrusions and quartz-hematite-K-feldspar breccias along faults. This deformation
zone has important implications for the structural and metallogenic evolution of the
Eastern Succession and the Mount Isa Inlier. Gravity worms that trace the lineament
are evident as a coherent structure in worms processed up to 65 km upward
continuation, suggesting that the associated structure extends to at least ~30 km depth.
The lineament separates two units deposited in successive major basin forming
events, Cover Sequences 2 and 3 (CS2 and CS3). Magnetic worms indicate a structure
that generally dips steeply to the east and that has the younger CS3 rock in its
hangingwall, suggesting its origin as a normal fault during rifting/extension. Based on
the evidence from shallow levels of upward continuation, the geometry of the
Cloncurry Lineament is also affected by NE-SW dextral faults and plutons of the
Saxby and Maramungee granites. Although major structures have been previously
recognised or inferred at places on this tectonic boundary, the worming technique of
potential field analysis is the first to identify a structure that is continuous over a >200
km strike length. Given its strike length, depth of penetration, and its location between
two distinct cover sequence groups, the Cloncurry Lineament represents a major
crustal boundary,
The outcrop pattern of the Soldiers Cap (CS3)/ Doherty Formation (CS2) boundary is
jagged with apparent dextral offsets striking NE-SW. These offsets represent either
early transfer faults that formed during rifting and may have been reactivated, or neoformed late (D3/D4) dextral faults. The Saxby- and Maramungee-type granites that sit
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along the contact also complicate the magnetic signature of the Cloncurry Lineament.
It is possible that the granites intruded via points of weakness, possibly fault
intersections, along the Cloncurry Lineament, which appears to have acted as a
corridor for pluton emplacement in the Eastern Succession.
Magnetic modelling and mapping suggest that the Cloncurry Lineament represents the
eastern margin of a 5-10 km wide zone of intense deformation at the contact of the
Soldiers Cap Group with the Doherty Formation. The Cloncurry Fault, which can be
loosely correlated with the gravity worm, represents the western margin of the
deformation zone. The models presented here suggest that this fault zone is subvertical, not moderately east-dipping. The abundance of sub-vertical breccia bodies
and mylonite zones, identified in the field, suggest that this 5-10 km wide zone within
the Doherty Formation is a multiply reactivated zone of continuous and discontinuous
intense deformation at m to km scales. The intensity of alteration and the
predominance of breccias suggest this fault zone was also an active fluid pathway.
The Cannington Ag-Pb-Zn deposit sits within 2 km of the Cloncurry gravity worm, 20
km south of the southern termination of the magnetic worm (Figures 1-1, 1-3). The
Ernest Henry Cu-Au deposit sits approximately 10 km west of the Cloncurry gravity
and magnetic worms, 15 km north of a major offset in the Cloncurry gravity worm,
known as the Cloncurry Flexure (Figures 1-1, 1-5). These are two of the most
important mineral deposits in the Mount Isa Inlier and their spatial correlation with
the Cloncurry Lineament highlights its potential importance as a pathway for
mineralising fluids. Smaller copper-gold mineral deposits are also spatially associated
with the Soldiers Cap/ Doherty (Corella) contact and NE striking dextral faults
(Mustard et al., 2005) along the lineament.
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The most important remaining questions about the Cloncurry Lineament relate to the
nature of the original ~1.7 Ga structures, reactivation events and NE-SW dextral
faulting. Kinematic analysis of mylonites, foliated granites and fault breccias within
the Doherty deformation zone would help to address some of these questions.
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CHAPTER 2: The Cloncurry Fault Zone: strain
partitioning vs. multiple deformations in a long-lived,
crustal-scale structure in the Mount Isa Inlier.

ABSTRACT
The Cloncurry Fault Zone is a newly recognised zone of complex, long-lived
deformation near the eastern edge of the Mount Isa Inlier. The fault zone includes
structures that have been referred to as a D1 thrust (the Cloncurry Overthrust) and as a
late to post-orogenic fault system (the Cloncurry Fault). While the Cloncurry Fault
Zone may record a D1-D2 history, the significance of D3 has been largely overlooked.
The range of temperatures present during mylonitisation (500-350ºC; i.e., <650ºC D2
peak) and the fact that mylonitic fabrics are superimposed on Maramungee aged
(~1550 Ma) granites implies that the majority of fabrics formed during D3-D4.
Mapping and structural analysis of fabrics within the Cloncurry Fault Zone
suggest that D3 is the dominant deformation and involved WSW contraction,
approximately perpendicular to a pre-existing basin-bounding fault. D3 created an
anastomosing shear zone system displaying variable slip vectors with synchronous
variably NNW or SSE plunging folds. Most of the penetrative fabrics can be
attributed to strain partitioning in the D3 event, rather than requiring a more complex
history of overprinting relations. D3 was followed by the development of a D4-D5
sinistral Riedel strike-slip fault system, which was initially coincident with massive
Na-Ca brecciation within the zone. Intrusive magmatism and IOCG, Cu, and Au
mineralisation, are spatially and temporally related to the D3-D5 history of the
Cloncurry Fault Zone, highlighting its importance as a magmatic and hydrothermal
pathway. The zone was reactivated with a normal component of movement some time
after the Jurassic.
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1. INTRODUCTION
A classic problem in tectonics is to distinguish between the effects of multiple
successive deformations, and effects of strain partitioning within a single deformation
event. This problem is particularly acute for combinations of strike-slip and
contractional deformation, where slip directions on faults, or extension directions, can
be oblique or perpendicular to each other. For example, in obliquely convergent plate
margins, convergence may be factorised into dip slip, reverse movement and strike
slip movement (e.g. McCaffrey, 1992) or variable components of oblique slip (e.g.
Jiang et al., 2001). In zones of transpression, the stretching direction may range from
vertical to horizontal depending on the ratio of pure to simple shear (e.g. Tikoff and
Fossen, 1993; Tikoff and Teyssier, 1994), which can change as a function of time
and/or space. The possibilities of triclinic shear and non-steady state deformation add
further potential but more complex interpretations of fabrics in different orientations
(e.g. Jiang, 1994; Jiang, et al., 2001).
The existence of different stretching directions can therefore be most simply
interpreted in terms of two end member models: In the first case, the different
extension directions indicate two unrelated and sequential deformations, and in the
second they represent strain partitioning in a single deformation event. An increasing
number of studies in recent years have concentrated on understanding different fabrics
in transpression as a function of strain partitioning (e.g. Lin and Jiang, 2001;
Holdsworth et al., 2002; Jones et al., 2004; Clegg and Holdsworth, 2005; Régnier, et
al., 2007). It is also possible that different fabrics could be due to transitions from one
model to the other.
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Evidence in favour of sequential events could be garnered from consistent
overprinting relationships, from evidence of different metamorphic grades for each
fabric, or from geochronology. However, in the absence of such diagnostic
observations, interpretation remains difficult. In this paper we describe the structural
geology of a newly identified deformation zone in the Mount Isa Inlier, which
presents this problem: the deformation zone contains fabrics in various orientations
which can not be shown to overprint one another or to have formed at different
metamorphic grades.
The aim of this paper is to present new structural data that simplify previous
descriptions of this zone of complex deformation (called the Cloncurry Fault Zone in
this paper), and to illustrate an approach to the problem of sequential deformation vs.
strain partitioning by considering alternative models. The relatively scarce outcrop on
the crustal scale considered here, and the variable effects of metamorphism,
metasomatism and overprinting/reactivation by later faults do not permit an
unambiguous solution to the problem, but a discussion of alternatives places some
constraints on viable models.

2. GEOLOGIC SETTING
The Mount Isa Inlier has attracted geological attention because it is amongst the
world’s most productive mineral provinces, containing Cu, iron oxide–copper-gold
(IOCG), Ag-Pb-Zn and U deposits (Williams, 1998). The majority of its complex
tectonic development took place from 1.9 to 1.5 Ga. The oldest rocks in the inlier are
Archean in age, with the earliest documented tectonic activity occurring during the
Barramundi Orogeny at 1.9-1.85 Ga (Etheridge et al., 1987). This was followed by
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rifting that resulted in the deposition of cover sequence 1 (CS1 of Blake, 1980, De1 of
Loosveld, 1989) and intrusion of the Kalkadoon Granite at 1.87-1.85 Ga. Following
initiation of a second rifting phase, cover sequence 2 (CS2, De2) was deposited from
1800-1740 Ma, with the Wonga Granite intruding at about 1.74 Ga. A third rifting
phase from 1740-1670 Ma allowed deposition of cover sequence 3 (CS3, De3), and the
Sybella Granite was intruded at ~1.70 Ga (Page and Bell, 1986; Betts et al., 1998).
Following the Sybella event (1670-1600 Ma), CS3 shallow water sedimentation
continued in the west. Tectonostratigraphy is discussed in more detail by Foster and
Austin (2007). The cover sequences are divided into Eastern and Western Successions
approximately through the centre of the inlier, along the eastern margin of the
Kalkadoon-Leichhardt belt (Carter et al., 1961).
The Isan Orogeny, occurring from ~1630-1490 Ma, was the major contractional
deformation in the Mount Isa Inlier. Contention exists over the style and sequence of
events within the orogeny; some researchers have proposed three protracted, localised
events (e.g. Holcombe et al., 1992; MacCready et al., 1998), while others have
suggested up to seven separate regional events (e .g. Mares, 1998). The Isan Orogeny
consisted of numerous deformational episodes, of which D1, D2 and D3 (terminology
of Bell and Duncan, 1978) represent the dominant phases (Beardsmore et al., 1988).
However, there is a growing body of evidence (e.g. O’Dea and Lister, 1995; Giles et
al., 2006a) to suggest that deformation was inconsistent across the inlier, and that the
sequence and style of tectonism in the west may differ from that in the Eastern
Succession. Plutons of the Williams and Naraku Batholiths intruded large areas of the
Eastern Succession from 1550 to 1490 Ma (as discussed further in section 4.1.3).
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Proterozoic metamorphism in the inlier was high temperature, low pressure, and up to
upper amphibolite facies (Foster and Rubenach, 2006; Rubenach, 2007). Peak
metamorphism is commonly thought to be syn-D2 (Rubenach and Barker, 1998),
based on 1595-1580 Ma dates (Hand and Rubatto, 2002; Foster and Rubenach, 2006,
Rubenach, 2007) from Soldiers Cap Group schists in the Snake Creek anticline.
Several mechanisms are proposed to explain this metamorphism, including
delamination (Loosveld and Etheridge, 1990), mantle under-plating (Oliver et al.,
1998) and large mafic / felsic mid-crustal intrusions (McLaren et al., 1999; Hand and
Rubatto, 2002; McLaren et al., 2005).

3. METHODS
The map area of 20 x 66 km (Figure 2-1) was chosen to focus on the Cloncurry Fault
Zone for 70 km along strike and to cover several cross-sections modelled by Austin
and Blenkinsop (2007), which are used to define the geometry of the Cloncurry Fault
Zone. Approximately 1300 structural measurements were made from numerous
transects (generally creeks) running approximately perpendicular to the Cloncurry
Fault Zone. Oriented samples were collected for optical petrography and shear sense
analysis. Mylonites were cut into N and P sections (Normal to the lineation and
perpendicular to the foliation; Parallel to the lineation and perpendicular to the
foliation) where the lineation is known. Shear sense indicators include S-C fabrics,
sigma-clasts, asymmetric folding of veins, and oriented vein growth.
A major product of the study is a 1:50,000 map which is based on field mapping and
structural data collected in this study, and air photo interpretation. These data are
supplemented by 1:100,000 geological mapping (Donchak et al., 1984; Blake et al.,
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Figure 2-1: Geology of the Mount Isa Eastern Succession, showing the study area, the
Cloncurry Fault, Cloncurry worms and the Seismic section shown in Fig 3 (after Queensland
Department of Mines and Energy et al., 2000).
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1983) in places, particularly in areas peripheral to the Cloncurry Fault Zone. Mapping
by Newbery (1990), De Jong (1995), Mark (1998; 2004) and the Cloncurry Mapping
Project (Williams and Phillips, 1992) have also been consulted. Magnetic intensity,
gravity, spectral and radiometric data have been used to assist in definition of
boundaries in conjunction with aerial photograph interpretation. The 1:50,000 map
was then utilised as a base for 20 x 45 km, 1:200,000 fault and mylonite maps.

4. GEOLOGY OF THE STUDY AREA
4.1 Stratigraphy
4.1.1 The Soldiers Cap Group
This study focuses on the contact between the Doherty Formation and the Soldiers
Cap Group, which are the two major stratigraphic units in the study area (Figure 2-1).
The Soldiers Cap Group (1685-1655 Ma, Page and Sun, 1998; Giles and Nutman,
2003; Neumann et al., 2006) is the main CS3 rock type in the study and consists
mostly of quartzite, muscovite and biotite schist, gneiss and migmatite. To the north
of the study area the Soldiers Cap Group is subdivided, from youngest to oldest, into
the Toole Creek Volcanics, the Mount Norna Quartzite and the Llewellyn Creek
formations (Ryburn et al., 1988).In the study area the Soldiers Cap Group is
undifferentiated by Donchak et al. (1983) and Blake et al. (1984). However, it
becomes highly foliated and increases in metamorphic grade toward the SE of the
study area, where the unit has been divided by Beardsmore et al. (1988) into the Glen
Idol Schist and Gandry Dam Gneiss. The Soldiers Cap Group contains metabasalt that
occurs as concordant to sub-concordant bands a few metres thick and ironstones that
are commonly adjacent to amphibolites and sub-parallel to bedding (Hatton and
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Davidson, 2004). A 700 m thick tonalitic sill aged 1686 ± 8 Ma (Rubenach et al.,
2007) intrudes the Lewellyn Creek Formation in the Snake Creek area. The age of this
sill suggests that part of the Soldiers Cap Group must be older than the ages given
above, and that it may contain significant unconformities. In the study area the
Soldiers Cap Group is in faulted or sheared contact with the Doherty Formation.
4.1.2 The Doherty Formation
The Doherty Formation (CS2, ~1725 Ma; Page and Sun, 1998) crops out in the west
of the study area. There are strong lithological similarities between the Doherty
Formation and Corella formation, which outcrops to the north of the study area;
however the latter has been dated 1750-1742 Ma (Page and Sun, 1998). This paradox
is discussed in Foster and Austin (2007).
The lithology of the Doherty Formation is highly variable due to structural complexity
and metasomatic alteration. The dominant rock types are thinly bedded calc-silicate
granofels (Figure 2-2a) and massive calc-silicate breccias (Figure 2-2e) (Blake, 1987)
that are texturally and compositionally diverse, but commonly have actinolite-albitemagnetite ± titanite mineralogy. The Doherty Formation also contains minor massive
calc-silicate granofels, marble (Figure 2-2b), mica schist, black slate, chert,
calcareous-feldspathic psammite, porphyritic metarhyolite, metabasalt, amphibolite
and banded quartz-tourmaline rock (Blake, 1987). Mylonites in the Doherty
Formation are generally oriented NNW, usually sub-vertical to steeply east dipping,
and are found in calc-silicate (Figure 2-2c), gabbroic-doleritic and granitic
composition rocks. There is confusion regarding the stratigraphic definition of the
Doherty Formation due to difficulties associated with distinguishing alteration from
proto-lithology. Major variations between rock types occur due to different types and
intensities of alteration
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Figure 2-2: Metasomatic rocks in the study area. a) Relatively pristine laminated calcsilicate; b) marble breccia with clasts of massive calc-silicate in a matrix of calcite and
actinolite; c) A sheared sodic-calcic altered breccia; d) Mylonitised calc-silicate displaying
Na-Ca alteration overprinted by potassic alteration and late kinking; e) Typical Na-Ca
altered, rounded-clast breccia with albite/actinolite matrix; f) Retrograde Na-Ca altered
matrix supported breccia, with chlorite-biotite-K-feldspar-sericite matrix; g) Na-Ca altered
mylonite with preserved albite/actinolite foliation; h) Transition from (left) highly Na-Ca and
K altered, but intact, laminated calc-silicate to (right) a totally recrystallised pseudo-igneous
breccia marble.
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superimposed on proto-lithology with variations in style and intensity of deformation,
and variable chemistry and porosity. Some of the meta-sedimentary rocks within what
is mapped as the Doherty Formation could be derived from a stratigraphic sequence
not dissimilar to the Soldiers Cap Group i.e., a succession of psammitic to pelitic
rocks, with inter-layered mafic and felsic sills. Potentially the major differences
between the Soldiers Cap Group and the Doherty Formation are the extent of, and
overprinting relationships between, different phases of tectonism and metasomatism.
What is termed the Doherty Formation may represent a zone of intense deformation
and metasomatism, rather than a distinct lithostratigraphic entity. Examples of typical
rock types from within the Doherty Formation are shown in Figure 2-2 (for further
discussion see De Jong, 1995; Marshall, 2003; Josey, 2005; Oliver et al., 2006).

4.1.3 Igneous Rocks
The CS2 and CS3 rocks are intruded by plutons of the Williams-Naraku Batholith,
particularly the foliated Maramungee and related granites (~1555-1545 Ma; Page and
Sun 1998), the sporadically foliated Saxby and Mount Angelay granites (~1530-1520
Ma; Pollard and McNaughton, 1997; Pollard et al., 1998; Mark, 2001) and the rarely
foliated Squirrel Hills and related granites (~1510-1490 Ma, Page and Sun, 1998;
Davis et al., 2001). The early (~1550 Ma) granites are high-Al, Na-rich trondhjemite
and tonalite, whereas the post 1540 Ma granites are potassic and have ‘A-type’
geochemical affinities (Mark, 2001). Syn-metamorphic pegmatitic dykes that intrude
the area have been dated at 1595 Ma at Osborne (Gauthier et al., 2001). Mafic dykes,
sills and pod-like intrusions aged ~1780 Ma, ~1740 Ma, ~1600 Ma, ~1500 Ma and
1116 Ma (Blake, 1987) intrude cover sequence 2 and 3 units. Many intrude into CS3
units, such as the Soldiers Cap Group, have experienced amphibolite facies
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metamorphism and been extensively folded.

Evidence of magma mingling is

observed at a number of localities within the Williams Batholith, for example at
Boorama Waterhole, on the upper Williams River, and on Surprise Creek. A number
of post-Isan Orogeny, unaltered dykes also occur, and may be temporally related to
the Lakeview dolerite in the southern central Mount Isa Inlier (Blake, 1987), which
has been dated at ~1116 Ma (Page, 1983). Maramungee type granites, amphibolites,
and dolerites commonly occur as either small intrusions or shear / fault bound lenses
within the Doherty Formation.

4.2 Metamorphism and Metasomatism
The metamorphic grade of the area varies from greenschist facies in the north to upper
amphibolite facies in the south (Foster and Rubenach, 2006). In the high grade areas,
pelitic rocks contain sillimanite and/or K-feldspar and calc-silicate rocks contain
diopside (Foster and Rubenach, 2006). A more detailed discussion of metamorphism
and the P-T-t history of the Eastern Succession is given in Foster and Rubenach
(2004), Sayab (2005) and Rubenach et al. (2007).
The cover sequence rocks are overprinted by multiple phases of metasomatism. Early
sodic alteration caused widespread regional albitisation of feldspars (Rubenach, 2005)
during D1 (~1610 Ma). A second stage of sodic-calcic alteration (at ~1530 Ma)
produced actinolite-albite-magnetite breccia assemblages (De Jong, 1995; De Jong
and Williams, 1995; Oliver et al., 2004), particularly in the Doherty Formation. A
later phase of K-feldspar-hematite (‘Red Rock’ alteration of Carter et al, 1961) and
chlorite-epidote alteration occurs locally, generally adjacent to late faults (Mark et al.,
2004).
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4.3 General Structural Geology
Many of the main structures within the Mount Isa Inlier including the ‘Cloncurry
Fault Zone’ may have originated during the formation of CS2-CS3 basins, as normal
faults (e.g. Hatton and Davidson, 2004; Southgate et al., 2006; Austin and
Blenkinsop, 2007; Blenkinsop et al., 2007).
Structures formed by the earliest deformation event of the Isan Orogeny (D1) are
rarely observed in the Eastern Succession (particularly in the study area). Both
extensional (Holcombe et al., 1987; Pearson et al., 1987) and contractional (Loosveld,
1987) components are recognised in D1. It has been suggested that the north over
south thrusting event observed by Bell (1983) in the Western Succession was also the
dominant deformation during D1 in the Eastern Succession (Loosveld et al, 1989;
Laing, 1998, Oliver et al, 1998; Sayab, 2005). Giles et al. (2006a) were unable to
determine if D1 was related to shortening or extension but proposed that the first
obvious deformation which they called D2 involved north to northwest or west
directed thrusting and that the Soldiers Cap group was thrust, nappe style, over the
Corella/ Doherty Formation (Giles et al. 2006b). Laing (1998) and Oliver et al. (1998)
believe that the Soldiers Cap Group was “interleaved” with the Corella/Doherty
Formation along an originally flat-lying D1 mylonite zone during D1.
The dominant ~N-S structural grain of the Eastern Succession is considered to have
formed in D2, an E-W shortening event (Beardsmore et al., 1988; Adshead-Bell, 1998;
Betts at al., 2000; Hatton and Davidson, 2004). In the study area, D2 produced upright
to slightly inclined, tight to isoclinal north-south oriented folds (Beardsmore et al.,
1988). Beardsmore et al. (1988) also observe that the fold axes have variable, but
generally shallow plunges, and the mineral lineation maintains a uniformly steep

Chapter 2: The Cloncurry Fault Zone

68

southeast plunge within S2. D2 folded the “flat lying mylonite zone” of Laing (1998)
into its current NNW oriented, steeply east dipping orientation (Beardsmore et al.,
1988; Laing, 1998). D2 also produced shearing and veining associated with peak
metamorphism (Rubenach and Barker, 1998; Foster and Rubenach, 2006), and has
been dated at 1584±17 Ma (Page and Sun, 1998).
D3 is generally thought to be an ENE-WSW shortening event. However, D3 is
somewhat problematic as outlined by Beardsmore et al. (1988): “While it is only
moderately developed in the south and west, in the east D3 appears to be stronger and
to have characteristics similar to D2, but with steeper axial planes”. F3 folds have
upright, NNW trending axial planes and horizontal to vertical plunges and in the study
area and are the dominant structures. An axial-plane parallel foliation in places is
defined by a crenulation in S2.
D4 is poorly understood, but has been suggested to correspond to an episode of ESEWNW directed shortening and brittle deformation at the time of copper mineralisation
(~1530 Ma: Keys, 2008). However, Rubenach (2007) has noted the formation of NNE
foliations adjacent to ~1530 Ma granites. The main deformation mechanism active
during D4 was the large-scale brecciation of the Doherty Formation coupled with
pervasive sodic-calcic alteration. The brecciation is concentrated in the Cloncurry
Fault Zone. D4 also marks the onset of wrenching and or transpression along N-S and
NNW oriented faults and shears (O’Dea et al., 1997; Betts et al., 2006).
O’Dea et al. (1997) and Betts et al. (2006) viewed the geometry of late faults as a
system of NNW-NNE master faults with subsidiary Riedel shears formed in a wrench
setting. The main late structure in the study area is the Cloncurry Fault, which is
NNW oriented and shows evidence of late sinistral movement (Mark, 2004) and
possible reactivation between ~1100 Ma and ~300 Ma.
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4.4 Mineralisation
The Cloncurry Fault Zone as defined below is spatially related to several major
mineral deposits including the world class Cannington Ag-Pb-Zn (BHT) deposit and
smaller deposits including the Great Australia Cu deposit, several iron oxide hosted
Cu-Au ± Zn-Pb deposits, the Maramungee Pb-Zn skarn prospect, the Gilded Rose Au
deposit and numerous small Cu prospects. The deposits scattered along the Cloncurry
Fault Zone appear to have been formed over a period of 100-200 Ma, based on a 1675
Ma maximum age for Cannington (Giles and Nutman, 2003) and the 1485 Ma latest
age of copper mineralisation (Perkins and Wyborn, 1998). The variation of
mineralisation style over this time suggests that the type of fluids utilising the
Cloncurry Fault Zone have varied dramatically through its tectonic history.

5. THE CLONCURRY FAULT ZONE
5.1 Definition of Structures
The western margin of the Soldiers Cap Group is in contact with the Doherty
Formation along a complex structural zone which has been variously described as a
late, steeply dipping brittle fault (Donchak et al., 1983), a thrust (Honman, 1939;
Loosveld, 1989), a shallowly dipping normal fault or detachment (De Jong and
Williams, 1995). Historically there has been much confusion relating to the
definitions and inter-relationships between the Cloncurry Fault (Donchak et al., 1983)
and the Cloncurry Overthrust (Honman, 1939). The following section defines the
terms “Cloncurry Fault”, “Cloncurry Overthrust”, “Cloncurry Lineament” and “the
Cloncurry Fault Zone”.

Chapter 2: The Cloncurry Fault Zone

70

5.1.1 The Cloncurry Overthrust
The Cloncurry Overthrust is a steeply east to sub-vertically dipping irregular contact
between the Soldiers Cap Group and the Doherty Formation, that was first described
by Honman (1939). There is general agreement on a two stage model for its
formation. Initially (D1) a flat lying mylonitic fabric formed via W to N directed
thrusting (Ryburn, 1988; Loosveld, 1989; Loosveld and Etheridge, 1990; Giles et al.,
2006b) or as a flat-lying mid-crustal detachment (Laing, 1998). Subsequently the flat
fabric was folded into the western limb of a D2 synform to form a steeply east dipping
fabric (op. cit.). There is a paucity of structural observations or kinematic data cited
for the Cloncurry Overthrust. Newbery (1990) observed that the Maramungee Shear
Zone (which Giles et al. 2006b identify as the southernmost section of the Cloncurry
Overthrust) is a diffuse anastomosing high strain corridor rather than a discreet planar
surface, while Giles et al. (2006b) recognised locally well-developed S–C planes an
intense north-striking, steeply east-dipping shear fabric. Newbery (1990) identified
two dominant lineations; shallowly plunging to the north or south and steeply
plunging to the south.
5.1.2 The Cloncurry Fault
The Cloncurry Fault is a NNW striking, steeply east-dipping, essentially planar, fault
(Giles et al., 2006b), which can be traced for over 50km (Donchak et al., 1983). In
places the fault forms the boundary between the Doherty Formation and the Soldiers
Cap Group, and in other places it lies wholly within one or two of the units (Donchak
et al., 1983). In places the fault crops out as spectacular linear ridges composed of
massive quartz and quartz–albite–hematite breccia (Giles et al., 2006b). Mark et al.
(2004) deduced that the silicified zones formed late (~1100-300 Ma) in the
hydrothermal evolution of the Cloncurry Fault. Commonly, the larger quartz veins are
Chapter 2: The Cloncurry Fault Zone

71

more north-westerly striking, than the general NNW trend of the fault (cf. Mark et al.,
2004), which is consistent with their formation during dilation linked to sinistral
movement along the Cloncurry Fault.
5.1.3 The Cloncurry Lineament
The Cloncurry Lineament is a major feature of regional geophysical worm data that is
identified as major component of the crustal architecture of the Eastern Succession
(Austin and Blenkinsop, 2007). It is defined as the surface trace of the 26 km upward
continued magnetic worm that can be traced for over 200km N-S (Figure 2-1). It
coincides with the eastern edge of the Doherty/Corella Formations in the far south of
the study area, and well to the north undercover, but sits within the Saxby Granites to
the immediate north of the study area. Wavelet processing of the gravity data reveals
an approximately coincident gradient (the Cloncurry gravity worm) that can be traced
for approximately 500 km.
5.1.4 The Cloncurry Fault Zone
The Cloncurry Fault Zone is defined here as an approximately NNW trending zone of
sub-vertical mylonites, actinolite-albite to chlorite-epidote-K-feldspar breccias, and
quartz-hematite fault breccias and other rocks that is up to 7 km wide and at least 100
km long (Figure 2-1). It is bound by the Cloncurry Fault in the west, and by part of
the Cloncurry Lineament in the east, and incorporates the Cloncurry Overthrust. It is
partly expressed in geophysical data by the Cloncurry gravity and magnetic worms
(Austin and Blenkinsop, 2007). In addition to the mylonites and breccias, the
Cloncurry Fault Zone contains a variety of regional rock types from small to >1 km
lenses of laminated and massive calc-silicate rocks and marbles of the Doherty
Formation, tonalitic-leucogranitic (~1550 Ma) intrusive rocks, dolerites and gabbros
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of various ages, amphibolite, schist, psammite, quartzite, gneisses and migmatites of
the Soldiers Cap Group. A new term is required the define the feature referred to here
as the Cloncurry Fault Zone because mylonites, breccias, faults and alteration within
the Cloncurry Fault Zone are likely to be related to a common major crustal structure
that is not described adequately as the Cloncurry Overthrust, the Cloncurry Fault or
the Cloncurry Lineament.

5.2 Geophysical Evidence
A major problem in the analysis of the deep crustal structure of the study area is that
there are two, seemingly contradictory, interpretations derived from the potential field
geophysics and seismic data. Evaluation of potential field worms suggests that long
and deep sub-vertical shear zones are dominant (Austin and Blenkinsop, 2007), while
the seismic interpretations favour shallow dipping planar faults that join a mid-crustal
detachment, above a large (shallowly west dipping) high-velocity body (Drummond et
al., 1998; MacCready et al., 1998; Goleby et al., 1998; MacCready, 2006).
Recently reprocessed seismic data (Lepong et al., 2004) suggests that the crustal
structures present across the Cloncurry Fault Zone differ from the previous
interpretations by MacCready et al. (1998), Drummond et al. (1998), and MacCready
(2006). Lepong et al. (2004) have interpreted the reprocessed seismic data to reveal
folding in the Eastern Succession (Figures 2-3a and b). Limitations arising from
steeply dipping structures and lateral variation in velocity cause major problems in
seismic sections due to the abundance of steeply dipping folding and faults (Ji and
Long, 2006) in a terrain such as the Eastern Succession. In this study the Lepong et al.
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Figure 2-3: Interpretations of the Mt Isa Seismic Transect across the Cloncurry Fault/Snake

Creek Anticline area, to the North of the study area. a) The interpretation of MacCready et
al., 1998. b) the interpretation of Lepong 2004; c) Interpretation based on data re-processed
by Lepong et al. 2004.
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(2004) seismic data have been further interpreted, based on the principles discussed
by Lemiszki and Brown (1988) who showed that sub-vertical faults maybe inferred
from near vertical reflection-free zones that appear to truncate and in some cases
offset reflectors.
The section shown across the Cloncurry Fault Zone (Figure 2-3), to the north of the
study area, suggests that sub-vertical faulting coupled with folding is evident within
the seismic data. Furthermore, the interpretation suggests the possibility of flower
structures, potentially associated with transpression within the Cloncurry Fault Zone.
The reprocessed and reinterpreted seismic data concurs with the interpretation of
potential field worms (Austin and Blenkinsop, 2007) that the Cloncurry Fault Zone
comprises steeply dipping structures. Furthermore, this interpretation is consistent
with previous structural fieldwork that identifies steep fabrics, faults and fold axial
planes within the Eastern Succession (e.g. Donchak et al., 1983; Blake, 1987;
Beardsmore et al., 1988).

5.3 New Structural Data
5.3.1 Mylonitic Fabrics
Mylonite orientations are variable within the Cloncurry Fault Zone (Figure 2-4). The
generally steeply dipping orientations may be subdivided into approximately NNW, N
and NNE foliation trends (Figures 2-5a, b and c respectively). There is a concentration
of N trending foliations toward the eastern edge of the fault zone, at the contact of the
Doherty Formation and the Soldiers Cap Group, while there is a concentration of
NNW trending mylonites at the western margin (sub-parallel to the Cloncurry Fault).
The zone in between is variable but overall contains mostly NNE trending foliations
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Figure 2-4: Structural measurements and mylonite traces in the study area. Inset is a
stereoplot of all mylonites and their associated lineations; these data are subdivided in
Figure 2-5. All stereoplots in this paper are lower hemisphere, equal area projections. Great
circles show mylonitic foliation, dots show lineations.
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Figure 2-5: Stereoplots of structural data from mylonitic fabrics. Arrows show direction of
movement of hangingwall for dip slip faults, and half arrows show shear sense for strike slip
faults. a), b) and c) NNW, N and NNE oriented fabrics with associated lineations respectively.

and a lesser proportion of N and NNW foliations. Mylonitic fabrics may be highly
contorted or anastomosing (Figures 2-6b and c) (cf. Newbery, 1990).
Stretching lineations on NNW foliations have shallow to steep north and south
plunges (Figure 2-5a); on N-S foliations, the majority of lineations plunge gently S
(Figure 2-5b). Moderately NE to E-dipping fabrics generally have NE to E-plunging
lineations (Figure 2-5a, b). The NNE group of fabrics have sub-vertical stretching
lineations (Figure 2-5c). These mylonites are parallel to features which appear to
dextrally offset the magnetic worm (cf. Austin and Blenkinsop, 2007) and that have
the Soldiers Cap Group cropping out to the south.
Figure 2-7 shows examples of mylonitic fabrics found in the field area. In the majority
of mylonites, the feldspars are recrystallised in bands of finer grained texture, may
contain deformation lamellae and show zoned extinction, and may be fractured.
Quartz is commonly re-crystallised and in some instances forms within the stretching
lineation. Sillimanite is partly replaced by chlorite+muscovite. In general there
appears to be minor retrogression of biotite to chlorite and muscovite, although this
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Figure 2-6: Maps of mylonite fabrics and breccias. a) Enlarged map of the Fullarton Gorge
area showing the variable nature of Mylonites and associated lineations (key as for Figure 21.) b) An example of the geometry of mylonitic rocks from Fullarton River, showing a folded
fabric c) An example from the Fullarton River Gorge which shows the anastomosing nature of
the mylonites, relative to the S0 laminations and the sub-parallelism of foliation with the
breccia contact (key as for Figure 2-6b.).
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Figure 2-7: Examples of Mylonitic fabrics found within the Cloncurry Fault zone, detailing
some of the kinematic indicators used to determine shear sense. Photographs/
microphotographs in the left column are interpreted in the right column. Inset shows
stereoplots of the foliation and lineation and shear sense, using the same conventions as
Figures 2-4 and 2-5. a) Sheared granitoid with S-C fabric (GR: 0471977, 7653490) b)
Assymmetric folding in psammopelitic rocks within the Doherty formation (GR: 0473146,
7653005) c) Foliated leuco-granite with stretched quartz lineation and a retrograde S-C
fabric (GR: 0472018, 7653460) d) Boorama Gneiss with large sigma clasts (GR: 0481932,
7631625) e) Typical gabbroic mylonite (GR: 0473783, 7653324).
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appears to be post-mylonitisation. Compositional banding, usually of amphibole and
feldspar, is seen in a few mylonites, and the mineralogy is locally overprinted by
retrogression, generally due to sodic ± calcic and potassic alteration.
There are few constraints on the age of mylonitisation. Several fabrics must have
formed post-peak metamorphism, as inferred by the retrograde biotite assemblages
within mylonitic fabrics (e.g. Figure 2-7a) which are thought to have formed at 350500ºC (c.f. Blenkinsop, 2000; Passchier and Trouw, 2005), well below peak
metamorphic conditions at about ~650ºC. A granite mylonite with a reverse sense
(Figure 2-7d) within the Boorama Tank Gneiss (dated ~1555 Ma, Page and Sun,
1998) shows that mylonitisation occurred syn to post-D3. Another granite mylonite
which displays dextral movement shares petrological similarities with a proximal
pluton of the Saxby Granite (aged ~1527 Ma, Pollard and McNaughton, 1997; Pollard
et al., 1998; Mark, 2001) which suggests mylonitisation was active until syn-D4.
Based on these relationships at least some mylonites formed between ~1555 and 1525
Ma.
5.3.2 Folds
The interpretation of folding within, and adjacent to, the Cloncurry Fault Zone is
problematic due to the discontinuity of exposure along strike, small scale variability
of fold style and geometry, and paucity of obvious timing and overprinting
relationships. The dominant orientation of bedding and foliations trends NNW (Figure
2-8), and there is evidence for refolding of bedding and foliation. Fold hinges plunge
gently N or S, moderately to the SE, or are disposed in a NNW-SSE girdle (Figure 28c). Several distinct styles/orientations of folding observed within the study area, as
illustrated in Figure 2-9, and these can be matched with the structural history given in
section 4.2.2.
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Figure 2-8: Stereonets of a) Poles to Bedding; b) Poles to Foliation; c) Fold hinges with
interpreted fold generation.

The fold illustrated in Figure 2-9a has a NE-SW axial surface that is consistent with
NNW directed shortening (D1, 1610 Ma). Such folds are only observed at small scales
(up to 10 m) wavelengths and occur sporadically throughout the Cloncurry Fault
Zone, although they are common within the Mitakoodi Culmination (cf. O’Dea et al,
2006) to the west. The folds in Figure 2-9b have sub-vertical axial surfaces and N-S
plunges typical of D2 across the inlier, where it is usually the dominant deformation.
However, in the study area, particularly within the Cloncurry Fault Zone, D2 is
heavily overprinted by D3 except in low strain zones that may preserve D2 folds.
The major episode of deformation in the study area (D3, 1550 Ma) produced NNW
oriented upright to steeply east inclined tight-isoclinal folding (Figure 2-9c). These
fold axial traces are parallel to the overall structural grain of the study area, and to the
orientation of the major shears and faults in the area. D3 folds observed have a variety
of styles and are found to plunge sub-vertically to sub-horizontally NNW and SSE.
The variability of fold plunges could be due to at least two processes. The D3 folds
may originally have formed with horizontal fold axes which were later refolded
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Figure 2-9: Examples of different fold geometries found within and in the hanging wall of the
Cloncurry Fault Zone. a) This unusual fold style may have formed via NNW directed (D1)
folding b) This spectacular outcrop is typical of D2, with tight-open slightly east- inclined
folds

c) typical of D2 folding this minor fold is moderately NNW-plunging d) Folding

interpretted to have formed by D3-D4 sinistral transpression although may be D1 thrusting
followed by D2 folding (cf. Giles et al, 2006) e) D5 kinking in amphibolite and psammitic
schist, which is indicative vertical shortening.
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during a subsequent event (presumably D4). However, such an event would certainly
have the same influence over D2 folds, which is not observed. The favoured
hypothesis is that the folds formed in conjunction with the formation of an
anastomosing shear zone (see section 5.1.). The variable plunges formed via
partitioning of strain though simultaneous shearing and folding. The variation in fold
axis plunge is a consequence of the variability of movement vectors within the
anastomosing shear zone.
Sub-vertically plunging kink style folds (Figure 2-9d) may have formed due to drag
on adjacent strike slip faults during D4, during WNW-ESE shortening at about 1530
Ma (Keys, 2008). Although some past studies (e.g. Giles et al., 2006b) suggest that
such folds reflect an early thrusting event, the spatial relationship between the folds
and brittle features suggest a relatively late timing.
Vertical shortening leading to kink development occurred relatively late (Figure 2-9e)
in the Isan Orogeny, or post orogeny (syn-post ~1500 Ma) and is attributed to D5 in
the local deformation scheme used here. Dilation along faults, such as the Cloncurry
Fault, and potassic alteration, can be associated with D5 (e.g. Figure 2-2d).
5.3.3 Faults
A major normal fault may have formed in the approximate position of the Cloncurry
Fault Zone at least as early as the deposition of CS3 because of the thickening of CS3
rocks to the east of the fault zone (Blenkinsop et al., 2007). NE-NNE trending faults
offset this primary structure in a number of places (Austin and Blenkinsop, 2007), but
the timing and style of this faulting is unclear. The NE-NNE faults may correspond to
an episode of rifting (Queensland Department of Mines and Energy et al., 2000) that
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is thought to have extended the crust to the SE, thereby forming NE oriented normal
faults.
The major phase of brittle deformation began at approximately D4 (1530 Ma). Faults
active during this phase (e.g. the Cloncurry Fault) cross-cut almost all features in the
Eastern Succession. There is evidence of multiple reactivation of some faults (Figure
2-10). A variety of breccia morphologies are preserved within the faults. Some
cataclasites show multiple phases of dilation and infill (Figure 2-10a), and others
show distinct phases of crackle brecciation with variation in matrix composition
(Figure 2-10b, c).

Figure 2-10: Examples of quartz-K-feldspar-hematite cataclasites commonly preserved
within late faults: a) Crustiform quartz-K-feldspar veining/infill formed by multiple
generations of fracturing, cavity formation and quartz growth. (GR: 0484107, 7625390); b)
Crustiform quartz zoning, overprinted by later quartz-hematite filled fractures (Cloncurry
Fault,

GR 0477822, 7638910); c)

Uniform milky quartz overprinted by hydrothermal

brecciation and infill by a quartz-K-feldspar-hematite matrix (Cloncurry Fault, GR: 0477506,
7639684).

Mapping at 1:50,000 scale has located numerous previously unmapped faults within
the Cloncurry Fault Zone that appear to be structurally and temporally related to
movement of the Cloncurry Fault. The dominant fault orientation is NNW,
corresponding to the Cloncurry Fault. NW, N and NNE oriented structures are also
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Figure 2-11: Structural measurements and fault traces in the study area. Inset is a Rose
diagram of fault orientations, with interpreted Riedel geometry superimposed.
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mapped (Figure 2-11). The pattern of faulting is compatible with a sinistral Riedel
strike-slip shear zone (Figure 2-11) which comprises master faults (NNW), Riedel
(NW), and P (N) shears. The Saxby granite just outside the NE corner of the study
area (Figure 2-1) has a sinistral separation of 150-200m across the Cloncurry fault.
Many faults have been reactivated syn-post Jurassic and some show up to 50 m
normal separation. Such late re-activation is manifested by fine-grained hematitequartz veining that overprints earlier quartz-k-feldspar-hematite breccia faults (such as
the Cloncurry Fault), and, for latest syn-post Jurassic movement, by un-silicified lithic
grit. Examples are the vertical displacement of mesas at G.R. 481700 7629700 near
Boorama Waterhole and similar displacement along the Cloncurry Fault at the end of
Fullarton Gorge (Figure 2-12). The extension occurred during a phase of gradual
exhumation, possibly related to distal rifting of the Tasman Sea (Spikings et al.,
2006).
Figure 2-12: Normal faulting on the
Cloncurry Fault displaces Mesozoic strata
near the western end of Fullarton Gorge
(GR 0471299E, 7654034N).
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6. DISCUSSION
The data do not permit an unambiguous structural interpretation of the mylonites
within the Cloncurry Fault Zone (Figure 2-5). Mylonite lineation orientations do not
define coherent domains on scales of 10m or greater, suggesting that any strain
partitioning only occurs at smaller scales. The fabric data may be subdivided into
NNW, N-S and NNE trending foliations (Figure 2-5), which have some distinct
lineation orientations as described above. Aspects of these data could be used to
suggest three end-member models as outlined below.
D1 Model: The main mylonitic fabric was generated during D1, as a flat-lying midcrustal detachment (Holcombe et al., 1992; Laing, 1998) or as the base of a shallowly
east dipping (Ryburn et al., 1988; Newbery, 1990), or a NNW directed nappe thrust
(Giles et al., 2006b) that has been folded into a steeper orientation during subsequent
D2 and or D3 folding. Giles et al. (2006) suggest that any other fabrics within the
Cloncurry Fault Zone represent re-activation of these earlier mylonites.
D2 Model: Most of the N-S fabrics formed during D2 as bedding sub-parallel
shearing, with associated steeply east plunging lineations. During subsequent D3-D4
deformation some of the shears may have been rotated to NNW trending fabrics,
particularly in the west of the fault zone, whilst in the east of the shear zone, much of
the N-S orientation is retained. Presuming there was a pre-existing NNW major
structure, there would have been sinistral transpression due to the effect of E-W
shortening. Along the mylonites dipping east or west, shearing would have been
largely reverse.
D3 Model: Under this model the dominant deformation involved ENE-WSW
shortening perpendicular to the main regional fabric. This may have created a variety
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of structures as a consequence of strain partitioning. The overall result was a
combination of NNW-SSE and vertical extension via anastomosing shear zones and
oblique and reverse shearing. The anastomosing shear zone formation was coupled
with the development of variably plunging folds (Figure 2-13). Subsequently D4
(ESE-WNW) deformation of the fault zone initiated sinistral transpression, which
evolved into a pure strike slip regime.

Figure 2-13: Schematic model of an anastomosing shear zone coupled with the formation of
sub-parallel, variably plunging folds, as proposed for D3.

While both the D1 and D2 models may explain some of the data collected, they fail to
account for the variability in mylonite orientations, lineations and fold plunges that
constitute the dominant phase of deformation within the Cloncurry Fault Zone. For
the D1 model to be valid, E dipping mylonites would have shallow south plunging
lineations, while west dipping mylonites would have shallow north plunging
lineations. This is not consistent with data collected in this study. It is possible that
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moderately east-plunging lineations formed during D2 and were subsequently rotated
into a NNW orientation. However the D2 model alone does not explain the
anastomosing shear zone and variably plunging folds that dominate the Cloncurry
Fault zone. It appears that D2 is the dominant phase of deformation outside the
Cloncurry Fault Zone, and at its margins, but not within.
The D3 model (Figure 2-14) is favoured because it explains all the new data and
observations made in previous studies. It can accommodate both east and west
dipping mylonites having variable lineations, and it explains why NNW oriented folds
appear to have variably plunging axes. The disposition of stretching lineations within
a great circle parallel to the general NNW mylonitic fabric is similar to the predictions
of the sustainable transpression model of Jiang (2007). Reverse movement along
moderately east dipping N-NNW oriented shears at the margins of the Cloncurry fault
Zone is accounted for, as well as reverse reactivation of NNE oriented faults. The D3
model is also consistent with the scant timing constraints on mylonite fabric
formation. The importance of D3 was not recognised in the earlier study of the
Cloncurry lineament by Austin and Blenkinsop (2007) because the dominant D3 fabric
was assumed to reflect the regionally dominant D2 deformation (Beardsmore et al.,
1988). The regional scale sinistral Riedel fault system formed during subsequent D4D5 deformation, although mylonites were also formed locally associated with
intrusive events. Although other models can be proposed and are not excluded by the
data presented, the above hypothesis is one of the simplest possible that is compatible
with the data.
Structures within Cloncurry Fault Zone therefore reflect a combination of the two end
member models in which variable fabric orientations are due to strain partitioning or
overprinting. The mylonite fabrics are compatible with strain partitioning, but there is
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Figure 2-14: One alternative model for the tectonic history of the Cloncurry Fault Zone.
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evidence for a sequence of deformation that lead to overprinting of the mylonites by
faulting and brecciation, and some local further mylonitisation. The proposed tectonic
history is illustrated in Figure 2-14.

7. CONCLUSIONS
This study has recognised a new crustal scale fault zone near the eastern margin of the
Mount Isa inlier, which incorporates several previously identified structures. The
Cloncurry Fault Zone is a NNW trending, up to 7 km wide, deformation corridor that
appears to have been active for over ~1500 Ma. It contains a variety of structures
formed under a range of deformation conditions. The earliest (D2: 1590 Ma) major
features are N-S oriented folds and reverse faults which occurred at or near peak
metamorphic conditions (~650ºC). An anastomosing shear zone network formed at
about 350-500ºC during D3 (1550 Ma) in conjunction with NNW-SSE oriented folds
that have variable plunges due to strain partitioning. During D4 (1530 Ma), WNWESE shortening led to sinistral shear within the Cloncurry Fault Zone. Brittle
deformation was dominant, forming a Riedel fault geometry centred on the Cloncurry
(master) Fault. Massive brecciation associated with Na-Ca alteration occurred
throughout the Doherty Formation at this time. D5 (1500 Ma) marks the end of the
Isan Orogeny and vertical shortening / lateral extension was the dominant
deformation. D5 Structures include kinks and dilation of pre-existing faults, coincident
with potassic alteration. The fault zone has also experienced reactivation during postIsan Orogeny history, notably during or post Mesozoic.
The hypothesis that the Cloncurry Fault Zone is a product of D1 shallow dipping N-S
or E-W directed thrusting that has been refolded during D2 to form a steeply east
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dipping shear zone is not consistent with structural data obtained from the study area,
and there is no conclusive kinematic evidence to prove that D1 thrusting was the
dominant fabric forming event. The mylonite lineation data presented here and by
Newbery (1990), including the spread between south and north plunging lineations,
are consistent with a strain partitioning in a zone of anastomosing shears as a result of
WSW directed shortening. The mylonite textures formed at temperatures of about
350-500ºC.
Although it is quite possible that there is an early generation of deformation, perhaps
manifested by the folded NNW foliation within the Doherty Formation Calc-silicates,
there are no kinematic indicators within these rocks. Data and analyses presented in
this study suggest that there is no requirement for a major D1 thrusting event, and that
the structures and fabrics observed within the Cloncurry Fault Zone can be explained
by a combination of strain partitioning followed by faulting, localised by a cover
sequence 3 basin bounding normal fault.
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CHAPTER 3: Remote mapping of Sodic-Calcic
alteration: Application to IOCG exploration in the
Eastern Succession, Mount Isa Inlier

ABSTRACT
Proterozoic rocks of the Mount Isa Eastern Succession preserve a history of
sodic-calcic metasomatism which is temporally and spatially associated with
structurally controlled Cu-Au mineralisation. While such metasomatism is widely
recognised throughout the district it is heterogeneously distributed and consists of
several stages of development and numerous mineral assemblages and is very
difficult to map at a regional scale. Remote sensing technologies have proven to be
useful for mapping of mineral-system related alteration, but methods utilising ASTER
(the Advanced Spaceborne Thermal Emission and Reflectance Radiometer) data have
not been previously applied to the identification of sodic–calcic (Na-Ca) alteration
systems. ASTER band ratios (mineral indices) are used to map minerals such as
amphiboles and carbonates as a means of identifying sodic-calcic alteration. ASTER
data may be used to identify mineral components of sodic-calcic alteration, but there
are ambiguities, due to numerous mineral species having similar absorption features.
This problem has been overcome by the integration of ASTER band 8 data with
magnetic and K-radiometric data to form a new mineral index. The new sodic-calcic
mineral index highlights albite-actinolite-magnetite assemblages, many of which are
spatially coincident with copper mineralisation. This mineral index may be useful for
exploration targeting of IOCG (Iron-Oxide Copper-Gold) deposits in the Mount Isa
Inlier and potentially within similar terrains globally.
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1. INTRODUCTION
A major advance in remote sensing for geology is the recognition that the spectral
properties of minerals within rocks can be used to infer mineralogical assemblages.
Remote sensing imagery is used for two purposes in mineral exploration: to map
geology and faults / fractures that localize ore deposits and to recognize
hydrothermally altered rocks by their spectral signatures (Sabins 1999). Numerous
studies (e.g. Rowan and Mars 2003; Rowan et al. 2003; Berger et al. 2003; Van der
Wielen et al. 2004; Hewson et al. 2005) have demonstrated that ASTER and recent
airborne and hyper-spectral imagery (e.g. AVIRIS and HyMap) can be utilised to
assist mapping and mineral exploration. Spectral properties identified by the different
band ratios (or Mineral Indices) can be used to map lithological units or alteration
patterns related to mineral systems.
Such ASTER processing methods have proven effective for some alteration types and
mineral systems (e.g. phyllic, argillic, porphyry copper, epithermal gold), but most
require expert knowledge in remote sensing techniques (Bierwirth 2002). ASTER’s
effectiveness is largely unknown for many other alteration types, including sodiccalcic (Na-Ca) metasomatism. Furthermore ASTER’s effectiveness is untested over
many terrains.
The Mount Isa Inlier is one of the world’s richest mineral provinces, containing Cu,
iron oxide–copper-gold (IOCG), Ag-Pb-Zn and U deposits. Na-Ca alteration is
spatially and temporally associated with IOCG deposits, such as Ernest Henry
(Williams and Pollard 2003; Williams et al. 2005; Marshall et al. 2006). Prospectivity
analysis conducted by Mustard et al. (2004) shows that major structures such as the
Cloncurry Lineament and Cloncurry Fault act as fluid pathways, and thus structurally
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Figure 3-1: Geology, ASTER coverage of the study area, and locations of other figures. The
box marked main study area corresponds to the area that has been investigated in detail and
sampled for PIMA analysis. Outcropping geology is in full colour and areas under of
Tertiary sediment cover are partially masked out. Map after Foster and Austin (2008);
modified from the Queensland Department of Mines and Energy et al. (2000).
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control Cu-Au deposits. However, the timing of various alteration stages, their
structural controls and relationship to mineralisation is contentious (e.g. Baker 1998;
Davidson 1998; Mark et al. 2006)
Regional Na-Ca alteration field mapping (e.g. Marshall 2003) is problematic due to
the irregular patterns of alteration, and the difficulty of objectively classifying
alteration the field. The aim of this study is to investigate the spatial relationships
between ASTER band ratios, PIMA spectra, geochemical, radiometric and magnetic
intensity data in order to differentiate the spectral and geophysical definition of Na-Ca
alteration from carbonates and amphibolites in the eastern part of the Mount Isa Inlier
(Figure 3-1). The spectral and geophysical expression of Na-Ca alteration and its
relationship with major fault systems and mineral occurrences may be useful for
exploration targeting of IOCG deposits.

2. BACKGROUND
2.1. ASTER Background
ASTER is a 14 band, high resolution, multispectral imaging devise (Table 3-1) that
records data in Visible Near-InfraRed (VNIR) Short Wave InfraRed (SWIR) and
Thermal InfraRed (TIR) spectra. It is mounted on Terra, the Earth Observing System
(EOS) satellite (Abrams 2000) which was launched in December 1999 and sits in a
polar orbit that repeats on a 16 day cycle (Abrams 2000).
The short wave infrared (SWIR) data consists of 6 bands designated 4 to 9. Bands 5 to
9 cover an area of the short wave infrared where many OH- and carbonate minerals
have absorption features. Bands 5 to 8 approximately cover the wavelength limits of
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LANDSAT band 7. Minerals of interest to exploration geologists that produce
absorption features in SWIR bands are outlined below:
Alunite and kaolinite are significant for mineral exploration because they define
advanced argillic alteration (Hemley & Jones 1964), i.e., low pH environments.
Alunite has a diagnostic absorption feature near 2.17 µm (Rowan et al. 2006) that is
recorded in band 5. Kaolinite is characterised by a twin absorption feature at 2.17 and
2.20 μm (Rowan et al. 2006), which corresponds to asymmetric absorption in ASTER
bands 5 and 6. Landsat TM has no capability to define advanced argillic alteration.

Table 3-1: The three subsystems which make up ASTER, their band numbers, spectral range,

radiometric uncertainty and spatial resolution (After Rowan et al. 2003).

Subsystem

VNIR

SWIR

TIR

Band
Spectral Range Radiometric
Number
(µm)
Uncertainty

Spatial
Resolution

1
2
3

0.52 - 0.6
0.63 - 0.69
0.76 - 0.86

< 0.5%
< 0.5%
< 0.5%

15m
15m
15m

4
5
6
7
8
9

1.60 - 1.70
2.145 - 2.185
2.185 2.225
2.235 - 2.285
2.295 - 2.365
2.36 - 2.43

< 0.5%
<1.3%
<1.3%
<1.3%
<1.0%
<1.3%

30m
30m
30m
30m
30m
30m

10
11
12
13
14

8.125 - 8.475
8.475 - 8.825
8.925 - 9.275
10.25 - 10.95
10.95 - 11.65

<0.3K
<0.3K
<0.3K
<0.3K
<0.3K

90m
90m
90m
90m
90m
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Illite, muscovite and smectite are components of phyllic and argillic alteration. Phyllic
alteration of feldspars produces Al-phyllosilicate minerals, such as muscovite, which
yield spectra having an intense Al–OH absorption feature near 2.20 μm and secondary
features near 2.35 and 2.44 μm, (Rowan et al. 2006). ASTER can not identify the AlOH bearing minerals (muscovite-illite-Al smectite) specifically, but they can be
identified as a group (e.g. Rowan & Mars 2003).
Mg-OH and carbonate are major components of lithological units and ore systems that
are not detectable with Landsat TM. Calcite and chlorite have diagnostic absorption
feature near 2.350 µm which coincides with a symmetric absorption feature in
ASTER band 8 (centred 2.320 µm). Other Mg-OH bearing minerals such as talc and
amphibole, which are characterised by absorption features near 2.320 µm and 2.390
µm, have similar ASTER band 8 responses (e.g. Rowan et al. 2004). ASTER can not
separate carbonate from Mg-OH bearing minerals (J Mars pers. comm. 2007), but it
will identify them as a group which is an advantage over Landsat TM.
The ASTER VNIR and SWIR data show greater discrimination between mineral
assemblages than Landsat TM, which has a similar spatial resolution but fewer bands,
thus limiting its usefulness for making mineral determinations (Rowan et al. 2003).
Apart from airborne systems (e.g. AVRIS) ASTER TIR data is the only multispectral
thermal imaging data available, and is very useful for defining surface silicification
despite having only 90 m resolution (e.g. Ninomiya and Fu 2002).

2.2. Climate, land cover and topography
Land cover, particularly the amount of vegetation and alluvium, is an important
influence on the results obtained from spectral sensors such as ASTER, which are
most useful over arid to semi-arid areas. The eastern Mount Isa Inlier has a semi-arid
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tropical environment (Slatyer 1964; Donchak et al. 1983) with an average maximum
temperature is 32 ºC and minimum of 17 ºC. The area receives 375-500 mm average
annual rainfall that decreases to the south and occurs mostly during summer (Donchak
et al. 1983).
The study area consists of three major topographic domains, the central of which
forms a watershed dividing for the Cloncurry River in the west and the Fullarton and
Williams rivers in the east. In the east of the study area, low rolling hills and plains
above the Soldiers Cap Group give way east to the Cloncurry and Julia plains. The
vegetation cover is dominantly grasslands; Spinifex that gives way eastwards to
Mitchell and Flinders grasses. Watercourses are commonly lined by medium to large
gum trees. The plains give way westerly to rocky hills and gorges at the contact of the
Soldiers Cap Group and Doherty Formation where an escarpment cuts west into the
Selwyn Range highlands. The vegetation in the highlands consists of spinifex and low
open woodlands, with the watercourses lined by gums and often filled with small
acacias. Mesas composed of Jurassic-Cretaceous sedimentary rocks are found
throughout the area (Donchak et al. 1983), particularly in the high country, and are
often barren or thinly covered by grasses and acacias. The plains and areas of low
relief in the west support grasslands similar to those in the east (Donchak et al. 1983).

2.3. Geological Background
2.3.1. Stratigraphy
Rocks outcropping within the study area were laid down during two successive rifting
phases, Cover Sequences 2 (CS2; 1.8-1.72 Ga) and 3 (CS3; 1.7-1.6 Ga) (Blake and
Stewart 1988; 1992). The main units of interest are described from east to west. The
CS3 Soldiers Cap Group (SCG) consists mostly of psammopelitic rocks, quartzite,
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schist, gneiss and migmatite. Mafic metavolcanics (Amphibolites) are commonly subconcordant to bedding within the SCG (e.g. the Toole Creek Volcanics). The CS2
Corella and Doherty formations range from intact / minimally altered laminatedmassive calc-silicates to a variety of Na-Ca alteration assemblages and massive
breccias. The Young Australia Group (Foster and Austin 2008) includes the Marimo
Slate, Stavely and Kuridala Formations that consist of slate and arenite to schist and
quartzite lithologies. The Ballara-Mitakoodi Quartzite unit consists dominantly of
quartzite with minor siltstone, and mafic and felsic volcanics. Further west the
Marraba Volcanics comprise mainly metabasalt with minor psammopelitic units. The
Argylla Formation, in the core of the Mitakoodi Culmination (Figure 3-1), comprises
mainly felsic volcanics with minor siltstone and metabasalt. Proterozoic
tectonostratigraphy is described in detail by Foster and Austin (2008).
Plutons of the Williams-Naraku Batholith intruded large areas of the Eastern
Succession from ~1550-1490 Ma. The Maramungee granite and its correlatives
(~1550 Ma) occur mostly in the southeast of the study area, the Saxby and Mount
Angelay granites, aged ~1540-1520 Ma, occupy the central area and the Squirrel Hills
and Naraku granites (1510-1490 Ma) and occupy the southwest and northern parts of
the study area. Doleritic dykes and sills of various ages intrude throughout the area.
They are commonly extensively folded and metamorphosed to amphibolite facies
(Donchak et al. 1983), but some are unaltered (dl of Donchak et al. 1983) and
probably correlatives of the Lakeview dolerite (~1116 Ma: Page 1983).
Several Phanerozoic units, which are shown as cover on Figure 3-1 are also discussed
in this paper. The oldest are Cambrian calcareous units sitting to the west of the main
study area, above the Wimberu granite and Mitakoodi Quartzite. These include the
Thorntonia Limestone, Chatsworth Limestone and the Pomegranite Limestone and
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collectively consist of chert, breccia, dolomite and limestone and marl (Blake 1987).
Outliers of Cretaceous Toolebuc Formation, which consists of Calcareous Shale and
limestone (Blake 1987), crop out east of the main study area. Mesas of the Jurassic
Gilbert River Formation, which consist of sandstone and conglomerate at the base and
an upper claystone unit, sit unconformably above the Precambrian units (Blake et al.
1983) throughout much of the study area. Various Tertiary sand, gravel, clay and
Quaternary alluvial deposits also sit unconformably above the Precambrian,
particularly to the east of the main study area.
2.3.2. Tectonics and Metamorphism
The Isan Orogeny, occurring from ~1600-1500 Ma, was the major contractional
deformation event in the Mount Isa Inlier, consisting of numerous deformation events
termed D1, D2 etc. (after Bell and Duncan 1978). D1 was recognised in the west of the
Inlier (Bell, 1983) as a N over S thrusting event. However in the east there remain
contrasting views about the existence and structural importance of D1 (Austin and
Blenkinsop 2008). D2 and D3 were both roughly E-W shortening events and are
thought to have formed the dominant ~N-S structural grain of the Eastern Succession
(Beardsmore et al. 1988; Adshead-Bell 1998; Betts 2000; Hatton & Davidson 2004).
Both events produced upright folding and numerous shear zones, which acted as
pathways for metasomatic fluids, and localised brecciation during D4. Dextral faulting
(Laing 1998) occurred syn- to post-D4 (<1530 Ma), in conjunction with the later
stages of east-west shortening.
Metamorphism in the inlier is high temperature, low pressure and is commonly
thought to peak syn-D2 at 1595-1580 Ma (Rubenach and Barker 1998; Rubenach
2003; Foster & Rubenach 2006, Rubenach et al. 2008). Mechanisms proposed to
explain the high temperature/low pressure metamorphism include mantle underChapter 3: Remote Mapping of Sodic-Calcic Alteration
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plating (e.g. Oliver et al. 1998) and large mafic / felsic mid-crustal intrusions
(McLaren et al. 1999; Hand and Rubatto 2002, McLaren et al. 2005). The
metamorphic grade of the area varies from greenschist facies in the north to upper
amphibolite facies in the south (Foster and Rubenach 2006). In the high grade areas,
pelitic rocks contain sillimanite and/or K-feldspar and calc-silicate rocks contain
diopside (Foster and Rubenach 2006).
2.3.3 Metasomatism
Metasomatic alteration has long been recognised in the Eastern Succession of the
Mount Isa Inlier (e.g. Edwards and Baker 1954; Carter et al 1961) and consists of
several stages (Table 3-2). Primary sodic alteration is widespread throughout the
study area, along and adjacent to the Cloncurry Fault (De Jong and Williams 1995;
Williams 1998; Mark 1998; Rubenach and Lewthwaite 2002).
The second stage of Na-Ca alteration (Stages 2a-2d: De Jong 1995), which is
texturally destructive (Cannell and Davidson 1998), has been recognised as a major
component of the alteration assemblages around numerous mineral deposits (e.g.
Ernest Henry: Mark 1999; Oliver et al. 2004). Chlorite-epidote alteration, which
primarily occurs adjacent to brittle quartz-breccia faults, such as the Cloncurry fault,
is thought to have occurred late-post Isan Orogeny (Mark 1998).
Potassic alteration (Stage 6: De Jong 1995), consisting of K-feldspar-hematite
(otherwise known as red-rock alteration, Carter et al. 1961) is also widely recognised,
but its timing is unclear. Cannell and Davidson (1998) suggest it occurs between the
two stages of Na-Ca alteration, whereas De Jong (1995) suggests it occurs after all
Na-Ca alteration has ceased. It is possible that potassic alteration may have occurred
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Table 3-2: The stages of Na-Ca alteration observed by De Jong (1995) for the study area, and

the minerals that ASTER and PIMA studies could use to identify them. Other than amphibole,
carbonate, epidote and chlorite which can not be separated due to their similar absorption
features in ASTER band 8, only Quartz and Iron band ratios could potentially be used to
differentiate the alteration stages of DeJong (1995). This illustrates the difficulty involved in
subdividing various metasomatic events in this study area using ASTER data.

Stage

Mineral Occurrence

ASTER Minerals

PIMA Minerals

1

Oligioclase, actinolite ± diopside

Amphiboles

Actinolite

2a

Actinolite, albite ± magnetite ± titanite ±
marialite (± diopside)

Amphiboles, ferrous iron

Actinolite

2b

Actinolite (± diopside) albite ± magnetite

Amphiboles, ferrous iron

Actinolite

2c

Actinolite / tremolite ± diopside veins
with rims of albite ± magnetite

Amphiboles, ferrous iron

Actinolite, tremolite

Amphiboles, ferrous iron

Actinolite, tremolite,
(hematite)

Quartz, Amphiboles,
ferrous iron

Actinolite

2d

3a

3b

Albite clasts in actinolite / tremolite matrix ±
magnetite ± apatite, with haematitedusted albite
rim.
Albitite, quartz, titanite, magnetite ±
actinolite ± diopside ± apatite
Quartz ± titanite ± diopside ± albite

Quartz

Brittle-ductile transition
4

Diopside, actinolite, albite ± magnetite ±
epidote ± allanite ± calcite ± chlorite

Amphiboles, ferrous iron,
epidote ± chlorite,
carbonates

Actinolite, epidote,
calcite, chlorite

5a

Epidote (in veins) ± prehnite ±
quartz ± albite ±chlorite ± talc

Epidote ± chlorite

Epidote, chlorite, ±
prehnite ± talc

5b

Tremolite needles, Mg Calcite (Dolomite)

Carbonates

Calcite (± tremolite,
dolomite)

6

K-Feldspar ± hematite ± quartz

Quartz, ferrous iron

(goethite, hematite)

7

Quartz ± Sulphides

Quartz
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sporadically throughout the metasomatic history of the region, possibly as a byproduct of Na-Ca alteration (Mark et al. 2006). De Jong (1995) analysed the
characteristics of pristine to highly Na-Ca altered calc-silicates and breccias in the
Doherty Formation using XRF (X-Ray Fluorescence) geochemical analysis. The data
have been averaged and the bulk chemical change during each alteration stage has
been calculated (Table 3-3). De Jong’s analyses show that the early albitisation caused
a relative loss of, SiO2, K2O, Al2O3 and Fe2O3 but relatively large gains in Na2O and
CaO. Such chemical changes would likely result in loss of almost all the quartz
present, a major decrease in K-feldspar and a major increase in albitic plagioclase.

Table 3-3: The relative changes in chemistry during Na-Ca alteration which are shown as the

change in weight percent (±Wt%) and the percentage change in weight percent (%Σ). Data
from De Jong 1995.

Pristine
calcsilicates

Moderately
Altered CalcSilicates

Average ± Wt %
SiO2
TiO2
Al2O3
Fe2O3
MnO
MgO
CaO
Na2O
K2O
P2O5
LOI

62.70
0.68
15.58
5.86
0.06
2.86
3.22
3.27
4.54
0.13
1.43

Total

100.31

1.13
-0.02
-1.10
0.11
-0.02
0.16
0.31
0.52
-0.47
0.02
0.11

Highly
Altered CalcSilicates

Breccias

%Σ

Average

± Wt %

%Σ

Average

± Wt %

%Σ

Average

1.80
-3.51
-7.06
1.84
-42.22
5.55
9.67
15.93
-10.29
18.66
7.34

63.83
0.65
14.48
5.96
0.03
3.02
3.53
3.79
4.07
0.16
1.54

-4.39
0.04
1.98
-0.33
0.02
0.04
0.87
3.69
-2.87
-0.02
-0.34

-6.87
6.05
13.70
-5.50
66.15
1.30
24.77
97.38
-70.52
-12.26
-21.89

59.44
0.69
16.46
5.64
0.05
3.06
4.41
7.47
1.20
0.14
1.20

1.08
-0.12
-3.63
-0.70
-0.01
1.86
2.55
-0.60
-0.82
-0.08
0.04

1.82
-17.09
-22.07
-12.48
-9.72
60.73
57.82
-8.09
-68.46
-56.80
3.65

60.52
0.57
12.83
4.93
0.05
4.92
6.95
6.87
0.38
0.06
1.24

101.05
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The second stage of alteration, which is associated with regional brecciation,
produced large relative losses of Al2O3, and K2O, and large increases in CaO and
MgO. These chemical changes should result in an increase in diopside / actinolite.
Although there is an increase in CaO throughout the alteration sequence, most calcite
appears to have formed late, possibly due to CO2 within the brecciating metasomatic
fluids. Magnetite is commonly found within breccias despite an overall loss of Fe,
suggesting that the precipitation of magnetite was caused by a shift in the redox
conditions.

3. DATA AND METHODS
3.1. ASTER Processing
Five ASTER scenes, covering an area shown in Figure 3-1, were obtained from
Geoscience Australia and processed following Geoscience Australia’s ASTER
manual (i.e. Kalinowski and Oliver 2004). Level 1B radiance at sensor data was used
due to low cost and ready availability, although Level 2 AST07 Surface reflectanceVNIR, SWIR data may provide better constrained results (J Mars pers. comm. 2007).
A crosstalk correction was performed using the ERSDAC (Earth Remote Sensing
Data Analysis Center) Crosstalk 3 tool (Iwasaki et al. 2001). The tool corrects for
signal leakage from band 4 to the adjacent band 5 and 9 detectors. Band 4 is a
particular problem because the solar output in that frequency range is significantly
higher than for the other SWIR bands. The ASTER data are then imported into ER
Mapper as separate VNIR, SWIR and TIR raster datasets. The images are rectified
and a radiance calibration is performed to rescale the digital values to the observed
top of atmosphere radiance values.
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Table 3-4: The different band ratios used in this study (after Kalinowski and Oliver 2004).
Feature
Iron
Ferric iron, Fe3+
Ferrous iron, Fe2+
Laterite
Gossan
Ferrous silicates
Ferric oxides
Carbonates / Mafics
Calcite / carbonate / chlorite / epidote
Epidote / chlorite / amphibole
Amphibole
Amphibole
Dolomite
Carbonate
Silicates
Sericite / muscovite / illite / smectite
Alunite / kaolinite / pyrophyllite
Phengitic
Muscovite
Kaolinite
Clay
Alteration
Host rock
Silica
Quartz rich rocks
Silica
SiO2 / basic degree index
Siliceous rocks

Band or Ratio

Reference

2/1
5/3 + 1/2
4/5
4/2
5/4
4/3

Rowan et al. 2004
Rowan et al. 2004
Bierwith 2002
Volesky 2003
Kalinowski and Oliver 2004
Kalinowski and Oliver 2004

(7+9) / 8
(6+9) / (7+8)
(6+9) / 8
6/8
(6+8) / 7
13 / 14

Rowan et al. 2003
Kalinowski and Oliver 2004
Hewson et al. 2005
Bierwith 2002
Rowan et al. 2003
Ninomiya and Fu 2002

(5+7) / 6
(4+6) / 5
5/6
7/6
7/5
(5+7) / 6²
4/5
5/6

Rowan and Mars 2003
Rowan
Hewson et al. 2005
Hewson et al. 2005
Hewson et al. 2005
Bierwith 2002
Volesky 2003
Volesky 2003

14 / 12
(11x11) / 10/12
12 / 13
(11x11) / (10x12)

Rowan et al. 2006
Bierwith 2002
Ninomiya and Fu 2002
Ninomiya and Fu 2002

The ASTER scenes are mosaicked, and the mineral components of various alteration
assemblages are differentiated by application of various band ratios (see table 3-4).
The band ratios are algorithms applied to the different ASTER bands, using ER
Mapper, that have been previously shown (e.g. Ninomiya and Fu 2002; Bierwirth
2002; Volesky 2003; Rowan and Mars 2003; Rowan et al. 2003; 2004; Hewson et al.
2005) to map various lithologies and/or alteration types. The resulting raster images
are then imported into MapInfo (www.mapinfo.com) for comparison with mapped
geology and PIMA data.
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Band ratios that may be useful for mapping Na-Ca alteration are those that
discriminate amphiboles, epidote-chlorite-amphibolite, carbonate, calcite-carbonatechlorite epidote, dolomite and quartz band ratios.

3.2 PIMA Methodology
Portable Infrared Mineral Analyser (PIMA: http://members.ozemail.com.au/~tdc/
pima/pima.htm) is a spectral scanning device that is used on hand samples to measure
spectral absorption features. Previous workers have used PIMA, (e.g. Sun et al. 2001)
or a combination of both PIMA and ASTER (e.g. Van der Wielen et al. 2004) to
identify deposit to regional scale alteration.
Approximately 300 samples from the study area (Figure 3-2) were cut and analysed
using PIMA. The resulting spectra were saved as PimaView Spectrum files which
were imported into The Spectral Geologist (TSG: www.thespectralgeologist.com)
software. The TSG software can distinguish between 49 different minerals and will
list up to two dominant minerals (Table 3-5) by using the wavelengths of
characteristic absorption features. The data are sorted by mineralogy and plotted over
the ASTER images to compare with the various band ratios.
Because PIMA can detect more minerals with less ambiguity than ASTER, it is a
good tool for validation of ASTER data, and can be used to give more detailed
information about lithology and alteration at the sample scale. However the difference
in scale between PIMA and ASTER datasets may make spatial comparison
problematic. Here it used to quantify the mineral components of Na-Ca alteration.
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Figure 3-2: Results from PIMA analyses. Minerals indicative of Sodic Calcic alteration (e.g.

actinolite, hornblende and calcite) are distributed widely in the study area while chlorite, and
epidote are generally restricted to post-1530 Ma faults.
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Table 3-5: PIMA mineral groups, minerals within each group and total samples with those
minerals identified by PIMA. Min1 and Min2 are the primary and secondary minerals
detected by PIMA.
Mineral Group

Mineral

Ambibole

Actinolite
Hornblende
Tremolite
Riebeckite
Biotite (general)
Phlogopite
Vermiculite
Ankerite
Aragonite
Calcite
Dolomite
Magnesite
Siderite
Mg-rich
Fe-rich
Int Chlorite
Clinzoisite
Epidote
Zoisite
Dickite
Halloysite
Kaolinite
Goethite
Haematite

Biotite

Carbonates

Chlorite

Epidote

Kaolin

Iron Oxides

Min1 Min2
35
41
1
1
7
10

9
7
1

Mineral Group

Mineral

Mg-rich (misc.)

Antigonite
Brucite
Serpentinite
Talc
Vermiculite
Magnesium Clays
Prehnite
rubellite
Topaz
Tourmaline
Opaline Silica
Hectorite
Montmorillonite
Nontronite
Saponite
Alunite
Gypsum
Jarosite
Illite
Muscovite
Paragonite
Phengite
Gibbsite
Pyrophyllite

6
Silicates (misc.)

1

1

10

1
SiO2
Smectites

4
1
3
12

1
2

17

17

4
13

4

Sulphates

White Micas

Others

Min1 Min2

1
1

3
3

2

1
2

1

8
1

1

2
13
25
20

5
6
1

3.3. Geophysical Data
Detailed aeromagnetic and radiometric data over the Mount Isa Inlier were acquired
by M.I.M. Holdings Ltd. (now Xstrata) in 1992. The radiometric data was obtained
using a 256 channel Exploranium GR800B spectrometer and sampled at 70 m
intervals. The survey was flown with a mean terrain clearance of 80 m, flight line
spacings of 200 m and tie line spacings 2000 m (Richmond 2000).
The total magnetic intensity data used here are derived from the aeromagnetic survey
which was sampled with a split beam Cesium Scintrex V201, which used a 7 m
sample interval (Richmond 2000). The survey was flown at a height of 70m with
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flight line spacings of 70 m and tie line spacings 400 m (Edmiston et al. 2008). The
total magnetic intensity dataset is grided as 50m x 50m cells, providing a high quality
dataset that shows good detail (Blenkinsop et al. 2008).

4. RESULTS
4.1 Amphiboles
Three ASTER mineral ratios have been previously used to map Amphiboles (Table 34). The Amphibole (Bierwirth, 2002: Figure 3-3) and Amphibole ± MgOH ±
Carbonate (Rowan et al. 2004) band ratios appear to highlight similar surface
lithologies. However, there appears to be far greater contrast in the latter. The Epidote
± Chlorite ± Amphibolite band ratio is virtually identical to the Amphibole (Bierwirth,
2002) band ratio and is discussed later in reference to Epidote-Chlorite alteration.
There is a strong correlation between the Amphibole band ratio and hornblendebearing granites, such as the Squirrel Hills and Naraku granites (cf. Blake 1987).
Another high corresponds to a concentration of doleritic intrusions (unit dl of
Donchak et al. 1983) in the hinge and eastern limb of the Mitakoodi Culmination,
within Mitakoodi Quartzite and Marraba Volcanics. In this area the dl unit
corresponds to metadolerite or amphibolite, which commonly contain hornblende,
actinolite and (often partly sericitised) plagioclase (Donchak et al. 1983). In many
other cases the dl unit corresponds to dolerites which contain primary pyroxene and
thus are not expressed as highs in this band ratio. The most intense high in the band
ratio corresponds to metadolerites, metabasalts and amphibolites of the Toole Creek
Volcanics, which are interlayered with mainly schistose metasediments (Donchak et
al. 1983). Linear traces observed within the high are indicative of layering within the
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Figure 3-3: The Amphibole (Bierwirth 2002) index, which is similar to the other amphibole
indexes listed in Table 3-4, highlights amphibolites (e.g. the Marraba and Toole Creek
volcanics) but also areas of sodic–calcic alteration (e.g. in the Doherty and Kuridala
formations). Numerous other highs may reflect carbonate rich Tertiary sediments. All
pseudocolour images are normalised to define a relative scale of intensity, where red is
high, yellow intermediate and blue is low.
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strata. Moderate highs are also observed in several parts of the Doherty and Kuridala
formations. These highs may coincide with actinolite formed during Na-Ca
metasomatism, but they may also be due to mafic intrusions (e.g. Figure 3-4) that are
more widespread than mapped by Donchak et al. (1984) and Blake et al. (1984).
Although the amphibole band ratios generally show similar features there are some
contrasts between them. The Bierwirth band ratio distinguishes the Cone Creek
metabasalt member of the Marraba Volcanics much better than the Amphibole ±
MgOH ± Carbonate band ratio. In contrast the Amphibole ± MgOH ± Carbonate band
ratio does not show a high for the Wakeful Metabasalt member and shows a high for
the Mitakoodi Quartzite. The Mitakoodi Quartzite consists mostly of feldpathic
quartzites and arenites, but Blake (1987) does suggest that some calcareous quartzite,
calc-silicate rocks and marbles also occur within the unit, which may cause the high.
Hornblende has a major absorption feature at ~2.320 µm detected, by PIMA, in 48
samples and is primarily in black and white foliated and unfoliated Na-Ca altered
rocks (Figure 3-4a) and amphibolites (Figures 3-4e & f) within the Doherty
Formation. Hornblende is also detected as a primary mineral in parts of the Saxby
Granite, in marbles, and samples with pink-green alteration. The pink-green alteration
probably represents late stage alteration of albite ± actinolite ± tremolite ± hornblende
to Calcite ± epidote ± chlorite ± Mg-clays. In figures 3-4c & d hornblende occurs with
tremolite and epidote respectively.
Actinolite has a major absorption feature at 2.316 µm (Figure 3-4b) and is detected,
by PIMA, in 44 samples in the Doherty Formation. It is primarily found in calcsilicate breccias, mylonites and foliated (e.g., Figure 3-4b) to unfoliated Na-Ca altered
rocks and is commonly associated with epidote and chlorite. Actinolite is also
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detected in two samples from an unnamed, probably Maramungee type (~1550 Ma)
(pg) granite

Figure 3-4: Representative PIMA spectra for amphiboles; a. hornblende and b. actinolite in

sodic-calcic altered rocks; c. hornblende and tremolite and d. hornblende and epidote in
potassic altered rocks; e. and f. hornblende in amphibolites. Although actinolite and
hornblende, the two main amphibole species, have different PIMA spectra, they cannot be
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differentiated, due to similar absorption features at ~2.320 µm and ~2.400 µm which both
correspond to ASTER band 8 and 9 respectively.

at 0477093E 7643734N. No actinolite is detected in the younger granites (Saxby, Mt
Angelay and Squirrel Hills granites), which may suggest their intrusion post-dates the
major regional Na-Ca alteration phase.

4.2. Chlorite and Epidote
Epidote and chlorite alteration (detected in numerous samples by PIMA) is associated
with structurally controlled carbonate hosted copper deposits (e.g. Davidson 1998),
but occur over small areas. Although both minerals have absorption features in
ASTER bands 7 and 9 (Figures 3-5a & b) they can not be distinguished from
carbonate or amphibolite because the major absorption feature straddle band 8 and 9.
Thus there is significant absorption in ASTER band 8.

Figure 3-5: PIMA spectra for: a. Epidote–actinolite alteration of metadolerite showing an
asymmetric twin absorption feature at 2.250 and 2.336µm; b. Retrograde mylonite containing
Fe- and intermediate chlorite, with an asymmetric twin absorption at 2.250 and 2.344 µm.
The major absorption occurs in ASTER bands 8 & 9.
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Samples with high epidote and/or chlorite content commonly occur close to late brittle
faulting (e.g. the Cloncurry Fault) suggesting that their formation is associated with
hydrothermal alteration along such faults. One area (GR: 0480084, 7630555) near a
splay of the Cloncurry Fault displays epidote in massive aggregates with amphibole,
possibly caused by saussuritisation of Na-Ca altered gabbros. In general, epidote and
chlorite tend to occur in mafic and felsic plutonic rocks, many of which are K-feldspar
granites or dolerites / gabbros. They also occur in rocks with pink/green (potassicchloritic) overprinting alteration.

4.3 Carbonates
The Carbonate (Ninomiya and Fu 2002) band ratio (Fig 7) is very grainy due to the
poor resolution of the parent bands. However, it is very effective for mapping
Cambrian – Cretaceous sediments including the Chatsworth, Pomegranite and
Thorntonia limestones and limestone and calcareous sandstones of the Toolebuc
Formation (Klo of Ryburn et al. 1988).
The Dolomite band ratio (Figure 3-7) displays a moderate high over much of the
Doherty Formation. However, it also shows a distinct high over the Toole Creek
Volcanics in the Weatherly Creek syncline, which is dominated by amphibolites and
psammites (cf. Hatton and Davidson 2004). The inability of ASTER SWIT data to
differentiate amphiboles from carbonates, epidote and chlorite is a fundamental
problem (J. Mars, pers. comm., 2007).
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Figure 3-6: The Carbonate band ratio of Ninomiya and Fu (2002) utilises the ASTER TIR
data and best highlights Mesozoic carbonate-rich strata.
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Figure 3-7: The Dolomite band ratio of Rowan et al. (2003) utilising ASTER SWIR data. It
appears to highlight amphibole primarily, associated with amphibolites and with Na-Ca
alteration.

Calcite shows diagnostic absorption feature at ~2.340 µm and is detected, by PIMA,
in pink-green marbles and calc-silicate breccias (Figure 3-8a & b). Most of the
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samples that contain calcite occur within a small area in the vicinity of the Fullarton
River Gorge and commonly occurs with hornblende or epidote. Calcite veins are
commonly observed in the field and are associated with siderite, ankerite and gypsum
as detected by PIMA. The samples in this area generally coincide with a high in the
dolomite band ratio.

Figure 3-8: PIMA spectra for a. calcite-epidote breccia/marble and b. a calcite marble from
the Doherty Formation both show a pronounced absorption feature at 2.340 µm which
corresponds to ASTER band 9.

4.4 Quartz
The quartz band ratio of Rowan et al. (2006) is a highly effective means of identifying
relatively quartz rich and poor lithologies in the study area (Figure 3-9). It shows a
clear boundary which coincides with the Cloncurry Lineament. Low amounts of
quartz in the Doherty Formation are inferred to the west of the lineament, and high
amounts of quartz in the Soldiers Cap Group to the east. This is consistent with the
lithological mapping conducted in the area (e.g. Blake 1980; Donchak et al. 1984). In
general the quartz band ratio shows lows for areas that are mapped as carbonaceous
units. The
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Figure 3-9: The Quartz band ratio (Ninomiya and Fu 2002) utilises ASTER TIR data and
highlights quartz-rich lithologies. In particular it highlights the strong contrast between the
quartz-rich Soldiers Cap Group and the quartz-poor Doherty Formation.

Chapter 3: Remote Mapping of Sodic-Calcic Alteration

120

quartz ratio band 14/12 is essentially the inverse of the Carbonate band ratio
(Ninomiya and Fu 2002) which is band 13/14. The quartz ratio also shows distinct
lows for areas of intense Na-Ca alteration, as discussed further in section 4.5.

4.5. Correlations with magnetic and radiometric data
Potassium depletion in Na-Ca altered calc-silicate rocks (Richmond 2000: see Table
3-3) might be used to map areas of intense sodic-calcic alteration, which should be
expressed as lows in K radiometric data (Figure 3-10). Similarly the high proportion
of magnetite within the Na-Ca altered rocks may be utilised for mapping. Highly
altered areas correspond to highs in total magnetic intensity data (Figure 3-11).
Figures 3-12 and 3-13 show two parts of the Doherty Formation that are highly Na-Ca
altered (Oliver 1995; Mark et al. 2004; Kendrick et al. 2008). In both examples there
is a clear correlation between the breccias of the Doherty Formation and lows in the
K-radiometric data. It is interesting to note that there is a low in the K-radiometric
data in the area surrounding the Mount Angelay Granite (Figure 3-12), which may
suggest a link between albitised areas (i.e. Na-rich alteration) and magmatic fluids
derived from the granite (e.g. Pollard et al. 1998; Mark et al. 2006). A comparison of
the K-radiometrics and Amphibole band ratio also reveals that both data sets have a
low adjacent to the NW margin of the Mt Angelay Granite. This may suggest that the
breccias adjacent to the pluton retain diopside, possibly precipitated during early NaCa alteration stages, that has not been altered to actinolite. Another interesting feature
of the K-radiometrics are several highs are spatially associated with late faults and
copper mineralisation which is potentially indicative of potassic alteration.
Richmond (2000) states that brecciated and altered rocks have lower U compared with
the unaltered calc-silicates. However, this relationship is not observed in Figure 3-12c
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Figure 3-10: K-radiometric data for the Mt Isa Eastern Succession, showing the limit of
Proterozoic outcrop and generalised geology.
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Figure 3-11: Total magnetic intensity data for the eastern Mount Isa Inlier with geology
outlines overlain.
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Figure 3-12: Comparison of the K- and U-radiometric and the magnetic response of different
units. A. Geology of the area located in Figure 3-1, showing the Doherty formation, which is
divided into hydrothermal Na-Ca altered breccias (Br), massive to laminated Calc-Silicates
(CS), the Saxby (SG) and Mt Angelay granites and sedimentary rocks of the Stavely
Formation and the Soldiers Cap Group (in yellow); B. K- radiometric data. Lows correlate
with Na-Ca breccias, particularly those haloing the Mt Angelay granite, and east of the
Cloncurry Fault. Highs correlate with high copper and heavy metal concentrations in several
instances in the Doherty and Stavely formations; C. U-radiometric data. Highs correspond to
several granitic intrusions and show internal zoning within the Wimberu Granite (WG); D.
Total Magnetic Intensity data. Although the Doherty Formation has high magnetic
susceptibility overall, mapped breccias do not directly correspond to elevated magnetic
intensity. Small zones within the breccias have high magnetic intensity, which may suggest
they are areas of intense oxidation.
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Figure 3-13: a. Geology of the area located in figure 3-1; b. the Amphibole (Bierwirth 2002)
band ratio; c. total magnetic intensity image; d. the Amphibole-MgOH-Carbonate band ratio
(Rowan et al. 2004); e. K-radiometric data; f. Quartz band ratio (Ninomiya and Fu 2002).
This figure highlights the relationships between geology, the amphibole band ratios, total
magnetic intensity, K-radiometric data, and the Quartz band ratio. The inverse relationship
between magnetic intensity data, K-radiometric plus ASTER band 8 data is the basis for the
generation of a new band ratio that defines Na-Ca alteration.

Chapter 3: Remote Mapping of Sodic-Calcic Alteration

125

Uranium radiometric data highlights several granitic intrusions (NE Saxby, parts of
the Mt Angelay, the northern Squirrel Hills Granite (SHG) and the core of the
Wimberu Granite (WG)). Although U-Radiometric data was shown (Richmond 2000)
to map zonation in granites, it does not appear to be a good proxy for Na-Ca
alteration. Figure 3-13 illustrates the good correlation between the amphibole band
ratios (Figs. 13b and d) and the magnetic intensity image (Figure 3-13c), while there
is also a strong inverse correlation between the magnetics and K-radiometric data. The
K-radiometrics also have a strong correlation with the quartz band ratio. In this area,
all the relationships that are suggested by the chemical analyses of De Jong (1995)
and by the findings of Richmond (2000) can be observed. Na-Ca alteration forms a
mineralogy that has a high proportion of amphiboles and magnetite, which is detected
by the ASTER amphibole band ratios, and can be inferred from the elevated magnetic
intensity within the altered zones (Austin and Blenkinsop 2008). The Na-Ca alteration
leads to depletion of potassium and quartz that is shown by the lows (blue) in the
potassium radiometric data and ASTER quartz band.

4.6. Sodic-Calcic alteration index
Based on the above observations a Na-Ca alteration index has been generated using
the magnetic intensity, K-radiometric, and ASTER band 8 data. The Sodic-Calcic
alteration index (Figure 3-14) is calculated by:

Sodic Calcic alteration = 2nd derivative of Magnetic Intensity
K-radiometrics + ASTER band 8
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Figure 3-14: The Sodic-Calcic alteration index was developed to highlight areas of intense
sodic-calcic alteration. It identifies several narrow moderate highs that coincide with areas of
mineralisation; e.g. Monakoff, Kuridala, the Selwyn Corridor and numerous deposits sitting
on faults in the Stavely Formation.
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The second derivative magnetic data was used because it offers a simple method of
locating geologic anomalies of importance in mineral reconnaissance (Elkins 1951). It
emphasises the expression of local features (e.g. faults) and removes the effects of
regional anomalies. The resulting alteration index highlights several zones that are
known to be highly Na-Ca altered, e.g. the Selwyn Corridor, and the Doherty
Formation adjacent to the Cloncurry Fault. In the case of the Doherty Formation, the
band ratio highlights the albite-actinolite-magnetite breccias preferentially. Many of
these highs spatially coincide with copper mineralisation, e.g. the Selwyn Corridor,
Ernest Henry,
Osborne, Kuridala, and deposits that sit along NNW oriented highs (e.g. Southern
Cross, Eldorado and Red Sierra) within the Stavely Formation. Several occurrences of
massive magnetite (ironstone) or localised copper mineralisation, observed in the
main study area, also coincide with a high adjacent to the Cloncurry Lineament.
However the band ratio also highlights features that clearly do not coincide with NaCa alteration. Obvious examples are the carbonate rich Mesozoic strata which have a
low K-radiometric response, and overly relatively magnetic Proterozoic rocks
(Doherty Formation and Squirrel Hills Granite). The same is true of the amphibolites
in the Toole Creek Volcanics, except that the absorption in band 8 is due to the units
being rich in amphibole, and spatially coincident iron formations are highly magnetic.
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5. DISCUSSION
ASTER can be used to help define distinct lithologies and alteration, even in
complicated terrains such as the Mount Isa Eastern Succession. However, many of the
band ratios are not diagnostic for specific minerals, but indicate a wide array of
potential mineralogy (e.g. amphibole, carbonate and epidote) which all have a major
absorption features in band 8 and comprise the majority of minerals detected by
PIMA in rocks from the study area. Although ASTER Amphibole ratios appear to be
relatively good at mapping amphibole, particularly within amphibolites and granite,
the highs may also correspond to epidote, chlorite or carbonate or combinations
thereof. Some alteration types (e.g. potassic and chlorite-epidote alteration) that this
study aimed to map with ASTER occur at vein scale along late faults and are too
spatially complex to be delineated by the 30m pixel resolution of ASTER SWIR
bands (4-9).
The spectral expression of Na-Ca alteration is very complicated because all of the
detectable minerals formed have spectral absorption features in ASTER band 8.
PIMA analyses in this study commonly detected actinolite, hornblende and calcite in
the Doherty Formation breccias which are major products of Na-Ca alteration (De
Jong 1995; Chapman and Williams 1998; Cannell and Davidson 1998). This suggests
that there is significant Na-Ca alteration associated with brecciation in the Doherty
Formation, as mapped by Kendrick (2008; after Oliver et al. 2004; Mark et al. 2006).
Na-Ca alteration assemblages in the study area can not be confidently mapped using
ASTER alone because of the poor correlation between amphibole ± carbonate ±
epidote band ratios and mapped alteration in the field (cf. Oliver 1995; De Jong 1995;
Marshall 2003; Mark et al. 2004; Oliver et al. 2004; Marshal et al. 2006; Kendrick et
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al. 2008). Furthermore, it is difficult to separate the amphiboles formed by Na-Ca
alteration from amphiboles formed during metamorphism.
Integration of ASTER data with radiometrics and magnetic intensity data can better
define areas of intense Na-Ca alteration. Lows in the K-radiometric data correlate
with highly altered, usually brecciated, zones within the Doherty Formation, with
highs in the magnetics and amphibole ratios, and with lows in the quartz band ratio.
However, the correlation between Na-Ca alteration and the amphibole band ratios is
inconsistent, possibly due to zonation within the Na-Ca alteration where diopside
from earlier alteration phases may be preserved.
The Sodic-Calcic alteration index is an effective means of highlighting areas where
strong Na-Ca alteration may exist and can be utilised in conjunction with pre-existing
geological knowledge of the area to reveal new target areas for further investigation.
Although the Sodic-Calcic alteration index could be better constrained (e.g. by using
ASTER level 2 surface reflectance data) the approach taken here shows that ASTER
SWIR data can be integrated with geophysical data to better discriminate Na-Ca
alteration. Integration of spectral and geophysical data is an approach that has great
potential to be used for mapping a wide array of alteration types and lithologies, and
may bypass some of inherent problems with ASTER data (e.g. allow amphiboles and
carbonates to be better discriminated). Furthermore, a similar approach may be used
to map potassic alteration which is also spatially associated with a number of Cudeposits in the Mount Isa Eastern Succession and other similar terranes worldwide.

Chapter 3: Remote Mapping of Sodic-Calcic Alteration

130

CHAPTER 4: Crustal to deposit scale controls on
mineralization in the Eastern Mount Isa inlier from
weights-of-evidence and autocorrelation analysis

ABSTRACT
Although major crustal lineaments may play an important role in mineralization, the
relationship between lineaments and mineral deposit can be quite cryptic, and
structural controls may vary as a function of scales along lineaments. Major
lineaments alone may be of limited use for detailed target generation. The Cloncurry
Lineament in the Eastern part of the Mount Isa Inlier is a crustal scale structure
defined by worms. Weights-of-evidence quantifies the association between mineral
occurrences and this lineament, and autocorrelation is used to recognise structural
controls on mineralisation at different scales by progressively limiting the lengths of
the vectors between points in the autocorrelation plot, identifying both regional and
local trends. The weights-of-evidence analysis shows that Au, Au-Cu, Cu-Au and Cu
deposits have a positive spatial correlation to the Cloncurry Lineament, which
suggests it that acted as a primary crustal- scale control on the location of Cu and Au
through focussing alteration systems on a large scale. However, autocorrelation
defines a variety of local structural controls, which can be interpreted as ductile-brittle
shears, variably oriented fault sets, and orientation of bedding and/or iron formations
which localise fluid flow and mineral deposition at finer scales. The results suggest
that worms can used in conjunction with spatial analysis techniques as a predictive
tool for exploration targeting in areas under thin cover adjacent to mineralised terrains
such as the Mt Isa Inlier.
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1. INTRODUCTION
Many hydrothermal mineral deposit types display a spatial relationship with faults and
crustal discontinuities on a variety of scales (e.g., Groves et al. 1998; Sillitoe 2000;
Goldfarb et al. 2001; Betts and Lister 2002; Haynes 2002; Grauch et al. 2003, Bierlien
et al. 2006). Giant deposits which are integral to worldwide mineral production appear
to have formed from large hydrothermal systems that are commonly localised around
major crustal structures (Jaques et al. 2002). Ore deposits may occur on secondary
structures adjacent to larger scale primary structures (e.g. Robert 1990), which were
likely to have been pathways for channelling fluids to and within the upper crust (e.g.,
Sibson et al. 1988; Cox et al. 2001; Chernicoff et al. 2002). Faults are commonly
associated with major lineaments defined by potential field gradients, where rocks of
contrasting density and/or magnetic susceptibilities are displaced (e.g. Bierlein et al.
2006). Since the advent of potential field worms in the late 1990’s, workers have also
recognised clear spatial associations between magnetic and gravity worms (i.e., major
geophysical lineaments) and mineralisation (e.g., Hobbs et al. 2000; Murphy 2005;
Bierlein et al. 2006).
A spatial

relationship between a major lineament and mineralisation could imply that a

large-scale, deep-seated structure has acted as a pathway to focus flow or ore-forming
fluids through the crust. However, such large scale structures do not always persist to
the surface (e.g., the Carlin Trend: Crafford and Grauch 2002), or they may have
variable structural expressions from depth the surface (e.g. mylonite zone at depth to
fault zone at the surface). Furthermore, structural controls on mineralisation may be
scale dependant, both vertically and horizontally. Thus, major lineaments are
commonly of little use for generating specific targets in detailed mineral exploration,
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and the relationship between major structures and ore deposits may in fact be quite
cryptic.
Weights-of-evidence analysis and autocorrelation are useful techniques to elucidate
relationships between structures and mineralization. The degree of spatial association
between mineral deposits and structures can be quantified by the contrast parameter in
weights of evidence analysis (e.g. Bonham-Carter 1994), while autocorrelation
(Vearncombe and Vearncombe 1999) can be used to examine preferred orientations
and spacings of mineral deposits at all scales, which can be linked to fault
characteristics. The latter can potentially reveal structural controls on mineralization
at very detailed scales.
A few studies have applied weights of evidence recently to mineral deposit
distribution in the Eastern Succession of the Mount Isa Inlier (e.g. Mustard et al.
2004; Butera 2004; Ford and Blenkinsop 2007; Oliver et al. 2007), but these studies
have not generally examined detailed controls on mineralization by other techniques
such as autocorrelation analysis, or compared results to deposit-scale structural
controls. The prospectivity analysis of Mustard et al. (2004) showed that the contact
between two lithostratigraphic units (the Soldiers Cap Group and Doherty Formation)
in the Eastern Succession was highly prospective to IOCG (Cu-Au) mineralisation.
This implies that the Cloncurry Lineament, a major north-northwest geophysical
lineament associated with the contact (Austin and Blenkinsop 2007), should also be
prospective. Mustard et al. (2004) also showed strong structural controls on IOCG
mineralization in the form of north- and east-northeast-trending faults, which were
highly favourable for IOCG mineralisation.
This paper quantifies the importance of a key regional control on mineralisation in the
Eastern Succession of the Mount Isa inlier using weights-of-evidence, and tackles the
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problem of how to identify controls on mineralisation at different scales using
autocorrelation. Results from these techniques are interpreted by making a thorough
review of the geology and deposits of the study area. By identifying local scale
controls on mineralisation within broader regional trends mineral explorers can target
prospective structures more precisely.

2. GEOLOGIC SETTING
The Mount Isa Inlier is a mineral province of global significance containing Cu, iron
oxide–Cu-gold (IOCG), Ag-Pb-Zn and U deposits. It has undergone a complex
tectonic evolution from ~1.9 to 1.5 Ga. Basement rocks are Archean, and the earliest
documented tectonic activity occurred during the Barramundi Orogeny at 1.9-1.85 Ga
(Etheridge et al. 1987). Subsequent rifting resulted in the deposition of cover
sequence 1 (CS1 of Blake 1980; DE1 of Loosveld 1989) synchronous with intrusion of
the Kalkadoon Granite at 1.87-1.85 Ga. Rocks of this age form a north-trending horst
through the centre of the Inlier called the Kalkadoon-Leichhardt belt (KLB). The
KLB’s eastern margin divides the Inlier into Eastern and Western Successions (Carter
et al. 1961). A second rifting phase initiated the deposition of cover sequence 2 (CS2,
DE2) which was laid down from 1.8-1.74 Ga, culminating with intrusion of the Wonga
Granite at about 1.74 Ga. From 1.74-1.67 Ga. a third rifting phase ensued, allowing
deposition of cover sequence 3 (CS3, DE3) and intrusion of the Sybella Granite at
~1.70 Ga (Page and Bell 1986, Betts et al. 1998). Following the Sybella event (1.671.6 Ga), CS3 shallow water sedimentation continued in the Western Succession.
Tectonostratigraphy is discussed in detail by Foster and Austin (2007).
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The Isan Orogeny (~1.63-1.49 Ga) was the major contractional deformation in the
Mount Isa Inlier. The Isan Orogeny consisted of numerous deformational episodes
(e.g., D1, D2 etc of Bell and Duncan 1978). The number and timing of events is
controversial, with some researchers proposing three protracted events (e.g.,
MacCready et al. 1998; Holcombe et al. 1992), while others suggest up to seven
separate events (e.g., Mares 1998). However, a growing body of evidence (e.g.,
O’Dea and Lister 1995; Giles et al. 2006) suggests that deformation was inconsistent
across the inlier, and that the sequence and style of tectonism in the west may differ
from that in the Eastern Succession. The terminology used here follows the D1-D5
deformation sequence of Austin and Blenkinsop (2008) and Keys (2008).
The Williams-Naraku Batholith intruded large parts of the Eastern Succession syn- to
post-Isan Orogeny. Metamorphism during the Isan Orogeny was high temperature,
low pressure, reaching a maximum of upper amphibolite facies (Foster and Rubenach
2006; Rubenach 2007). Peak metamorphism was syn-D2 (Rubenach and Barker 1998;
Rubenach 2007), based on 1.595-1.58 Ga dates from Soldiers Cap Group schists in
the Snake Creek anticline (Foster and Rubenach 2006; Rubenach 2007; Hand and
Rubatto 2002). Mechanisms proposed to explain the metamorphism include
delamination (Loosveld and Etheridge 1990), mantle under-plating (Oliver et al.
1998) and large mafic / felsic mid-crustal intrusions (McLaren et al. 1999; McLaren et
al. 2005; Hand and Rubatto 2002).
Mineral deposits occur throughout the inlier, and fall into several discrete deposit
categories. The Western Succession is dominated by carbonate hosted hydrothermal
Cu dominant deposits which formed in conjunction with relatively late faulting (e.g.,
Keys 2008). A lesser number of syngenetic stratiform Pb-Zn-Ag deposits are
concentrated along the Barramundi Worm, which is the “expression of a boundary
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between two lithospheric blocks of different ages and densities” (Hobbs et al. 2000)
locally coinciding with the Mount Isa and Termite Range faults. There is a wider
variety of deposits in the Eastern Succession. In addition to carbonate hosted Cu
deposits (e.g. Great Australia, Greenmount) there are Iron-Oxide-Cu-Gold (IOCG)
deposits (e.g. Ernest Henry, Osborne), vein gold only deposits (e.g. Gilded Rose) and
associated alluvial gold. There are also several Pb-Zn-Ag deposits (e.g., Cannington,
Pegmont). The giant Cannington deposit sits near the termination of a major worm,
the Cloncurry Lineament (Austin and Blenkinsop, 2007).

3. DATA AND METHODS
3.1 Data and deposit classification
Mineral occurrence data for the study was extracted from MINOCC (2002), which
includes information about the relative size of the occurrence, the relative metal
endowment and geographical location. The MINOCC (2002) database also contains
information about structural controls and genetic models for some occurrences which
are incorporated in table 4-1. In this study, data were classified by their listed metal
endowment into the following categories: Pb-Zn-Ag, Au-Cu, Cu-Au, Cu and Au.
This classification is used because it avoids controversies relating to different genetic
models applied to various deposits. However, in most cases the MINOCC (2002)
classifications correlate with the genetic divisions discussed in section 5. The study
uses the 9 Pb-Zn-Ag, 25 Au-Cu, 103 Cu-Au, 49 Cu and 21 Au deposits listed in this
study area by MINOCC (2002).
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3.2 Weights-of-evidence
Weights-of-evidence describe the degree of spatial association between mineral
occurrences and a geological variable (e.g. area within a buffer around fault). They
are expressed by the contrast (CW); the natural logarithm of the ratio of the odds of a
mineral occurrence given the presence of the geological feature to the odds of a
mineral occurrence in the area without the feature (Bonham-Carter 1994). This value
compares the spatial association of two particular features (e.g., Cu occurrences and
fault intersections) with that expected from a random distribution of these features,
which would give a contrast value of zero. Contrast values above 0.5 are considered
to be indicative of a significant spatial association between two features (Wang et al.
2002), and can also be evaluated by the studentized contrast (Bonham-Carter 1994).
The studentized contrast (or confidence) is a measure of the certainty with which the
contrast is known, and is calculated as the ratio of the contrast to its standard
deviation (Bonham-Carter 1994). As long as the confidence is high (above 1.5) then
the contrast value is likely to be significant (Bonham-Carter 1994). Weights-ofevidence analysis was performed on the data using the MapInfo-Spatial Data
Modeller © software package (Avantra Geosystems) to determine the spatial
correlation between Pb-Zn-Ag, Au-Cu, Cu-Au, Cu and Au occurrences and the
Cloncurry Lineament. Buffers around the feature were varied from 0 to 15 km to
determine the buffer distance that gave the optimum contrast value, as judged by the
maximum contrast value. Various areas were assigned to mineral occurrences but this
variation did not significantly affect the contrast values.
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3.3 Autocorrelation (Fry Analysis)
The spatial distribution of mineralisation can be analysed by a plot on which each data
point (e.g. mineral occurrence) is marked relative to every other data point
(Vearncombe and Vearncombe 1999). Termed an “all-object-separations” plot (Hanna
and Fry 1979), these are commonly known as “Fry plots” or “translations plots” and
were developed for the analysis of strain in rocks (Fry 1979; Vearncombe and
Vearncombe 1999; 2002). The vectors connecting each point to every other point can
also be represented as rose diagrams. This technique has been applied to mineral
occurrence distributions in two dimensions by Vearncombe and Vearncombe (1999;
2002) and Kreuzer et al. (2005), and in three dimensions by Raine (2005) and
Blenkinsop and Kadzviti (2006), and to geomorphic features by Wormald et al.
(2003). The rose diagrams shown are calculated as a 10° moving average of the
orientations of vectors from each point to every point. The trends are analysed at
decreasing scales by limiting the lengths of the vectors (e.g., Pb-Zn-Ag mineral
occurrences are analysed on lengths limited to 75 km and 45 km; Figure 4-4).
Analysing the data on different scales (described by “length” in the diagrams and text)
allows both regional and local trends to be identified.

4. GEOLOGY OF THE STUDY AREA
4.1 Stratigraphy
The two major stratigraphic units in the study area (Figure 4-1) are the Doherty
Formation and the Soldiers Cap Group. The Soldiers Cap Group (1685-1655 Ma:
Page and Sun 1998; Giles and Nutman 2003; Neumann et al. 2006) is the main CS3
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stratigraphic unit in the study and consists mostly of quartzite, muscovite and biotite
schist, gneiss and migmatite. The Soldiers Cap Group also contains metabasalt
(commonly amphibolite) in concordant to sub-concordant bands a few metres thick
and commonly adjacent ironstones that are sub-parallel to bedding (Hatton and
Davidson 2004). A 700 m thick tonalitic sill aged 1686 ± 8 Ma (Rubenach et al. 2007)
intrudes the Llewellyn Creek Formation in the Snake Creek area. The age of this sill
suggests that part of the Soldiers Cap Group must be older than the ages given above,
and that it may contain significant unconformities. In the study area the Soldiers Cap
Group is in faulted or sheared contact with the Doherty Formation.
The Doherty Formation (CS2, ~1725 Ma: Page and Sun 1998) crops out in the west of
the study area. There are strong lithological similarities between the Doherty
Formation and Corella Formation, which outcrops in the north of the study area;
however the latter has been dated 1750-1742 Ma (Page and Sun 1998) as discussed by
Foster and Austin (2007). The lithology of the Doherty Formation is highly variable
due to structural complexity and metasomatic alteration. Variations in rock type
commonly reflect different types and intensities of alteration superimposed on protolithologies with variations in style/ intensity of deformation, chemistry and porosity.
The dominant rock types are thinly bedded calc-silicate granofels and texturally and
diverse calc-silicate breccias (Blake
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Figure 4-1: The geology of the Mt Isa Eastern Succession showing; study area, mineral
occurrences and the Cloncurry Lineament (i.e., the surface trace of the 26km upward
continued magnetic worm). Map modified from Queensland Department of Mines and Energy
et al. (2000).

1987) that commonly have actinolite-albite-magnetite ± titanite mineralogy. Minor
massive calc-silicate granofels, marble, mica schist, black slate, chert, calcareous-
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feldspathic psammite, meta-basalt, amphibolite and banded quartz-tourmaline rock
also occur (Blake 1987). North to north-northwest sub-vertical to steeply east inclined
mylonites are found in calc-silicate, gabbroic-doleritic and granitic composition rocks
in the Doherty Formation.

4.2. Igneous Rocks
Strongly foliated Maramungee type granites (~1555-1545 Ma: Page and Sun 1998),
sporadically foliated Saxby and Mount Angelay granites (~1530-1520 Ma: Pollard
and McNaughton 1997; Pollard et al. 1998; Mark 2001) and the rarely foliated
Squirrel Hills and related granites (~1510-1490 Ma: Page and Sun 1998; Davis et al.
2001) intrude the study area. Early (~1550 Ma) granites are high-Al, Na-rich
trondhjemite and tonalite, whereas post 1540 Ma granites are potassic with ‘A-type’
geochemistry (Mark 2001). Maramungee type granites, amphibolites, and dolerites
commonly occur as small intrusions or shear/fault bound lenses within the Doherty
Formation. Pegmatites at Osborne have been dated at 1595 Ma (Gauthier et al. 2001).
Mafic dykes, sills and pod-like intrusions aged ~1780 Ma, ~1740 Ma, ~1600 Ma,
~1500 Ma and 1116 Ma (Blake 1987) sit within CS2 and CS3 units. Many are
extensively folded and metamorphosed to amphibolite. Evidence of magma mingling
is observed at a number of localities (e.g., Boorama Waterhole). A number of postIsan Orogeny unaltered dykes occur, and may be temporally related to the Lakeview
dolerite (~1116 Ma: Page 1983) in the southern central Mount Isa Inlier (Blake 1987).

4.3. Structure
Many of the main structures within the Mount Isa Inlier, including the ‘Cloncurry
Fault Zone’ (Austin and Blenkinsop, 2008), may have originated during the formation
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of CS2-CS3 basins, as normal faults (e.g. Hatton and Davidson 2004; Southgate et al.
2006; Austin and Blenkinsop 2008; Blenkinsop et al. 2008).
Structures formed by the earliest deformation event of the Isan Orogeny (D1) are
rarely observed in the study area, but extensional (Holcombe et al. 1987; Pearson et
al. 1987) and contractional (Loosveld 1987) components are recognised. It has been
suggested that the north over south thrusting event observed by Bell (1983) in the
Western Succession was also the dominant deformation during D1 in the Eastern
Succession (Loosveld et al. 1989; Laing 1998, Oliver et al. 1998; Sayab 2005). Laing
(1998) and Oliver et al. (1998) believe that the Soldiers Cap Group was “interleaved”
with the Corella/Doherty Formation along an originally flat-lying mylonite zone
during D1.
The dominant approximately north-south structural grain of the Eastern Succession is
considered to have formed during D2, an east-directed shortening event (Beardsmore
et al. 1988; Adshead-Bell 1998; Betts at al. 2000; Hatton and Davidson 2004). In the
study area, D2 produced upright to slightly inclined, tight to isoclinal north and south
plunging folds (Beardsmore et al. 1988). Beardsmore et al. (1988) also observe that
the fold axes have variable, but generally shallow plunges, and the mineral lineation
maintains a uniformly steep southeast plunge within S2. Some authors (e.g.,
Beardsmore et al. 1988; Laing 1998) suggest that D2 folded the “flat lying mylonite
zone” of Laing (1998) into its current north-northwest oriented; steeply east dipping
orientation, but the evidence for this is questioned in Austin and Blenkinsop
(submitted). D2 also produced shearing and veining associated with peak
metamorphism (Rubenach and Barker 1998; Foster and Rubenach 2006), and has
been dated at 1584±17 Ma (Page and Sun 1998).
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D3 is generally thought to be a west-southwest-directed shortening event. F3 folds
have upright, north-northwest trending axial planes, horizontal to vertical plunges are
the dominant structures in much of the study area. Numerous mylonite zones are
developed during D3 (Austin and Blenkinsop 2008) and axial-plane parallel foliation
is defined in places by a crenulation in S2.
D4 has been suggested to comprise an episode of west-northwest directed shortening
and brittle deformation at the time of Cu mineralisation (~1530 Ma: Keys 2008)
which is supported by Rubenach (2007) who noted the formation of north-northeast
foliations adjacent to ~1530 Ma granites. The main deformation mechanism active
during D4 in the study area was widespread brecciation of the Doherty Formation
coupled with pervasive sodic-calcic alteration. The brecciation is concentrated in the
Cloncurry Fault Zone. D4 also marks the onset of wrenching and or transpression
along north- and north-northwest oriented faults and shears (O’Dea et al. 1997; Betts
et al. 2006).
Carter et al. (1961) suggests that northeast / northwest and north-northwest / northnortheast faults are two conjugate fault sets that formed as a result of successive
stages of east-directed shortening (presumably D3 and D4). O’Dea et al. (1997), Betts
et al. (2006), and Austin and Blenkinsop (2008) suggest that D4 marked the onset of
wrenching and or transpression along north- and north-northwest oriented faults and
shears, and view their geometry as a system of north-northwest to north-northeast
master faults with subsidiary Riedel shears formed in a wrench setting (e.g., Fig 2b).
The main late structure in the study area is the north-northwest Cloncurry Fault,
which shows evidence of sinistral movement (Mark et al. 2004) and possible
reactivation between ~1100 Ma and ~300 Ma.
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4.4. Metamorphism and Metasomatism
The metamorphic grade is greenschist facies in the north of the study area and upper
amphibolite facies in the south (Foster and Rubenach 2006). Pelitic rocks in high
grade areas contain sillimanite and/or K-feldspar; calc-silicate rocks contain diopside
(Foster and Rubenach 2006). Metamorphism and the P-T-t history of the Eastern
Succession are discussed in detail by Foster and Rubenach (2004), Sayab (2005) and
Rubenach et al. (2007). Rocks in the study area are overprinted by several stages of
metasomatism. The earliest recognised sodic alteration caused widespread regional
albitisation of feldspars. Subsequent sodic-calcic alteration produced actinolite–
albite–magnetite assemblages (De Jong and Williams 1995; Mark and Foster 2000,
Oliver et al. 2004), particularly in the Doherty and Corella Formations in the Eastern
Succession. Chlorite-epidote alteration (e.g., Mark et al. 2004) and K-feldspar–
hematite (Red Rock alteration of Carter et al. 1961) overprint the sodic-calcic
alteration locally, particularly adjacent to relatively late faults, and are commonly
texturally associated with Cu mineralisation.

5. STRUCTURAL CONTROLS AND METALLOGENESIS
5.1. Pb-Zn-Ag mineral occurrences
Possible structural controls for Pb-Zn-Ag mineral occurrences can be divided into two
categories: rift related and shear related. Williams (1998b) suggests that the presence
of high-Fe meta-tholeiites at Cannington, Maramungee and Fairmile deposits reflect
magmatism in a propagating rift system. Hence, normal and/or transform faults
related to rift development may control the distribution of Pb-Zn-Ag mineral
occurrences. Two main phases of rifting occurred in conjunction with the deposition
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of the Soldiers Cap Group. The first (CS3a) consisted of east-northeast directed
extension via north-northwest oriented normal faults during the 1685-1660 Ma
deposition of the Llewellyn Creek formation. The second (CS3b) consisted of
southeast extension via northeast oriented normal faults during the 1660-1650 Ma
deposition of the Mount Norna Quartzite and Toole Creek Volcanics (QLD Dept. of
Mines and Energy et al. 2000).
However, the majority of authors assert that metals (including Pb-Zn-Ag and Cu-Au)
were transported during post-peak metamorphic alteration, which was focussed along
ca 1550-1530 Ma ductile-brittle shears and faults (e.g., the Cloncurry Fault Zone of
Austin and Blenkinsop 2008: the Maramungee and Levuka shear zones of Newbery
1990 and De Jong 1995) and partially replaced the stratiform iron oxides. Most PbZn-Ag mineralisation is sub-economic and is described as sediment hosted.
Cannington is distinct from other Pb-Zn-Ag mineral occurrences in the area,
especially for its size. Several authors (e.g., Chapman and Williams 1998; Roache
2004) suggest that However, the majority of authors assert that metals (including PbZn-Ag and Cu-Au) were transported during post-peak metamorphic alteration, which
was focussed along ca 1550-1530 Ma ductile-brittle shears and faults (e.g., the
Cloncurry Fault Zone of Austin and Blenkinsop 2008: the Maramungee and Levuka
shear zones of Newbery 1990 and De Jong 1995) and partially replaced stratiform
iron oxides. Most Pb-Zn-Ag mineralisation is sub-economic and is described as
sediment hosted. Cannington is distinct from other Pb-Zn-Ag mineral occurrences in
the area, especially for its size. Several authors (e.g., Chapman and Williams 1998;
Roache 2004) suggest that Cannington mineralisation is not stratiform, and instead
that retrograde sulphide precipitation was localised by post-D2 (<1590 Ma) northoriented shear zone (i.e., Maramungee shear zone of Newbery 1990: Cloncurry Fault
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Zone of Austin and Blenkinsop 2008). Sub-economic Fe-oxide hosted Pb-Zn
mineralisation (Blackrock, Maramungee and Dingo) occur to the north of Cannington
within syn-mineralization shears, e.g. the Maramungee shear zone (Newbery 1990).
The Maronan prospect is a skarn type deposit localised by a late to post D2 high strain
(De Jong 1995). The Pegmont and Cowrie mineral occurrences lie in the southwest of
the area, west of the Cloncurry Fault, and display different trends to many other FeOxide hosted Pb-Zn-Ag mineral occurrences, possibly due to their location in a
different structural block. The Pegmont lode trends northeast, conformable to local
fold plunges, and the Cowrie lode trends north. Both are considered to be stratiform
deposits (Newbery 1990). These observations are summarised in Table 4-1.
Many of the Pb-Zn-Ag mineral occurrences are proximal to variably oriented faults
that appear to truncate mineralisation. Most do not appear to have been active during
mineralisation but they may have aided localisation of small secondary deposits. At
Cannington these may include northwest, northeast and east-northeast trending post1530 Ma faults (e.g., Walters & Bailey 1998). The Maronan mineral lode is cut by an
east-northeast trending normal fault (De Jong 1995). At Fairmile there are a variety of
fault orientations including north, northeast, northwest, east-southeast, and east.

5.2 Cu-Au Mineralisation
Cu-Au mineralisation in the Cloncurry district is particularly diverse in style, setting
and geochemical association (Williams and Pollard 2003) and includes iron-oxide CuAu (IOCG) deposits and carbonate hosted Cu-dominant deposits (Table 4-1). Most
authors agree that mineralisation within the region has strong structural controls (e.g.,
Bell et al. 1988; Laing 1993; Valenta 1994; Baker and Laing 1998; Davidson 1998,
Williams 1998a; Williams and Pollard 2003; Marshall and Oliver 2007) and that the
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major faults in the area acted as fluid conduits responsible for mineralisation (e.g.
McLellan and Oliver 2007). Carter et al. (1961) and Laing (1998) propose that north
and northwest faults host both Cu-Au mineral occurrences, while northeast faults are
generally barren. Ore bodies are localized at the faults intersections, jogs,
flexures/fault bends (Carter et al. 1961; Mustard et al. 2004; Ford and Blenkinsop
2007). Prospectivity analysis by Mustard et al. (2004) indicated that the main fault
orientations favourable for mineralisation are north, north-northwest or east-northeast
trending structures, particularly jogs or bends. Fault intersections, particularly east /
northeast and south / southeast with all other fault orientations also appear to be
important (Mustard et al. 2004). Numerical modelling by McLellan (2004) and
McLellan and Oliver (2007) demonstrated that known Cu ± Au deposits occur in
areas of combined low minimum principal stress and low mean stress. This idea has
been tested at deposit scale by Keys (2008) who has shown that most Cu deposits
formed during west-northwest directed bulk shortening.
At the deposit scale there are two types of control. Several deposits, such as Ernest
Henry and Eloise, sit at fault intersections or jogs along north-trending shear zones
(Mark et al. 2006; Baker 1998; Baker and Laing 1998). Other type of Cu-Au mineral
occurrences share chemical characteristics with some Pb-Zn-Ag mineralisation; e.g.,
Monakoff contains Cu, Au, as well as Ag, Pb, Zn, and U, is a relatively Cu- rich
deposit; Mount Norna and Eloise also contain small amounts of Ag. Conversely
several mineral occurrences classified as Ag-Pb-Zn types contain Cu and Au. This
may imply that there is a continuum from Cu-Au to Pb-Zn rich end members that are
both formed by replacement of iron formations. Their location is a product of the
orientation of the host iron formation, (i.e., strata parallel; Hatton and Davidson,
2004) and the mechanism by which Cu-Au rich fluids that replace it. Controls may
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include dilation due to contrasting competency in adjacent strata during folding or a
spatial relationship to fluid pathways such as faults or permeable stratigraphy.
The timing of Cu-Au mineralisation is contentious. Mark et al. (2005) propose that
Cu-(Au) deposits post-date ca 1585 Ma metamorphism and have a genetic
relationship to 1550-1500 Ma A-type magmatism. Keys (2008) determined that Cudeposits in the Eastern Succession formed during west-northwest bulk shortening
during the ~1530 Ma, D4 event of Rubenach et al. (2007) and Austin and Blenkinsop
(2008). Williams (2001) suggests that most of the Cu-Au mineralisation occurred
from 1520-1500 Ma. 40Ar/39Ar dating by Perkins and Wyborn (1988) suggested that
the majority of Cu-deposits are broadly contemporaneous with the late ca 1510-1485
Ma phases of the Williams and Naraku batholiths. Distinct stages of sodic, sodiccalcic, carbonate, and potassic metasomatism occurred in the area, and mineralization
is commonly associated with the later three stages.
The genesis of Cu-Au deposits, particularly IOCGs, is controversial. A first
(syngenetic) mineralisation event in some Au-Cu deposits may have consisted of deep
sea expulsion of Fe (± Cu-Au ± Pb-Zn) rich fluid which precipitated stratiform iron
oxides (± massive sulphides) on the seafloor (Hatton and Davidson 2004). A spatial
and temporal relationship between A-type magmatism, Na-Ca alteration and IOCG
mineralisation is commonly recognised (e.g., De Jong and Williams 1995; Williams
1998a; Pollard et al, 1998; Williams and Pollard 2003; Oliver et al. 2004, 2007;
Pollard 2006; Marshall and Oliver 2007), which propose mixing of felsic magmatic
fluid with brines. Others recognise (e.g., Carter et al. 1961; Donchak et al. 1983) or
have quantified (e.g., Butera 2004; Mustard et al. 2004; Ford and Blenkinsop 2007) a
close association between basic igneous rocks and Cu- mineralisation throughout the
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region. Oliver et al. (2004) suggest that felsic-mafic mingling/mixing may explain the
apparent association of IOCG’s with both felsic and mafic magmatism.
Here, two subdivisions of Cu-Au mineral occurrences are made based on their metal
endowment. The first type are Au-Cu- mineral occurrences, which are a variant of
structurally controlled carbonate hosted Cu-Au deposits, but with a higher ratio of Au
to Cu. They correspond to the “type ii” IOCGs of Mark et al. (2006), who describes
them as Fe-oxide hosted Cu-Au mineralisation where relatively Au-rich ore
associated with pyrite and hematite overprints older magnetite rich rocks. They are
termed Mt Freda style deposits by Davidson 1998. Mineral occurrences include
Mount Freda and Falcon in the study area and Starra (Rotherham 1997; Adshead-Bell
1998) to the west.
The second type of Cu-Au mineralisation has a high relative ratio of Cu to Au. They
may correspond to “type iii” deposits (Mark et al. 2006) and are described as Feoxide Cu-Au mineralisation, in which Fe oxides and Cu-Au are deposited cogenetically (e.g., Weatherley Creek, Monakoff: Hatton and Davidson 2004; Table 41). Alternatively they may be structurally controlled carbonate hosted mineralisation
(e.g., Great Australia: Cannell and Davidson 1998; Williams 1998a; Mark et al.
2006). The latter deposit style correlates with “type iv” IOCGs of Mark et al. (2006)
who describes the style as: “Fe oxide-poor Cu-Au mineralisation, where relative Curich mineralisation is associated with pyrrhotite and rare magnetite, and is hosted in
relatively reduced rocks such as carbonaceous meta- sedimentary rocks”. However,
such mineralisation also has an affinity with Western Succession carbonate hosted
Cu-deposits such as Mount Isa (e.g., Perkins 1984) which are not classified as IOCGs.
Many of the carbonate hosted Cu-mineral occurrences display clear spatial
relationships to brittle faults (e.g., Cannell and Davidson 1998; Keys 2008).
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5.3 Cu-mineral occurrences
This group of mineral occurrences are generally small in size, Cu- dominated, and are
spatially associated with variably oriented, relatively late and commonly minor faults.
They include Barnes Shaft, Mount Arthur, Mount Kalkadoon and Mount Carol mines
and Landsborough, Louise and White Cliffs prospects (Table 4-1). Many contain
secondary ore minerals (Donchak et al. 1983), mostly malachite (Carter et al. 1961).
The Mount Arthur/Barnes Shaft mineral occurrences occur on “strike faults”
(Donchak et al. 1983), probably a series of northwest to north-northwest faults, but
there are also northeast, east-northeast, southeast and east trending faults evident in
1;100k mapping by Donchak et al. (1984). The Landsborough and Louise mineral
occurrences both sit along strike of each other, ~1 km west of a north-northwest
trending fault (interpreted by Queensland Department of Mines and Energy et al.
2000). Both sit near intersections with faults with northeast trending dextral offsets
interpreted from aeromagnetic worm data, and described in Austin and Blenkinsop
(2008).

5.4 Au mineral occurrences
Reef-gold was discovered in the south and East of Cloncurry in the 1860’s, but very
little is known about the Au deposits because most were mined out between 1867 and
1900 (Carter et al. 1961). The largest mine was the Gilded Rose deposit, which
consisted of auriferous quartz veins cutting schist and quartzite of the Soldiers Cap
Group (Blake 1987; Davidson 1998). Gold has been obtained from the Quamby
conglomerate where epigenetic (hydrothermal?) gold occurs with hematite in the
matrix. Idnurm and Wyborn (1998) suggested that the conglomerate was deposited at
ca. 1500 Ma based on palaeomagnetic data which may correlate with the 1490 Ma
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ages obtained from monazite dating (Evins et al. 2007). Some potentially economic
gold mineralisation is also contained in massive, banded and locally brecciated
quartz-hematite bodies (Blake 1987). The origin of such mineralisation is uncertain,
but they are considered to be epigenetic (Blake et al. 1983). Most of the mineral
occurrences probably formed synchronously with the Quamby Conglomerate and with
late quartz-hematite fault fills (e.g., D5 of Austin and Blenkinsop 2008) at ca 15101490 Ma (Table 4-1). Conversely, the Gilded Rose deposit is listed in MINOCC
(2002: after Davidson 1998)) as forming Syn-D1 in a regional thrust domain that has
affinities with Tick Hill style gold mineralisation.
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Table 4-1: Summary of different deposit categories, structural controls and timing of
representative deposits / mineral occurrences in the study area.
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6. RESULTS
6.1. Fault analysis
The orientations of faults within the study area have been plotted on rose diagrams to
compare with the weights-of-evidence and autocorrelation analysis. Two data sets are
used because while Queensland Dept. of Mines and Energy et al. (2000) data (Figure
4-2a) includes faults that occur throughout the autocorrelation study area, while
Austin and Blenkinsop’s (2008) data (Figure 4-2b) is concentrated in sparsely covered
areas between the Cloncurry Lineament and Cloncurry Fault (Figure 4-1). Figure 4-2c
shows both datasets together and identifies distinct north (360º); north-northeast (15º);
northeast (45º); southeast (110º-140º); south-southeast (150º-170º) fault orientations
in the study area . There is a wider spread of orientations for north-northwest and
northwest trending faults than other fault orientations.

Figure 4-2: Moving average rose diagrams showing: A: the orientations of 163 faults in the
study area (data: Qld. dept. Mines and energy et al. 2000). B: the orientations of 67 faults in
the Cloncurry Fault Zone (Data: Austin and Blenkinsop) C: orientations of all 230 fault in the
study area. Grouping is shown for comparison with autocorrelation data. All rose diagrams
in this paper scale linearly with frequency, with the circle circumscribing the maximum
frequency.
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6.2. Weights-of-evidence Results
Pb-Zn-Ag mineral occurrences apparently have a poor spatial association with the
Cloncurry Lineament. There are no occurrences within 3 km of the Cloncurry
lineament and the contrast (CW) values for buffers beyond 3 km results are all
negative. However, the confidence values are also very low (within 0.5 of zero) which
indicates that the results are not statistically valid, probably due to the very small
sample size.
Au-Cu mineral occurrences (Figure 4-3a) show the second strongest association with
the Lineament, with a contrast value of 2.37 and a confidence of 5.65 for a 0.75 km
buffer around the lineament, decreasing to a contrast value of 0.98, within the 4 km
buffer. The Confidence is also significantly lower beyond 4 km. Although the contrast
values increase slightly at 8 - 10 km, the associated confidence is significantly less.
The results could imply that there are other (less dominant) controls on Au-Cu
deposition within 5-10 km from the Cloncurry Lineament.
Cu-Au mineral occurrences (Figure 4-3b) show a relatively poor spatial association
close to the Cloncurry Lineament, with two peaks in the Contrast values of 1.12 for
the 0.5 and 1km buffers. The Contrast peaks correlate with relatively low Confidence
values of 3.38 and 4.44 respectively. In contrast, at 8 km from the lineament a
Contrast of 1.58 and a Confidence of 6.30 are calculated. This may imply that either
Cu-Au mineralisation occurs distally to the lineament, or that other structures exercise
a more dominant control over Cu-Au mineralisation than the Cloncurry Lineament.
Cu mineral occurrences (Figure 4-3c) show a reasonably strong association with the
Lineament, with a Contrast of 2.07 and Confidence of 6.41 for the 0.5 km buffer.
Contrast values are greater than 1 for buffers up to 10 km from the lineament, but the
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Contrast and Confidence flatten out after 3 km, so although the CW values are still
high, confidence in the result is much lower beyond the 3km buffer.

Figure 4-3: Weights-of-evidence results for the Cloncurry Lineament. Contrast values and

Confidence values are plotted for a. Au-Cu, b. Cu-Au, c. Cu and d. Au mineral occurrences,
relative to 0.33, 0.5, 0.75, 1, 2, 3, 4, 5, 7, 8, 10 and 15 km buffers around the Cloncurry
Lineament. The mineral occurrence area has negligible effect on the results. Here a constant
area of 1 km2 is used.
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Au-only mineralisation (Figure 4-3d) has the strongest spatial correlation with the
Cloncurry Lineament, recording a maximum Contrast value of 2.43 and Confidence
value of 6.21 for the 0.75 km buffer. Both the Contrast and Confidence decrease
gradually from their peaks at the 0.75 km buffer, which is a fair indication that the
Cloncurry Lineament controls the location of Au-mineralisation. Although the
Contrast value rises sharply at 10 km, the confidence is relatively low.

6.3. Autocorrelation results
6.3.1 Pb-Zn-Ag mineral occurrences
The autocorrelation plot (Figure 4-4) shows three main trends for Pb-Zn-Ag
mineralisation: north, north-northeast and northwest. However, only two main trends
are evident in the in the rose diagrams. At a large scale (lengths <103 km) the main
trend is north and there is a minor north-northeast trend. At intermediate scales
(lengths <75 km, <45 km) the same trends are evident. However, the north-northeast
trend becomes more dominant at the fine scale. Due to the paucity of data, results for
finer scales are not as significant. The results suggest that the mineral occurrences
occur along directions parallel to the north-trending Levuka Shear Zone, Cloncurry
Lineament and the north-northeast- trending Kay’s Peak shear (Newbery 1990).
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Figure 4-4: Autocorrelation results for Pb-Zn-Ag mineral occurrences showing A: Mineral
occurrences and geology; B: The autocorrelation plot; C: Rose diagrams from the
autocorrelation plots for lengths up to 103 km, 75km and 45 km respectively. “Length” in all
rose diagrams refers to the length of the vector connecting each mineral occurrence to every
other mineral occurrence in the plot. In this and following autocorrelation rose diagrams
major trends are considered to be greater than 50% of the maximum length (i.e., the circle);
minor trend are less than 50% of the maximum length.
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6.3.2 Au-Cu mineral occurrences
The autocorrelation plot and rose diagrams (Figure 4-5) show three main trends for
Au-Cu mineral occurrences that area represented at all scales: north-northwest, eastsoutheast, and north-northeast. At a large scale the primary trend is north-northwest
and there is a secondary east-southeast trend present. At an intermediate scale (length
<18 km) the same trends are evident, except that the east-southeast trend is now the
dominant trend. At fine scales (length <3 km) there are several trends evident at
between north-northwest to north-northeast and a lesser east to east-southeast trend.
The results suggest an overall north-northwest regional control on mineralisation, but
the local scale emphasises the importance of east to east-southeast and northnorthwest to north-northeast structures.

Figure 4-5: Autocorrelation results for Au-Cu mineral occurrences showing A: Mineral
occurrences and geology; B: The autocorrelation plot; C: Rose diagrams for lengths up to 90
km, 18 km and 3 km .
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6.3.3 Cu-Au mineral occurrences
The autocorrelation plot for Cu-Au mineralisation (Figure 4-6) shows an overall north
to north-northwest trend and potentially an east alignment. Results vary widely in the
rose diagrams, depending on scale. At a large scale (length <150 km) the primary
trend is at 170° with a secondary spike at 160°. At an intermediate scale (length <20
km) the same trends are evident, except that there is a continuum between the
dominant north (175°) trend and the less dominant southeast trend. Minor trends of
30°, 55°, 85° and 115° are also apparent. At fine scales (length < 6.5km) the main
trends are north-northwest (160°) and northeast-east (45°-80°), but north (10°) and
southeast (135°) trends are also revealed. Overall, the results suggest north to northnorthwest regional control on mineralisation. In contrast to Au-Cu, the Cu-Au
autocorrelation analysis reveals many trends at the local scale which may suggest that
there are many potential structural controls on mineralisation. The geometry of the
fine scale rose diagrams may imply that 2 sets of conjugate faults (NW/NNE and
E/NE) control mineralisation at fine scales.
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Figure 4-6: Autocorrelation results for Cu-Au (including IOCG) mineral occurrences
showing A: Mineral occurrences and geology; B: The autocorrelation plot; C: Rose diagrams
of lengths of 150 km, 20km and 6.5 km.
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6.3.4 Cu mineral occurrences
The autocorrelation plot (Figure 4-7) shows several trends for Cu mineral occurrences
in north, north-northwest, northeast and southeast directions. The autocorrelation
results vary with scale in the rose diagrams. At a large scale (length <116 km) the
primary trend is north to north-northwest. Where the length < 20 km a main trend of
170° persists, but a lesser 150° trend and a minor northeast trend is also evident. At a
finer scale (length <15 km) the same trends are evident, as well as north-northeast and
southeast trends. At the finest scale (length <5 km) the 170° and southeast trend are
dominant. The 170° trend persists at all scales, suggesting it is a general structural
control. The two dominant trends at the finer scale indicate that southeast and eastsoutheast trending faults may be important at the deposit scale.
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Figure 4-7: Autocorrelation results for Cu-mineral occurrences showing A: Mineral
occurrences and geology; B: The autocorrelation plot; C: Rose diagrams of lengths up to 116
km, 40km, 15km and 5 km.
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6.3.5 Au mineral occurrences
In the autocorrelation plot and rose diagrams for Au mineralisation (Figure 4-8) there
is are north-northwest, east, southeast and northeast trends at all scales. At a large
scale the primary trend is north-northwest although some very minor southeast,
northeast and east trends area also apparent. At an intermediate scale (length <17 km)
the same trends are evident, except that the northeast, southeast and east trends are
more prevalent. At the finest scale (length <6 km) the north-northwest trend is minor,
while the northeast, southeast and east trends are dominant.

Figure 4-8: Autocorrelation results for Au mineral occurrences showing A: Mineral
occurrences and geology; B: The Autocorrelation plot; C: Rose diagrams of lengths up to 103
km, 75km and 45 km.
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7. DISCUSSION
7.1 Lead-Zinc-Silver mineralisation
Weights-of-evidence modelling reveal a statistically invalid relationship between PbZn-Ag mineral occurrences and the Cloncurry Lineament, even though the giant
Cannington deposit appears to sit along strike from its southern termination. This
probably reflects the fact that there are only 9 deposits in the study area. The
autocorrelation results for this mineralisation category show strong north and northnortheast trends at all scales, which parallel the shear zones in the study area. The
autocorrelation analysis and map pattern of the deposits show that one of at least three
apparent host shears is spatially associated with the Cloncurry Lineament; The
Maramungee Shear (Newbery 1990). The other host shears are the Levuka shear
(Newbery 1990; De Jong 1995; Baker 1998), a north-striking, sub-vertical that hosts
the Eloise Cu-Au deposit, and the Kay’s Peak shear (Newbery 1990) that hosts the
Fairmile, Maronan, and Dingo prospects along a north-northeast trending shear zone
that connects the Levuka and Maramungee shear zones. The orientation and
deformation style of these shear zones is consistent with D3 deformation which
formed reverse to anastomosing shear zones in the study area at ca 1550 Ma (e.g., The
Levuka Trend: Baker, 1998; The Cloncurry Fault Zone: Austin and Blenkinsop 2008).
Retrograde remobilisation of sulphides within shear zones has been suggested by
Newbery (1990), De Jong (1995) and Roache (2004) to localise several Pb-Zn-Ag
mineral occurrences, including Cannington, Blackrock, Dingo, Fairmile and Maronan.
However, Cannington may pre-date most of the smaller Pb-Zn-Ag deposits, forming
at ca 1670 Ma along with stratiform iron formations on the seafloor during (e.g.,
Hatton and Davidson 2004). It may then have acted as a mother lode during D2-D3
deformation and metamorphism, allowing metals to be redistributed along north and
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north-northeast shear zones to form smaller satellite deposits. This scenario may
explain the retrograde fabrics associated with mineralisation at Cannington (e.g.,
Chapman and Williams 1998; Roache 2004) and that many of the smaller mineral
occurrences exhibit similarities with skarn type mineralisation (e.g., Williams and
Heinmann, 1993). Ag may have been added to the Cannington deposit during D3-D4
shearing (e.g., Chapman and Williams 1998). The Pegmont and Cowie prospects may
be exceptions to the shear hosted skarn model. Both appear to have formed by
replacement of stratiform iron formations, in a similar way to some IOCG’s (e.g.,
Monakoff), thus being structurally controlled by the orientation of the iron formations.

7.2. Copper and Gold Mineralisation
The structural controls on Cu and Au mineralisation in the system are more varied
than for Pb-Zn-Ag, which suggests that different mineralisation styles within the
group may have formed at different times, by different processes, or in different
structural settings. The weights-of-evidence and autocorrelation results show that the
Cloncurry Lineament is a primary regional scale control on Cu and Au mineralisation.
This is confirmed by the observation that for all Cu-Au, Cu, Au-Cu and Au deposits
the major autocorrelation trend is 160-170º, i.e., parallel to the Cloncurry Lineament.
Furthermore, weights-of-evidence analysis shows high contrast and confidence values
for the distribution all Cu and Au mineralisation relative to the Cloncurry Lineament,
indicating a strong spatial relationship There is a very strong relationship between the
Cloncurry Lineament and Au and Au-Cu mineralisation, suggesting that it is a more
significant structural control on their distribution than for Cu and particularly Cu-Au
mineralisation. While the Cloncurry Lineament exercises a broad regional control on
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the distribution of Cu and Au, specific trends at finer scales imply a number of local
controls. In contrast, for Cu-Au and Cu deposits there are numerous trends, which do
not necessarily persist at different scales, and may indicate a wide variety of structural
controls in variable orientations. These may include: bedding, proximity of mafic
rocks (e.g., Butera, 2004) and orientation of ironstones (e.g., Hatton and Davidson,
2004). Specific local scale controls are discussed below.
Au-Cu mineralisation
The Au-Cu mineral occurrences reveal autocorrelation trends that have consistent
orientation across different scales. Based on the autocorrelation plots Au-Cu
mineralisation appears to be regionally controlled by a north-northwest structure (the
Cloncurry Lineament) and locally by ESE structures, probably faults. This assessment
is confirmed by evidence from the Mt Freda deposit, which is typical of this class of
mineralisation, and is inferred from its orientation (see table 4-1) to occupy an ESE
structure at its intersection with a NNW structure. Other ESE faults also appear to cut
the Levuka trend close to the relatively gold rich Eloise Cu-Au deposit. Thus it does
appear that NNW/ESE faults intersections are prospective for Au-Cu mineralisation
Cu-Au mineralisation
Many Cu-Au deposits display a clear spatial relationship to faulting (e.g., Davidson
1998; Cannell and Davidson 1998; Keys 2008), including the Ernest Henry and Eloise
IOCG deposits. However, some of the mineralisation appears to be consistent with the
stratiform ironstone replacement model proposed by Hatton and Davidson (2004),
which don not have obvious relationships to faulting. Thus, there may be a
fundamental contrast in the structural controls for post-peak metamorphic ironstones
(e.g., Starra: Mark et al. 2006) and possible ca 1670 Ma ironstone replacement
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mineralisation (e.g., Monakoff, Weatherly Creek: Davidson 1998; Hatton and
Davidson 2004). This could explain the variability of results at the local scale and
may also explain why there appears to be a stronger spatial relationship between the
Cloncurry Lineament and Au and Cu mineralisation, than for Cu-Au mineralisation.
Although a number of late north-northeast to east-northeast and southeast faults offset
strata in the Weatherly Creek Syncline and Snake Creek Anticline (Ryburn et al.
1988), they do not appear to localise mineralisation. Instead mineralisation appears to
be hosted by bedding parallel iron formations which may be fault hosted or synsedimentary. The abundance of fine scale trends may be indicative of the orientation
of stratigraphy in the folded amphibolites and ironstones. Hatton and Davidson (2004)
found that ironstones and adjacent rocks in the Weatherly creek area appear not to be
sheared (cf., Laing 1998), suggesting that shearing is not critical to the type ii IOCG
deposits in the Weatherly Creek area (cf., Williams and Pollard 2003). Cu-Au rich
fluids may have passed through sulphur-rich mafic rocks and replaced magnetite with
chalcopyrite in adjacent ironstones. Faults play a major role in the localisation of type
iii (Mark et al. 2006) IOCG deposits (e.g., Ernest Henry, Eloise). Generally the larger
deposits have more complex structural geometries than smaller prospects. Ernest
Henry is hosted in a northwest striking arcuate thrust (Mark, 2005) between two
north-trending faults, where Eloise is hosted in a north-trending shear at the
confluence of several splays (e.g., Baker, 1998). In both instances there appear to be
at least two types of alteration related to the mineralisation, which may suggest
multiple episodes of mineral deposition. Jogs and splays off north-trending subvertical faults are important for the localisation of type iii IOCG’s. Carbonate hosted
Cu-Au deposits have similar controls to Au-Cu deposits; the main control appears to
be north-northwest faulting.
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Cu mineralisation
Cu mineralisation appears to have a number of structural controls at regional to
intermediate scales, which probably reflects various fault orientations. However at
finer scales north to north-northwest and northwest trends are dominant, which
supports the assertions of Carter et al. 1961, Laing 1998 and Mustard et al. 2004, that
Cu mineralisation is controlled at this scale by north-northwest and northwest faults.
Most of the occurrences discussed here are secondary, possibly forming via supergene
processes, post-Isan orogeny.
Au mineralisation
The Au mineral occurrences reveal autocorrelation trends that are consistent across
different scales. Faulting played a major role in localisation of Au-only mineralisation
as deduced from the similarity of trends observed with the faults in the study area,
particularly southeast oriented faults. Au deposits are regionally controlled by the
Cloncurry Lineament but locally by southeast, northeast and east structures. Although
the mineralisation does not appear to be localised by post- 1530 Ma faults in the
mapping of Ryburn et al. (1988), it is feasible that small-scale sub-parallel fracturing
has exercised control of the location of the gold mineralisation. Au appears associated
with quartz and hematite, a typical mineralogy observed in late- to post Isan faults.
Thus, most of the Au mineralisation appears to have formed late- to post- the Isan
Orogeny when only brittle faults were active. The extremely high spatial correlation
of Au and Au-Cu mineral occurrences with the Cloncurry Lineament may suggest it
functioned as the primary regional fluid pathway and structural trap during the
introduction of Au to the system.
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7.3. Genesis and Relative Timing
Precipitation of Cu and Au in the system appears to be separate to the formation of the
various Cu-Au deposits, the largest of which (Ernest Henry and Eloise) have formed
via multiple phases of brecciation and alteration. At Eloise, Baker (1998) noted that 4
dominant phases of alteration, where Au and Cu mineralisation were associated with
calcite and chlorite alteration, that postdates sodic-calcic alteration, but predates Kfeldspar-hematite alteration. Whereas at Ernest Henry Mark et al. (2006) observes that
the main mineralisation phase postdates the sodic-calcic and carbonate vein alteration,
occurring in conjunction with massive potassic alteration. Mineralisation in other
nearby deposits such as Great Australia and Greenmount, is hosted by carbonaceous
and calcareous host rocks (Cannel and Davidson 1998; Williams 1998a; Mark et al.
2006). Thus, there may have been numerous stages of metallogenic evolution
involving Au and Cu. Stages supposed by the previously outlines literature include:
1. Introduction of Au during D1 thrusting (e.g. Davidson 1998) 2. Introduction of Cu
during ca1530 Ma intrusion of the Williams Batholith (e.g. Pollard 1998) and 3.
Synchronous early sodic-calcic alteration, brecciation and liberation of Iron and
Potassium (e.g. Oliver et al. 2004); 4. Subsequent concentration in some deposits
(e.g., Ernest Henry: Mark, 2005) via K-feldspar-hematite (Potassic) alteration; 5.
Concentration in some deposits by carbonate veining (e.g., late sodic-calcic alteration:
Cannell and Davidson 1998); 5. Secondary remobilisation along reactivated quartzhematite faults forming Cu and Au deposits at ~1500 Ma or later (e.g. Donchak et al,
1983, Idnurm and Wyborn, 1998).
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8. CONCLUSIONS
The deposit types discussed here have variable structural controls at the local scale,
e.g., ductile-brittle shears, variably oriented fault sets, orientation of bedding and/or
iron formations, and proximity to mafic rocks. However, weights-of-evidence analysis
shows that Au, Au-Cu, Cu-Au and Cu mineralisation has a positive spatial correlation
to the Cloncurry Lineament, and autocorrelation defines a strong north-northwest
trend (i.e., parallel to the Cloncurry Lineament) for all deposit types other than Pb-ZnAg. Thus, it appears that the Cloncurry Lineament represents a deep crustal structure
that is a primary crustal scale control on the location of Cu and Au mineralisation in
the study area. This study gives further weight to the findings of Hobbs et al. (2000)
and Bierlin et al. (2000), that major worms have a positive spatial association with
mineralisation. It also supports the hypotheses that large features are likely to be
integral as pathways for channelling fluids to the upper crust, and act as major
regional fluid corridors that play a vital role in the localisation of hydrothermal
mineral deposits (e.g., Hildenbrand et al., 2000; Cox et al. 2001; Chernicoff et al.
2002).
The Cloncurry Lineament shares some characteristics with the Barramundi worm in
the west of the Mount Isa Inlier, in that it hosts or is proximal to major Pb-Zn-Ag
mineralisation (i.e., Cannington). It has similarities to the Carlin Trend in that it may
have acted as a pathway for deep-seated magmatic fluids (e.g., Baker, 1998; Pollard,
2006; Mark et al, 2006; Oliver et al, 2007). The spatial correlation of potential field
worms and hydrothermal mineralisation suggest that worms can be used as a major
tool for targeting in areas under thin cover to the North and south of the Mount Isa
Inlier, where the most recent major finds in the study area, Cannington, Ernest Henry
and Eloise have been discovered.
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While the discovery of regional scale structural controls is useful, it does not provide
detailed targets for base metal exploration. Within regional control, localised
structural controls of different deposit types can be defined at finer scales using
autocorrelation analysis, and targets within regional scale mineralised corridors can
potentially be better defined.
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CONCLUSIONS
Major geophysical lineaments commonly delineate active to ancient faults at a variety
of scales. They occur over or at the edges of sites of rifts or other depositional basins
at the edges of orogenic belts and at convergent plate boundaries. Lineaments
commonly represent corridors along which deformation, mineralisation, magmatism
and intra-crustal heat flow is concentrated. In many instances major lineaments
encompass a number of these themes.
The Cloncurry Lineament in the Eastern Mount Isa Inlier displays many of the above
characteristics. It is a major feature in wavelet processed magnetic and gravity
potential field data over the Mount Isa Inlier Eastern Succession, is laterally
continuous over 200 km of strike length, and is inferred from the gravity worm data to
extend to at least 30 km depth. It delineates a contact between two major
Paleoproterozoic sedimentary sequences, Cover Sequence 2 and 3, which suggests
that it originated as a normal fault during rifting and basin formation. Mapping and
magnetic forward modelling along several profiles can be used to interpret that the
Cloncurry Lineament corresponds to the eastern margin of a 5-10 km wide
deformation zone within the calc-silicate dominated Doherty Formation. Large
variations in the magnetic response within the deformation zone are modelled as
magnetic actinolite-albite-magnetite sub-vertical brecciation zones which contrast
with the late stage, non-magnetic, quartz-K-feldspar ± hematite breccias. The history
of multiple reactivation, strike continuity, width and vertical extent of the deformation
zone suggest that it is a major crustal structure.
The geological manifestation of the Cloncurry Lineament is defined as the Cloncurry
Fault Zone which is a complex, long-lived deformation corridor. The fault zone
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includes major structures that have been referred to as a D1 thrust (the Cloncurry
Overthrust) and as a late to post-orogenic fault system (the Cloncurry Fault).
However, the Cloncurry Fault Zone encompasses a continuum of deformation from
~1.6-1.5 Ga. While D1-D2 deformation appears to be regionally dominant, D3 is more
significant in the fault zone itself. Temperatures present during mylonitisation range
between 500-350ºC (i.e., much less than the 650ºC D2 peak) and the fact that
mylonitic fabrics are superimposed on Maramungee aged (~1550 Ma) granites
indicates that the many of fabrics formed during D3-D4.
Mapping and structural analysis of fabrics within the Cloncurry Fault Zone suggest
that the dominant D3 deformation involved WSW contraction, sub- perpendicular to a
pre-existing basin-bounding fault. D3 created an anastomosing shear zone system
displaying variable slip vectors with synchronous variably NNW or SSE plunging
folds. Most of the penetrative fabrics can be attributed to strain partitioning in the D3
event, rather than requiring a more complex history of overprinting relations. During
D4-D5 a sinistral Riedel strike-slip fault system formed, initially coincident with
massive Na-Ca brecciation. Intrusive magmatism and IOCG, Cu, and Au
mineralisation also occur during the D3-D5 history of the Cloncurry Fault Zone,
highlighting its importance as a magmatic and hydrothermal pathway. The zone was
reactivated with a normal component of movement some time after the Jurassic.
Sodic-calcic (Na-Ca) metasomatism that is temporally and spatially associated with
Cu-Au mineralisation in the Mount Isa Eastern Succession. Metasomatism is widely
recognised but heterogeneously distributed, consists of several stages of development,
numerous mineral assemblages, and is very difficult to map at a regional scale. Thus,
a method to map Na-Ca alteration remote using ASTER, magnetic and radiometric
data was developed. Initially, ASTER band ratios (mineral indices) were used to map
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minerals such as amphiboles and carbonates as a means of identifying sodic-calcic
alteration. However, ambiguities due to numerous mineral species having similar
absorption features in ASTER band 8 thwarted this approach. The low K-radiometric
response, and high magnetic susceptibility of Na-Ca alteration lead to the integration
of ASTER data with magnetic and K-radiometric data to form a new Sodic-Calcic
Alteration Index. The Sodic-Calcic Alteration Index effectively highlights albiteactinolite-magnetite assemblages that are spatially coincident with copper
mineralisation in the Eastern Succession. The index may be useful for exploration
targeting of Iron-Oxide Copper-Gold exploration in the Mount Isa Inlier and
potentially similar terrains globally.
The Cloncurry Lineament is identified as an important regional control on
mineralisation in the Mount Isa Eastern Succession by weights-of-evidence analysis,
which shows that Au, Au-Cu, Cu-Au, and Cu deposits have a positive spatial
correlation to the Cloncurry Lineament. This implies that it acts as a crustal-scale
control on the location of Cu and Au. It also emphasises the idea that major worms
may correlate spatially with mineralisation, and that corresponding large structures
make ideal pathways for channelling fluids to the upper crust, playing a vital role in
mineral deposit localisation. Autocorrelation identifies a variety of local structural
controls, including: ductile-brittle shears, variably oriented fault sets, orientation of
bedding and/or iron formations. Auto-correlation can be used to define prospective
structures along major lineaments. The methodology used shows that worms can be
used in conjunction with spatial analysis techniques as a predictive tool for
exploration in areas under cover adjacent to mineralised terrains such as the Mt Isa
Inlier.
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The Cloncurry Lineament delineates a major crustal fault zone that formed during
Cover Sequence 3 rifting as evidenced by the younger Cover Sequence 3 (CS3) rocks
in its hang wall. It has a long strike length (200km) and deep penetration (30km) into
the crust and has been repeatedly reactivated particularly from about 1550 to1500 Ma.
From 1550 to1500 Ma the underlying lower crust/mantle must have become very
dynamic, because magmatism which was previously scarce in the Eastern Succession
became active. Representatives of almost all the major granitic suites in the Eastern
Succession intruded adjacent to or within the Cloncurry Lineament between 1550 and
1500 Ma. There are also large volumes of mafic magmas intruding throughout this
time, and abundant evidence of mixing and mingling with felsic magmas. There is
evidence of at least five stages of alteration over the same time frame. In approximate
order these consist of early albitisation, sodic-calcic alteration, potassic alteration,
chlorite-epidote alteration, and quartz hematite alteration. The relative timing of
overprinting alteration is inconsistent from deposit to deposit, but there was a
progression from wide pervasive alteration and brecciation to fault localised
alteration. This decrease in scale allowed the latter alteration stages to concentrate
minerals. While there is some evidence to suggest that gold, and potentially copper,
entered the system pre 1530 Ma (e.g. Gilded rose D1, ~1610 Ma; Osborne D2, 1590
Ma) the majority of mineral deposits appear to have formed from 1530 - 1500 Ma.
Potentially the early pervasive (sodic, sodic-calcic) alteration scavenged widely
disseminated copper, gold, potassium and iron and precipitated mineralisation.
Repeated reactivation of structures like the Cloncurry Fault Zone is essential to
mineralisation because it gives deep crustal fluids opportunities to be brought
upwards. Furthermore their episodic reactivation drives changes in permeability and
fluid flow that allow minerals such as copper and gold to be concentrated in the crust.
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Mineralisation along the Cloncurry Lineament appears to be facilitated by two main
factors. Firstly, it is associated with long, deep-crustal structure which appears to have
originated during rifting and lies above what was a dynamic lower crust/mantle from
1550-1500 Ma that concentrated magmatism and metasomatism. Secondly, the
associated structures have been repeatedly reactivated which generally facilitates fluid
flow in the crust, but also increases the chances that dilation may coincide in space
and time with an upflow of deep-crustal mineralising fluids to form a mineral deposit.
These two factors appear to be consistent among many of the world’s major
mineralised lineaments.
Emerging methods and technologies can inject fresh ideas into terrains such as the Mt
Isa Inlier that are mature from a research and exploration perspective. The
technologies applied in this thesis, which include worms and analysis of ASTER data,
GIS and spatial analysis tools such as autocorrelation and weights-of-evidence
represent only a small portion of what future mineral explorers will depend on to find
new large deposits. ASTER data and other forms of remote sensing will be key tools
for opening up new ground, especially in remote areas where detailed ground
reconnaissance may be impractical. ASTER has the potential to cover large areas very
cheaply and narrow down prospective targets, by identifying, for example, an
alteration footprint. As the mining industry looks increasingly to areas under
Phanerozoic cover, fringing the major Proterozoic-Archean mineral provinces of
Australia and globally, worming and spatial analysis will play a vital role. Such
processing techniques facilitate direct comparison between outcropping terrains and
adjacent areas under cover and will help foster a future of predictive mineral
discovery.
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Recommendations for further work
An unfortunate setback for this thesis was that Geochronology samples obtained did
not contain adequate quality zircons for age dating; yet absolute timing of
deformation and deposition remains an important priority for establishing the
differences in the geological histories of the Eastern and Western Successions. A
Geochronology program targeting foliated/mylonitised Maramungee (~1550 Ma) to
Saxby and Mt Angelay granites (1530-1520 Ma) within the Cloncurry Fault Zone
would be useful to better constrain the timing of D3-D5 deformation in the Eastern
Succession. It is important to better understand the timing of D3-D5 because the
majority of Cu and Au mineralisation occurs within this time frame in the Mount Isa
Eastern Succession.
Current work on new seismic sections across the Cloncurry lineament should prove
useful to better constrain its deep crustal architecture. Re-interpretation of the Mt Isa
Seismic Tract by Lepong (2004) gave much improved insight into the structures
within the Cloncurry Fault Zone. The new seismic sections currently being acquired
and processed by Geoscience Australia cut the Cloncurry lineament in two further
places, both to the north and south of the study area.
The Squirrel Hills Granite is the second largest batholith in the Mount Isa Inlier, yet
very little is known about it. Zoning observed within the Squirrel Hills granite may
imply that it was the site of magma mixing and mingling. The age of the granite is
poorly constrained (1514 ± 5 and 1511 ± 9 Ma for two samples, both from the
Lightning creek plutonic suite, Pollard and McNaughton, unpublished data). Hence it
is feasible that it may have evolved via repeated injection of magma over a long time
period, and possibly played an important role during Cu-Au mineralisation in the
Eastern Succession. Considering that major mineral deposits are scattered all around it
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(e.g., the Kuridala Area, and the Selwyn corridor) and sit along strike of structures
that intersect it (e.g. Osborne) further investigation of its geochemistry,
geochronology and tectonic implications is justified.
The Sodic-Calcic remote mapping process could be improved and extended. Simply
using Level 2 AST07 Surface reflectance-VNIR, SWIR (i.e., better constrained) data
should provide better constrained but not necessarily different results. A similar
methodology could also be applied to investigate whether potassic alteration, that is
also associated with Cu-Au mineralisation, can be remotely mapped.
The approach used in paper 4 to quantify the relationship between mineralisation and
the Cloncurry worm, and then determine likely localised structural controls on
mineral deposition, could be applied to other major lineaments, e.g., the Barramundi
worm, to better understand the relationships between major lineaments and
mineralisation.
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