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1 Executive summary 

This chapter of the Cloncurry METAL Project report advances previous work of the Uncover 
Cloncurry Project with new data from the Osborne Cu-Au mineral system, including sampling from 
the Osborne pit. Previous studies combined geochemistry, petrophysics and assay data from two 
key drillholes, OSHQ0067 and TTNQ0364. Here we integrate new datasets including SEM-based 
mineral information from SEM-TIMA, analysis of petrophysical data (including AMS) and continuous 
downhole hyperspectral datasets (HyLogger3TM) to examine the deformation history and alteration 
paragenesis of the ironstone-hosted Osborne Cu-Au deposit. Textural replacement textures, derived 
from SEM-TIMA, highlight early albitisation of the host metasedimentary and meta-volcanic rocks, 
which are overprinted by a metamorphic foliation during D2 deformation and metamorphism. 
Potassic, Mg- and iron oxide alteration occurs along narrow high-strain fluid pathways associated 
with the progressive development of narrow alteration footprints and the host-ironstone bodies. 
Complementary AMS data indicated the ironstone and inter-ironstone units record D2 deformation, 
with the footwall and medial alteration zones recording reactivation during D3 NE-SW shortening 
and initial mineralisation. Both mineralised and barren ironstones preserve strong evidence of 
refolding and reactivation associated with D4 WNW-ESE shortening. We propose that D4 
deformation localised rheologically controlled dilation along the contact between the rigid 
ironstones and the adjacent metasedimentary rocks, thus providing a fluid pathway for the silica 
supersaturated mineralised fluids. Excellent correlation was observed between the K1 orientation 
and the plunge of the ore body, with local variations in the strike and dip accurately mapped by the 
magnetic fabric. The findings of this report and their application in exploration are synthesized in 
the Cloncurry METAL exploration toolkits.   
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2 Introduction 

Iron oxide-copper-gold (IOCG) deposits are characterised by a broad spectrum of mineralisation 
styles and deposit types, including magnetite or hematite ironstone-hosted deposits, as well as Fe- 
or Cu-Au skarns, affiliated albitite-hosted uranium and iron oxide-apatite deposits (Hitzman et al., 
1992b; Oliver et al., 2004; Williams et al., 2005; Corriveau, 2010; Groves et al., 2010; Corriveau et 
al., 2016). The IOCG sensu stricto deposits are classified as magmatic-hydrothermal systems, 
exhibiting distinct alteration zonation, strong structural controls and extensive brecciation (Hitzman 
et al., 1992a; Groves et al., 2010). Within the Proterozoic Mount Isa Inlier, the Cloncurry district of 
the Eastern Fold Belt is characterised by extensive metasomatic activity, protracted tectonism, 
widespread magmatism and a variety of IOCG deposits, including Ernest Henry, Osborne, Starra, 
Eloise (Oliver et al., 2004; Betts et al., 2006; Mark et al., 2006; Blenkinsop et al., 2008; Austin and 
Blenkinsop, 2009; Austin et al., 2019). Strong structural controls on IOCG mineralisation are 
demonstrated throughout the Eastern Fold Belt with a number of studies demonstrating favourable 
orientations associated with N-, NW- and ENE-trending structures (Laing, 1998; Mustard et al., 2004; 
Austin and Blenkinsop, 2008). Local structural controls include intersecting faults, and dilation zones 
along jogs and bends. Understanding of the role of such structures at a deposit-scale, in terms of 
fluid pathways for mineralised fluid or dilation zones for precipitation of metals, however, is 
challenging in IOCG districts due to associated pervasive hydrothermal alteration.  

Exploration for ironstone hosted copper gold deposits in the Selwyn region of the Mount Isa Inlier 
commenced in the early 1970s, through to the 1980s. During this period, a number of prospects 
were discovered, including the Starra line of deposits, Pegmont and Osborne. Sitting beneath 20–
40 m of Mesozoic cover, the Osborne Cu-Au deposit (originally known as Trough Tank), represents 
one of the largest IOCG deposits in the Cloncurry district. It was initially discovered using 
aeromagnetic surveys, based on its very strong positive anomaly. Initial drilling failed to intersect 
the mineralised ironstone, due to the self-demagnetisation effect adversely influencing early 
magnetic models (Gidley, 1988; Clark, 2000). Ironstone targets were generated using a combination 
of drilling, airborne magnetic and IP surveys and ground-based gravity surveys (Anderson and Logan, 
1992), with confirmation of the Osborne Cu-Au resources completed between 1990 and 1993, 
before the commencement of open pit mining. The Kulthor Cu-Au deposit, located 2.3km to the 
WSW of Osborne, was first drilled in 1991 and mined intermittently from 2012 to 2015. 

Mineralisation at Osborne is characterised as a structurally controlled, magnetite-silica-Cu-Au 
replacement type deposit (Rutherford et al., 2005). Mineralisation is hosted in multiple moderately 
to steeply NE- to E-dipping ironstones, associated with thrusting, magnetite alteration and silica 
flooding (Adshead et al., 1998; Tullemans et al., 2001). Classic IOCG alteration assemblages are 
recognised at Osborne, including sodic alteration, sodic-calcic alteration and iron metasomatism 
(Adshead et al., 1998; Rubenach et al., 2001; Tullemans et al., 2001; Gazley et al., 2016a). Ore fluids 
are either considered to be high temperature and hypersaline, or the product of fluid mixing of a 
dominantly reducing saline fluid and a minor oxidising fluid (Fisher and Kendrick, 2008). The source 
of the fluids remains controversial, with their complex chemistry variably interpreted as a mix of 
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magmatic fluids, metamorphic fluids or inherited connate fluids (Adshead, 1996; Adshead et al., 
1998; Tullemans et al., 2001; Fisher and Kendrick, 2008).  

As one of the oldest examples of IOCG style mineralisation in the Eastern Fold Belt (Gauthier, et al., 
2001), associated with high grade metamorphism and extensive albitisation, the Osborne Cu-Au 
deposit presents a unique opportunity to understand metallogenic processes in the early stages of 
the Isan Orogeny. The dominance of the albite alteration, presence of magnetite as the dominant 
iron oxide (i.e., lack of more oxidised hematite), as well as the limited footprint of later IOCG 
alteration (e.g., potassic and hydrolytic alteration), are all consistent with Osborne forming at depth. 
Osborne-type Cu-Au deposits make excellent targets in IOCG districts due to their distinct 
geophysical response and alteration zonation (Clark, 1988; Gidley, 1988; Adshead, 1995; Adshead, 
1996; Adshead et al., 1998; Rubenach et al., 2001; Fisher and Kendrick, 2008). Here, we present a 
mineralogical, hyperspectral and structural characterisation of the Osborne Cu-Au bearing 
ironstones derived from integrated analysis of SEM-TIMA data, hyperspectral mineralogy and 
petrophysical data, including AMS. From these datasets, we examine the alteration paragenesis and 
zonation in the context of the deformation history of the ironstone-hosted Osborne Cu-Au deposit. 
It is envisaged that by relating the geological processes that created the deposits to both structural 
and geophysical parameters, we will better enable near-deposit and greenfields exploration for 
similar mineralisation styles, particularly in the undercover areas south and east of the Mount Isa 
Inlier. 

3 Geological Background 

3.1 Regional Geology 

The Osborne-Kulthor Cu-Au deposits are located in the Selwyn region of the Eastern Fold Belt of the 
Paleo-Mesoproterozoic Mount Isa Inlier, NW Queensland (Fig. 1). In the inlier, following the ca. 
1900–1870 Ma Barramundi Orogeny, supracrustal rocks were deposited on older basement rocks 
during three periods of intracontinental rifting between ca. 1870-1850 Ma, 1790–1690 Ma, and 
1680-1590 Ma (Cover sequences 1, 2 & 3; Blake, 1987; Page and Sun, 1998; Foster and Austin, 2008). 
Cessation of rift-related sedimentation occurred just prior to the onset of the ca. 1610–1500 Ma 
Isan Orogeny (Betts and Giles, 2006; Foster and Austin, 2008). In the Selwyn Zone, Cover Sequence 
2 units include rift or platform carbonate rocks of the ca. 1780–1760 Ma Argylla Formation and calc 
silicate rocks of the Corella Formation (ca. 1750 Ma). The most extensively outcropping unit of the 
Selwyn Zone comprises siliciclastic sedimentary rocks of the ca. 1685–1650 Ma Soldiers Cap Group 
of Cover Sequence 3 (Blake and Stewart, 1992; Page and Sun, 1998).  

There have been extensive regional studies of the structural evolution of the Mount Isa Inlier; 
however, much of the early tectonic history remains contested (O’Dea et al., 1997; Betts et al., 2006; 
Blenkinsop et al., 2008; Foster and Austin, 2008; Rubenach et al., 2008a). The long-lived tectono-
metamorphic-metasomatic history is summarised in Figure 1b. The earliest Isan structures are 
broadly described as an early bedding parallel foliation, variably attributed to either extensional or 
contractional events in the early stages of the Isan Orogeny (Giles et al., 2006; O'Dea et al., 2006; 
Murphy et al., 2017). The ca. 1610 Ma Isan D1 structures are characterised by northwest-verging 
thrust faulting and nappe folding (Adshead-Bell, 1998; Sayab, 2005; Giles et al., 2006; O'Dea et al., 
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2006; Rubenach et al., 2008a), or as flat lying mylonitic structures (Laing, 1998). The dominant N-S 
striking crustal architecture of the Eastern Fold Belt was produced during D2 E-W shortening. The 
thick-skinned D2 deformation is manifest in regional N-S trending folds, the regionally pervasive N-
S striking S2 foliation and late-D2 reverse faulting (Adshead-Bell, 1998; Betts et al., 2000; MacCready, 
2006; O'Dea et al., 2006; Sayab, 2006). Monazite U-Pb ages bracket D1 and D2 HT/LP metamorphism 
between ca. 1630-1600 Ma and 1585-1600 Ma, respectively (Giles and Nutman, 2002, 2003; 
Rubenach et al., 2008a). Regional ductile deformation (D3) at ca. 1550 Ma is characterised by NW-
striking folds and faults associated with NE-SW shortening (Austin and Blenkinsop, 2010; Duncan et 
al., 2014). However, mapping immediately north of Osborne by Sayab (2009) documents an 
overprinting shallow-dipping, E-W striking S3 foliation generated during extension. Sayab (2009) 
concludes that D3 extension was of variable intensity across the area due to contrasting rheologies 
between different structural domains. Isan-related plutonism during D3 in the southern Selwyn zone 
comprises granites and tonalites emplaced between ca. 1552 and 1545 Ma. 

The final major Isan deformation event is characterised by brittle-ductile deformation manifest in 
N-S to NNE-trending, upright folds, crenulation of the S2 foliation, and damage zones along minor 
NE-striking D4 faults (Sayab, 2009; Duncan et al., 2014). D4 caused reactivation of N- and NNW-
striking D2 faults and is associated predominantly with sinistral transpression and wrenching (O’Dea 
et al., 1997; Betts et al., 2006; Austin and Blenkinsop, 2009) between ca. 1530–1525 Ma. and 
subsequent emplacement of the extensive A-type granodiorite Williams and Naraku batholiths 
further north between ca. 1536 and 1493 Ma (Page and Sun, 1998). Coeval emplacement of 
batholiths of Williams-Naraku suite was extensive from D4 (Page and Sun, 1998; Mark et al., 2004; 
Rubenach et al., 2008a; Murphy et al., 2017).  
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Figure 1 a) Geological map of the lithostratigraphy of Cover Sequences 2 and 3, including the location of the 
Proterozoic Osborne Cu-Au deposit under Cretaceous cover in the southern extent of the Eastern Fold Belt. Inset 
shows both the Australia context of the inlier and the Eastern Fold Belt relative to its tectonic domains (modified 
from Duncan et al. 2014); b) Summary of the deformation, alteration, sedimentation, magmatism and mineralisation 
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of the Eastern Fold Belt with previous interpretations of the Osborne Cu-Au and nearby Starra Au-Cu deposits in the 
Selwyn Zone (modfied from Austin et al., 2021a). 

3.2 Local Geology 

The Osborne and Kulthor ironstone-hosted Cu-Au mineral system is located approximately 195 km 
southeast of Mount Isa. It occurs in the southern region of the Selwyn Zone, under approximately 
20–40 m of Cretaceous sedimentary cover (Figure 2a). Resource estimates for Osborne in 2010 
totalled 27.0 Mt at 1.4 %Cu and 0.8 g/t Au (Ivanhoe, 2010), with a total Measured and Indicated 
Mineral Resource of 33.3 Mt at 0.86%Cu and 0.58 g/t Au indicated for Kulthor in 2017 (Crimeen 
and McGeough, 2017). The host sequence comprises deformed, sodic altered quartzites, thin 
biotite-rich schists, stromatic migmatites, metadolerite sills (amphibolites), and banded to massive 
magnetite-quartz-apatite ironstones (e.g. Adshead et al., 1998; Gazley et al., 2016a; Gow et al., 
2018). The stratigraphy is mapped as Kuridala Formation (Prk) of the Mary Kathleen Group. 
However, several studies (Blake, 1987; Beardsmore, 1988; Foster and Austin, 2008) have suggested 
that the host units are lateral equivalents of the upper three formations (Mount Norna Quartzite, 
Llewellyn Creek Formation and Toole Creek Volcanics) of the Soldiers Cap Group.  

Major structures interpreted from first and second vertical derivative magnetic data north of 
Osborne are generally NNE- and NW- striking (Austin et al. 2013) and the main NNE-trending 
structural is subparallel to the Selwyn Shear (which occurs to the northwest; Figure 1). The NNE-
trending grain was interpreted by Sayab (2009) to reflect the dominant D2 fabric which was 
reactivated by D4 WNW-ESE shortening. This contrasts recent interpretations of regional 
geophysical surveys that place the Osborne deposit in a complex structural zone characterised by 
N-S trending F2 folds and late E-dipping D2 reverse faults (Murphy et al., 2017), associated with the 
imbrication of ironstones. This is overprinted by NW-SE shortening associated with refolding of 
previous structures, development of NE-striking, S-dipping thrusts and reactivation of the bounding 
NNE-striking shear zones into sinistral strike-slip faults.  
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Figure 2 a) Surface geology map of the Osborne and Kulthor area from (Gazley et al., 2016a). M= Mesozoic sandstone 
and siltstone, Pkr = mainly schist, meta-arenite, slate, phyllite; Cz = sand, silt, gravel: alluvial colluvial and residual; b) 
Composite of reduced to pole (RTP) total magnetitic intensity (TMI) over the first vertical derivative of the RTP, 
showing surface projection of Osborne and Kulthor ore bodies and location of Osborne pit and NE-SW cross section 
in c); c) Simplified geological NE-SW cross section of the geology and mineralisation at Osborne, modified from 
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Tullemans et al., (2001), showing the high metamorphic grade footwall, imbricated and silica flooded ironstones and 
hanging wall migmatites and psammites.  

Peak metamorphic conditions reached around 670 °C and 400-500 MPa during regional D2 (~1600 – 
1580 Ma), associated with partial melting in the sillimanite K-feldspar zone (Rubenach et al., 2008b). 
Previous studies list retrograde assemblages of chlorite, calcite, muscovite, quartz and hematite 
(Adshead et al., 1998). Basement rocks in the mine area are described as high metamorphic grade, 
sillimanite-garnet-cordierite gneisses (Adshead, 1995). 

Several intrusive suits are documented in the host units including amphibolite sills, and late 
pegmatite and lamprophyre dykes, noted especially in the east. Deformation in the areas is 
characterised by NW- to NNE-striking disharmonic, F2 folds  and NNE-striking, ESE-dipping late D2 
reverse faults, reactivated by later dextral transpression (Gow et al., 2018). It is interpreted that 
Osborne is located in the eastern limb of a regional-scale ~NNW-striking asymmetric fold and 
Kulthor is in the upright western limb (Ebbels et al., 2012). The overriding structural controls on 
mineralisation are ductile shear zones, locally NW-striking and dipping towards the NE, and tight 
fold closures (Adshead et al., 1998). 

The Osborne Cu-Au deposit (Figure 3) comprises two domains with contrasting host rock sequences 
and mineralisation, separated by the post-mineralisation reverse Awesome Fault (Adshead et al., 
1998). Economic mineralisation in the western domain is hosted in and along the margins of two 
NW-striking, banded to massive quartz-magnetite-apatite ironstones, and to a lesser extent spatially 
associated schists with a strike length of 1.3 km. The moderately northeast-dipping ironstones host 
the 2M, 2S, 1S, and 1SS orebodies (Davidson et al., 1989b; Adshead et al., 1998; Tullemans et al., 
2001). In the eastern domain, mineralisation occurs in pegmatites, albites and schists, and includes 
the 2N and 3E ore bodies, which are overlain by a fault-bounded metamorphosed ultramafic sill 
containing metamorphic olivine and pyroxene (Adshead et al., 1998) similar to that observed at 
Cannington (Pearce et al., 2021). Orebodies 2M (dipping 25–45° NE) and 2S (plunging 50–60° SE) 
are located in the upper ironstone, whilst the highest-grade mineralisation in 1S and 1SS orebodies 
hosted in the lower ironstone, plunges 50–60° SE. 

Most Cu occurs as chalcopyrite, with the highest grade mineralisation occurring in quartz-rich lodes, 
or silica flooded areas, resulting from replacement of the host lithology by coarse-grained, grey silica 
(Adshead et al., 1998; Tullemans et al., 2001). Phases associated with alteration and mineralisation 
include magnetite, albite, biotite, muscovite, quartz, pyrite, pyrrhotite, amphibole and calcite with 
some hematite noted in the mineralised ironstones (Mark et al., 2006). Anthophyllite veining and 
magnetite-pyrite veining are documented in both the medial hanging wall and footwall by Chinova 
(Fig. 2b). Silica flooding occurs in the hanging wall of the lower ironstone and in both the hanging 
wall and footwall of the upper ironstone, noted particularly in areas of attenuation of flexure of the 
ironstone (Adshead et al., 1998; Tullemans et al., 2001). 

Copper mineralisation in the neighbouring Kulthor deposit, located 2.3 km to the WSW, is hosted in 
sheared and brecciated quartz-carbonate lodes, in the same metamorphosed lateral equivalent of 
the Mount Norna Quartzite unit. The ore assemblage comprises chalcopyrite with secondary copper 
oxides (cuprite, chrysocolla, chalcotrichite, pseudomalachite, azurite and malachite) and native 
copper in the weathered zone. Interstitial gold occurs at the grain boundaries of chalcopyrite and 
pyrite (Crimeen and McGeough, 2017).  
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Figure 3. 3D renders of Osborne pit, the location of the Uncover Cloncurry and Cloncurry Metal surface and drill core 
samples from TTNQ364 and OSHQ0067 (blue spheres), and ore shells of the Osborne resources and reserves (from 
Gow et al. (2018) after Tullemans et al. (2001). a) Map view of the Osborne pit and Cu-Au oreshells showing the 
location and analysed surface samples and drill hole samples; b) Oblique view of the Osborne pit and deposit looking 
SW, highlighting SE plunge of the main ore bodies. 
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The timing of peak metamorphism and partial melting is constrained by a titanite U-Pb age of 
1595±5 Ma (Gauthier et al., 2001), likely corresponding with 1585±5 Ma monazite and metamorphic 
zircon ages from the Cannington Pb-Zn deposit (Giles and Nutman, 2002, 2003). This temporally 
overlaps with a voluminous albitisation event at Osborne at 1595±5 Ma (Perkins and Wyborn, 1998; 
Gauthier et al., 2001; Rubenach et al., 2001), which represents the older of two discrete IOCG 
mineralising events in the Eastern Fold Belt (e.g. Baker et al., 2001; Gauthier et al., 2001; Oliver et 
al., 2004; Duncan et al., 2011). Metamorphic actinolite, hornblende and biotite yield 40Ar/39Ar ages 
of 1595±2 Ma and 1568±3 Ma (Adshead et al., 1998), significantly older than metasomatic 
hornblende and biotite assemblages associated with mineralisation that yielded ages of 1538 ± 2 
Ma (Perkins and Wyborn, 1998). In the Eastern Fold Belt, the later more widespread mineralising 
event coincides with the emplacement of the Williams and Naraku batholiths (ca. 1530 – 1500 Ma). 
Molybdenite Re-Os ages at Osborne, however, suggest early alteration is temporally associated with 
Cu-Au mineralisation between ca. 1600–1590 Ma (Gauthier et al., 2001), disassociated with regional 
magmatism.  

In addition to controversy regarding the timing of mineralisation, the source of mineralising fluids 
and paragenetic models for Osborne is also debated (Davidson et al., 1989a; Adshead, 1996; 
Gauthier et al., 2001; Rubenach et al., 2001; Fisher, 2007; Fisher and Kendrick, 2008). Early studies 
proposed a syngenetic exhalative model (Davidson et al., 1989a). In contrast, based on field 
relationships and trace element geochemistry, mineralised magnetite skarn textures are 
hypothesised to represent replacement of iron tholeiites, as well as an iron metasomatic event 
overprinting high metamorphic grade paragneiss, pegmatite and early banded iron formations 
(Gauthier et al., 2001). Alternatively, the textural association of high-grade mineralisation with 
voluminous coarse-grained hydrothermal quartz was used to link mineralisation with structurally 
controlled silica flooding (Adshead et al., 1998). Mixing of two fluid phases, a dominant sulphur-
bearing reducing fluid and a second oxidising fluid, is the preferred mechanism for ore formation 
(Mark et al., 2006; Fisher, 2007), resulting in the precipitation of ore minerals. Chalcopyrite 
precipitation requires predominantly reducing fluids, with redox conditions likely buffered by fluid 
rock interaction. Fisher and Kendrick (2008) suggest that low 40Ar/36Ar, variable Br/Cl and I/Cl ratios 
and wide-ranging salinity (<12–65 wt%) from ore-related quartz fluid inclusions at Osborne are 
indicative of metamorphic fluids from a mixture of sources. This contrasts the metallogenic models 
that link IOCG mineralisation primarily to mantle-derived magmatic fluids associated with A-type 
magmatism. They propose that the mineralisation formed from a combination of inherited connate 
fluids and locally derived metamorphic fluids, with elevated salinity potentially driven by evaporite 
dissolution. 

The magnetite-rich Osborne IOCG deposit is spatially coincident with the reduced to pole (RTP) 
magnetic and gravity anomalies. The ironstones are associated with a significant magnetic anomaly 
of 15,000 nT, first noted in an aeromagnetic survey flown for Newmont Pty Ltd in 1974,  with notable 
self-demagnetising effects (Gidley, 1988; Clark, 2000). Further discussion of the geophysical 
signature can be found in Gazley et al. (2016a) and Björk et al. (2021). Data collected during Uncover 
Cloncurry and Cloncurry METAL reveals that the Osborne magnetite-rich mineralised samples 
(Figure 4) yield the highest magnetic susceptibility and density values for all sampled deposits in the 
Cloncurry district from Austin et al. (2021b).  
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Figure 4 Mean magnetic susceptibility vs density for mineralised samples assessed in Uncover Cloncurry and 
Cloncurry METAL Grey arrow = magnetite trend, gold line = pyrite trend (from Austin et al., 2017). 

4 Methods 

4.1 Sampling and sample preparation 

A total of 95 samples from the Osborne deposit, were analysed as part of the Uncover Cloncurry 
and Cloncurry Metal projects. 51 oriented surface samples were collected from the open pit and 44 
partly oriented or unoriented samples were sampled from drill holes OSHQ0067 and TTNQ364. 
Samples selected from drill core TTNQ364 intercepted the deeper key system structural zones to 
the east including the hanging wall, upper ironstone 3, upper ironstone 2, inter ironstone units and 
lower ironstone 1. Samples from OSHQ0067 intercept lower ironstone 1 and the footwall in the 
Southern extent of the pit. Surface samples intercept the hanging wall, upper- and lower ironstones, 
the inter-ironstone units, as well as the footwall. Samples were interrogated for lateral gradients to 
assess the potential for mineralogical or chemical vectors to mineralisation. Data from petrophysical 
(including density, magnetic susceptibility, remanent magnetisation, conductivity and radiometrics), 
structural fabric information (from anisotropy of magnetic susceptibility), automated mineralogy 
(TIMA) and hyperspectral information (from portable ASD and HyLogger3TM) has been compiled in 
the now complete Cloncurry METAL database (Austin et al., 2021) for Osborne. Some insights to 



CSIRO Australia’s National Science Agency Mineralogical, petro-physical and structural characterisation of the Osborne Cu-Au deposit  |  17 

links between petrophysics, geochemistry, and mineralogy were provided by the Uncover Cloncurry 
Project (Gazley et al., 2016a; Gazley et al., 2016b). However, few of the samples were oriented and 
were of little utility for paleomagnetic and AMS studies. 

4.2 SEM-TIMA 

The polished sample surface was analysed using a Mira Tescan field emission gun (FEG) scanning 
electron microscope (SEM), coupled with three EDAX Energy Dispersive X-ray Spectroscopy (EDS) 
detectors and a backscatter electron (BSE) detector. The instrument is located at CSIRO`s 
microanalytical facility ARRC, Perth, Western Australia. Standard electron beam alignment, beam 
focussing, and calibration of the EDS and BSE detectors were conducted before each analytical run 
comprising up to 22 samples. Analyses of mineralogy were undertaken using a Tescan Integrated 
Mineral Analyser (TIMA) and the results were used determine the redox condition during alteration 
and the paragenesis of each sample, as well as a textural and metasomatic framework for the 
petrophysical results. 

SEM-EDS-based raster maps with a resolution of a 10 μm were acquired across over an area of 23 
mm in diameter (about 3.5cm2 using a 25 keV, 6 nA, 26 nm electron beam. A required minimum of 
1000 X-ray counts per pixel were obtained for each 10 μm point to allow mineral identification. The 
analysis time for each sample was approximately two hours. Data processing and mineral 
identification was conducted by the TIMA software package in automated mode. Identification of 
major, minor, and accessory minerals is done by comparison with an in-house spectra-matching 
mineral library containing more than 150 minerals including mineral solid solutions. Every mineral 
map was checked for accuracy and consistence to ensure high accuracy of resulting modal 
mineralogy. All results are given in vol. % with a detection limit of 0.01 vol. %.  

The mineral library was generated from international standards, natural minerals previously 
quantified by electron microprobe analysis and semi-quantitative electron backscatter diffraction 
(EBSD) measurements. Individual mineral compositions in the reference library mineral are based 
on estimates obtained from semi-quantitative SEM-EDS analysis or published stoichiometric mineral 
compositions from the Webmineral mineralogy database (www.webmineral.com). A specific 
mineral is identified by TIMA if the SEM-EDS spectra meets the expected X-ray count range for each 
element. Additional elemental constraints were added to some mineral reference composition to 
account for their natural chemical variation and for separation of minerals forming solid solutions. 
The SEM-TIMA method does not discern between orthoclase and microcline. For this reason, they 
are grouped as potassium feldspar.  

4.3 Petrophysical and AMS analysis 

The fieldwork sampling scheme selected a representative set of samples. The Osborne samples are 
categorised as follows: barren ironstone, medial footprint, proximal footprint, and mineralisation. 
Density measurements were carried out using a Mettler Toledo MS204TS analytical balance and the 
Archimedes principle. Magnetic bulk susceptibility was measured using an Agico MFK1-A 
Kappabridge magnetometer. The magnetic susceptibility and remanent magnetisation results are 
corrected for volume variations (from the 10 cm3 sample cylinder standard), using the density 
measurements' volume determinations.  
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In addition to bulk measurements, vector measurements were undertaken, which requires samples 
to be oriented relative to drill core orientation lines, or for surface samples through use of sun-
compass. Measurements of natural remanent magnetisation (NRM) were carried out for all samples 
referenced to the orientation data. At least one subsample of each was subsequently exposed to 
low-temperature demagnetisation using liquid nitrogen (LN2). All measurements of NRM and LN2 
were undertaken using an Agico JR-6 Spinner Magnetometer, and the resulting data was analysed 
with the Rema6 (version 6.3.01) software (AGICO, 2020). 

Three subsamples for each sample were measured for Anisotropy of Magnetic Susceptibility (AMS) 
using an Agico MFK1-A Kappabridge magnetometer. The anisotropy of magnetic susceptibility 
(AMS) defines the directional variability, or ellipsoid, of the magnetic susceptibility of a rock, 
capturing information about its texture or petrofabric  (Nagata, 1961; Rochette et al., 1992; 
Biedermann et al., 2015). The non-destructive technique reflects the grain shape of magnetite or 
the crystallographic preferred orientation and alignment of Fe-bearing minerals, thus defining the 
magnetic fabric. The AMS data is processed in the Anisoft 4.2 software (Chadima and Jelinek, 2009), 
to assess the quality clustering of tensor data and calculate the key parameters to describe the type 
of magnetic fabric. Each measurement yields the relative intensity, declination, and inclination of 
the maximum (K1), intermediate (K2) and minimum (K3) principle susceptibilities, as well as the 
mean susceptibility. These are used to define the three semi-axes of the susceptibility ellipsoid, 
comparable to finite-strain directions (Jelinek, 1981; Borradaile, 1991; Závada et al., 2017). The AMS 
ellipsoid is geographically corrected relative to drill-hole or surface sample orientation and can be 
visualised using stereonets. Outlined by Jelinek (1981), the degree of anisotropy (P) within the 
sample is the ratio of K1 to K3 (P=K1/K3). A rock with a high P value is highly anisotropic whereas 
one with P≈1 is isotropic and does not show a magnetic fabric. Other quantitative parameters of 
anisotropy include the degree of magnetic lineation (L=K1/K2) and the degree of magnetic foliation 
(F=K2/K3), as well as are Pj, the corrected degree of anisotropy, which takes the shape parameter into 
consideration. The ellipsoid shape parameter (T) is defined by the equation 

T=(2η2 - η1 - η3)/(η1 - η3) 

where η1 = ln K1, η2 = ln K2, η3 = ln K3 (Jelinek, 1981). A prolate ellipsoid (-1 <T<0), associated with 
a high L value, indicates a linear anisotropy, whilst an oblate ellipsoid (0<T<+1) is associated with a 
high F value and a planar/foliation (F) dominant anisotropy (Jelinek, 1981). Further details on the 
data acquisition, processing and handling can be reviewed in Austin et al. (2021a). 

 

4.4 Radiometric analysis 

All radiometric properties (Dose, Dose rate, 40K, 238U, and 232Th) were measured in assay mode using 
the Radiation Solutions RS-332 radiometer, a multipurpose gamma-ray spectrometer system. The 
sample holder was modified to hold up to three sample cylinders. Data documentation was 
completed within the RSAnalyst software and results were organised according to date, sample ID, 
and measurement type. All results were tabulated in CSV file format for incorporation into the main 
database.  
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4.5 HyLogger3TM hyperspectral analysis 

HyLogger3 datasets were generated using the HyLogger3TM at the Geological Survey of Queensland 
in Brisbane. The HyLogger3TM enables the simultaneous collection of hyperspectral reflectance 
spectra in the visible near infrared (VNIR; 350–1000 nm), SWIR (1000–2500 nm) and TIR (6000–
14,500 nm) wavelength ranges as a 1 cm resolution line scan down the centre of the core (Hancock 
and Huntington, 2010; Schodlok et al., 2016). The three wavelength ranges collected, allow for rapid 
mapping of all major rock forming minerals based on spectral absorption features related to specific 
molecular bonds or ions (Hancock and Huntington, 2010). The VNIR can be used to characterise iron 
oxides and REE, whereas the SWIR is sensitive to hydroxyl-bearing minerals including white mica 
and chlorite as well as carbonates. The TIR is used to characterise nominally anhydrous minerals 
such as quartz and feldspars.  

Spectral data were processed using The Spectral Geologist (TSGTM) software, which also allows for 
integration with geochemical data and interrogation of the data using a suite of CSIRO developed 
scalars. The down hole summary plots were generated using The Spectral Assistant (TSA) to identify 
minerals and their abundances for the SWIR and TIR regions of the spectrum (Berman et al., 1999; 
Berman et al., 2011). TSA is a general unmixing algorithm and is trained on a subset of commonly 
occurring minerals. Minerals are reported as a fraction of the overall spectral fit which is not a 
reflection of the total mineralogy of the sample.  

5 Results 

5.1 Mineralogy of host rocks and Cu-Au-bearing ironstones  

The mineralogy of the metamorphosed and altered host rocks, barren ironstones and Cu-Au bearing 
ironstones is characterised from mineralogical maps using the Scanning Electron Microscopy – 
Tescan Integrated Mineral Analyser (SEM-TIMA). Integration of mineralogical, textural and 
geochemical information of unmineralised and mineralised samples from drill holes OSHQ0067 and 
TTNQ0364 during Uncover Cloncurry was first discussed in Gazley et al. (2016a). Here we analyse 
mineralogical and textural associations in the context of structural controls and hydrothermal 
zonation within the Osborne mineral system for both surface (Figure 5) and drill core samples. 
Mineral replacement relationships are determined from SEM-TIMA images, with representative 
mineral maps in Figures 6, 7, and 8.  

5.1.1 Metasedimentary host rocks 

The protoliths of the meta-sedimentary host rocks at Osborne comprised sandstone, with thin 
interlayered siltstone and mafic sills, which were metamorphosed to migmatitic gneiss, schist and 
amphibolite packages. The host units have been subject to multiple phases of alteration, both pre- 
and post-peak metamorphism. In the distal to medial parts of the Osborne system, relatively simple 
mineralogical assemblages are dominated by albite and quartz, with biotite, amphibole 
(ferrogedrite, hornblende, actinolite), and late chlorite (clinochlore and chamosite). Minor phases 
include apatite, titanium oxides (rutile, ilmenite) up to 0.3 vol% in sample OSB148C and scapolite 
(0.05 vol% in OSB148C to 0.19 vol.% in OSB030), carbonate minerals (calcite, ankerite, dolomite, 
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siderite).  Extensive early albitisation and the relatively ubiquitous chlorine-bearing minerals are 
attributed to Na + Cl alteration of the host sedimentary rock package, is noted in most distal to 
medial samples, characteristic of the earliest alteration phase of most IOCG deposits (e.g. Williams 
et al., 2005; Corriveau et al., 2016). In the medial hanging wall, exposed in the north-eastern 
portions of the pit (Figure 5), the host rocks are dominated by quartz and albite (up to 33 vol.%), 
with increasing biotite, iron oxides and sulphide content (hematite ≥ magnetite and pyrite), chlorite 
(both Mg-rich clinochlore and Fe-rich chamosite), as well as apatite, rutile and white mica (OSB025: 
Figure 6a).  

 

 

 

Figure 5 Map showing the relative spatial distribution of SEM-TIMA surface samples from the Osborne pit, used to 
examine mineral zonation within the deposit, with ironstones in purple, albite rich rocks in blue and amphibole rich 
rocks in green. 

In the proximal alteration footprint within the hanging wall, the grain size in the albitised 
metasedimentary rocks decreases, associated with increasing intensity of deformation. The 
reduction in grainsize is coincident with development of a weak foliation defined by discontinuous 
quartz bands, and an increase in albite content of up to 44 vol. % (e.g. OSB134).  In the case of 
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OSB021 (Figure 6b), feldspars define a subtle, pre-metamorphic banding with the oligoclase+albite 
bands containing accessory chlorite-epidote-magnetite, characteristic of the calcic IOCG alteration 
(Corriveau et al., 2016), whilst the albite dominant bands contains accessory dolomite-muscovite-
magnetite. Phosphorus is distributed throughout as apatite.  

Metamorphic assemblages overprinting albitised hanging wall surface samples display micaceous 
schistosity dominantly comprising biotite, bands of albite and quartz, with lesser muscovite, Fe- and 
Mg-chlorite and epidote (as also noted in drill core sample OSB021 from TTNQ0364; Figure 6b). In 
some samples, chlorite occurs as replacement rims on biotite, indicating either hydrothermal 
alteration or during retrograde metamorphism. Minor phases and accessory minerals include 
amphibole (ferrogedrite), carbonate minerals (dolomite, calcite, siderite), rutile, apatite, pyrite, 
pyrrhotite and very low pyrophyllite contents (< 0.05 vol. %). In the proximal footwall, albitites are 
overprinted by continuous talc foliation cleavage (OSB009: Figure 6c) or foliations with an 
assemblage of biotite-chlorite-pyrite-talc (OSB010, see TIMA library for this and other samples not 
shown herein) indicating syn-deformation potassic and Mg- alteration.  

The proximal alteration footprint of the Osborne system is preserved in the inter-ironstone units, 
separating the upper and lower ironstones. The units are lithologically diverse and include albitised 
gneisses, talc-bearing amphibolites, with assemblages of quartz, amphibole, albite, k-feldspar, 
titanite and magnetite (OSB106; Figure 6d) and biotite schists, comprising albite, biotite and quartz, 
with Fe- and Mg-chlorite, apatite, rutile and a number of amphiboles (OSB103). Increasing 
potassium alteration is associated with increasingly abundant biotite (up to 20 vol.%) in schists and 
metamorphosed sandstones. The increase in biotite within the albitite margins (OSB146: Figure 6e) 
is typical of the transition from the medial to the proximal alteration footprint, associated with 
hydrous, K, Fe, and Mg bearing fluids. Like other IOCG mineral zonation documented in the 
Cloncurry METAL projects, elevated Fe- and Mg-chlorite (combined 0.5 – 4.0 vol.%) noted at the 
immediate boundary between the metasedimentary rocks and the ironstones. One sample of note 
is OSB029 from TTNQ0364 (Figure 6d), which is characterised by strongly sheared muscovite-K-
feldspar-calcite and magnetite on the margin of a biotite and magnetite-bearing albitite, possibility 
indicating channelised hydrous metamorphic fluids and brecciation coupled with shearing at the 
rheological contrast. Towards the ironstones, metamorphic assemblages are intergrown with or 
overprinted by anhedral magnetite-dolomite or magnetite-pyrite assemblages, with up to 2 vol.% 
iron oxides, attributed to increasing iron metasomatic activity proximal to major fluid pathways. 
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Figure 6 Representative mineral maps of samples from the medial and proximal alteration footprints of the hanging 
wall (a) and footwall (b, c) of the Osborne deposit, with a metamorphic talc foliation overprinting albitised 
metasedimentary rock; c) An albitised amphibolite from the inter ironstone units, with albite replacing andesine and 
a potassic overprint indicated by a late K-feldspar vein; d) the alteration front of the overprinting biotite-pyrite-
apatite-quartz alteration after albitisation, with later retrograde replacement of biotite by chlorite associated with 
weak hydrolytic alteration (calcite-chlorite-quartz veins); f) Biotite-magnetite alteration replacing feldspar, with later 
brecciation and deformation associated with a muscovite shear-related foliation. Breccia matrix minerals include 
accessory carbonates and potassic alteration assemblages. 
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5.1.2 Ironstones 

Potassic and iron oxide alteration fronts mark the boundary between albite-rich metasedimentary 
rocks and ironstone units, characterised by increasing biotite and apatite associated with albite 
destruction. At the transition, biotite is chloritized, e.g., OSB023 (Figure 7a), with quartz, chlorite, 
talc, magnetite and hematite assemblages demarcating the ironstone boundary. Alternatively, 
biotite is replaced by both chlorite and white mica (OSB027: Figure 7b). The formation of the 
massive to banded magnetite-quartz ironstones (Figure 7c and d) during localised iron 
metasomatism coincides with the complete loss of albite. Barren ironstones samples are 
predominantly found in the lower ironstone surface samples including OSB111 (Figure 7c), OSB101, 
OSB112, and the weathered upper portion of drill hole OSHQ0067. They are dominated by massive 
to banded textures of fine- to medium-grained magnetite, with iron oxide contents varying between 
50 and 85 vol.%, and the remaining mineralogy comprising of quartz, accessory biotite and 
amphibole or biotite, talc, and pyrite assemblages. Weathered ironstones at the top of OSHQ0067 
contain magnetite, hematite, quartz, and siderite.  

There are two types of banded ironstones, otherwise referred to as “magnetite gneisses” in previous 
logging. The first contains crystalline quartz bands, likely representing primary metamorphosed 
sandstone layering/quartzite (e.g. OSB111; Figure 7c). The second type are characterised by fine 
grained, brecciated to recrystallised quartz and magnetite, with coarse- grained magnetite clasts 
(e.g. OSB039: Figure 7d), representing sheared or deformed ironstones. In sample OSB039, chlorite 
and amphibole assemblages occur in the boudin neck of sheared and distended magnetite grains. 
Magnetite-quartz ironstones that contain accessory infill apatite textures, and apatite contents of > 
0.5 vol.% also contain traces of copper sulphides as infill phases, demarcating the transition into the 
ore zone and flagging the potential utility of P and REE concentration as a vector to mineralisation 
within the Osborne system, using radiometrics for example.  

5.1.3 Mineralisation 

Mineralised surface samples (Figure 7e and f), collected from the host metasediments and the thin 
upper ironstone along the north-western pit wall, display distinctly different assemblages and 
textures to those deeper in the Osborne system. They are characterised by weakly to strongly 
foliated albitised quartzites with ~40–68 vol.%, 25–44 vol.% albite and foliation-aligned assemblages 
of chalcopyrite-pyrite-magnetite±hematite with biotite ± Fe- and Mg-chlorite ± muscovite (e.g. 
OSB121B). Samples with lower biotite content (<1 vol. %) have higher chalcopyrite concentrations, 
up to 3 vol. % (e.g. OSB120). These samples include minor and accessory phases of ferrogedrite, 
ilmenite, siderite, pyrrhotite, apatite, rutile and pyrophyllite (<1 to 0.2 vol.%). 
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Figure 7 Representative mineral maps from SEM-TIMA showing a) the replacement of albite by biotite and chlorite 
at the transition to quartz-magnetite alteration, here seen with talc, suggesting concurrent carbonatization; b) the 
alteration front of the subsequent magnetite-quartz replacement during ironstone formation associated with the 
replacement of biotite and albite by both chlorite and muscovite; c) banded magnetite-quartz ironstone; d) reworking 
banded ironstone with pyrite, apatite and chalcopyrite clasts in the fine-grained reworked quartz-magnetite matrix, 
and  chlorite-amphibole aggregates in the boudin necks of distended coarse-grained magnetite grains; e) and f) 
mineralised surface samples in albitised quartzites.  

Within the magnetite-quartz ironstones, two infill assemblages are observed. In the first, abundant 
triangular acute angle pyrite and apatite post-dates subhedral to euhedral magnetite crystallisation, 
with late infill assemblages of chalcopyrite-quartz-calcite and talc (OSB022: Figure 8a). The second 
is characterised by quartz-apatite-pyrite-siderite-chalcopyrite infill assemblages with apatite vein 
textures (Sample OSB042: Figure 8b). Minor phases in ironstone-hosted mineralisation include 
chlorite, carbonate minerals, talc, molybdenite and pyrrhotite. Mineralisation hosted in silica 



CSIRO Australia’s National Science Agency Mineralogical, petro-physical and structural characterisation of the Osborne Cu-Au deposit  |  25 

flooded units is represented by sample OSB033 of TTNQ0364 (Figure 8c), comprising coarse-grained 
subhedral quartz (66 vol. %) with nearly 20 vol.% chalcopyrite infill, ~8 vol.% pyrite and interstitial 
Fe-rich chlorite. Silica flooded samples display a higher biotite content.  

 

Figure 8 Representative mineralised sampled from the Osborne Cu-Au deposit and late alteration assemblages. a) 
Coarse-grained euhedral magnetite with quartz-pyrite and apatite infill with late calcite and talc; b) Infill apatite 
veining in massive magnetite-quartz ironstone with infill pyrite and siderite; c) High-grade sample with coarse-
grained quartz associated with magnetite replacement and silica flooding with infill chalcopyrite-pyrite containing 
euhedral magnetite inclusions, and associated chamosite; d) Biotite schist in the inter ironstone zone displaying 
sheared biotite foliation hosting chalcopyrite and pyrite with relict albite in the matrix; e) late siderite vein cross 
cutting a mineralised ironstone with infill chalcopyrite and apatite associated with Fe-chlorite and biotite; f) late 
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calcite-talc-Mg-chlorite veins and alteration overprinting biotite schist, indicating late hydrolytic alteration. Field of 
view is approximately 23 mm. 

In a number of banded ironstone and biotite schist samples, chalcopyrite is also associated with 
biotite and chlorite (e.g., OSB007, OSB035, OSB037). Syn-deformation mineralisation indicated by 
shear hosted chalcopyrite-pyrite assemblages observed in the inter-ironstone biotite schist shown 
by OSB036 (Figure 8d), with chlorite-calcite crystallisation noted along biotite cleavage planes. The 
replacement of biotite by chlorite indicates retrograde metamorphism, whilst late carbonate 
alteration assemblages are characterised by calcite-talc-chlorite-dolomite assemblages (OSB037: 
Figure 8f) and calcite-dolomite (OSB017) or siderite (OSB007: Figure 8e) veining.  

5.2 Hyperspectral results  

The HyLogger3TM datasets, which provides continuous hyperspectral mineralogy, for drill cores 
TTNQ0364 and OSHQ0067 are presented as summary logs in Figures 9 and 10, paired with high- 
resolution mineralogical information from the SEM-TIMA data. The HyLogger Domains generated in 
TSG during level 2 data processing are plotted in the left column, with logged lithologies noted on 
the left. The adjacent columns present the thermal infrared (TIR) and short wavelength infrared 
(SWIR) detected mineral groups as derived from the TSG software TSA algorithm, are presented as 
1 m bins. The associated assays for drill core TTNQ0364 represent 2 m intervals, whilst no assay data 
is available for geotechnical hole OSHQ0067.  

In TTNQ0364 (Figure 9), spectra in the TIR range indicates the dominant feldspar composition is 
albite, with amphiboles composed mostly of hornblende. At the top of hole, SWIR data also reports 
some actinolite. The chlorite mineral group is nearly all intermediate chlorite (Fe-Mg) with slightly 
shorter wavelengths (more Mg-rich) reported from 420–470 m and 220–250m than in the central 
330–360m section. Individual spectra indicate the phosphate mineral group reported in the TIR is 
apatite, with the other MG-OH mineral reported as talc, noted in the summary log between 200–
245 m. Most of the oxide reported is magnetite with some hematite at the top of the hole (~200m). 
Sulphates, reported as jarosite and gypsum, are related to the weathering of sulphides. Reported 
mineral groups and spectra generally show strong correlation with mineral assemblages described 
in the previous section, thus indicating that alteration zonation and replacement textures indicated 
by TIMA mineralogy can be upscaled to drillhole scale using hyperspectral mineralogy. 

The hyperspectral domains generated in TSG show excellent correlation with the major units due to 
their distinct mineralogy. From the top of hole to ~235 m, a thin ironstone is intercalated with 
quartzite and amphibolite. In this section, units in the proximal hanging wall and footwall of the 
Upper Ironstone 3 display decreasing chlorite and amphibole, vectoring towards the ironstones. This 
was not detected in the TIMA samples, reflecting the lower sampling density. Elevated calcite is also 
detected in the hanging wall. Below this, the albitised quartzites and schists are dominated by 
assemblages of albite, quartz, chlorite, and white mica, with higher concentrations of amphibole, 
dark mica (biotite) noted at the top of the interval. The TIMA sample OSB021 from 265 m contains 
two plagioclase feldspars, muscovite, magnetite dolomite and Mg-chlorite. The upper ironstone, 
sampled at 296 m, contained an assemblage predominantly of magnetite, quartz, pyrite, apatite, 
and chalcopyrite. It is defined by sharp decreases in the albite, with elevated chlorite on the 
ironstone margins, consistent with observations from TIMA sample OSB023. The hyperspectral data 
detected the narrow interval of strongly deformed muscovite rich albitised metasedimentary rocks 
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of the inter-ironstone region, sampled by OSB029. The hyperspectral domain coinciding with the 
mineralised magnetite-quartz ironstone is clearly defined between 363 and 415 m in the TIR and 
the SWIR data by elevated quartz and oxide spectral contribution and aspectral response, 
respectively. The proximal footwall and hanging wall are distinguished by their elevated biotite and 
chlorite spectral response, marking the metasedimentary rock-ironstone transition. The highest Cu 
and Au concentrations occur along the upper and lower margins of the quartz-magnetite ironstone 
between 365 and 415 m, associated with silica flooding textures. The three TIMA samples from the 
upper portion of the ore zone are dominated by quartz, chalcopyrite ± magnetite, including OSB033 
interpreted as the silica flooded mineralised sample. Brecciated ironstone textures at 375.5m 
contains less economic mineralisation, however, this is not captured in the hyperspectral 
mineralogy. In the hyperspectral data notable spectral contributions from apatite (phosphate) occur 
from 383m to 414 m, near the base of the mineralisation. Toward the lower boundary of the 
ironstone, hyperspectral domaining displays a sharp lithological change deeper than the sharp 
decrease in Cu concentration, coincident with increased silica flooding and carbonate alteration 
above the transition to metasedimentary rocks. The lower margin the ore body is characterised by 
a biotite schist with shear plane-hosted Cu mineralisation. These relationships are consistent with 
late stage deformation controlling dilation along the rheological contrast between the ironstones 
and the adjacent schists, quartzites and migmatites.  

At the base of the hole, TSA mineral groups reported for the garnet bearing zone include white mica, 
chlorite, silica, K-feldspar, albite and spessartine garnet, likely corresponding to footwall 
migmatites; however, these are unsampled in this project and so the garnet identification should 
be approached with caution without further validation as it is not clear from the core photography 
and raw spectra.  
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Figure 9 Summary of the HyLogger3 data for TTNQ0364 and the TIMA data for the footwall and hanging wall regions 
of the drill hole showing key mineralogical and textural relationships trending towards ironstones and ore zones. 
Sample locations are annotated as circles coloured by the logged lithology. NB – the TIMA legend is only displaying 
the 13 most abundant phases. 

The continuous hyperspectral mineralogy HyLogger3TM dataset for drill core OSHQ0067 is presented 
in Figure 10. The hyperspectral information captures mineral trends from top to bottom of hole; 
however, the upper 45 m has been subject to weathering, which is reflected by the strong spectral 
contribution from secondary weathered phases such as kaolinite.   
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Figure 10 Summary of the HyLogger3 data for OSHQ0067 and the TIMA data for Lower Ironstone 1 intercepts, 
intercalated albitised schists and quartzite from the footwall proximal zones, and schists adjacent to mineralisation 
showing key mineralogical and textural relationships trending towards the ironstones and ore zones. Sample 
locations are annotated as circles coloured by the logged lithology. NB – the TIMA legend is only displaying the 13 
most abundance phases. 

In Figure 10, the TSA mineral groups are in 0.5 m bins to highlight detail in the short hole. Based on 
interrogation of individual spectra the following mineral information is reported: the phosphate 
reported in the TIR is apatite, the other MG-OH is talc and the dominant oxide reported is hematite. 
The carbonate reported at the top of the hole is dolomite with more siderite and ankerite reported 
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at the bottom of the hole. The dominant chlorite species in central part of the hole from ~80-100 m 
is Mg-rich chlorite (shorter 2250 nm wavelength) changing to more Fe-Mg or Fe-Chlorite (longer 
2250 nm wavelength) towards the bottom of the hole. There is a trend down hole in the reported 
feldspar composition from more calcic to more sodic plagioclase feldspars with increasing depth, 
i.e. transitioning from andesine to oligoclase to albite. With limited sampling for OSHQ0067, and 
only minor oligoclase documented at OSB005, this trend is not fully supported by TIMA data. The 
reported amphiboles are concentrated in a ~ 5 m thick unit from ~50-55 m with minor occurrences 
from 85-90 m.  

The upper most sample from OSHQ0067 is from the partly weathered lower ironstone at 42 m, 
showing excellent correlation with the hyperspectral mineral group assemblage of oxide, kaolin, and 
silica. The more significant interval of the Lower Ironstone 1 associated with mineralisation 
(OSB003) coincides with the hyperspectral domain between 56 m and 68 m, with sharp boundaries 
associated defined by a talc-amphibole rich interval in the proximal hanging wall and an assemblage 
of biotite, muscovite, plagioclase and chlorite in the proximal footwall (OSB005). Greater lithological 
variation is indicated in the hyperspectral summary log below ~70m including a muscovite rich 
horizon corresponding with the post-albitisation development of a muscovite schistosity in TIMA 
sample OSB006. Narrow intercalations of ironstone within the footwall are not indicated by the 
hyperspectral domains; however, mineralised magnetite ironstone TIMA sample OSB007 does 
correspond with an assemblage of oxide and quartz. The albitised talc schist at 87m is well 
represented in the HyLogger3 TM dataset, with other MG-OH detected in both the TIR and the SWIR 
across an interval of about 2 m. The lower three TIMA samples are derived from the proximal 
footwall associated with pervasive albitisation, elevated chlorite, pyrite, and calcite. Mineral groups 
and composition from Hylogger3TM datasets show excellent correlation with the major units and 
TIMA mineralogy. Downhole hyperspectral mineralogical information highlights several key 
alteration footprint relationships at Osborne, including: 1) the limited depth extent of the albitic 
alteration in TTNQ0364; 2) the narrow potassic alteration along ironstone margins; and 3) hematite 
occurrences predominantly found in the weathered intervals of OSHQ0067. Finally, unlike Ernest 
Henry (Schlegel et al., 2021), chlorite in the Osborne deposit shows no compositional zonation and 
is likely associated with retrograde metamorphism rather than later hydrolytic alteration.  

5.3 Magnetic characterisation 

This study provides an expanded petrophysical dataset with statistically significant trends between 
density and magnetic susceptibility. Osborne typically has high density and magnetic susceptibility, 
shown in Error! Reference source not found. and Figure 11. A plot of the magnetite content (%) 
derived from TIMA mineralogy vs magnetic susceptibility (Figure 11) for Osborne samples, shows 
and approximately linear relationship, with increasing iron oxide context and increasing magnetic 
susceptibility (SI), yielding an R2-value of 0.86. This near linear relationship is valid for nearly all 
Osborne with the exception are sample OSB001 which appears to be hematite-dominant, possibly 
due to oxidation of magnetite to martite. 
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Table 1 Mean values: density and magnetic susceptibility (SI) for Osborne samples listed by system zonation context. 
Count is the minimum number of data points used to calculate entries in the respective column. 

 

 

 

Figure 11 Plot of the magnetite content (%) based on 2-D TIMA mineralogy vs and magnetic susceptibility (SI), for 
Osborne samples, displays a quasi-linear relationship between increasing iron oxide context and magnetic 
susceptibility yielding an R2-value of 0.86.  

 

Categorisation of magnetic susceptibility data by system zonation context, i.e., filtering by geological 
interpretation of proximity, is depicted in Figure 11 and 12. The mineralised samples and those 
proximal to ore fit statistically very well to a straight line with R2 = 0.90 and R2 = 0.72 respectively. 
The barren ironstone and the medial host rocks display a poor fit to the linear trends, R2 = 0.44 and 

Zonation context Barren ironstone Medial Proximal Mineralisation
Count 20 5 37 21
Density Mean 3.939 2.671 2.728 3.489
Density Median 4.033 2.658 2.695 3.193
Density Max 4.877 2.766 3.209 4.689
Susc Mean 1.616 0.021 0.091 0.861
Susc Median 1.869 0.023 0.034 0.236
Susc Max 2.205 0.050 0.749 2.117
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R2 = 0.06. The host rocks plot close to zero and the low R2 associated with barren ironstone is caused 
by two outliers which have very low magnetic susceptibility related to magnetite oxidation. 

 

 

 

 

Figure 12 Plot of the density versus magnetic susceptibility for Osborne showing the linear regression and associated 
R2 values for samples from each system zonation context.  

Remnant magnetisation (NRM) data and Koenigsberger values (Q-ratios) are listed by system 
zonation context in Table 2, with the calculated mean, median, and maximum values. The data show 
high remanence in the barren ironstone and a stepwise increase from the medial to proximal to 
mineralisation zones. As indicated by Austin et al (2017), the Koenigsberger values (Q-ratios) are 
typically very low for Iron Oxide Copper-Gold systems due to the high proportion of coarse grained 
(multi-domain) magnetite. The Koenigsberger ratios for Osborne are notably low, even when 
compared with other IOCGs, indicating that perhaps it is one of the coarser-grained IOCG’s. 

Low temperature demagnetisation of specimens (using with liquid nitrogen) typically resulted in 
lower residual NRM values by approximately an order of magnitude. In Figure 13, Figure 14 and 
Figure 15, the relationships between remanence (NRM), remanence post liquid nitrogen treatment 
(LN2), density, and magnetic susceptibility are plotted for all samples. In Figure 15, another colour 
scheme is used for Q-ratio cut-offs of 1, 10, and 100. 
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Table 2 Mean remanence (NRM) values (in A/m) including pre- and post- liquid nitrogen (LN2) treatment and 
Koenigsberger values (Q-ratios). Count is the minimum number of data points used to calculate entries in the 
respective column. 

 

 

 

Figure 13 Density vs. NRM (J) for Osborne samples. Colour coding is by system zonation context and the size of the 
symbol is attributed by hematite/magnetite content (%) or the sample as derived from TIMA results. 

Importantly, the highly magnetised magnetite ironstones (i.e., with density >3.18 g/cm3) lost 
approximately 75% of their total NRM after liquid nitrogen treatment. The decrease in remanent 

Zonation context Barren ironstone Medial Proximal Mineralisation
Count 18 5 37 21
NRM Mean 34.618 0.259 1.989 23.588
NRM Mean (LN2) 7.153 0.114 0.622 6.163
NRM Median 25.871 0.271 0.214 1.768
NRM Median (LN2) 6.065 0.153 0.029 0.391
NRM Max 125.500 0.580 37.856 97.681
NRM Max (LN2) 19.199 0.217 8.653 26.495
Qratio Mean 0.510 0.385 1.304 0.402
Qratio Median 0.475 0.216 0.213 0.333
Qratio Max 1.510 0.826 14.503 1.200
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magnetisation after liquid nitrogen treatment indicates that the majority of remanent 
magnetisation (approximately 75%) is held in multidomain grains. Such remanence is commonly 
magnetically soft or viscous and will typically re-align to the local magnetic field in a matter of days. 
Consequently then, a substantial proportion of the soft remanence is sub-parallel to the induced 
magnetisation (the magnetic susceptibility) and therefore mimics it geophysically. The reduction of 
the Q value from 0.6 to 0.15 across these highly magnetic ironstones (1.6 SI average susceptibility) 
is therefore equivalent to adding 45% to the apparent susceptibility of the ironstones, making the 
apparent susceptibility approximately 2.35 SI.  

Total magnetisation can also be influenced by the anisotropy of magnetic grains. However, whilst a 
handful of samples show high P-factor in the AMS measurements, those examples generally have 
low magnetic susceptibility, and therefore, the anisotropy does not appear to significantly affect the 
total magnetisation of the Osborne ironstones. 

 

Figure 14 Density vs. NRM (J) after liquid nitrogen treatment for Osborne samples. Colour coding is by system 
zonation context and the size of the symbol is attributed by hematite/magnetite content (%) or the sample as derived 
from TIMA results. 

 

As observed in Figure 15, the Koenigsberger (Q) ratios are commonly < 0.5, and only a few samples 
have Q-ratios of > 1. There are only two samples with Q-ratios > 10 (OSB 028 and 143), both occur 
in the inter- ironstone, proximal to the ore but have very low susceptibility, low (1 and 0.1%) 
hematite/magnetite and low pyrrhotite (0.0015 and 0%) content in the TIMA imagery. The TIMA 
data does not discriminate between hematite and magnetite, thus prohibiting calculation of precise 
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values of the two phases. Visual inspection, the very high magnetic susceptibilities (between 1 to 2 
SI), and that remanence increases linearly with magnetic susceptibility, are all consistent with 
magnetite being the main carrier. Therefore, the slightly higher Q values are not due to the presence 
of pyrrhotite or metamorphosed hematite at Osborne (cf. Austin et al., 2017). The higher Q-values 
are related to the finer grained (e.g., pseudo single domain) nature of the magnetite grains within 
the proximal footprint of the ironstone. 

 

Figure 15 Magnetic Susceptibility (K) vs. NRM (J) for Osborne samples, with colour-coded cut offs from Q-ratios of 1, 
10 and 100.  

 

The magnetisation at Osborne therefore is predominantly induced (related to magnetic 
susceptibility) as indicated by Koenigsberger ratios (Q-values) < 1. Remanence is significant, 
however approximately 75% of it is soft, and effectively adds to the apparent susceptibility of the 
deposit. Ancient remanence oriented oblique to the local magnetic field is relatively unimportant 
for modelling of such deposits. However, the high susceptibilities, commonly >1.6 SI, will be 
substantially affected by self-demagnetisation (Gidley, 1988), which will lead to issues in 
conventional approaches to magnetic modelling, that do not take the SDM effect into account. 
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5.4 AMS results 

The primary structural controls recognised at the Osborne Cu-Au deposit are ductile reverse 
shearing, folding, and overprinting brittle ductile deformation. Previous AMS interpretation 
presented for Osborne as part of Uncover Cloncurry, based on drill cores TTNQ0364 and OSHQ0067 
was inconclusive due to poor core orientation information prohibiting collection of fully oriented 
samples (Gazley et al., 2016a). The results of AMS analysis of 52 oriented samples from the Osborne 
pit collected during Cloncurry Metal are discussed below. Most of the Osborne samples have 
moderate anisotropy with P-factors between 1.1 and 1.4 (Figure 16a-f). Samples with low magnetic 
susceptibility show T-values with distribution (0>T>1), indicating an oblate AMS ellipsoid or 
magnetic foliation. Samples with magnetic susceptibility K > 1 [SI] show a moderate degree of 
anisotropy indicated by P values < 1.3. A few samples show strong anisotropy (P>1.4), have low 
susceptibility, and strong foliated fabric, T>0.4. Samples with P-factors including those ranging 1.1 
to 1.4 define an NW-SE oriented magnetic foliation (Figure 16). Figure 16 displays the AMS in each 
of the system structural contexts, including the hanging wall, upper- and lower ironstones, inter 
ironstone units and the footwall. 
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Figure 16 AMS data for oriented Osborne surface samples separated by structural context: a) All Osborne surface 
AMS measurements of the K1, K2, K3 vectors on a lower hemisphere equal area stereonet, with associated plots of 
mean magnetic susceptibility (Km) vs degree of anisotropy (P), and P relative to the shape parameter of the AMS 
ellipsoid (T), where T>0 indicates an oblate ellipsoid and foliation dominant fabrics and T<0 indicates prolate, 
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lineation dominant magnetic fabrics. The same plots are displayed for each of the structural zones including b) 
hanging wall samples; c) upper ironstone; d) inter ironstone units; e) lower ironstone; and, f) footwall.  

Each structural context is characterised by an inferred foliation with a NW- to NNW-trending strike. 
Samples from the hanging wall; however, display a strong anisotropy (P>1.22) associated with a 
prominent magnetic lineation defined by K1, plunging 28°→123° (Figure 16b). In association with 
the inferred ~N-S striking moderately E-dipping foliation plane, this suggests the AMS foliation data 
in the hanging wall records D2 E-W shortening, whilst the lineations indicate a sinistral reactivation 
during D4 (Figure 16b). The upper- and lower ironstones have high magnetic susceptibilities and T 
values varying between -1 and 1, indicative of both prolate and oblate strain ellipsoids. The upper 
ironstone is characterised by excellent clustering of AMS K1, K2 and K3 vectors (Figure 16c). In both 
these ironstones (Fig. 16c and e), the inferred foliation is NW-striking and moderately NE-dipping, 
consistent with the broader ore body geometries. The shallow SE-plunging K1 vectors of the upper 
and lower ironstones (31°→124° and 09°→125°, respectively) and NW-SE K3 shortening axis 
together has a range of interpretations. The simplest is that they indicate sinistral reverse 
deformation, with a greater strike slip component than in the hanging wall. However, the magnetic 
foliation also reflects rotation of the pre-existing S2 foliation (Sayab, 2009) suggesting that the 
associated lineations represent either refolding of the earlier fabric or reactivation of the fold limb, 
akin to flexural slip (Tanner, 1989), during D3 or D4 deformation. All interpretations indicate that 
simple shear localised dilation during ongoing shortening, likely exerting a control on the ironstone 
geometries during their structural evolution. Similar AMS information is recorded in the inter 
ironstone units (Figure 16d), however T values (T>0) indicates predominantly oblate AMS ellipsoids. 
AMS samples from the footwall (Figure 16f) display well clustered K3 and a NW-striking girdle of K1 
and K2, associated with a more steeply NE-dipping, NW-striking inferred foliation. Here the 
magnetic foliation likely represents the rotated D2 fabric whilst the NNE-plunging lineation is 
interpreted as an intersection lineation (Parés and Van Der Pluijm, 2002), generated from the 
overprinting of the D2 fabric by a NNE-SSW fabric associated with D4 WNW-ESE shortening.  

Whilst drillhole samples from the Uncover Cloncurry Project only had downhole orientation, the 
degree of anisotropy was plotted in 3D space to look at changes in strain relative to the host 
ironstone units. Illustrated in Figure 17, the degree of anisotropy increases towards ironstone 
margins in TTNQ0364. Furthermore, this WNW-ESE section looks downplunge of upright F4 folds 
refolding the host ironstone units indicating the episode of deformation post-dates iron oxide 
alteration.  
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Figure 17 3D render of mineralised ironstone orebodies and the lower ironstone unit (partly transparent) and 
downhole plots of the degree of anisotropy (P), looking down-plunge of F4 folds towards the NNE refolding the 
ironstones.  

The surface AMS data is also examined relative to the system zonation context including the medial, 
proximal, barren ironstone and mineralisation/ore zone contexts (Figure 18). Each zonation context 
is consistent with the NW-striking, moderately NE-dipping inferred magnetic foliation orientation, 
as seen in Figure 16. Samples from the medial zone of the mineralising system display good vector 
clustering yet relatively low magnetic susceptibility values (Figure 18a), consistent with them 
occurring beyond the footprint of the iron metasomatism. The steeply NNE-plunging K1 vectors at 
low angles to the dip azimuth (inferred shortening axis) are indicative of reverse movement with a 
minor dextral oblique component, consistent with their structural context in the footwall. AMS data 
for the proximal zone, the barren ironstones and mineralisation (Figure 18b-d) show elevated 
magnetic susceptibilities associated with increasing magnetite content. The K1, K2 and K3 vectors 
cluster well in the proximal zone and in the barren ironstones. The barren ironstones display an NW-
SE subhorizontal K1 lineation, associated with a moderately NE dipping foliation. This potentially 
reflects the refolding and reorientation of the S2 fabric during D3 and the strike-slip reactivation 
during D4. A small number of barren ironstones preserve a subvertical K3, likely corresponding with 
late weathering. Mineralised samples, however, show well clustered K3 and a NW-SE girdle of K1 
and K2 vectors, with a mean K1 plunging 34°→111°, associated with WNW-ESE shortening. This 
lineation corresponds almost exactly to the plunge of the Osborne Cu-Au mineralisation in the open 
pit which is approximately 30°->115° (Figure 19).  
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Figure 18 AMS data for oriented Osborne surface samples separated by zonation context: a) AMS measurements 
from medial zonation context of the K1, K2, K3 vectors on a lower hemisphere equal area stereonet, with associated 
plots of mean magnetic susceptibility (Km) vs de with associated plots of mean magnetic susceptibility (Km) vs degree 
of anisotropy (P), and P relative to the shape parameter of the AMS ellipsoid (T), where T>0 indicates an oblate 
ellipsoid and foliation dominant fabrics and T<0 indicates prolate, lineation dominant magnetic fabrics. The same 
plots are displayed for each of the structural zones including b) proximal samples; c) barren ironstone samples; d) 
mineralised samples. 
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Figure 19 Geoscience Analyst model of the Osborne deposits showing pit surface and ore body shells (Gow et al, 
2020), with a vector tracing the ore body geometry beneath the open pit looking north-northwest. 

This is confirmed by the AMS data plotted in 3-D (Figure 20), which shows lineations parallel to the 
plunge of the ore body and foliation consistent with the orebody elongation. Not only does the 
AMS data map the ore body geometry, but it also accurately maps the variability in the strike of 
the ore body as observed between the northern and southern pit areas. 
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Figure 20 3D render from Leapfrog of the Osborne pit and ore shells (map view), showing the magnetic foliations 
(discs with lower apex oriented to dip direction) and lineations (cones pointing down plunge) colour coded by their 
degree of anisotropy filtered for P > 1.1, with red indicating strong anisotropy. 
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6 Interpretation and Discussion 

6.1 Mineral zonation and metallogenesis  

Significant amounts of research has been conducted to better understand the paragenesis of the 
Osborne Cu-Au deposit, including the origins of the mineralising fluids, their chemistry, and the 
sulphur and metal source (Adshead, 1995; Adshead, 1996; Adshead et al., 1998; Gauthier et al., 
2001; Rubenach et al., 2001; Fisher, 2007; Fisher and Kendrick, 2008). The deposit exhibits the 
characteristic mineral zonation of mesothermal IOCG deposits, transitioning from the weakly sodic 
altered migmatitic sillimanite-bearing gneisses in the footwall and hanging wall to Na-(Ca)-Cl 
alteration, minor potassic alteration and extensive iron metasomatism prior to mineralisation 
(Adshead et al., 1998; Tullemans et al., 2001).  

Mineral replacement textures and relationships described in this study provide new insights into 
the medial and proximal alteration footprints relative to ore formation, highlighting lateral or 
sequential alteration overprints. Samples from Uncover Cloncurry and Cloncurry Metal 
predominantly characterise the medial, proximal and ore zone relationships. Footwall and hanging 
wall rocks in the medial alteration footprint preserve the early phase of Na- (+Fe) alteration 
associated with pervasive albitisation of metasedimentary rocks and amphibolite rocks, and the 
precipitation of early fine-grained magnetite-pyrite and apatite. Sodic-Ca-Cl alteration is preserved 
in some albites with 83 vol.% albite, 4 vol.% quartz, ~ 3 vol. % amphibole (actinolite and hornblende) 
and 0.31 vol.% scapolite and marialite in OSB024. This sample also highlights increased apatite 
content along the iron oxide alteration front associated with feldspar destruction, similar to Ernest 
Henry (Schlegel et al., 2021). TIMA maps of footwall samples from OSHQ0067 clear indicate the 
metamorphic talc-biotite-apatite foliation overprints an early stage of albitisation.  

The transition to potassic alteration or biotite-magnetite alteration presents in two different ways. 
In sample OSB146, biotite replaces albite and pyrite. The biotite is then overprinted by calcite-Fe-
chlorite-quartz veins, representing weak late hydrolytic alteration, similar to that observed at Ernest 
Henry (Schlegel et al., 2021), although much weaker. Alternatively, amphibolites in the inter-
ironstone area are overprinted by K-feldspar. Unlike Ernest Henry and similar breccia-hosted IOCG 
deposits, Osborne contains limited K-feldspar and brecciation of ironstones appears often to be 
mechanical (e.g, OSB039). Biotite-magnetite assemblages are documented in OSB029 and 
subsequently replaced by muscovite and K-feldspar during localised deformation and retrograde 
metamorphism.  

The replacement of albite by both biotite, apatite and chlorite at the transition to quartz-magnetite 
alteration results in the rapid loss of albite from the rock, reflected in by two sharp changes in the 
spectral response. In the hyperspectral data, the immediate proximal footwall and hanging wall of 
the lower ironstone are distinguished by their elevated biotite and chlorite spectral response. The 
narrow transition from albitised metasedimentary rocks to magnetite-quartz ironstone is reflected 
in sample OSB023, where chlorite replaced biotite at the transition, reflecting either retrograde 
metamorphism or hydrolytic alteration along the ironstone boundaries. Internal to the ironstone 
units, there is near complete destruction of all aluminosilicates, with retrograde micas noted with 
subsequent infill ore assemblages. The second distinct response in the hyperspectral domains 
coincides with the mineralised magnetite-quartz ironstone between 363 and 415 m is well detected 
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in the TIR and the SWIR data by elevated quartz and oxide spectral contribution and aspectral 
response, respectively Combined HyLogger3 TM hyperspectral domaining, mineralogical information 
from TIMA and assay data indicate the highest-grade mineralisation is located along the silica 
flooded hanging wall margin of the upper ironstone, consistent with the observations of Adshead 
(1995) and Tullemans et al., (2001). Elevated calcite alteration and a tapering of mineralisation 
occurs along the lower boundary. The association of talc-carbonate alteration with the quartz-
chalcopyrite-magnetite assemblage suggests syn- to post-mineralisation carbonatization. 
Additionally, HyLogger3 TM data reports intervals with elevated phosphate coinciding with higher 
abundance of apatite towards the base of mineralisation in TTNQ0364. 

Based on the tectono-metasomatic evolution derived from petrographic and AMS data, we  propose 
that D2 shear zones acted as fluid path ways, localising potassic and iron oxide alteration, with 
subordinate shear zones or splays generating thin, discontinuous ironstone bodies in the hanging 
wall. The main phase of economic mineralisation, however, is associated with silica supersaturated 
fluids ingressing along the contact between the rigid ironstones and the more plastic host 
metasedimentary rocks. Representing the major structural control on the localisation of economic 
copper and gold mineralisation, this phase of hydrothermal activity is associated with pervasive 
replacement of magnetite by quartz-pyrite-apatite and chalcopyrite, variably associated with 
retrograde chlorite-talc-calcite assemblages. Metal precipitation has previously been attributed to 
either pressure decreases during shear zone-controlled dilation, or temperature decreases 
attributed to fluid mixing between early CO2-rich hypersaline brines and an influx of cooler, dilute 
fluids (Adshead, 1995; Fisher, 2007). Oliver et al. (2008) suggested that mineralisation in the eastern 
domain was formed due to the interaction of basinal brines or early metamorphic fluids with mafic 
sills and ironstones, whilst mineralisation in the western domain was driven by oxidised brines 
associated with granite emplacement. As mineralisation in the eastern domain replaces syn- to post-
D2 pegmatite sheets, we suggest that mineralisation is associated with later hydrothermal fluids. 
Given the concentration of silica flooding along ironstone boundaries in the western domain, 
coincident folding of these ironstones and parallelism between the K1 vector and the plunge of the 
Osborne ore body, we favour dilation during along the rheological ironstone-metasedimentary rock 
contact D4 WNW-ESE deformation driving pressure-related metal precipitation. Late infill 
assemblages of carbonate and talc indicates a CO2-rich component (e.g, OSB037 and OSB007). 

The temporal relationship between Cu-Au mineralisation, deformation and/or retrograde 
metamorphism is illustrated by several observations. These include infill assemblages in ironstones 
of chalcopyrite-apatite-pyrite-chlorite and biotite (e.g., OSB007) and the inclusion of ore minerals 
in biotite shear planes and in magnetite pressure shadows in a biotite schist (OSB036 in the inter 
ironstone). Based on the presence of chlorite and amphibole in boudin necks of a reworked 
mineralised ironstone, we suggest that deformation continued post-mineralisation in some 
locations. However, the lack of strain in replacement textures indicates the main period of economic 
mineralisation likely outlasted deformation. Whilst the mineralogy may differ slightly for the 
aluminosilicate and amphibole phases, these findings are consistent with the paragenetic 
relationships defined by Adshead (1995) and Rubenach et al. (2001).  
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6.2 Structural controls and timing of mineralisation  

The architecture of the Osborne deposit is controlled by the host ironstone units that strike 
northwest-southeast and dip 25-60° to the northeast. The ironstones are laterally continuous along 
a strike length of 1.3 km and are parallel to the local S2 foliation (Adshead, 1995). A study by King 
(2001) concluded that the main metamorphic fabrics were associated with a WNW-ESE deformation 
event associated with thrusting and the imbrication of ironstone units. King (2001) concluded that 
this was then overprinted in the later stages of the local D2 due to a rotation in the strain regime to 
NNW-SSE shortening. This late D2 deformation reactivated major NNE-striking structures as sinistral 
strike- slip faults and resulted in ENE-WSW-striking thrusts linking the shear zones. Furthermore, 
the refolding of earlier structures was interpreted to generate large dilation zones in the fold hinge, 
which controlled silica flooding. In regional geophysical interpretations (Murphy et al., 2017), the  
ENE- to NE-striking structures are attributed to much later deformation during regional D4.  

The AMS data of Osborne preserves a dominant NW-SE striking, moderately NE-dipping magnetic 
fabric, parallel to the local S2 fabric (King, 2001; Sayab, 2009), rotated during later refolding and 
reactivated during D3 and D4. When subdivided by structural context, the AMS data provides further 
insight into the later stages of the structural evolution of the deposit. The footwall preserves a 
steeply dipping magnetic fabric (D2) with the magnetic lineation at low angles to the shortening axis, 
indicating minor overprinting. The NE-plunging K1 is consistent with an intersection lineation of the 
magnetic fabric with a weak overprinting NNE-SSW fabric associated with D4 WNW-ESE shortening. 
In contrast, the upper ironstone and the inter ironstone units preserve axial planar to planar AMS 
fabrics associated with increasingly shallow plunging K1 lineations and the strike slip reactivation of 
the D2 fabric during D3 and D4 (Austin and Blenkinsop, 2010). The lower ironstone, however, 
preserves shallow NW and SE plunging K1 magnetic lineations and a steeply plunging mean K3, 
corresponding with the subvertical D3 shortening and shallow dipping S3 described by Sayab (2009). 
The structural information preserved in the AMS data is consistent with ironstone development syn- 
to late- D2 deformation and peak metamorphism, with dilation associated with reactivation during 
D3.  

In the hanging wall, the N-S axial planar fabric and moderately SE-plunging K1 associated with late 
sinistral reactivation during D4 WNW-ESE deformation, consistent with the ~N-S D4 structures 
described by Sayab (2009) north of Osborne. We conclude that is it this event that refolded the 
ironstone units, generating the asymmetric fold hinge west of TTNQ0364 (Figure 17). Furthermore, 
the presence of silica flooding in the footwall and hanging wall of the upper ironstone and the 
hanging wall of the ironstone (Adshead et al., 1998) is consequent to rheological contrast 
(representing a fluid pathways) between the competent ironstones and the more plastic host rocks, 
hereby localising dilation and influx of the mineralised hydrothermal fluids (Cox, 2020).  

Whilst these hypothesises would ideally be resolved by geochronological constraints, the timing of 
metamorphism and metasomatism continues to be debated. For the Osborne deposit, the timing of 
sodic alteration and pervasive albitisation is constrained by an actinolite 40Ar/39Ar age of ca. 1595 
Ma in a foliated, albite-altered rock (Perkins and Wyborn, 1998). This corresponds with U-Pb titanite 
ages of 1595 ± 6 Ma for sodic-calcic alteration samples interpreted as a skarn-type alteration halo 
at Osborne by Gauthier et al. (2001). Based on petrographic evidence and the above ages, Rubenach 
et al. (2001) concluded that sodic-calcic metasomatism was coincident with local D2 deformation, 
peak metamorphism and anatexis, preceding both the emplacement of pegmatite bodies in the 
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eastern domain late- to post-D2. Both the early stages of alteration and local D2 metamorphism and 
deformation pre-date ironstone formation, Cu-Au mineralisation and retrograde metamorphism, 
first proposed by Adshead (1995) and confirmed by a number of the mineral replacement 
relationships documented in this study. Given the consistent AMS orientation, this suggests that the 
magnetic fabric preserved in all the units reflects the dominant D2 foliation and its subsequent 
refolding and reorientation to (N-)NW-trending during D3, synchronous with the major iron 
metasomatic event. This does not support the structural evolution and late D2 NNW-SSE shortening 
event proposed by King (2001). The ironstone and inter-ironstones units record a subsequent 
sinistral reverse to sinistral strike slip reactivation of the NW-SE magnetic fabric during D4, with silica 
flooding and low angle dilation occurring along rheological contrasts between the ironstones and 
adjacent sodic and potassic altered metasediments. This is consistent with the regional deformation 
events described by Sayab (2009) in the area immediately north of Osborne. Pre-mineralisation 
biotite and hornblende yielded a 40Ar/39Ar age of ca. 1540 Ma (Perkins and Wyborn, 1998), 
significantly younger than other metasomatic and metamorphic ages for Osborne, and potentially 
corresponding to the latter stages of D3 metamorphism. Such an age, however, is consistent with 
the post-peak metamorphism and post-ironstone formation refolding and reactivation during D3 
and D4 structures documented in the AMS data. Most significantly, the SE-plunging K1 vector 
captures the plunge of the Osborne orebody, generated during D4 reactivation of NW-SE structures, 
consistent with the ironstone infill chalcopyrite-apatite and retrograde metamorphic assemblages.   

6.3 Implications for exploration  

Exploration for IOCG mineral systems frequently relies upon the recognition of characteristic 
alteration zonation and geophysical signals (Hitzman and Porter, 2000; Groves et al., 2010; 
Corriveau et al., 2016). In the case of the geophysical response of the magnetite rich Osborne 
deposit, early research focused on the role of self-demagnetisation in the magnetite-rich ironstones 
of Osborne, potential implications for inversion modelling, and the coincident nature of the positive 
magnetic anomaly with IP and EM anomalies (Clark, 1988; Gidley, 1988; Anderson and Logan, 1992; 
Ellis et al., 2012). Here we highlight the petrophysical responses for samples within the Osborne 
deposit which may be used to better constrain interpretation and modelling of geophysical data of 
Osborne-type ironstone hosted Cu-Au mineralisation. Petrophysical characterisation highlighted a 
linear relationship between density and magnetic susceptibility, and low Koenigsberger (Q) ratios, 
consistent with the coarse multi-domain magnetite present in the Osborne deposit. The lack of 
substantial remanent magnetisation coupled with high susceptibility at Osborne illustrate that self-
demagnetisation effects need to be considered when targeting magnetite-rich deposits using 
magnetic modelling. Paragenetic information derived from SEM-TIMA shows that albitisation 
occurred prior to peak metamorphism and deformation attributed to D2 E-W shortening during the 
Isan Orogeny. Furthermore, it highlighted the narrow K- and Fe- alteration zones at the transition 
from albite-rich metasedimentary country rocks to the host ironstone formations indicating strong 
structural pathways controlling the extent of fluid ingression and limiting later stage alteration from 
interacting with the country rocks. Finally, quartz-chalcopyrite-apatite-pyrite infill and replacement 
textures in the host ironstones indicate that silica flooding and Cu precipitation post-dates ironstone 
formation. When integrated with continuous downhole hyperspectral mineralogy, the high-
resolution progressive alteration and replacement relationships documented in the TIMA data can 
by upscaled to drillhole scale to assess the lateral extent of the alteration zonation. In the case of 
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Osborne, narrow alteration zonation supports the hypothesis of Osborne formation at depth. Of the 
most significant benefit to future exploration for the magnetite dominant, deeper IOCG systems like 
Osborne, the AMS data provides excellent constraints on ore body geometry (e.g., plunge using the 
K1 orientation), as well as accurately mapping local variation of the orientation of the orebody with 
the magnetic foliation. This relationship can be utilised to underpin higher precision drillhole 
placement during near-mine exploration. This is especially crucial for IOCG exploration in 
polydeformed terranes when mineralisation occurs early in the orogenic history.  

7 Conclusions 

Integration of mineralogical mapping, petrophysical and magnetic characterisation, hyperspectral 
and structural analysis of the Osborne Cu-Au mineral system aimed to provide multi-scale insights 
into the hydrothermal zonation and relative timing relationships between alteration, deformation, 
metamorphism and mineralisation within the magnetite-quartz-apatite ironstone-hosted Osborne 
mineral system. Mineralogical maps revealed extensive early albitisation of metasedimentary rocks 
and mafic sills was overprinted by subsequent deformation and the development of metamorphic 
talc-biotite or biotite-magnetite foliations in the proximal footprint of the hydrothermal system. The 
proximal footprint is characterised by the replacement of albite by biotite, and biotite by chlorite 
and muscovite. Chlorite-quartz assemblages noted on the margins of ironstones are attributed 
either to hydrolytic or retrograde alteration. Pervasive quartz-magnetite alteration is associated 
with the total replacement of albite and aluminosilicate phases, noted in barren ironstones. 
Consistent with a number of early studies, we demonstrate that the main phase of economic 
mineralisation: 1) post-dates ironstone formation; 2) is associated with infill textures of pyrite-
apatite-quartz; or 3) is associated with complete magnetite replacement by coarse-grained quartz 
and ore minerals with infill chalcopyrite-pyrite-apatite. Furthermore, Cu mineralisation commonly 
occurs with hydrous retrograde assemblages of biotite and chlorite, or in shear-related fabrics with 
pyrite-chlorite-calcite assemblages crystallising along shear planes. Copper sulphides, in the form of 
chalcopyrite, display triangle acute angle infill textures within the magnetite-quartz ironstones, 
indicating they predominantly post-date or occur in the latter stages of ironstone formation. This 
relationship confirms that the main phase of mineralisation is intimately associated with late silica 
flooding.  

Mineral system zonation derived from hyperspectral analysis of drill cores TTNQ0364 and 
OSHQ0067 is consistent with petrological relationships observed in the mineral maps, showing the 
extensively albitised metasedimentary rocks with overprinting dark mica-amphibole and retrograde 
chlorite-calcite assemblages. Proximal to the upper ironstone, chlorite and amphibole context 
decrease toward the ironstones units, whilst increased chlorite and dark mica (biotite) 
concentrations are noted in the immediate footwall and hanging wall of the main ore zone between 
361 and 413 m in TTNQ0364.  

The magnetisation of the Osborne ironstones is predominantly induced (related to magnetic 
susceptibility) as indicated by Koenigsberger ratios (Q-values) < 1. Remanence is significant; 
however, approximately 75% of it is soft, and effectively adds to the apparent susceptibility of the 
deposit. Ancient remanence oriented oblique to the local magnetic field is relatively unimportant 
for modelling of such deposits. However, the high susceptibilities, commonly >1.6 SI, will be 
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substantially affected by self-demagnetisation (Gidley, 1988), which will lead to issues in 
conventional approaches to magnetic modelling, that do not take the SDM effect into account. One 
of the most significant findings of this research is the advancement of our understanding of the 
structural evolution of Osborne and the role of post-ironstone refolding and reactivation of earlier 
structures during mineralisation. The AMS data captures the planar and axial planar magnetic fabrics 
that are consistent with the Osborne orebody trend, including local variability, whilst the magnetic 
lineation is parallel to the plunge of the ore body. 

The combined mineralogical, hyperspectral, petrophysical and structural analysis of the Osborne 
Cu-Au deposit provides new insights into mineral zonation within the mineral system that may be 
used as a vector to mineralisation. Within the Osborne system, however, we note that hydrothermal 
activity post-dating the initial phase of sodic alteration generates narrow proximal zonation relative 
to the ironstones. The petrophysical and structural characterisation of AMS data from Osborne 
mirrored the strike, dip and the plunge of the orebodies using the magnetic foliation and lineation, 
respectively. Furthermore, interrogation of the magnetic lineation revealed the strong correlation 
between reactivation of pre-existing structures, and the associated strain orientation, controlling 
mineralisation, corresponding with later Isan deformation than previously understood. These 
findings highlight the power of AMS in constraining orebody geometries and its potential as a 
predictive tool in exploration for magnetite dominant, deeper IOCG systems in polydeformed 
terranes.  
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