
Page 1 of 102 

Mineralising system for structurally-controlled 
epigenetic Cu±Au±iron oxide – Eastern Fold Belt and 

Kalkadoon-Ewen Provinces 
Compiled by T.J. Denaro, C.R. Dhnaram and W.G. Perkins 

 

Commodities 
 Cu ± Au ± Co ± Mo ± Re ± Fe ± Ag ± Zn ± U ± REE 
 Cu:Au ratios vary from Cu-only to Au-only 
 Molybdenite is recorded in a number of deposits, suggesting that the Mo-Re 

assemblage may be more common than thought, although not necessarily at 
the bonanza grades observed at the Merlin deposit near Mount Dore. 

 Uranium appears to be an important component of these systems, although the 
lack of correlation between it and the Cu-Au assemblage may suggest 
different depositional settings (Kositcin & others, 2009). 

 Magnetite may be an important potential by-product, for example, Ernest 
Henry, Osborne. 

 

Deposit styles 
 Epigenetic mineralisation as hydrothermal replacements, veins and breccias. 

 

Economic significance  
 General State/national/global significance: Deposits such as Ernest Henry, 

Osborne, Mount Elliott/Swan and Merlin are world-class deposits. Deposits of 
this type are significant Queensland Cu and Au producers in terms of exports, 
royalties, employment and regional development. The potential development 
of Mo and Re production from the Merlin deposit and magnetite production 
from Ernest Henry and Osborne will only increase the significance of these 
deposits to Queensland‟s economy. 

 Grade/tonnage: Grade and tonnage plots (Appendix 3) indicate potential for 
deposits of 500Mt or more at ~0.09g/t Au and 0.5% Cu. There is a general 
trend for high Cu and Au grades to occur together but the correlation is low. 
Copper grades and tonnages display a higher level of correlation than gold 
grades and tonnages.  It can be inferred that there are gold and gold-copper 
mineralising events that are distinct from the major copper mineralising events. 

 

Mineral system model 
The overall mineral system model (after Mustard & others, 2005b and Oliver & others, 
2008) is: 

 Protracted metal and sulphur contributions to the Eastern Succession occurred 
primarily as a consequence of long-lived fluid and melt fluxes from the base 
of the crust, stimulated by back-arc emplacement of voluminous mafic 
magmas. 
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 The concentration of Fe, Cu and Au into the mineral deposits mostly involved 
remobilisation and reworking of early initial enrichments (pre- to syn-Isan 
Orogeny) by later fluids (syn- to post-Isan Orogeny and syn-Williams-Naraku 
Batholith. 

 Metal-rich, sulphur-poor, moderately oxidised, aqueocarbonic brines were 
derived from oxidised alkaline-intermediate intrusions of the (1550–1490 Ma) 
Williams-Naraku Batholith, which were emplaced at mid-crustal levels (~200 
MPa; 8–15km depth). 

 As the ore fluids moved away from their source they were focussed along 
ductile-brittle shear zones, interacting to various degrees a range of different 
rock types partly modifying their character.  

 Initial fluid-wall rock interaction (between degassed magmatic fluids and 
country rocks) produced early, barren, regionally extensive Na-Ca alteration. 
Subsequently associated with Cu-Au mineralisation. OR There is a general 
sequence from (1) sodic alteration to (2) potassic alteration to (3) sericitic 
alteration and silicification with time. 

 Within an overall compressional tectonic setting, orebodies were formed 
locally at favourable trap sites where either chemical reaction and/or a rapid 
change in physical conditions (P, T, fO2, ?fS, ?pH) occurred. 

 Cu-Au ore precipitation involved one or a combination of depositional 
mechanisms including 

o cooling; 
o a number of wall-rock reactions (reduction by magnetite or 

carbonaceous matter, sulphidation of Fe silicates, sulphur-rich rock 
(mafic intrusives); 

o unmixing of a magmatic fluid into low salinity CO2 bearing aqueous 
fluid and brines; and  

o fluid mixing between magmatic and one or more fluids of a different 
origin (mantle/metamorphic/basinal evaporate/meteoric). 

 

Tectonic/geological environment 
 Interpreted far-field plate geometries suggest an intra-continental rift through 

to a distal back arc basin or, perhaps, evolving to a passive margin setting 
Murphy & others, 2008). 

 The host successions originated as sections of rift basins. Cu-Au 
mineralisation accompanied post-rift inversion-related crustal thickening 
(Davidson & Large, 1998). 

 Rifting promoted the stacking and juxtaposition of shallow water, chemically 
reactive lithologies including carbonates, ironstones, carbonaceous sediments, 
volcaniclastics and mafic sills and dykes (Davidson & Large, 1998). 

 The region is modelled in extension as a thin, brittle upper crust above a 
thermally weakened lithosphere, where connectivity between the two 
vertically stacked domains appears to be largely along steep crustal scale 
faults (Murphy & others, 2008). 

 The major period of deformation was an east–west shortening and crustal 
thickening which was most pronounced in the Eastern Fold Belt (Murphy & 
others, 2008). 
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 Protracted metal and sulphur contributions to the Eastern Fold Belt occurred 
primarily as a consequence of long-lived fluid fluxes, stimulated by repeated 
emplacement of voluminous magmas during rifting and thin-skinned 
convergence cycles (Oliver & others, 2005, 2008). The base metal endowment 
of the Eastern Succession can be seen as a product of several geological 
processes in a volume of crust that has experienced high fluid fluxes and 
prolonged deformation and thermal anomalism (Blenkinsop, 2005). Spatial 
and geochemical data on mafic rocks suggests that the concentration of iron, 
copper and gold into the presently observed mineral deposits involved a 
significant component of metre- to kilometre-scale remobilisation and 
reworking of early initial enrichments formed during basin evolution and 
initial inversion (pre- to syn-Isan Orogeny) by later regional metamorphic and 
magmatic–hydrothermal fluids (syn- to post-Isan and syn-Williams/Naraku 
Batholith) (Butera & others, 2005b; Oliver & others, 2005, 2008). 

 Early basinal/metamorphic-derived deposits formed in very thin continental 
crust intruded by voluminous mafic dykes in an early extensional environment 
(Oliver & Rubenach, 2009). 

 There is a general spatial and temporal relationship of Cu-Au deposits with 
major A- and I-type bimodal magmatism of the Williams-Naraku Batholith. It 
is believed the source region was underplated or intruded into the lower crust 
up to 1000 million years prior to intrusion of the batholith (Wyborn, 1998). 
Although there is a direct role for felsic intrusions of the Williams–Naraku 
Batholith in hydrothermal ore genesis, these intrusions came at the 
culmination of protracted metal reorganisation in the crust, not as the sole 
cause (Oliver & others, 2008). 

 Earlier tectonothermal events are higher metamorphic grade than during Cu-
Au formation. 

 Transcrustal extensional or transtensional faults developed during early 
orogenic events permitted large-scale cross-stratal fluid migration (and 
advective heat transfer) during basin growth and deformation (Davidson & 
Large, 1998). Fault networks were reactivated during Cu-Au formation. The 
3D architecture provides clues to the geodynamic settings. 

 Deposits of this type typically form in shallow crustal environments of 4 to 
6km (Piranjo & Bagas, 2008). Metamorphic and alteration assemblages 
associated with Williams-Naraku age plutons indicate their emplacement at 
depths in excess of 5–6km (Queensland Department of Mines and Energy & 
others, 2000). 

 Event ages:  
 Thermal events (Oliver & others, 2008) 

o 1785–1780Ma. Basalt and rhyolite of the Marraba and Argylla 
Volcanics in the Wonga Subprovince, Kalkadoon-Ewen Province 
and Duck Creek Antiform. Possible syn-volcanic Cu enrichment. 

o 1750–1730Ma. Prior to Soldiers Cap deposition, the end of the 
rifting and sag cycle that produced the Corella Formation and 
equivalents culminated in extensional deformation and the 
development of upper crustal hydrothermal systems. Widespread 
dolerite and gabbros were emplaced into the Corella Formation and 
probably reflect the first major injection of Cu into the Eastern 
Succession. Granitoids of the Wonga intrusive event were 
emplaced into the Wonga and Quamby-Malbon Subprovinces. U-
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REE and probably Au (Tick Hill) were emplaced in subhorizontal 
shear zones and skarns. Widespread scapolitisation of dolerites at 
this time, and some granites, point to the circulation of salty, CO2-
bearing basinal brines, probably derived from evaporate dissolution. 

o ~1700–1660Ma. This period involved extension, widespread mafic 
volcanism (basalts in the Toole Creek Volcanics and tonalite 
intrusions into older basalts).and sedimentation in the Eastern 
Succession. Significant syngenetic or diagenetic base metals may 
have been contributed via exsolution of a CO2-H2O-S fluid late 
during fractional crystallisation of mafic rocks. Possible syngenetic 
enrichment in Cu, Au and S (for example, Osborne, Starra). 

o 1686–1676Ma. Tonalite, dolerite and gabbro intrusions into pelitic 
schists of the Llewellyn Creek Formation in the Snake Creek 
Anticline; ore hosts at Cannington. Ag-Pb-Zn enrichment, possible 
ore formation at Cannington and circulation of basinal fluids. 

o 1670–1630Ma. Shortening and metamorphism commenced at 
~1640Ma. Widespread early sodic alteration of pelitic schists and 
mafic rocks of the Soldiers Cap Group. Circulation of evaporite-
derived fluids from overthrust Corella Formation into the Soldiers 
Cap Group, driven by deformation and/or topography. Albitites 
and ?related early accumulation of Cu, Au and Fe. 

o 1600–1580Ma. Mafic dykes and locally derived (anatectic) 
pegmatites at the peak of the Isan Orogeny. Pegmatites formed in 
the south at Osborne and Cannington. Mafic dykes intruded axial 
planar to the Snake Creek Anticline. Loss of Cu, Co, Ni and S from 
mafic rocks. Local albitisation associated with partial melting. 
Metamorphic H2O and CO2 liberated from the Corella Formation 
and equivalents, along with significant quantities of NaCl. 

o 1550–1490Ma. Granitoids of the Williams-Naraku Batholith as 
10km-scale intrusions. Widespread Na-Ca alteration. Widespread 
Cu±Au±Fe mineralisation (for example, Ernest Henry). 

 Mineralisation:  
o Two main mineralising events associated with Wonga-age 

deformation/intrusives and Isan Orogeny age 
deformation/intrusives. 

o U-Pb and Re-Os ages of many of the deposits point to inherited 
components (Oliver & others, 2005). The ~210 million year range 
in Re-Os molybdenite age dates obtained by Duncan & others 
(2009) demonstrates the longevity of mineralising events in the 
region. There are at least four and possibly five phases of copper 
deposition. 

o In the Wonga Subprovince, crustal fluid flow involving initial K-
Na-Ca alteration commenced during mid-crustal extension and 
magmatism (1750–1730Ma) followed by extensive channelised 
saline fluid flow causing albite, calcite and epidote-actinolite-albite 
alteration along shears and at points of competency contrast 
(Davidson, 1998). A large number of small copper deposits were 
formed. Large deposits did not form because structural and 
chemical traps were too numerous, leading to a lack of focusing of 
metal precipitation (Oliver, 1995). 
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o Ironstone-hosted deposits such as Osborne and Starra formed 
around 1565–1600Ma (Perkins & Wyborn, 1998; Gauthier & 
others, 2001; Duncan & others, 2009; Baker & others, 2010) and 
possibly as early as 1680Ma (Oliver & Rubenach, 2009). 

o Breccia and shear-hosted deposits such as Mount Elliott, Ernest 
Henry, Lady Ella and Mount Dore formed post peak 
metamorphism and synchronous with the period of granite 
emplacement (~1485–1555Ma) (Perkins & Wyborn, 1998; Wang 
& Williams, 2001; Duncan & others, 2009; Baker & others, 2010).  

o Not all deposits correspond in age to known individual intrusions. 
 Kalman – Possibly associated with the Overlander Granite 

(Wonga age) 
 Osborne – 40Ar/39Ar age dates of 1595Ma (minimum) for 

metamorphic actinolite, 1568Ma (?minimum) for 
metamorphic biotite, 1540Ma for hydrothermal biotite and 
hornblende, and 1465Ma for igneous muscovite and 
hydrothermal sericite (Perkins & Wyborn, 1998). 

 Starra 276 – Re-Os molybdenite age of 1568±7Ma (Duncan 
& others, 2009) 

 Eloise – 40Ar/39Ar age dating gave a range of 1530–1514Ma 
for the mineralisation (Baker & others, 2001). 

 SWAN – Re-Os molybdenite ages of 1515±6Ma,  
1358±6Ma and 1353±5a  (Duncan & others, 2009) 

 Mount Elliott – Re-Os molybdenite age of 1513±5Ma 
(Duncan & others, 2009) 

 Selwyn – 40Ar/39Ar age date of 1503Ma for hydrothermal 
biotite (Perkins & Wyborn, 1998). 

 Mount Dore Re-Os molybdenite ages of 1497±6Ma to 
1508±5Ma (Duncan & others, 2009) 

 Mount Elliott – 40Ar/39Ar age date of 1496Ma (minimum) 
for hydrothermal biotite (Perkins & Wyborn, 1998). 

 Lady Ella – Re-Os molybdenite age of 1487±5Ma (Duncan 
& others, 2009) 

 Ernest Henry – 40Ar/39Ar age dates of 1478Ma and 1526Ma 
(?minimum age) for hydrothermal biotite and hornblende 
(Perkins & Wyborn, 1998). 

 Country rocks:  
o Soldiers Cap Group (~1654–1675Ma). Relatively deep water, high 

energy turbidites. 
 Answer (Marimo) Slate 
 Staveley Formation 
 Kuridala Group (Hampden Slate, Starcross Formation) 
 ?New Hope Sandstone 
 Mount Norna Quartzite 
 Overhang Jaspilite 

o Roxmere Quartzite 
o Mary Kathleen Group (~1740–1765Ma) 

 Corella Formation 
 Mount Fort Constantine Volcanics 
 Overhang Jaspilite 
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 Mitakoodi Quartzite 
 Double Crossing Metamorphics 
 Marraba Volcanics 
 Bulonga Volcanics 

o Argylla Formation (~1775–1795Ma) 
o Leichhardt Volcanics (~1850–1870Ma) 

 Deformation events (after Rubenach & others, 2008; Rubenach, 2005, 
2008):  

o Dw 1750–1730Ma. The Wonga event affected the Corella 
Formation and correlatives and the Double Crossing Metamorphics. 
Greenschist to amphibolite facies, with the number of discrete 
events unknown. 

o Dbp 1680–1640Ma. Early in the Isan Orogeny, there were both 
extensional and thrust events that produced bedding-parallel 
foliation throughout most of the Eastern Fold Belt. Pre-D2 thrusting 
may have produced interleaving of crustal sheets of siliciclastic-
rich and carbonate-rich rocks of the Maronan Supergroup (Soldiers 
Cap Group) and Mary Kathleen Group (Corella Formation) (Laing, 
1998). 

o D1 ?1630–1600Ma. These were followed by the D1 event that 
resulted in regional steep east–west folds with steep axial surfaces.  

o D2  1600–1575Ma. D2a – the Snake Creek Anticline and the 
dominant S2a regional foliation formed as upright north–south folds 
with mainly steep axial planes. S2a is the most intense foliation in 
the region. D2b – local overturning of D2 structures was due to 
subsequent localised deformation that resulted in structures with 
flat-lying axial planes. The peak of metamorphism occurred around 
late D2a to D2b. 

o D3 ~1550Ma. Produced steep upright folds and crenulations with 
north-north-west-trending axial surfaces. 

o D4 1530–1520Ma. Produced steep upright folds and crenulations 
with north-east-trending axial surfaces. Relatively uncommon in 
the Selwyn Zone. 

 Alternative scheme of deformation events (Queensland Department of 
Mines and Energy & others, 2000). 

o Wonga 1745–1730Ma. NNW–SSE extensional event. 
o D1620 ~1620Ma. NE–SW compression. 
o Isa D1 1595–1570Ma. NNW–SSE compression. 
o Isa D2 1550–1540Ma. ESE–WNW compression. 
o Isa D3 1520–1495Ma. ENE–WSW compression. 

 Intrusive events: 
o Wonga (~1725–1765Ma) 

 Wonga Supersuite 
 Natalie Granite – zircon U-Pb SHRIMP ages of 

1778±15Ma, 1758±8Ma and 1729±5Ma (Wyborn & 
others, 1997) 

 Playboy Granite – zircon U-Pb SHRIMP age of 
1742±13Ma (Wyborn & others, 1997) 

 Burstall Supersuite 
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 Burstall Granite – zircon U-Pb SHRIMP age of 
1745±16Ma and 1726±8Ma (Wyborn & others, 
1997) 

 Lunch Creek Gabbro – zircon U-Pb SHRIMP age of 
1740±24Ma (Wyborn & others, 1997) 

o Wonga equivalents (~1725–1765Ma) – older plutons of the Naraku 
Batholith (Davis & others, 2001). 

 Gin Creek Suite 
 Gin Creek Granite (west of Mount Dore) – zircon 

U-Pb SHRIMP age of 1741±7Ma (Page & Sun, 
1998)  

 Double Crossing Metamorphics intrusive phase – zircon U-
Pb SHRIMP age 1740±6Ma (Page & Sun 1998) 

 Levian Granite – zircon U-Pb SHRIMP age of 1746±6Ma 
(Wyborn & others, 1997) 

 Jessie granite – zircon U-Pb SHRIMP age 1746±8Ma (Page 
& Sun 1998) 

o Maramungee (~1545–1555Ma) 
 Maramungee Suite 

 Maramungee Granite (Maramungee) – zircon U-Pb 
SHRIMP age 1545±11Ma (Page & Sun, 1998) 

o Williams –Naraku  (~1485–1540Ma) 
 Williams Supersuite 

 Mount Dore Granite – 1516±10Ma (Pollard & 
McNaughton, 1997); 1509±22Ma Rb-Sr age 
(Nisbett & others, 1983) 

 Squirrel Hills Granite – ~1513Ma (Pollard & 
McNaughton, 1997). 

 Yellow Waterhole Granite (north-west of Yellow 
Waterhole) – zircon U-Pb SHRIMP age 1493±8Ma 
(Page & Sun, 1998); 1510±8Ma (Pollard & 
McNaughton, 1997). 

 Florence Creek Granite/Wimberu Granite – zircon 
U-Pb SHRIMP age of 1508±4Ma for Wimberu 
Granite (Wyborn & others, 1997). 

 The Mavis (Capsize) Granodiorite – zircon U-Pb 
SHRIMP age 1501±9Ma (Page & Sun 1998) 

 Malakoff granite – zircon U-Pb SHRIMP age 
1505±5Ma (Page & Sun 1998) 

 Saxby Granite – zircon U-Pb SHRIMP age of 
~1520Ma (Wyborn & others, 1997) 

 Mount Angelay Granite 
 Wimberu Granite – zircon U-Pb SHRIMP age 

1508±4Ma (Page & Sun 1998) 
 Mount Margaret Suite 

 Mount Margaret Granite – zircon U-Pb SHRIMP 
ages 1530±8Ma and  1528±6Ma (Page & Sun 1998) 
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Figure 1: Summary of deformational and metamorphic events across the Mount Isa Inlier (Murphy & 
others, 2008) 
 

Metal source(s) 
 Although some metals were probably supplied by crystallisation of the 

Williams-Naraku Batholith, other older sources of S and metals are apparent. 
Protracted mafic magmatism (1686–1530Ma), associated metal-rich fluid 
exsolution and subsequent repeated metamorphic leaching cycles may be 
responsible for much of the sulphur and metals now residing in the Eastern 
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Succession Cu-Au deposits (Butera & others, 2005a, 2005b). Metals may have 
been transported and deposited from magmatic-hydrothermal fluids on 
crystallisation of the mafic rocks, or from metamorphic fluids that 
subsequently leached them (Blenkinsop, 2005). 

 Fluid inclusion microthermometry and proton-induced X-ray emission (PIXE) 
data support both leaching of Cu by voluminous non-magmatic fluids from 
crustal rocks, as well as direct exsolution of Cu-rich fluids from magmas. 
However, larger IOCG deposits such as Ernest Henry and Mount Elliott/Swan 
may form predominantly from magmatic-derived fluids based on their higher 
Cu content (Baker & others, 2008). 

 Early basinal/metamorphic-derived deposits (for example, Osborne, Starra) 
are likely to have an intrabasinal component of metal and S sources (Oliver & 
Rubenach, 2009). 

 Alteration, mineralisation and the granite batholiths may be products of deep-
seated, long-lived, lower crustal igneous processes such as mafic underplating 
(Duncan & others, 2009).  It is believed that the source region of magmas of 
the Williams-Naraku Batholith was underplated and intruded into the lower 
crust up to 1000 million years earlier (Wyborn, 1998). 

 Williams-Naraku plutons sourced magmatic hydrothermal fluids with high 
SO2/H2S (Ohmoto, 1980), capable of transporting high concentrations of Cu, 
Au, Fe and other components (Heinrich & others, 1998; Perring & others, 
2000). Magmatic fluids, S and probably metals were primarily released from 
crystallising A-type granitoids and tholeiitic gabbros via fluidised breccia 
pipes (Oliver & Rubenach, 2009). 

 Butera & others (2005a, 2005b) inferred that the relative addition of new 
components during the evolution of the accumulated metal history was: 

o moderate to strong via direct exsolution of metal- and sulphur-bearing 
fluids from crystallising mafic magmas at 1686Ma; 

o moderate via metamorphic leaching at 1600Ma; and 
o potentially weak to moderate via hydrothermal fluids from the 

Williams-Naraku Batholith. 
 

Fluid source(s) 
Fluid source(s):  
 The origins of fluids potentially associated with mineralisation are diverse and 

include sedimentary formation waters in basins, magmatic, metamorphic 
(basinal and basement units), meteoric and possibly mantle sources. Most of 
the ore deposits and regional alteration have mixed geochemical signals 
indicating the involvement of at least two of the fluid end-members (Murphy 
& others, 2008). Wide ranges in salinity and homogenisation temperatures for 
fluid inclusions and evidence for multiple fluid sources, as suggested by 
halogen ratios, indicate fluid mixing as an important process in genesis (Baker 
& others, 2008). 

 Fluids for metal transport may have originated in one or more of four ways: 
o As direct magmatic-hydrothermal fluids from the crystallising mafic 

magmas 
o As metamorphic fluids 
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o As magmatic-hydrothermal fluids from crystallising felsic intrusion of 
the Williams-Naraku Batholith. 

o A direct or indirect mantle source, as implicated in the genesis of the 
Ernest Henry deposit (Blenkinsop, 2005) 

 Older deposits in the south part of the Quamby-Malbon Subprovince (for 
example, Osborne, Starra) may have a non-magmatic source involving 
dominant basinal (evaporitic) and/or metamorphic influences on salt and fluid 
budgets (Oliver & Rubenach, 2009).  

 Younger deposits such as Ernest Henry and Mount Elliott have a magmatic 
component. Geochemical data indicate mixtures of mantle or magmatic fluids 
with sedimentary formation waters (or their metamorphosed equivalents) and 
an abundance of CO2 and Cl- and F-bearing fluids. Fluids, S and probably 
metals primarily released from crystallising A-type granitoids and tholeiitic 
gabbros via fluidised breccia pipes. The uppermost William-Naraku Batholith 
(1550–1500Ma) evolved saline brines with elevated Cl, F and metals. Cu and 
Au may have travelled together in an oxidised, relatively acidic, sulphur-
bearing fluid sourced from gabbros that interacted with the granites (Oliver & 
Rubenach, 2009). 

 Mark (1998) interpreted the Na-rich fluids responsible for regional albitisation 
as being derived from a deep-seated, possibly magmatic source. 

 Laing (1998) favoured massive dissolution of Corella Formation carbonate 
rocks, which rose diapirically into the Soldiers Cap Group synchronously with 
metamorphism and metasomatism. The resulting fluid was a vehicle for base 
metal and gold extraction and transport, in a 300–500°C temperature band. 

Associated intrusives and their geochemistry: 
 Burstall Suite (Wyborn & others, 1997) 

o Cu and Au contents are moderate.  
o The suite has a spatial association with small but rich Cu-Au-Ag 

deposits but some of these are probably related to younger intrusions. 
 Williams Supersuite (Wyborn & others, 1997) 

o The magma becomes more oxidised with increasing fractionation. 
o Cu contents decrease with increasing silica. 
o The high oxidation state of the later magmatic derivatives means that 

reduction is the most likely cause for metal precipitation and that 
suitable host rocks will be either carbonaceous rocks or ironstones. 

o Reduction could also occur by interaction of the magmatically-derived 
fluid with a reduced connate fluid. 

Isotopic and fluid inclusion data:  
 High salinity, high temperature fluids with mixed magmatic - basinal 

(evaporate) - metamorphic sources. A dominant magmatic/metamorphic 
signature for the fluids associated with many of Cu–Au deposits is recorded in 
their stable-isotope and fluid-inclusion record. However, the degree to which 
isotope resetting by leaching along the fluid path masks the nature of the 
original fluid(s) is controversial (Mark & others, 2006). 

 Fluid inclusion microthermometry and proton-induced X-ray emission (PIXE) 
show that iron oxide-copper-gold deposits and granite-hosted hydrothermal 
complexes contain abundant high temperature, ultrasaline, complex multisolid 
inclusions that are less common in regional Na-Ca alteration. Cu contents are 
>300ppm and the highest Cu concentrations (>1000ppm) are found in both the 
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granite-hosted systems and in inclusions with Br:Cl ratios that are consistent 
with a magmatic source (Baker & others, 2008). 

 Unmineralised regional Na-Ca alteration is characterised by lower salinity, 
three-phase, halite-bearing and two-phase aqueous inclusions. Cu contents are 
<300ppm. Br:Cl ratios are consistent with an evaporitic source (Baker & 
others, 2008). 

 Fluids that passed through the Cu-Au systems contained large amounts of Mn, 
Zn, As and Pb that typically show no significant enrichment in the Cu-Au 
deposits. These elements were carried elsewhere and could have formed 
additional orebodies. The amounts of Pb and Zn that passed through these 
systems were similar in magnitude to, or even exceeded, the amounts of Cu 
that were concentrated (Dong & others, 1997). 

 Comparisons of stable-isotope data from ore-stage sulphides, oxides and 
silicates indicate that most Cloncurry deposits, excluding those deposits hosted 
in sulphide-bearing metasedimentary rocks, were formed from fluids with 
relatively restricted ranges in δ18O and δ34S. Calculated δ18Ofluid of the ore-
stage fluids and δ34S of ore chalcopyrite mainly range between +6 and +11‰ 
and –3 and +3‰, respectively. Whilst there is a significant range in δ18Ofluid 
between the deposits, most individual occurrences exhibit much smaller 
ranges (<3‰). The Osborne deposit represents one major exception and 
exhibits a >6‰ spread in magnetite alone. This spread is manifest as two 
compositionally distinct populations, where the magnetite ironstones represent 
a group with low δ18Ofluid (+5.7 to +8.9‰, avg. 6.8±1.0‰) and magnetite 
associated with Cu–Au mineralisation and late silica forms a population with a 
relatively high δ18Ofluid (+8.6 to +12.0‰, average 10.0±1.1‰). This indicates 
that the two populations originated from dissimilar sources (Mark & others, 
2006).  

 

Heat sources and fluid flow drivers 
 Fluid circulation for early basinal/metamorphic-derived deposits was likely 

driven by extensional shearing or convection and magmatic heat inputs (Oliver 
& others, 2009). 

 Mantle-driven high-T melting of crust leading to high-T I- and A-type and 
mafic magmas emplaced in upper crust (Skirrow & others, 2009). 

 

Transport 
 Fluid circulation for early basinal/metamorphic-derived deposits was likely 

driven by extensional shearing or convection and magmatic heat inputs (Oliver 
& others, 2009). 

 Fluid movement via crustal-scale breccias provides a mechanism for transfer 
of volatiles and metals from mantle sources via mafic and granitic melts into 
the upper crust (Cleverley & Oliver, 2005). 

 Faults are a prime factor in metal transport. The plumbing system comprises a 
well-developed mosaic of faults and shear zones of several ages that acted as 
primary channels, augmented by equally substantial secondary channels that 
consisted of large volumes of country rock through which the fluid passed. 
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They form a kinematically remarkably coherent array comprising orthogonal 
and diagonal fault sets trending north, north-east, north-west and east. All are 
metasomatic channels (Laing, 1998). 

 The metal endowment may be determined by the availability of steep fluid 
pathways, such as along major faults, connecting different fluid reservoirs. 
This is manifest by fault control on deposit location at a range of scales 
(Murphy & others, 2008). 

 

Deposition 
Depositional environment:  

 Structural setting:  
o Most deposits lie along or within 2km of major fault structures, in a 

range of chemical and physical trap types (Laing, 1998).  
o Early basinal/metamorphic-derived deposits most likely formed 

epigenetically prior to peak metamorphism (Oliver & others, 2009). 
o Younger magmatic-derived deposits formed in cooling and de-

pressurising dilatant trap structures (Oliver & Rubenach, 2009). These 
faults and high strain zones represent accommodation zones related to 
pluton emplacement or deformation during pluton cooling in response 
to continued regional deformation, and commonly are reactivated 
segments of earlier fault systems (Queensland Department of Mines 
and Energy & others, 2000). 

o The larger Cu-Au orebodies appear to be localised in shallow to 
moderately dipping structural-lithological settings in which major 
mechanical contrasts are present, facilitating the evolution of dilatant 
zones. Other significant mineralised zones exhibit major lithological-
mechanical contrasts, but are related to more steeply dipping fault ± 
fold systems (Queensland Department of Mines and Energy & others, 
2000). 

o North-trending faults are major regional faults that host major deposits, 
for example, Mount Dore Fault Zone, Starra Shear. These structures 
host the majority of Cu-Au deposits and occur adjacent to Pb-Zn 
mineralisation at Cannington and Pegmont. They are extensive crustal 
channels and their internal heterogeneity promotes ore trapping by 
focusing fluid along competency boundaries and through chemically 
replaceable in-fault slivers. They are more likely to have experienced 
reactivation subsequent to D2 (Laing, 1998). Many of these faults are 
dip-slip reverse faults with potential for dilational jogs (Laing, 1991). 

o North-east-trending regional faults are generally right-lateral, for 
example, Mount Remarkable, Fountain Range. These faults have not 
been primarily responsible for localisation of mineralisation (Laing, 
1998). However, some deposits (for example, Lady Ella) have a north-
east trend and may represent north-easterly segments of regional 
northerly-trending fault zones. 

o Combined dextral oblique-slip reverse movements along networks of 
north- and north-east-trending faults would provide an ideal 
architecture for formation of dilational zones. 

o North-west-trending faults are regional left-lateral faults that host 
major deposits, for example, Straight Eight, Hot Rocks, Greenmount, 
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Osborne, Cannington. These faults affect their wall rocks via magnetite 
and hematite deposition (Laing, 1998). 

o East-trending faults are extensional, broad, long-lived crustal structures 
with normal or nil displacement (for example, Yellow Waterhole and 
Tommy Creek corridors). They are subtle in their expression. The 
Yellow Waterhole corridor hosts major Cu-Au deposits (Laing, 1998). 

 Host rocks:  
o Most of the mineralisation is hosted by magnetite- and/or hematite-rich 

rocks (including albitites, ironstones and breccias), carbonaceous 
shales, calc-silicates, amphibolites, schists and intermediate volcanics. 

o In a number of localities, Dbp mylonites contain quartz+iron oxide 
(magnetite-dominant) ironstones. These are different from the complex 
Fe-Mn-Ca silicate ironstones associated with Pegmont and Cannington. 
The ironstones range from irregular lenticular bodies to thin, more 
persistent lenses up to hundreds of metres in length. Generally these 
mylonite zones contain a number of ironstone lenses over the width of 
the mylonite, as at Selwyn and Osborne, where mylonites are 
overprinted by coarse massive ironstone (Laing, 1998). 

 Alteration:  
o The majority of Cu-Au deposits record Na and/or Na–Ca 

metasomatism prior to or syn, but not after, Cu–Au mineralisation 
(Mark & others, 2006).  

o Regional albitisation and accompanying biotite alteration of schist of 
the Soldiers Cap Group (for example, Snake Creek Anticline, Osborne 
mine) occurred early (1640–1680Ma) and was formed by infiltration of 
hydrothermal fluids sourced from the Corella Formation during 
extension and emplacement of mafic sills or from mantle sources 
(Rubenach & Oliver, 2004; Rubenach & others, 2008; Oliver & 
Rubenach, 2009; Rubenach, 2008). Albitisation peaked pre- or syn-D1 
and was commonly localised along shear zones and controlled by 
proximity to amphibolite bodies (Rubenach, 2004; Murphy & others, 
2008). Minor K-feldspar alteration is possibly related to the fluids 
moving down-temperature following albitisation (Rubenach, 2008). 

o Regional Na-Ca alteration also occurred associated with the upper 
amphibolite facies metamorphic peak and anatectic pegmatite 
emplacement around 1595–1600Ma (Oliver & Rubenach, 2009). 

o Post-D2 and pre/syn-D3 (~1535–1555Ma), albitisation produced albite 
+ magnetite in tonalites, metadolerite and meta-psammite and was 
localised as internal breccia pipes and abrupt alteration fronts against 
the granitoids. These matrix-supported breccias contain up to 25% 
magnetite in the matrix. The breccia matrix is typically fine-grained 
and comprises albite, magnetite (often partly to completely oxidised to 
hematite), quartz and accessory hydrothermal titanate, zircon and 
actinolite. Mass balance calculations indicate that Na-U-Th±Zr were 
added to altered tonalite while K, Fe, Si, Ca, Cl, Zn, Rb, Co, Cr, Sr and 
H2O were released (Mark, 1998). 

o Episodic Na-Ca alteration/albitisation continued until ~1500Ma (Mark 
& Foster, 1997) and these systems are localised around structures 
(faults, high strain zones) active during pluton emplacement and 
cooling, above the edges of plutons, and in and around cupolas or 
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apical zones in the pluton ceiling (Queensland Department of Mines 
and Energy & others, 2000). Substantial breccia development and Na-
Ca metasomatism accompanied granite and gabbro intrusion, 
particularly along the Cloncurry Fault (Rubenach & Oliver, 2005a). 
Most of the areas affected by multiple phases of Na-Ca alteration are 
associated with large-scale fault systems and highly fractured rocks 
(for example, calc-silicates) (Mark & Foster, 1997). This was a time of 
extensive brecciation and albitisation of calc-silicate rocks of the 
Corella Formation (Rubenach & others, 2008). 

o Potassic alteration consisting of K-feldspar-hematite (red-rock 
alteration) may have occurred sporadically throughout the metasomatic 
history of the region, possibly as a by-product of Na-Ca alteration 
(Mark & others, 2006). Late cross-cutting K-feldspar+hematite veins 
(with up to 15 wt% K2O) are common around the more felsic plutons 
(Wyborn & others, 1997).  

o Chlorite-epidote alteration, which primarily occurs adjacent to brittle 
quartz-breccia faults such as the Cloncurry Fault, is thought to have 
occurred late-post Isan Orogeny (Mark 1998).  

o Alteration paragenetically associated with Cu-Au mineralisation is 
distinctive and less widespread and includes: 

 Magnetite-carbonate dilational infill accompanied by potassic 
alteration (K-feldspar, biotite) of aluminous hosts (for example, 
Osborne) 

 Highly siliceous alteration (for example, Osborne) 
 Hematitic (strongly oxidised) alteration overprinting magnetite 

assemblages  (for example, Selwyn/Starra) 
 Magnetite-poor and commonly pyrrhotite-rich (reduced) 

alteration assemblages typically associated with country rock 
packages containing carbonaceous metasediments (Queensland 
Department of Mines and Energy & others, 2000). 
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Figure 2: Simplified flow chart showing the main metasomatic and hydrothermal alteration events at 
the Ernest Henry deposit. Data from Mark & others (2006) and Oliver & others (2004) and references 
therein. 
 

 Intrusions:  
o The distribution of mineralisation displays general spatial and temporal 

relationships with strongly oxidised A-type granitoids of the Williams-
Naraku Batholith. Mineralisation occurs both within and around the 
margins of these plutons. 

o Wonga Suite (Wyborn & others, 1997) 
 Plutons of the Wonga Suite are elongate, heterogeneous and 

high in F. They are possibly in part comagmatic with the 
Argylla Formation. 

 All intrusions are strongly deformed and most are 
metamorphosed to upper amphibolite facies. 

 Individual intrusions are all heterogeneous, implying that the 
melts never homogenised. 

 The dominant rock type is a coarse-grained, strongly 
porphyritic granite. Other types include leucocratic alkali 
granite, leucogranite, augen gneiss and leucocratic gneiss. 
Pegmatites are common. 

 Cu contents are low. Pb, Zn and Sn are moderate to low. Zr, Nb 
and Ce are moderate to low. 

 Fractionation plots show exponentially increasing U and Rb/Sr 
with increasing silica. Phosphate, K/Rb, Y, Th and Ba show a 
weak decrease with increasing silica. Rb shows no change with 
increasing silica. Sr values are extremely low for Australian 
Proterozoic felsic igneous rocks. F values are high. 



Mineralising system for structurally-controlled epigenetic Cu±Au±iron oxide – Eastern Fold Belt and 
Kalkadoon-Ewen Provinces 

TJ Denaro, CR Dhnaram and WG Perkins 

Page 16 of 102 

 Metasomatic alteration products include muscovite, scapolite, 
chlorite and some opaques; these are likely to have formed as a 
result of metamorphic and deformation processes rather than 
magmatic effects. 

 Due to a later widespread metamorphic overprint, any primary 
interaction with the country rocks would be difficult to 
distinguish and it is unlikely that any original contact aureole 
would be preserved. 

 The Wonga Suite is poorly mineralised. The plutons are small 
and unlikely to have concentrated sufficient quantities of metals. 
The most abundant host rocks are unreactive felsic volcanics. 
Small Cu shows in the vicinity of the plutons probably formed 
as a result of later metamorphism and deformation. 

o Burstall Suite (Wyborn & others, 1997) 
 Plutons of the Burstall Suite are small and circular to elliptical. 

The suite is characterised by a common association with coeval 
gabbros. Felsic volcanics within the Ballara and Mitakoodi 
Quartzites and the Corella Formation are likely to be 
comagmatic. 

 The whole suite has been affected by regional metamorphism 
and some units have been metamorphosed to upper amphibolite 
facies. 

 The suite displays a north–south progression from more mafic 
plutons in the northern and southernmost parts of the Mary 
Kathleen Zone to more felsic, fractionated plutons in the central 
part. Fluorite is more common in the more fractionated 
components. 

 The dominant rock types are leucogranite, porphyritic 
hornblende-biotite granite, minor tonalite and microgranite. 
Aplites and pegmatites are common. 

 Cu and Au contents are moderate. Pb, Zn and Sn are low. Zr, 
Nb and Ce are moderate. 

 Fractionation plots show strongly exponentially increasing 
Rb/Sr with increasing silica. U, Y and Th also increase with 
increasing silica. Phosphate decreases with increasing silica.  

 Primary magmatic alteration has been documented but is 
difficult to distinguish from syn-intrusion alteration and later 
alteration associated with regional metamorphism and 
deformation.  

 Narrow hornfelsing has been recorded adjacent to some 
intrusions but it is difficult to discern the exact extent due to 
overprinting by later regional metamorphism. 

 The suite has a spatial association with small but rich Cu-Au-
Ag deposits but some of these are probably related to younger 
intrusions.  

o Maramungee Suite (Wyborn & others, 1997) 
 The Maramungee Granite is a small pluton in the eastern part 

of the Eastern Fold Belt. It is a distinct granite type with a Sr-
undepleted and Y-depleted trace element pattern. 

 Parts of the granite are strongly foliated. 
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 The Maramungee Granite shows no sign of fractionation. The 
unusual geochemical signature of the granite may have been 
produced by metasomatism as it occurs in an area of extreme 
metasomatism. 

 The Maramungee Granite is predominantly trondjhemitic, with 
some tonalitic compositions preserved. Dominant rock types 
are leucogranite, granite, granodiorite and tonalite. Some 
pegmatites and aplites are present. 

 Cu, Au, Pb, Zn, Sn, Zr, Nb and Ce contents are low.  
 Phosphate shows a weak decrease with increasing silica. Rb, U, 

Y, Th, Rb/Sr, Ba and F show no change with increasing silica. 
K/Rb increases with increasing silica. 

 No contact metamorphism is discernable due to later 
deformation and metamorphism. 

 The granite is of small volume and is unlikely to have payed a 
primary role in any form of mineralisation. 

o Williams Supersuite (Wyborn & others, 1997; Wyborn, 1998) 
 The Williams Supersuite is notably heterogeneous and 

comprises a series of coeval but compositionally distinct 
plutons. Indirect evidence suggests that it may have been 
emplaced at temperatures of >1000°C and immediately after a 
high-T, low-P metamorphic event.  

 Although the supersuite is predominantly felsic, coeval diorites 
and gabbros indicate a bimodal magmatic event. 

 Rock types range from mafic magnetite-hornblende-biotite 
diorites and monzonites, through coarse porphyritic 
granodiorites and monzogranites to high silica leucogranites 
enriched in U, Th and F. 

 Cu contents are moderate to low, with some altered samples 
having relatively high values. Pb, Zn and Sn are low to very 
low. Zr, Nb and Ce are moderate to low. 

 Fractionation plots show exponentially increasing Rb and U 
with increasing silica. Th, Rb/Sr and F also increase with 
increasing silica. Some suites show a strong decrease in Y with 
increasing silica. Phosphate, K/Rb, Sr and Ba also decrease 
with increasing silica. 

 Metasomatic alteration of the country rocks and intrusions is 
widespread and brecciation is common, particularly in calc-
silicate country rocks. 

 Alteration commonly occurs around the more felsic plutons and 
is complex. Wall rock reaction with calc-silicate rocks 
produces albite-clinopyroxene-sphene. Where granite intrudes 
sulphide- or graphite-bearing sediments, the granite becomes 
green and sulphide-bearing. Hematitic alteration becomes 
prominent where the granite intrudes magnetite-bearing rocks. 
Sericite alteration is more common where the granites intrude 
pelitic rocks. Vertical pipe-like stocks of albitic alteration occur 
both within the granite and adjacent calc-silicate rocks. Late red 
coloured K-feldspar+hematite±pyrite alteration veins cut all 
phases of the granites. 
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 Narrow contact aureoles of hornfels have been noted in which 
cordierite, andalusite and sillimanite are locally developed. 

Depositional mechanisms:  
 Deposits are a combination of infill (in veins and breccias) and replacement of 

wall rocks (Laing, 1998).  
 Deposits formed at sites of abnormal dilation of the host structure (fault 

intersections, fault bends, dilational jogs and competency contacts, including 
granite) or in contact with replaceable wall rocks (predominantly 
quartz+magnetite±hematite ironstone, with lesser amphibolitic, graphitic, 
carbonate and silicic rock types). Deposits with mineable tonnes/grade have 
replacement as a significant to dominant component (Laing, 1998).  

 Combinations of fluids in different proportions across gradients in salinity, 
temperature and pressure are important controls on ore deposition (Murphy & 
others, 2008). Sulphides were deposited through combinations of fluid cooling, 
wall rock reactions and phase separation (Williams, 1998). Fluid pathways and 
sites of fluid mixing are much more important than fluid sources for 
controlling the distribution of deposits (Mustard & others, 2005a, 2005b). 

 Fluids from, or passing through, mafic rocks deposited metals by mixing or 
wall rock interaction in the vicinity of the mafic rocks, within north- or north-
east-trending faults, particularly on bends and at the Corella/Doherty 
Formation contact (redox boundary) with Cover Sequence 3 hosts (Blenkinsop, 
2005). 

 Deposits of this type typically form in shallow crustal environments of 4 to 
6km (Piranjo & Bagas, 2008). Metamorphic and alteration assemblages 
associated with Williams-Naraku age plutons indicate their emplacement at 
depths in excess of 5–6km (Queensland Department of Mines and Energy & 
others, 2000). 

 Fluid-host rock interactions:  
o Osborne (eastern domain) and Eloise-type ores formed or were 

strongly remobilized at ~1600 Ma by reduced, mafic-derived fluids, 
whereas oxidised brines released by the Williams-Naraku granitoids 
overprinted magnetite ± sulphides at Osborne (western domain) and 
Starra to produce hematite-chalcopyrite associations. Direct, 
potentially carbonatite-related mantle fluid may have periodically 
pulsed through the system, manifest now as pyrrhotite-stable carbonate 
veins and pods. Ernest Henry remains the best candidate for a true syn-
Williams orebody, with reduced mantle- or mafic-derived HCOS fluid 
mixing with saline, oxidised brine derived from the Williams-Naraku 
Batholith (Oliver & others, 2005). 

o Oliver & others (2004) inferred that precipitation of sulphides in some 

Cu-Au deposits was the result of mixing of Cu-bearing brine, of 
ultimately magmatic origin, but modified extensively via albitisation, 
with sulphur-bearing fluids or reaction of the brine with sulphur-
bearing rocks. Barren ironstones resulted when Cu was absent from the 

initial magmatic fluid. 
o The high oxidation state of the later magmatic derivatives of the 

Williams Supersuite means that reduction is the most likely cause for 
metal precipitation and that suitable host rocks will be either 
carbonaceous rocks or ironstones. Reduction could also occur by 
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interaction of the magmatically-derived fluid with a reduced connate 
fluid (Wyborn & others, 1997). 

o Geochemical modelling and whole rock geochemical data indicate that 
Na addition to rock from a brine (albitisation) is accompanied by loss 
of Fe, K, Ba and Rb ± Ca, Sr, Co, V, Mn, Pb and Zn from altered rocks 
and enrichment in the brine. However, Cu does not appear to have 
been stripped from the wall rocks (Oliver & others, 2004).  

o The formation of metasomatic ironstones around some deposits 
involves addition of most of the same elements that were lost during 
albitisation. Geochemical simulation has indicated that the fluids 
produced by albitisation would react with pelitic rocks to produce 
magnetite-clinopyroxene ± biotite-actinolite alteration at high 
temperature, similar to the proximal alteration around ore deposits 
(Oliver & others, 2004). 

 Structural control: 
o Fault control is the overriding, almost universal control and includes 

dilational jogs, fault bends, fractured competent boudins, intersecting 
faults, competency contrast contacts, feeder faults cutting replaceable 
units, reactivated fold hinges and brecciation (Laing, 1991). Stress 
partitioning, stress anomalies and failure seem to be regionally 
important (Murphy & others, 2008). 

o Major north–south faults and mylonitic shear zones reactivated 
brittlely during D3 and D4 (for example, Mount Dore Fault Zone) are 
significant controls on mineral deposition. Many of these faults are 
dip-slip reverse faults with potential for dilational jogs. Coeval faults 
of other orientations also have mineralising potential (Laing 1991). 

o Intersection of later transecting structures with mylonites is a 
significant control for ironstone-hosted deposits such as Starra and 
Osborne. Ore deposition depends on the pre-occurrence of magnetite 
or hematite that has replaced the mylonite. Ore deposition is 
augmented by the presence, adjacent to the mylonite fluid channel, of a 
carbonate and/or basic lithology that becomes a skarn (Laing, 1991). 

Mineral assemblages: 
 All deposits contain local massive sulphide plus disseminated sulphide, with 

pyrite and/or pyrrhotite the dominant iron sulphide species and chalcopyrite, 
galena and sphalerite the dominant base metal species (Laing, 1998). 

 Early basinal/metamorphic-derived deposits (Osborne, Eloise) have a 
pyrrhotite-chalcopyrite association early in their paragenesis. This reduced 
assemblage is absent from the younger breccia-hosted deposits (Oliver & 
Rubenach, 2009). 

 Breccia-hosted deposits contain co-precipitated magnetite and calcite in milled 
breccia. Reduction of oxidised fluids may lead to a hematite-dominant matrix 
assemblage. 

 The Fe-S-O assemblage is important, with the relative abundance of pyrrhotite 
and hematite apparently governing Cu:Au ratios. At Osborne, pyrrhotite-rich 
zones are copper-rich, whereas hematite-rich zones are gold-rich. This 
relationship appears to hold regionally, with hematite-rich deposits such as 
Starra being relatively gold-rich and pyrrhotite-rich deposits, such as Mount 
Elliott and Osborne being copper-rich. (Kositcin & others, 2009). 

Geochemistry:  
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 Systems are enriched in Fe, P and F (Piranjo & Bagas, 2008). 
 Most deposits contain anomalous Pb, Zn, W, Co, Bi, Sn and Ba (Laing, 1991) 

± F and Pb (Kositcin & others, 2009) as well as the predominant Cu and Au. 
Enrichment in Mo, Ni, Mn, P and B is variable (Queensland Department of 
Mines and Energy & others, 2000). 

 Many of the ores and alteration systems have a strong mafic minor element 
association, including enriched Ni, Co, V and Mn (Williams, 1998). 

 

 
Figure 3: Structural and lithological settings of Cu-Au targets (Queensland Department of Mines and 
Energy & others, 2000) 
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Figure 4: Cartoon showing the inferred relationships between mantle fluids and melts, granite 
crystallisation, fluid sources and recycling of early sulphides at the time of emplacement of the 
Williams Batholith (Oliver & others, 2005). 
 

 
 
Figure 5: Evolutionary model of the contribution of S and metals via direct exsolution from mafic 
magmas at 1686Ma, metamorphic leaching at 1600Ma, and hydrothermal remobilisation with addition 
of Cu and Fe from mixed felsic-mafic magmatic fluids at 1530Ma (Blenkinsop, 2005). 
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Figure 6: Schematic diagrams illustrating three models for the origin of fluids in IOCG ore formation: 
1) Surface/basin-derived fluids; 2) Metamorphic devolatisation fluids; 3) Magmatic exsolution (Fisher, 
2007; after Barton & Johnson, 2004) 
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Figure 7: Schematic plan and cross section, Ernest Henry copper-gold orebody (after Ryan, 1998). 
 



Mineralising system for structurally-controlled epigenetic Cu±Au±iron oxide – Eastern Fold Belt and 
Kalkadoon-Ewen Provinces 

TJ Denaro, CR Dhnaram and WG Perkins 

Page 24 of 102 

 
Figure 8: Schematic block diagram showing the geology and geometry of the Eloise copper-gold 
orebodies (after Baker, 1994). 
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Figure 9: Plan view of Osborne orebody distribution (Fisher, 2007) 
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Figure 10: Cross sections through Osborne orebodies, showing host rock and ore associations in 
different domains (Fisher, 2007) 
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Figure 11: Schematic geological plan and cross section, Mount Elliott copper-gold deposit (after 
Fortowski & McCracken, 1998). 
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Figure 12: Schematic geological plan and section of the Selwyn (Starra) copper-gold-ironstone deposits 
(after Rotherham & others [1996] and Selwyn Mines Ltd [2000]). 
 

Geophysical signatures 
 Williams Supersuite granites 

o Radiometrics – Most plot above the Proterozoic median line for K2O, 
Th and U and would appear white in a RGB image. More mafic phases 
may appear yellow and albitites should appear black as they are 
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depleted in all three elements relative to the Proterozoic median 
(Wyborn & others, 1997). 

o Gravity – The larger plutons correspond to major regional gravity lows 
(Wyborn & others, 1997). 

o Magnetics – The mafic phases of the younger intrusions have high 
magnetic susceptibilities (>4000 x 10-5 SI units) due to abundant 
magnetite and appear as broad circular magnetic domes in the regional 
magnetic data. The surrounding aureoles can also have high magnetic 
susceptibility, particularly where the plutons intrude calc-silicate rocks. 
More felsic, non-magnetic plutons have aureoles that appear as circular 
rims on regional magnetic images. 

 Iron oxide-copper-gold deposits are generally marked by coincident magnetite 
and hematite-sulphide anomalies in potential field inversion modelling of 
density and magnetic susceptibility from gravity and magnetic data (Chopping 
& others, 2010). High density, low magnetic susceptibility zones could 
represent hematitic targets. 

 Iron oxide copper-gold deposits are generally associated with significant 
gravity anomalies. The specific gravity of ore forming minerals is significantly 
higher than typical upper crustal material densities. The anomaly produced by 
such a density contrast can be on the order of 30gu. However, exploration 
using gravity becomes difficult when the gravity station spacing becomes 
much larger than the wavelength of the anomaly produced by the deposit. 
Regional geophysical data do however make an excellent first-pass filter for 
identifying target areas and large scale features that are often associated with 
iron oxide copper-gold deposits such as regional highs and steep gradients 
(Edmiston, 2005). 

 Potassic alteration and uranium anomalism, commonly associated with 
oxidised styles of Cu-Au mineralisation, can be expressed by radiometric 
anomalies, identifiable from the interpretation of airborne or ground 
radiometric data in areas lacking post-mineralisation cover (Queensland 
Department of Mines and Energy & others, 2000). 

 Electrical methods can be useful in: 
o Detecting conductive zones that may correspond to relatively massive 

sulphide vein sets of hypogene sulphides with a high degree of 
connectivity. Carbonaceous metasediments may also be highly 
conductive. 

o Detecting covered supergene zones that may be conductive due to the 
distribution of native copper (for example, Ernest Henry). 

o Mapping the distribution of disseminated sulphides using IP 
chargeability data (Queensland Department of Mines and Energy & 
others, 2000). 

 

Controls on distribution of mineralisation 
1. North-north-west- to north-north-east-trending, steeply to moderately east-

dipping major faults with strike lengths of tens to hundreds of kilometres that 
penetrate to lower crustal levels provide a terrane-scale control on the 
distribution of mineralisation. These faults tap deeper into potential fluid 
reservoirs and may distort the thermal gradient (Murphy & others, 2008). 
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2. Fault networks comprising the major faults, splays, subsidiary faults and cross 
faults provide a district-scale control by providing sites of dilation, brecciation 
and fluid pathways during compressive events. Fluidised breccias associated 
with the Williams-Naraku Batholith may also provide major permeability 
pathways. 

3. Fault networks comprising the major faults, splays, subsidiary faults and cross 
faults provide a district-scale control by providing sites of dilation, brecciation 
and fluid pathways during compressive events and interacting with reactive 
rocks such as magnetite-bearing ironstones, graphitic/carbonaceous shales and 
carbonate-rich units and with rock types with contrasting rheology. Alteration 
may play a role in increasing the competency of some units. 

4. A possible district- and deposit-scale control on mineralisation is a spatial 
association with intrusions of the Burstall Suite and Williams-Naraku 
Batholith. Many significant deposits occur close to or in apical zones above 
these intrusions; some occur within the intrusions. This association is only 
valid in the Eastern Fold Belt and even there it does not hold for all deposits. 
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Figure 13: Distribution of Cu±Au±iron oxide mineralisation, Eastern Fold Belt and Kalkadoon-Ewen 
Provinces 
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Criteria for targeting/modelling 
 
Table 1: Summary statistics for ingredients for Cu-Au±iron oxide deposits in the Eastern Succession 
from Weights of Evidence modelling using a training data set covering all of the exposed Eastern Fold 
Belt Province, Kalkadoon-Ewen Province and eastern parts of the Western Fold Belt Province 
(Mustard & others, 2005a, 2005b; Blenkinsop, 2005). 
 
Ranking Key Ingredient Contrast 

(measure 

of 

association 

of training 

sites with 

predictors) 

Confidence 

1 Copper in rock chips (>249ppm) 2.5 36.31 
2 Gold in rock chips (>0.11ppm) 2.38 26.45 
3 Corella-Soldiers Cap contact (750m 

buffer) 
1.87 13.98 

4 Aeromagnetics (magnetic highs) 1.82 14.36 
5 N–S (350°–015°) and ENE (040°–

075°) faults (650m buffer) 
1.45 17.20 

6 Mafic intrusives (750m buffer) 1.25 7.47 
7 Lithologies (dominantly Cycle 3) 1.21 5.09 
8 Gravity (gradients) 1.03 15.91 
9 Bends on N–S and ENE faults 1.03 2.33 
10 Metamorphic grade (amphibolite 

facies) 
0.98 7.85 

11 Radiometrics (high U/Th) 0.83 4.46 
12 Williams and Naraku batholiths 

(4km buffer) 
0.63 3.36 

 
 Mineralising fluids may be complex and heterogeneous in view of their 

possible interactions with a variety of wall rocks. Fluid pathways and sites of 
fluid mixing are much more important than fluid sources for controlling the 
distribution of deposits. A common mineralising process can generate deposits 
in a variety of host rocks depending on the fluid pathways (Mustard & others, 
2005a, 2005b). 

 Cu and Au anomalism in soils, rock chips and RAB holes and the presence of 
sulphides appear to be the most direct geochemical and mineralogical signals 
of potential Cu-Au targets. Although deposits may also exhibit strong 
anomalism in elements such as Co, Mo, Ba, U, Ag, Pb, Zn, Bi, As, Ni, Se, Hg, 
Te, Sn, W, Ca, Mn, Y, F, Cl and heavy REEs, related geochemical anomalies 
are commonly not much more broadly developed than the Cu and Au 
anomalism (Queensland Department of Mines and Energy & others, 2000). 

 A number of elements including Cu and Au may be dispersed upwards and 
laterally into Mesozoic cover rocks during the weathering and hydrological 
cycle as part of a reduction/oxidation (REDOX) process. Dispersion patterns 
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or halos within the Mesozoic cover may extend the full strike length of 
deposits and be wider than the mineralised zones. 

 Exploration for Ernest Henry and Starra style deposits should focus on 
recognition of oxidised corridors in relation to structurally-defined targets, but 
recognition of truly large deposits (Ernest Henry and larger) may require 
recognition in the 3D model of both oxidised and reduced corridors (Oliver & 
others, 2005). 

 Iron oxide-copper-gold deposits are generally marked by coincident magnetite 
and hematite-sulphide anomalies in potential field inversion modelling of 
density and magnetic susceptibility from gravity and magnetic data (Chopping 
& others, 2010). High density, low magnetic susceptibility zones could 
represent hematitic targets.  

 There is a strong positive correlation between copper endowment and 
geological complexity. Geological complexity is a measure of the combination 
of faults and lithological boundaries (Ford, 2006; Ford & Blenkinsop, 2008a). 

 Fractal measurements of fault roughness indicate that the roughest faults in the 
Mount Isa Inlier (for example, Mount Gordon and Mount Isa Faults) are 
endowed with orders of magnitude more metal/km2 than the smoothest faults. 
Intermediate roughness faults (for example, Fountain Range, Mount 
Remarkable, Cloncurry, Pilgrim and Termite Faults) have significant to no 
mineral endowment (Blenkinsop & others, 2005a, b). 

 The presence of major basement crustal structures can be delineated by abrupt 
gravity gradients. Reactivated north–south and east-north-east oriented 
basement structures have a district-scale control on localising fluids 
responsible for Cu-Au mineralisation (Mustard & others, 2005a 2005b). In 
some places, the only evidence for these fertile deep crustal structures is the 
alignment of deposits (Davidson & Large, 1998). 

 Stress partitioning, stress anomalies and failure seem to be regionally 
important guides. Broad-scale mechanical/numerical analyses of parts of the 
fault arrays most favourable for failure in tension or extensional shear failure 
(weights of evidence, UDEC, FLAC) can be used to identify sites of strain 
partitioning, stress anomalies and failures using 2D and 3D prospect data from 
1:100 000 to 1:10 000 scales (Murphy & others, 2008). 

 In the Eastern Fold Belt, clustering of copper deposits shows a high 
correlation with the clustering of mafic intrusives (Ford & Blenkinsop, 2008a). 
Mafic intrusives play a potential role in Cu-Au deposition by providing 
rheological contrast and/or a potential source of sulphur (Mustard & others, 
2005a, 2005b). Metals may have been transported and deposited from 
magmatic-hydrothermal fluids on crystallisation of the mafic rocks, or from 
metamorphic fluids that subsequently leached them (Blenkinsop, 2005). Oliver 
& others (2008) showed a close spatial relationship between Cu-Au 
mineralisation and mafic rocks (<500m) and, in particular, with faults 
connected to mafic rocks within a 1km buffer. Proximity to gravity gradients 
(basement architecture) and gravity highs (mafics in crust) are important 
targeting criteria (Blenkinsop, 2005). 

 The deposits are hosted by a variety of rock types, ranging from epigenetic 
and syngenetic ironstone, through carbonaceous phyllite, quartz-mica schist, 
black shale and meta-arkose to intermediate metavolcanic rocks and 
amphibolites (Kositcin & others, 2009). Cover Sequence 3 and the upper units 
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of Cover Sequence 2 are the preferred hosts (Blenkinsop, 2005). Strong rock 
property contrasts in association with fault offsets are an important component.  

 The Corella Formation-Soldiers Cap Group contact plays a significant role, 
possibly by localising faulting, fluid flow and juxtaposing lithologies of 
contrasting rheology, geochemical character and oxidation state (Mustard & 
others, 2005a, 2005b; Blenkinsop, 2005). 

 Many of the more significant Cu-Au-iron oxide deposits in the Eastern 
Succession are hosted in or spatially related to large, hydrothermal breccia 
systems. These breccias generally have a close spatial relationship with felsic-
mafic intrusions of the Williams-Naraku Batholith (Cleverley & Oliver, 2005). 

 In many deposits, there is an early albitic alteration assemblage that is 
overprinted by later K±Fe-bearing or calcic skarn assemblages (Kositcin & 
others, 2009). 

 Potassic alteration and uranium anomalism, commonly associated with 
oxidised styles of Cu-Au mineralisation, can be expressed by radiometric 
anomalies, identifiable from the interpretation of airborne or ground 
radiometric data in areas lacking post-mineralisation cover (Queensland 
Department of Mines and Energy & others, 2000). 

 Hyperspectral mineral maps, alone or in combination with other geophysical 
data (for example, magnetics, radiometrics) can be used to detect not only 
possible host rocks, but also alteration assemblages and their spatial 
distribution. A good knowledge of the mineralisation-related alteration 
assemblage and its spatial distribution, in combination with a good knowledge 
of the geology (calibration) of the investigated area, is required (Murphy & 
others, 2008; Laukamp & others, 2008).  

o Amphibolites can be separated from other mafic units (for example, 
gabbros, dolerites) using mineral maps derived from hyperspectral data 
(“MgOH content”, “MgOH composition”, “amphibole/chlorite” and 
“Fe2+ associated with MgOH”) 

o Spatial relationships of sodic-calcic and potassic alteration can be 
detected with mineral maps derived from hyperspectral data: 

  (Na(-Ca)-alteration: “white mica composition”, “white mica 
abundance”;  

 K-alteration in mafics: “MgOH content”, “MgOH 
composition”, “amphibole/chlorite” and “Fe2+ ass. with 
MgOH” combined with “white mica composition” and “white 
mica abundance”) 

 ASTER band 8 data can be integrated with magnetic and K-
radiometric data to form a sodic-calcic mineral index that 
highlights albite-actinolite-magnetite assemblages, many of 
which are spatially coincident with copper mineralisation 
(Austin, 2008). Sodic-Calcic Alteration Index = 2nd derivative 
of magnetic intensity/[K radiometrics + ASTER Band 8]. 

 Butera & others (2005b) considered the key criteria for undercover exploration 
to be 

o Gravity highs (reflecting mafics) 
o Magnetic highs 
o North- and north-east-trending faults (magnetic worms or lineaments) 
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Appendix 1: Descriptive deposit models 
 
Deposit type: Breccia-hosted (skarn) epigenetic Cu±Au±iron oxide 

Commodities: Cu, Au, Fe, U, REE 
Examples: Mount Elliott/Swan 
Tectonic/geological environment: 

Depositional setting:  
 Major fault belts and formation contacts 
 Complex interaction between deformation and metasomatism. Conceptually 

magmatic fluids channelled along pre-existing structures and focused in 
dilational zones. 

 Alteration and mineralisation controlled by both ductile (foliation, folds, shear 
zones) and brittle (breccia zones, dilation zones) structures. 

 Source of fluids is inferred to be dominantly magmatic. 
 Mount Elliott – mineralisation is localised at contacts of metasedimentary 

rocks and amphibolite. 
 Ore deposits formed in cooling and de-pressurising dilatant structural traps. 

Tectonic setting(s):  
Host and associated rock types:  

 Mount Elliott is hosted by a sequence of calc-silicates, altered and bleached 
phyllites, schists, carbonaceous siltstones, metabasalts and magnetite-rich 
ironstones of the Kuridala Formation. Trachyandesite dykes to several metres 
wide crosscut bedding and are now interpreted as being emplaced during the 
hydrothermal activity that produced mineralisation.  Granite bodies occur 
within 5km. 

Age range: 
 Re-Os molybdenite ages of 1513±5Ma and 1515±6Ma for Mount Elliott and 

Swan (Duncan & others, 2009) are within error of the ~1510Ma actinolite age 
of Wang & Williams (2001). Both the actinolite and biotite ages from Mount 
Elliott are younger than the molybdenite age; this disparity can be explained 
by the fact that the 40Ar/39Ar dates likely reflect the cooling history. The Re-
Os ages demonstrate that the main Mount Elliott and Swan mineralising 
events were contemporaneous. 

 Younger Re-Os molybdenite ages of 1358±6Ma and 1353±5Ma for Swan are 
from shear zone hosted molybdenite associated with zeolites and carbonates. 
These ages may represent reactivation of structures in the area and/or 
redistribution/addition of metals, although few Cu sulphides are associated 
with this stage. 

 Mount Elliott – 40Ar/39Ar age date of 1496Ma (minimum) for hydrothermal 
biotite (Perkins & Wyborn, 1998). 

Deposit description: 

Deposit form/structure:  
 Mount Elliott – Large complex Cu-Au mineralised system containing a 

number of Cu-Au deposits and anomalies. Ore grade mineralisation comprises 
irregular veins and open spaced fillings of massive sulphides (usually 
chalcopyrite with associated pyrite and pyrrhotite) within a broader envelope 
of lesser grade mineralisation. Broadly stratabound. 
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Size:  
 Mount Elliott – At least 1.65km long by 1.1km wide by 1.2km deep. 

Mineralisation is open to the west, north-west, south-east and at depth. The 
Mount Elliott system covers an area of >1km2. 

Shape:  
 Irregular pipe-like breccia bodies 
 Mount Elliott – Comprises a number of distinct, irregularly-shaped orebodies 

(Mount Elliott, Corbould, Swell and Swan) that are probably connected at a 
broad scale. 

Orientation:  
 Mount Elliott – Current drilling has indicated that the Mount Elliott, Corbould 

and Swan high grade zones may form one east–west zone (090–115) of high 
grade mineralisation. Ore zones are steeply dipping. 

Mineralogy:  
 Primary: Chalcopyrite, pyrite, gold ± pyrrhotite, molybdenite, galena. Gold is 

associated with chalcopyrite and fractured/veined pyrite at both Mount Elliott 
and Swan. 

 Secondary: May include limonite, hematite, chalcocite, bornite, cuprite, 
tenorite, digenite, chrysocolla, malachite, azurite, covellite, native copper, 
atacamite 

 Alteration: May include magnetite, hedenbergite, scapolite, albite, apatite, 
andradite, biotite, actinolite, clinopyrozene, carbonates, sphene (titanate), 
calcite, gypsum, hornblende, epidote, diopside, prehnite 

 Gangue: May include quartz, amethyst, calcite, magnetite, fluorite 
Alteration:  

 Mount Elliott – Silicification, albitic (extensive red rock alteration), prograde 
diopside-scapolite-actinolite, retrograde diopside-scapolite-magnetite-
sulphides (main mineralisation). Skarn zonation (prograde) comprises: an 
outer carapace of bleached silicified phyllite (loss of biotite and graphite), 
locally brecciated quartz-albite-sericite-calcite ± fluorite-pyrite-pyrrhotite, 
then hematite-albite, overprinted by pervasive clinopyrozene-calcite-sphene-
quartz-feldspar-scapolite, overprinted by retrograde calcite-sulphides in 
fractures and vein cores; and an inner/deeper zone of „medium-grained skarn‟. 
This inner zone is a precursor to both altered sediments and metabasalts. It is 
the same as the outer zone only more intense and coarser grained, e.g., 
clinopyroxene-hedenbergite-scapolite-apatite, then retrograde magnetite-
chalcopyrite-pyrite-chlorite-epidote. 

Textures:  
 Brecciation at all scales, resulting in maximum permeability; open space infill, 

replacement. 
 Mount Elliott – Massive coarse breccia infill and layer parallel infill. Open 

space filling and replacement localised within dilational structures of varying 
orientations. 

Surface expression/weathering: 
 Mount Elliott – At surface, the Swan zone consists of an outcropping, 

limonite-rich gossanous cap above a deeply weathered ferruginous and 
brecciated, magnetite-rich calc-silicate unit. Mount Elliott – 60m long by 15m 
wide limonite-jasper gossan outcrop. Mount Elliott formed a conical hill. The 
near-surface mineralisation at the Swan zone has been deeply weathered and 



Mineralising system for structurally-controlled epigenetic Cu±Au±iron oxide – Eastern Fold Belt and 
Kalkadoon-Ewen Provinces 

TJ Denaro, CR Dhnaram and WG Perkins 

Page 53 of 102 

oxidised, resulting in  a vertical zonation comprising an oxide zone to a depth 
of ~60m below surface and an underlying transition zone extending to a depth 
of up to 150m below surface. At Mount Elliott, oxidation extends to ~75m 
depth and the transition zone to ~90m. 

Geochemical signature: 
 Mount Elliott 

o Strong positive correlation of Fe, Co, Hg, Sn, Se, Ag, Te and Bi with 
Cu-Au.  

o Strong negative correlation of Na, K, Rb, Ba, Cr, Y, Eu, Sm, Yb and 
Lu with Cu-Au.  

o Strong positive correlation of Ce, Cs, La, and Th with Cu only. 
o Signature elements – Cu-Au-Co-Ni-Se-Te-Ba-V-Hg-F 
o Pathfinders – Cu-Au-Fe-F ± Co-Ni-Se-Te-Ba. 
o F forms a several hundred metre wide halo around the Mount Elliott 

zone beyond the Fe2O3 front. 
Geophysical signature:  

 Mount Elliott – Very prominent magnetic anomalies are associated with the 
Swan zone. Detailed ground magnetic and gravity surveys have outlined a 
complex series of strong magnetic and gravity anomalies over the known 
deposits. There is a very large and intense north-north-westerly trending 
magnetic high over the Swan zone, with a smaller high, surrounded by 
magnetic lows, over Mount Elliott but none over the Corbould Zone. Other 
magnetic highs are present over the Swell Zone, north of the Swan Zone and 
at the Northern Gossans. Mineralisation is highly conductive and responsive to 
electromagnetic methods. Black shales are weakly conductive compared with 
mineralisation. 
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Deposit type: Breccia-hosted (magnetite/hydrothermal) epigenetic Cu±Au±iron 

oxide 
Commodities: Cu, Au, Fe, U, REE, Co, Mo 
Examples: Ernest Henry, ?Rocklands 
Tectonic/geological environment: 

Depositional setting:  
 May be located in or spatially related to large hydrothermal breccia systems. 
 Co-precipitated magnetite and calcite in milled breccia 
 Geochemical data indicate mixtures of mantle or magmatic fluids with 

sedimentary formation waters (or their metamorphosed equivalents) and an 
abundance of CO2- and Cl- and F-bearing fluids. 

 Fluids, S and probably metals primarily released from crystallising A-type 
granitoids and tholeiitic gabbros via fluidised breccia pipes. The uppermost 
William-Naraku Batholith (1550–1500Ma) evolved saline brines with elevated 
Cl, F and metals. Cu and Au may have travelled together in an oxidised, 
relatively acidic, sulphur-bearing fluid sourced from gabbros that interacted 
with the granites. 

 Fluidisation occurred by violent release of overpressured fluids across 
permeability barriers near intrusions, carrying volatiles and cm- to m-scale 
rock fragments upwards, 

 Ore deposits formed in cooling and de-pressurising dilatant structural traps. 
 There is a close spatial relationship between some of the breccias and felsic-

mafic intrusions of the Williams-Naraku Batholith. 
 Discordant breccia pipes and sheets emanate from the contact aureoles of 

intrusions of the Saxby and Naraku intrusive complexes, cutting up-sequence 
through the 1750–1740Ma Corella Formation along older faults and into the 
1690–1650Ma Soldiers Cap Group. These 10m- to km-scale bodies are 
dominated internally by mm- to m-scale metasedimentary clasts, and minor 
pegmatite, aplite and gabbro, derived from the contact aureoles of the 1530Ma 
Saxby Igneous Complex. 

 A model is suggested where mafic melt underplating of crystallising granite 
transfers CO2-H2O to the granite melt causing volatile saturation and phase 
separation of fluids in the NaCl-H2O-CO2 system. The additional volatile flux 
causes phase saturation and phase separation that causes large volume 
expansions in the melts, generating up to 40–60MPa overpressure in the 
magma. This is larger than typical rock tensile strengths (5–35MPa) and is 
considered to be the primary cause of large scale hydrothermal brecciation in 
the Eastern Succession. 

 These crustal scale breccias potentially act as fluid pathways for mineralising 
fluids needed in the formation of breccia-hosted IOCG deposits. 

 Rocklands is adjacent to and intersected by major northerly-trending faults. 
Tectonic setting(s): Eastern Fold Belt Province (Quamby-Malbon Subprovince, 
Cloncurry Subprovince). 
Host and associated rock types:  

 Ernest Henry – brecciated and K-(Ba-)feldspar altered porphyritic 
intermediate to felsic metavolcanic rocks, siltstone; intruded by Ernest Henry 
Diorite which forms footwall and hanging wall to host rocks. Similar 
outcropping volcanics of the Mount Fort Constantine Volcanics have been 
dated at ~1745Ma (Page & Sun, 1998). Ernest Henry Diorite dated at 1670Ma. 
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It has been suggested that the deposit sits in the „roof zone‟ of the Naraku 
Granite, based on a biotite age date of 1478 ± 16 Ma, and that mineralisation 
is related to the emplacement of granite around 1500Ma. 

 Rocklands – Mitakoodi Quartzite/Overhang Jaspilite – quartz-magnetite 
sandstone, siltstone, sandstone, limestone, calc-silicates, schist; metadolerite 
sills and dykes. 

Age range: Ernest Henry ~1530Ma 
Significant events: 
Deposit description: 

Deposit form/structure:  
 Breccia zones within anastomosing shear systems. Subparallel linear breccia 

zones may cut the host rocks at a high angle. 
Size:  

 May be hundreds of metres long by tens to hundreds of metres thick and 
extend down-dip for >1km. 

Shape:  
 Tabular zones and stacked lenses 

Orientation:  
 Ernest Henry – 065°/30°–50° SE; south-east-plunging body within a north-

east-trending shear system. 
 Rocklands – 125°–135°/70°NE–70°SW 

Mineralogy:  
 Primary: May include chalcopyrite, pyrite, gold, cobaltite, molybdenite, 

uraninite, brannerite, arsenopyrite, tennanrite, sphalerite 
 Secondary:  May include chalcocite, bornite, native copper, malachite, azurite, 

erythrite, chrysocolla, cuprite, covellite,  limonite, goethite, hematite 
 Alteration: May include magnetite, actinolite, titanate, biotite, chlorite, silica, 

albite 
 Gangue: May include calcite, dolomite, siderite, quartz, clay, chlorite, iron 

oxides, monazite, apatite, garnet, fluorite, barite 
Alteration:  

 Ernest Henry  
o Regional Na-Ca alteration 
o Pre-ore – fine-grained magnetite-biotite-garnet alteration.  
o Breccia matrix – coarser grained magnetite.  
o Ore associated with potassic (biotite-magnetite) alteration. 

 Rocklands –  
o Potassic, silicification 
o Alteration associated with mineralisation – biotite, actinolite, K-

feldspar, ?albite, magnetite, calcite, silica. 
Textures:  

 Ernest Henry – Mineralised matrix-supported breccias are dominated by local 
wallrock and transported rounded clasts with a combination of carbonate-
albite-rutile-magnetite infill components. 

 Rocklands – Monomict clast-supported fault breccias and later polymict 
matrix-supported hydrothermal breccias with mineralisation as disseminations, 
veins and matrix. Hydrothermal breccia matrix is dominantly calcite, actinolite, 
quartz, magnetite and sulphides. 
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Surface expression/weathering: 
 Ernest Henry – 30 to 50m of Mesozoic and Tertiary cover. Base of complete 

oxidation extends to 150m below surface. Supergene mineralisation extends to 
>180m depth. 

 Rocklands – Partly soil covered, poorly outcropping gossans. Oxidation and 
supergene enrichment to >100m. 

Geochemical signature: 
 Ernest Henry – ore grades increase proportionally with increasing matrix:clast 

ratio. Strong correlation between Cu and Au in primary ore. Large Ba and Mn 
anomaly due to distribution of pre-ore and syn-ore garnet, K(-Ba) feldspar, 
barite, Mn-rich biotite and magnetite. 

Geophysical signature:  
 Electrical methods can be used to delineate mineralised structures in areas 

without strongly conductive host rocks (for example, Rocklands). 
 Electrical methods can be used to detect conductive responses associated with 

zones of native copper and disseminated secondary copper sulphides overlying 
primary sulphide mineralisation. 

 Magnetic anomalies associated with magnetite. Coincident gravity highs. 
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Deposit type: Breccia-hosted (hematitic) epigenetic Cu±Au±iron oxide 

Commodities: Cu, Au, Co, U. 
Examples: Amethyst Castle, Little Eva, Mount McCabe 
Tectonic/geological environment: 

Depositional setting:  
 Polymict breccia zones at intersection of major north–south structural 

corridors and north-north-west- and east-north-east-trending faults. Matrix 
may have originally been micaceous. Fluid movement along the north–south 
structures created zones of hematite-cemented breccias. Hematite pervasively 
replaced the matrix of the original breccia to form a clast-supported, jigsaw-fit 
hematite breccia with polymict clasts. 

 Mineralisation within these breccias is associated with the emplacement of 
narrow, matrix-supported breccias that crosscut the main clast-supported 
breccia bodies. These breccias comprise subrounded hematite-chlorite altered 
clasts set in a fine-grained hematite-calcite-sulphide matrix. The degree of 
mineralisation is directly proportional to the percentage of matrix. 

Tectonic setting(s): Quamby-Malbon Subprovince, Wonga Subprovince 
Host and associated rock types:  

 Breccias developed at the boundary between an embayment of Double 
Crossing Metamorphics and surrounding Gin Creek Granite, adjacent to the 
granite‟s contact with the Answer Slate and Staveley Formation schists. 

 Marimo Slate – sequence of siltstone, sandstone, chloritic siltstone breccia, 
slate and banded hematitic ironstone. 

 Kuridala Formation – breccia, mica schist, black shale, calc-silicate 
metasediments. 

 Corella Formation – calc-silicate granofels, schist, calc-silicate breccia 
 Intrusive porphyry (Little Eva) 

Age range: At Amethyst Castle, the breccia bodies are undeformed and post-date the 
regional D4 event. 
Deposit description: 

Deposit form/structure: Mineralisation is hosted by hematite-silica altered breccias 
and within lenses of chlorite- and biotite-rich schists and migmatitic gneisses. 
Shallow-dipping quartz-hematite±amethyst veins and vein breccias up to several 
metres thick may also be present. 
Size: Breccias may be of the order of 300m to >1km across. Drilling at Mount 
McCabe has confirmed mineralisation to 300m depth. 
Shape: Irregular pipe-like breccia bodies. 
Orientation:  
Mineralogy:  

 Primary: Chalcopyrite. 
 Secondary: May include malachite, azurite, chalcocite, bornite, chrysocolla, 

cuprite, red limonite, manganese oxides 
 Alteration: May include silica, hematite, albite, chlorite, magnetite±K-

feldspar±biotite. 
 Gangue:  Carbonates, quartz 

Textures:  
 Unmineralised, clast-supported, jigsaw-fit hematite breccia with angular 

granite, schist and gneiss clasts. Clasts are granite dominated. 
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 Mineralisation in quartz-veined, matrix-supported polymict breccias that 
comprise subrounded hematite-chlorite altered schist, gneiss and granite clasts 
set in a fine-grained hematite-calcite-sulphide matrix. Copper mineralisation 
in both the clasts and matrix. Interpreted as either altered mylonitic zones or as 
milled hydrothermal breccias. 

Surface expression/weathering: 
 Generally form gossanous outcrops with oxide copper mineralisation. 
 The oxide zone comprises malachite, azurite and subordinate chrysocolla 
 The transitional zone comprises cuprite, chalcocite and bornite  
 The primary zone comprises minor chalcopyrite and may not be significant. 

Geochemical signature: 
 Pronounced soil and RAB Cu-Au anomalies. 
 Elevated U may occur with high Cu±Au. 
 At Amethyst Castle, reconnaissance termite mound sampling using a Niton 

XRF analyser returned encouraging Cu results of similar magnitude to earlier 
soil survey results. 

Geophysical signature:  
 Detailed gravity does not show the typical gravity-high features commonly 

associated with IOCG deposits. 
 Dipole-dipole induced polarisation/resistivity and high resolution ground 

magnetics and magnetometric resistivity surveys (SAM) at Amethyst Castle 
have highlighted possible magnetite destruction associated with zones of 
higher resistivity. These zones also correlate with higher chargeablity zones 
defined by IP surveys. Positive results partially reflected disseminated 
chalcocite and gold mineralisation. 

 IP surveys have produced some anomalies corresponding to known 
mineralisation but overall results are not definitive. 

 Airborne uranium radiometric anomalies are associated with some deposits. 
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Deposit type: Ironstone-hosted epigenetic Cu±Au±iron oxide 
Commodities: Cu, Au, Ag, Fe, Co, U ± Pb, Zn, Mo, Bi.  
Examples: Anitra Prospect, Black Diamond, E1, Marimo, Monakoff, Osborne, 
Rudolph, Starra 
Tectonic/geological environment: Quamby-Malbon Subprovince 
Depositional setting:  

 There may be different controls on formation of the host ironstones than on 
the subsequent mineralisation. Although a syngenetic-exhalative origin for the 
banded ironstone units cannot be discounted, crosscutting relationships with 
the metamorphic and igneous host rocks combined with radiometric age data 
confirm that the Cu-Au mineralisation is unequivocally epigenetic and post-
dates the peak of regional metamorphism.  

 The ironstone units can commonly be traced for hundreds of metres to 
kilometres. 

 Available field and analytical data cannot conclusively differentiate between a 
predominantly magmatic or retrograde metamorphic origin for the 
metalliferous hydrothermal system. However, the hydrothermal fluid 
characteristics, mineralisation geochemistry and temporal relationship with 
pegmatite emplacement and a late, ductile deformation event suggest that both 
felsic magmatism and retrograde metamorphism may have been important in 
generating and focusing the hydrothermal fluids. Early basinal fluids may 
have been important in the formation of Osborne and Starra. 

 Structural and competency contrast controls are important. Ironstones act as a 
chemical trap. 

 North-trending fault, shear and high strain zones are important controls on 
mineralisation, as are north-east- and north-west-trending structures. 

Tectonic setting(s): Quamby-Malbon Subprovince, Cloncurry Subprovince 
Host and associated rock types:  

 Hematite- and magnetite-enriched metasediments of the Soldiers Cap Group 
(Staveley Formation, Kuridala Formation, Marimo/Answer Slate, Mount 
Norna Quartzite, Toole Creek Volcanics). Deformed sequences dominated by 
albite-rich psammite with local shale, siltstone and phyllite bands, amphibolite, 
metavolcanics and banded magnetite-quartz-apatite ironstones and magnetite-
hematite quartzites.  

 The Starra Ironstones are a distinct host rock forming two north-trending 
ridges (also called the Eastern and Western hematites/ironstones).  They occur 
at a lithological contact between psammites and pelites. Orebodies at Starra 
are in the Western Hematites. Some ore occurs in magnetite schist. 

 Mount Fort Constantine Volcanics – Banded magnetite ironstones, 
metavolcanics, black shales, siltstone, intermediate to mafic metavolcanics, 
tuff and breccias. 

Age range:  
 Cu-Au mineralisation is temporally unrelated to formation of the banded 

ironstones.  It post-dates the peak of regional metamorphism and predates or is 
synchronous with D3 (1527Ma). 

 Ironstone-hosted deposits such as Osborne and Starra formed around 1565–
1600Ma (Perkins & Wyborn, 1998; Gauthier & others, 2001; Duncan & others, 
2009; Baker & others, 2010) and possibly as early as 1680Ma (Oliver & 
Rubenach, 2009). 
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 Mineralisation at E1 may be related to the 1530Ma Mount Margaret Granite. 
Deposit description: 

Deposit form/structure: Broadly stratabound as replacement, veins, disseminations 
and breccias. The Osborne western lode is a replacement of ironstones; the eastern 
lode is in albitites, pegmatites and schists. The Starra orebodies are predominantly 
confined to ironstones. 
Size: Orebodies tend to be medium to large in size and may extend for hundreds of 
metres vertically. 
Shape: Orebodies may be lenticular or tabular and some, such as E1, are folded. The 
gross distribution of many orebodies mirrors the shape of the ironstones. 
Orientation: Generally trend north-north-west to north-north-east and dip steeply to 
moderately east. 
Mineralogy:  

 Primary: Chalcopyrite, pyrite, gold ± molybdenite, cobaltian pyrite, scheelite, 
wolframite, pentlandite, Fe-Co sulphides, Bi tellurides and sulphides, Co-Fe-
Ni sulfarsenide, costibite, brannerite, davidite, mackinawite. At Osborne, gold 
is argentiferous (fineness 850–950) and 75–85% of gold occurs as 1–10 
micron inclusions in chalcopyrite and in solid solution in pyrite and/or 
chalcopyrite. The remaining gold occurs along chalcopyrite-pyrite grain 
boundaries. 

 Secondary: May include hematite, malachite, cuprite, native copper, 
chrysocolla, atacamite, chalcocite, digenite, covellite, bornite, Bi sulphosalts 

 Alteration: May include silica, pyrite, magnetite, ferro-edenitic hornblende, 
biotite, siderite, ankerite, talc, ferropyrosmalite, chlorite, apatite, tourmaline, 
albite, rutile, actinolite 

 Gangue: Quartz, carbonate, magnetite, muscovite ± barite, fluorite, garnet, 
monazite, rutile, allanite, chlorite. 

 At Osborne, mineralisation is zoned from hematite- to pyrrhotite-bearing and 
sulphides are commonly accompanied by a late generation of magnetite. 

Alteration:  
 Pre-mineralisation albitisation (albite-magnetite-hematite; regional quartz-

albite-scapolite-actinolite), potassic (biotite-magnetite-quartz-apatite-pyrite) 
and calc-silicate alteration. 

 Mineralisation associated with paragenetically younger biotite±magnetite 
(Monakoff), chlorite (Starra), silica (Starra, Osborne) or muscovite (Starra) 
alteration. 

 During the most intense ore alteration at Starra, isocon analysis indicates the 
addition of Cu, Fe, Au, Sn, W, Zn, K, Ba, and Rb and the depletion of Mn, Ca, 
Si, Nb and Zr.  Al, Ti and Y remained unchanged (and were used to define the 
isocon).  

 Altered wall rocks at Osborne are commonly enriched in K, Rb, S, F, Cl, CO2 
and H2O. 

Textures: Infill, replacement, breccia veins, foliated. 
Surface expression/weathering: 

 Gossanous ironstone, massive hematite and hematitic quartzite as outcrops or 
subcrops 

 Osborne subcropped as a gossan beneath 20 to 40m (average 30m) of 
Mesozoic cover.  

 E1 deposits beneath 20–50m of cover. 
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 Leached zones with <0.2% Cu capping orebodies. 
 Oxide zones developed with hematite, native copper, malachite, cuprite, 

chrysocolla, covellite and atacamite; may extend to >100m depth.  
 Supergene/transitional zones with native copper, bornite, chalcocite, covellite, 

digenite and chalcopyrite. 
 Primary zone with chalcopyrite, pyrite, pyrrhotite, magnetite, molybdenite. 

Geochemical signature: 
 Anomalous Au and/or Cu in rock chip samples from outcrops. 
 Elevated Cu, Au, Fe ± Co, Mo, Ag, As, U, REE, Pb, Zn, Se, Bi, Hg, Te, Sn, W, 

Ni, Ba, Ca, Mn, Y, F and Cl. 
 Mass balance calculations indicate that altered Osborne wall rocks are 

commonly enriched in K, Rb, S, F, Cl, CO2 and H2O. 
 Strong fractionation between REEs in the alteration system at Osborne. HREE 

enriched in high-grade Cu-Au mineralisation. LREE enriched in altered 
wallrocks compared to unaltered protolith. 

 An ~120m Co halo occurs around Cu-Au mineralisation at Osborne. 
 Cobaltiferous pyrite is an effective pathfinder. 
 At Osborne, a number of elements including Cu and Au were dispersed 

upwards and laterally into the Mesozoic cover rocks during the weathering 
and hydrological cycle as part of a reduction/oxidation (REDOX) process. 
This formed a dispersion pattern or halo within the Mesozoic cover that 
extends the full strike length of the deposit and is some 1.5 times wider than 
the mineralised zone. 

Geophysical signature:  
 Host ironstones are strongly anomalous in aeromagnetic data. Deposits are 

associated with strong magnetic anomalies, although ore is mostly associated 
with hematisation and therefore ore zones do not necessarily have a high 
magnetic response. Ore grade sulphides lack geophysical expression. 

 Magnetic susceptibility averages 2000 x 10-3 SI units for the ironstones at 
Osborne. 

 Ground EM would detect the Osborne deposit under 100m or more of 
conductive cover. Downhole EM can provide early location of off-hole 
conductors up to 200m away.  

 Down-hole 3D magnetics is an effective tool for locating magnetite/pyrrhotite 
bodies. 

 Detailed gravity surveys indicate a close agreement between the known 
density distribution of the ironstones plus mineralisation and observed gravity. 
There is no discernable expression of higher grade mineralisation in the 
gravity data. 

 Between hole mise-a-la-masse surveys indicate a lack of electrical continuity 
within the mineralisation. Higher grade mineralisation is associated with an 
increased level of silica, at the expense of magnetite, which possibly reduces 
the interconnection of conductive grain boundaries. 

 Hole-to-hole tomography using the Radio Imaging Technique(RIM) may 
assist in defining the distribution of mineralisation between holes. 

Other exploration guides: 
 From HyMap images, the white mica composition decreases in Al-content 

from the Mount Dore Fault towards the ironstone units, while to the west of 
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the ironstone units, the Kuridala Formation is Al-rich (Laukamp & others, 
2009).  This suggests that the Mount Dore Fault is a pathway for fluids. 
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Deposit type: Shear-hosted epigenetic Cu±Au±iron oxide 

Commodities: Cu, Au, Co, Ag, Mo, Re, U, REE, Zn, Pb, Bi. Early Mo-Re-U zones 
overprinted by Cu-Au mineralisation. Co mineralisation tends to occurs as zones 
separate from the Cu mineralisation. Some deposits exhibit higher Au grades in late 
quartz±calcite veins. 
Examples: Answer, Barbara, Bedford, Blockade, Copper Canyon, Crusader, Dobbyn, 
Duchess, Eloise, Federal, Great Australia, Greenmount, Hampden/Kuridala, 
Inheritance, Kalman, Kangaroo Rat, Labour Victory, Lady Clayre, Lady Ella, Lorena, 
Metal Ridge, Mighty Atom, Mount Cobalt, Mount Colin, Mount Cuthbert, Mount 
Dore/Merlin, Mount Freda, Mount McNamara, Mount Norma, Mount Remarkable, 
Notlor, Poseidon, Pumpkin Gully, Rosebud, Slate Ridge, Stuart-Victoria, Sunset, 
Three Amigos, Tip Top, Toby Barty, Trekelano, Victory –Flagship, Vulcan, Wee 
MacGregor, Young Australia. 
Tectonic/geological environment: 

Depositional setting:  
 North-north-west- to north-north-east-trending faults and shear zones dipping 

moderately to steeply east or west in vicinity of major lithological contacts 
(for example, Answer Slate/Staveley Formation, Corella Formation/Overhang 
Jaspilite, Corella Formation/Toole Creek Volcanics, Kuridala 
Formation/Staveley Formation).  Many of these contact zones may be bedding 
parallel thrusts.  

 Also splays off these faults and north-east- and north-west-trending shear 
zones and faults. 

 Intersection of faults with controlling shear zones may lead to local formation 
of significant widths of mineralised breccia. 

 Fertile faults and shear commonly characterised by albitisation and red rock 
alteration, that is, they show evidence of a long history as fluid conduits. 

 In areas of contact of rock types with contrasting rheology, for example, 
graphitic and carbonaceous slate with calcareous metasediments, amphibolite 
with metasediments.  Mineralisation may be close to contact or along it. 
Mineralisation may be contained in quartz-pyrite veins and breccia bodies that 
are at a high angle to the controlling shear zone, for example, Vulcan.   

 Reverse dip slip movements on shears along contact zones can be important. 
 Flattening of shear zones and dilational jogs around truncated amphibolite 

bodies against carbonaceous slates, for example, Hampden Consols.   
 The broad structure controlling the Hampden lodes may be the same structure 

as that which controlled the Mount Elliott deposit, albeit displaced to the west 
on the southern side by a younger fault along the Cloncurry River. 

 Possible controls by granites thrust over slates, and slates of Kuridala 
Formation thrust over Staveley Formation. Ductility contrast between granite 
and more massive sandy rocks of the Staveley Formation and the fissile slates 
and shales of the Answer Slate and Kuridala Formation has a control on 
fracturing which focuses alteration and mineralisation.  

 Fold hinges and associated limbs – brittle deformation (competency contrast) 
during folding; tight drag folds and boudinage. 

Tectonic setting(s):  Eastern Fold Belt Province (Wonga Subprovince, Quamby-
Malbon Subprovince, Cloncurry Subprovince, Marimo Basin), Kalkadoon-Ewen 
Province. 
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Host and associated rock types:  
 Carbonaceous black shales, calc-silicate rocks and metabasalt are particularly 

favourable host rocks. There is a strong association with amphibolite and 
metadolerite dykes. 

 Soldiers Cap Group 
o Black shales and slates – Answer Slate, Marimo Slate (now correlated 

as Answer Slate), Kuridala Formation (Hampden Slate). The slates are 
within sequences of phyllites, schists, metsiltsones, calc-silicates and 
quartzites intruded by metadolerite/amphibolite sills and dykes. 

o Staveley Formation – calcareous, ferruginous, feldspathic and siliceous 
arenite, siltstone and phyllite 

o Mount Norna Quartzite – silicified siltstone, slate, schist, quartzite and 
amphibolite 

o Toole Creek Volcanics – interbedded basalt, schist, quartzite, shale and 
dolomitic sandstone intruded by dolerite/amphibolite 

o Undifferentiated Soldiers Cap Group – Schist and meta-arkose 
intruded by amphibolite (Eloise). 

 Coocerina Formation – shale, dolomite, quartzite 
 Gilded Rose Breccia – calc-silicates, breccia, ironstone, metasediments 
 Corella Formation – calc-silicate granofels, albitite, metavolcanics, schist, 

meta-basalt, quartzite, carbonaceous shale, limestone, marble, amphibolite. 
 Overhang Jaspilite – siltstone, impure limestone, metadolerite. 
 Marraba Volcanics – metabasalts 
 Ballara Quartzite – quartzite 
 Argylla Formation – acid metavolcanic rocks, quartzite, mica schist, 

metadolerite/amphibolite. 
 Leichhardt Volcanics –schist, shale, phyllite, quartzite, basalt, metadacite and 

porphyritic rhyolite. 
 Intrusives of Wonga and Williams age – granite, pegmatite, dolerite (for 

example, Three Amigos, Metal Ridge, Stuart-Victoria, Duchess) 
Age range:  

 Mount Dore – Post-dates Mount Dore Granite emplacement. Molybdenite Re-
Os ages of 1497±6Ma to 1508±5Ma (Duncan & others, 2009); weighted mean 
average is 1502±7Ma. Merlin post-dates Mount Dore Granite emplacement, 
therefore younger than 1498Ma. 

 Eloise – 40Ar/39Ar age dating gave a range of 1530–1514Ma for the 
mineralisation. 

 Kalman – possibly associated with Overlander Granite (Wonga age) 
Deposit description: 

Deposit form/structure:  
 Roughly stratabound.  
 Shear-controlled zones of quartz veins, vein stockworks, vein breccias 

disseminations and silicification. 
 Replacement style is more pervasive in more reactive and highly permeable 

lithologies. 
Size:  

 Although mineralisation may form zones up to 2.5km long and 150m wide, 
higher grade or zones are commonly lenticular to pod-like, forming numerous 
ore shoots within the overall mineralised zone. 
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 Mineralisation can extend to depths of >700m below surface. 
Shape: Generally moderately to steeply dipping tabular bodies. Ore zones are 
lenticular to irregular in shape. 
Orientation:  

 Dominant trends are north–south, north-east and north-west, with moderate to 
steep dips. Dips may flatten or reverse at depth. Some lodes such as Mount 
Colin, Mount Freda, Mount Remarkable, Lady Clayre and Lorena trend east-
north-east to east-south-east. 

Mineralogy:  
 Includes magnetite-rich, hematitic, reduced (pyrrhotite-bearing) and silica- 

and carbonate-dominated variants. 
 Primary: Pyrite, chalcopyrite ± gold, molybdenite, marcasite, cobaltite, 

cobaltiferous pyrite, bornite, sphalerite, pyrrhotite, allanite, uraninite, coffinite, 
galena, scheelite, pentlandite, arsenopyrite, mackinawite, native bismuth, 
mismuthinite, bismuth telluride stibnite. 

 Secondary: May include malachite, azurite, chalcocite, covellite, bornite, 
chrysocolla, cuprite, tenorite, native copper, erythrite, hematite, goethite, 
limonite, jarosite, manganese oxides, metatorbernite, torbernite, 
pseudomalachite, chalcotrichite. 

 Alteration: May include silica, albite, hematite, magnetite, pyrite, biotite, 
epidote, rutile, tourmaline, chlorite, carbonate, sericite, scapolite. 

 Gangue: May include quartz, calcite, siderite, dolomite, biotite, chlorite, 
magnetite, jasper, clays, tourmaline, talc, garnet. Carbonate-rich veins and 
replacements tend to be associated with metafelsic volcanics and metabasic 
rocks. 

Alteration:  Complex alteration history.   
 More intense development of regional Na-Ca alteration and red rock alteration 

and later potassic; commonly associated with major fault zones.   
 In some deposits, exploration guide is massive pervasive silicification of this 

alteration and calc-silicates. In others, silicification is a minor component. 
 Mo-Re mineralisation at Merlin appears to be associated with a late potassic 

alteration phase. Clasts within the mineralised breccias are commonly K-
feldspar altered. Albite-altered sandstone is commonly hematite stained. 

Textures: Vein stockworks, veins, breccia veins, shear zones, fault breccias, 
disseminated, replacement. Breccias vary from crackle breccias to matrix-dominated 
with mineralisation in the matrix and/or crosscutting veins. Veins, vugh infill and 
replacement styles are more pervasive in more reactive and highly permeable 
lithologies. 
Surface expression/weathering: 

 Gossanous to siliceous outcrops with oxide copper. Copper-stained black 
shales and breccias. 

 Eloise deposit is under 50–70m of Cretaceous cover. 
 Oxidation and supergene enrichment (malachite, azurite, chrysocolla, native 

copper, chalcocite, covellite) can occur to depths of >400m.  
Geochemical signature: 

 Deposits may be oxidised or reduced. 
 Cu ± Au, Ag, Mo, Co, U, Pb, Zn, Ni, Bi, Se, heavy REE. 
 Cu and Mo mineralisation may be associated with separate mineralising events. 

At Kalman, Mo-U-REE mineralisation is overprinted by two phases of Cu-Au 
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mineralisation and a broad Cu domain encloses an internal Mo-Re-U domain. 
The Merlin Mo-Re mineralisation lies below the Mount Dore copper zone. 
Analysis of assay data suggests that Mo-Re and Cu-Au-Ag metal assemblages 
are present, with Co and Zn broadly associating with Cu. This may suggest 
two discrete, though possibly related, metallogenic events. 

 Cu and Au in soils, rock chip samples and RAB holes. May have associated 
Pb, Zn, Ag and As anomalism. 

 Niton XRF analyses of termite mounds can be use to delineate Cu-Au 
anomalies. 

 Sampling for down-slope mechanical dispersion of Cu, Au, As and Sb in 
coarse sediments at the Proterozoic-Mesozoic unconformity may be useful in 
detecting deposits under Mesozoic cover. 

Geophysical signature:  
 Shear zones are generally magnetically and radiometrically quiet. 
 Magnetic anomalies may define amphibolite/metadolerite, magnetite-bearing 

calc-silicates and intense Na-Ca-Fe alteration, allowing delineation of contacts 
with shales and siltstones. 

 Conductivity anomalies may represent carbonaceous black shale. 
 At Slate Ridge, IP anomalies are coincident with weakly pyritic silicified 

zones carrying minor Cu to 0.5%.  
 Some deposits (for example, Stuart-Victoria, Toby Barty) have a weak 

uranium radiometric signature. 
 TEM was used to delineate the Eloise anomaly under cover. 

Other exploration guides: 
 The Kalman alteration-mineralization system has a hyperspectral signature of 

white mica coincident with the Cu-Mo-Au mineralisation which is continuous 
over a strike length of 1km. The composition of this white mica changes along 
strike with Al-poor mica (phengite) found coincident with mineralisation. 
Several similar hyperspectral anomalies are recognized in the area of which 
the most significant is Pelican, 3km south of Kalman. The Pelican prospect is 
also located in an area of complex structural architecture adjacent to the 
Pilgrim Fault with overlapping anomalous soil copper geochemistry, other 
anomalous hyperspectral responses plus old workings for copper. 
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Deposit type: Stratabound sediment-hosted Cu 
Commodities: Cu. Minor Au, Ag. 
Examples: Blackard, Legend, Great Southern, Longamundi, Charlie Brown, Ken 
Brown, Scanlan, Caroline, CRA Flat. 
Tectonic/geological environment: 

Depositional setting:  
 The supergene (native copper) mineralisation is entirely within the regolith 

and formed during weathering of stratabound bornite-chalcopyrite protore. 
 The hypogene mineralisation is hosted by a north–south, folded and faulted, 

geologically and geophysically distinct, lithostratigraphic package (Roseby 
Copper Corridor) within the Corella Formation. Rock types, mineralogy and 
textures are indicative of a shallow-water evaporitic environment. 

 The Roseby Copper Corridor contains eight separate cupriferous units 
identifiable by abundant scapolite and associated copper mineralisation. 

 Below the zone of weathering, Cu mineralisation is zoned from chalcopyrite at 
the top, through bornite to chalcocite at the base. 

 The width and grade of mineralisation are significantly increased in areas of 
increased deformation, particularly zones of tight isoclinal folding. Lenses of 
copper mineralisation are zoned from chalcopyrite-dominated mineralisation 
within a broad halo of weak calcite alteration into bornite-chalcocite 
mineralisation in the core of the lenses. Mineralisation occurs as 
disseminations within calcite alteration, breccia matrix and veins. 

 Hypogene mineralisation is interpreted to have been deposited epigenetically 
within particular stratigraphic horizons and locally upgraded within fold 
hinges. 

 The structural controls and sulphide zonation suggest that host rock rheology 
and fluid-host rock redox potential were important in copper deposition. 

 Deposits exhibit many commonalities with deposits in the Central African 
Copperbelt. 

Tectonic setting(s): Wonga Subprovince 
Host and associated rock types: 

 Corella Formation – Biotite-scapolite schist, scapolitic calc-silicate rocks and 
breccias, marble, carbonaceous shale/slate, metasiltstone, quartzite 

Age range: 
Significant events: 
Deposit description: 

Deposit form/structure:  
 Stratabound deposits of oxide/supergene ore.  
 Lenses of hypogene ore – disseminated, veins, breccia. 

Size:  
 The Roseby Copper Corridor is 25km long and 2 to 4km wide. 
 Individual copper-bearing units range from 2 to 11km in strike length and 100 

to 300m in width. Deposits extend to at least 400m depth. 
Shape: Tabular, lenticular 
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Orientation: Most deposits trend north–south, with steep westerly dips and some steep 
dip reversals to the east. 
Mineralogy:  

 Primary: Chalcopyrite, bornite, chalcocite, pyrite, pyrrhotite 
 Secondary: Malachite, native copper, cuprite, chrysocolla, chalcocite, covellite, 

Goethite, limonite, hematite, manganese oxides. 
 Alteration: Calcite 
 Gangue: Quartz, muscovite, siderite, scapolite, rutile, zircon 

Alteration: Carbonate alteration. 
Textures: Disseminated, breccia, veins 
Surface expression/weathering:  

 Subdued relief, with minimal surface expression. Sparsely malachite-stained 
outcrops on soil covered flats. 

 Oxide zone to 30m depth – malachite, chrysocolla, cuprite, Cu-bearing clays 
and micas, and iron and manganese oxides. 

 Supergene native copper zone from ~30 to 130– 220m below surface. Native 
copper as disseminated grains, scales, aggregates and nuggets. Minor 
secondary chalcocite and covellite at base of zone. 

 Fresh scapolitic calc-silicate bedrock at depths of 130–220m contains 
disseminated and veinlet bornite-chalcopyrite-chalcocite-pyrite mineralisation, 
with minor pyrrhotite.  

Geochemical signature: 
 Cu, Ag, Bi. Au is low. 
 Cu in soil anomalies 
 Distinctive vegetation anomalies. 

Geophysical signature:  
 Native copper zones may be conductive. 
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Appendix 2: Mineralising system for structurally-controlled, epigenetic Cu±Au±iron oxide 
(Eastern Fold Belt and Kalkadoon-Ewen Provinces) – ingredients, processes and mappable 
features (modified from Skirrow & others, 2009 and Huston, 2010) 
 
Question Ingredient / process Reason Importance Mappable/measurable 

characteristics 

Outstanding questions Scale 

Q1 Passive margin, distal back 
arc basin or intracontinental 
extension pre-
mineralisation events 

Sedimentary-volcanic rocks 
in subaerial to shallow water 
basin settings provide sources 
of metals and salinity, and 
maintain fluid redox at 
intermediate to high levels. 

Unknown  Passive margin, distal back 
arc or intracontinental 
extensional basins 

 (Meta)evaporate sequences 

Importance of pre-Cu-Au 
setting? Can other settings 
provide similar sources and 
buffering 

Continental to terrane 

Q1 Pre- to syn-Cu-Au 
orogenesis on margin of 
craton; terrane accretion 

Pre-Cu-Au orogenesis and/or 
terrane accretion provides 
crustal-scale fluid pathways 

Desirable  Metamorphic belts 
 Crustal-scale faults/shears 

Tectonic setting of 
orogenesis not well 
understood 

Continental to terrane 

Q1, Q4 Major (mantle-driven?) 
thermal anomaly at Cu-Au 
time; low pressure-high 
temperature metamorphism 

High geothermal gradients; 
formation of A-type and I-
type melts; mantle melts are 
source of some metals; low 
pressure-high temperature 
indicative of high geothermal 
gradients regionally, needed 
to maintain high temperatures 
of fluids in near-surface; 
drives convection of brines 
deep into basement 

Essential  A-type crustal melts 
emplaced at shallow levels 

 Alkaline mafic 
magmatism, indicating 
melting of metasomatised 
lithospheric mantle 

 Region may also have 
high-temperature I-type 
crustal melts & 
comagmatic volcanics 

 Low pressure - high 
temperature metamorphic 
assemblages in syn-Cu-Au 
orogens but not necessarily 
in shallow-crustal Cu-Au 
districts 

Tectonic setting of 
orogenesis and A-type 
magmatism not well 
understood; Are thermal 
anomalies mantle-derived or 
radiogenic in origin? Not 
clear if convection was 
necessary, or if single-pass 
systems. 

Continental to district (camp) 

Q1 Presence of shallow A-type 
granitoids immediately pre- 
to syn-Cu-Au 

Exposure of Cu-Au-rich 
sources to shallow oxidised 
fluids 

Essential to 
desirable 

 Surface and subsurface 
distribution of intrusions 

Relative importance of 
various potential fluid 
sources in ore formation. 

Terrane to district (camp) 

Q2, Q4 Crust-penetrating Magma & fluid pathways Highly  PTt variations across Extensional or compressional Terrane to district (camp) 
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Question Ingredient / process Reason Importance Mappable/measurable 

characteristics 

Outstanding questions Scale 

shear/fault zones separating 
crustal blocks or orogens; 
district scale fault networks 
reactivated during Cu-Au 
mineralisation 

from mantle and lower crust 
to near-surface; permeability 
control on flow of deep-
sourced and possibly meteoric 
fluids. Major systems may 
preferentially occur in 
hanging wall of boundary 
zones between crustal blocks, 
above zones of partial crustal 
melting and mafic 
underplating. 
 

desirable crustal block boundaries 
 Geophysical responses of 

deep crustal fault/shear 
zones – gravity and 
magnetic worms 

 Cu-Au-related alteration 
along faults 

 Ages of fault movement 
 Alignment of mineral 

deposits. 
 Major crustal boundary 

zones, with greatest 
potential in hanging wall 
above steps in Moho or 
above highly reflective 
seismic zones in mid-lower 
crust. 

 Network of syn-orogenic 
major faults/shear zones, 
reactivated during high 
temperature magmatic 
events. 

 The intersections of 
second-order cross 
structures with crustal-
scale terrane boundaries 
are favoured locations for 
Cu-Au-iron oxide systems. 

or strike-slip? 

Q2 Close association of 
deposits with gradients of 
major gravity ridges 

Gradients represent crustal  
block boundaries (major fluid 
pathways) 

Desirable  Gravity data (upward 
continued) worms 

Nature of these boundaries Terrane 

Q2 Brecciation at high crustal 
level 

High permeability fluid  
pathways 

Essential to 
desirable 

 Breccias of hydrothermal, 
and/or tectonic and/or 
phreato-magmatic origins 

 Pre-existing basinal 
structures and second-
order cross structures (for 

 District (camp) to deposit 
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Question Ingredient / process Reason Importance Mappable/measurable 

characteristics 

Outstanding questions Scale 

example, conjugate fault 
sets) that localise dilational 
deformation, brecciation 
(at high crustal levels) and 
fluid flow. 

Q2, Q4 Regional flow of high 
temperature brines 

Large Cu-Au deposits require 
very large volumes of fluid 

Essential  Mapping of regional 
magnetite-bearing albite or 
K-feldspar alteration zones 

 Inversion modelling of 
gravity and magnetic data 
to map magnetite- and 
hematite-bearing 
hydrothermal alteration. 

 District (camp) to deposit 

Q3, Q4 Moderate to high 
temperature (300–550°C) 
Fe-rich (hyper)saline brine, 
magnetite- (to ?hematite-) 
stable 

Carries Fe (±S, Cu) to form 
Fe2+-bearing oxides, silicates, 
carbonate and sulphides 

Essential  Presence of fossil 
moderate to high 
temperature brines trapped 
in hydrothermal minerals 

Is magnetite-stable brine 
necessary, or is the high 
temperature brine only 
hematite-stable in some 
systems?  Magmatic versus 
nonmagmatic contributions? 
Role of alkaline mafic 
sources of U, REE, Cu, Au? 

District (camp) to deposit 

Q3, Q4 Diverse fluid sources, 
including sedimentary 
formation waters in basins, 
magmatic, metamorphic 
(basinal and basement 
units), meteoric and 
possibly mantle-derived. 

Combinations of fluids in 
different proportions across 
gradients in salinity, 
temperature and pressure are 
important controls on ore 
deposition.  

Essential to 
desirable 

 Evidence of fluid mixing 
in isotopic and fluid 
inclusion data. 

 Fluid flow is enhanced by 
juxtaposition of earlier rift 
basins with high 
temperature melt 
provinces. 

What are the relative 
contributions of metals and 
sulphur from the various 
fluid sources through time? 
What are the relationships 
between fluid sources and 
deposition of Cu, Cu-Au, U 
and Mo-Re? 

Terrane (basin) to district 
(camp) 

Q3 Evaporite or ex-evaporite 
bearing sequences in 
basement and/or cover 

Sources of Cl- for complexing 
of Fe, Cu; source of CO3

- and 
SO4

2- for complexing of U; 
buffered redox state of fluids 
to moderate to oxidised levels 

Unknown  Presence, extent and 
distribution of evaporite or 
ex-evaporite minerals (for 
example, scapolite) and 
related rocks 

 Fluid inclusion evidence 
(for example, Br/Cl) 
suggestive of interaction of 

Source of salts in either high- 
or low to moderate 
temperature brines poorly 
constrained; however, a non-
magmatic contribution is 
present 

Terrane (basin) to district 
(camp) 
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Question Ingredient / process Reason Importance Mappable/measurable 

characteristics 

Outstanding questions Scale 

fluids with evaporites 
Q4 Repeated fault movement 

during major orogenic 
events 

Reactivation of fault networks 
leads to formation of dilatant 
zones, fluid pumping and 
remobilisation and 
concentration of previously 
deposited mineralisation. 

Essential to 
Disirable 

 Fault networks with 
history of repeated 
reactivation and movement 
during major orogenic 
events.  

 Mapping of alteration 
indicating multiple fluid 
pulses. 

  Inflections in apparent 
polar wander path 
indicating periods of 
significant deformation 
and tectonic readjustment. 

Kinematic history of fault 
networks not well 
constrained. 

District (camp) to deposit 

Q5 Reductant: 
 Fe2+ oxides, 

silicates, 
carbonates 

 and/or sulphides 
 and/or reduced C 

Fe2+-bearing oxides, silicates, 
carbonate and sulphides may 
act as reductants for Cu-Au-
bearing fluids 

Essential to 
desirable 

 Presence of Fe2+-bearing 
oxides, silicates, sulphides, 
carbonates 

 Presence of alkali feldspars 
(albite in deeper zones, K-
feldspar in shallower 
zones) 

 District (camp) to deposit 

Q5 Late stage oxidation of 
earlier alteration 
assemblages 

Indicates influx of oxidised 
fluids, possibly carrying Cu-
Au; deposition 
by fluid-rock reaction 

Desirable  Late stage overprint of 
hematitic alteration and 
Cu-Au mineralisation 
associated with chlorite, 
sericite, carbonate. 

 Hematite-rich zones may 
be lateral to, or above, 
magnetite-bearing zones. 

 District (camp) to deposit 

Q5 Fluid mixing Cu-Au via mixing with 
reduced fluid; can produce 
high grades. Sulphides were 
deposited through 
combinations of fluid cooling, 
wall rock reactions and phase 
separation. 

Desirable  Evidence for two or more 
fluids (for example, barite, 
fluid inclusion evidence, 
isotopic evidence).  

 Steep fluid pathways, such 
as along major faults, 
connecting different fluid 
reservoirs. 

Role of mixing versus two-
stage fluid-rock reaction 
unresolved; can either 
produce ore-grade Cu-Au?  

Deposit 
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Question Ingredient / process Reason Importance Mappable/measurable 

characteristics 

Outstanding questions Scale 

Q5 Dilatant zones Dilatant zones allow metal 
deposition via fluid mixing, 
cooling and de-pressurising. 

Desirable  Potential dilatant zones 
represented by breccia 
zones, fault bends and 
jogs, fault intersections, 
competency contrasts. 

Kinematic history of fault 
networks not well 
constrained. 

District (camp) to deposit 

Q5 Replacement Many significant deposits 
include replacement of 
suitable host rocks as a 
significant component of 
mineralisation. 

Desirable but 
not essential 

 Mapping of potentially 
chemically replaceable 
units such as ironstones  

Are the ironstones syngenetic 
or metasomatic in origin?  

District (camp) to deposit 

Q5 Presence of mafic rocks Many deposits are adjacent to 
or hosted in part by mafic 
rocks. Fluids from, or passing 
through, mafic rocks 
deposited metals by mixing or 
wall rock interaction in the 
vicinity of the mafic rocks. 

Desirable  Mapping of mafic rocks by 
geophysical methods. 

Are the mafic rocks 
significant because they are 
potential metal sources or 
because of competency 
contrasts? Are the mafic 
rocks intruding older 
structures that were 
reactivated during 
mineralisation? 

District (camp) to deposit 

Q6 Deep weathering and 
supergene enrichment 

Deep weathering in some 
areas has resulted in 
substantial, easily mined, 
supergene copper resources, 
despite the relatively low 
sulphide content of many 
deposits. 

Desirable  Cu-stained gossans and 
shear zones. Gossans may 
be preserved below cover.  

 A number of elements 
including Cu and Au may 
be dispersed upwards and 
laterally into Mesozoic 
cover rocks during the 
weathering and 
hydrological cycle as part 
of a reduction/oxidation 
(REDOX) process.  

 Dispersion patterns or 
halos within the Mesozoic 
cover may extend the full 
strike length of deposits 
and be wider than the 
mineralised zones. 

Are there any correlations 
between grade/tonnage of 
sulphide mineralisation and 
grade/tonnage of resulting 
supergene deposits? 

Deposit 
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Q1: What is the geodynamic and P-T-t history of the system? 

Q2: What is the architecture of the system? 

Q3: What are the fluid characteristics and the sources (reservoirs) of water, metals, ligands and sulphur? 

Q4: What are the fluid flow drivers and pathways? 

Q5: What are the transport and depositional processes for metals, ligands and sulphur? 

Q6: How and where do later geological processes allow preservation of deposits? 
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Appendix 3: Grade and tonnage plots – Cu±Au Mineral 
System, Eastern Fold Belt and Kalkadoon-Ewen 
Provinces 
 
Grade and tonnage data are derived from production and resource data in the GSQ 
Merlin database, as at May 2010. Some figures have been modified to account for 
incomplete production data, especially where tonnages mined have not been recorded. 
The data are dominated by a large number of mines with small tonnages of rich (hand-
picked) copper ore. Deposits have been subset into Cu±Au (those that contain Cu but 
may not contain Au) and Cu-Au (those known to contain both Cu and Au). 
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Deposits with >10,000t of ore tend to have more reliable production figures, as well 
as defined resources and have been plotted as a separate data set to more accurately 
reflect potential grades and tonnages of undiscovered resources. 
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Appendix 4: Cu±Au Mineral System model for the 
Mount Isa Inlier (Murphy & others, 2008) 
 
Geodynamics 

 Combinations of vertical and lateral accretion are the driving forces.  
 Interpreted far-field plate geometries suggest an intra-continental rift through 

to a distal back arc basin or, perhaps, evolving to a passive margin setting.  
 Extension was accommodated by sedimentary basin development (Leichhardt, 

Calvert and Isa Superbasins), volcanism and magmatism, with input to the 
high thermal gradient from both radiogenic felsic rocks and mafic bodies 
emplaced in the mid to upper crust.  

 The region is modelled in extension as a thin, brittle upper crust above a 
thermally weakened lithosphere, where connectivity between the two 
vertically stacked domains appears to be largely along steep crustal scale faults.  

 The Isa Superbasin (ISB) is regarded as a composite of early rift-sag to later 
foreland basin.  

 The Isan Orogeny is associated with early north–south shortening that 
overlapped with Isa Superbasin (ISB) sedimentation. The latter is mostly 
preserved in the Lawn Hill Platform (LHP) and Western Fold Belt (WFB) and 
in parts of the Eastern Fold Belt (EFB).  

 The major period of deformation was an east–west shortening and crustal 
thickening which was most pronounced in the EFB. 

 
Architecture 

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

 The rift architecture was founded on a faulted basement substrate which had 
undergone crustal addition in a volcanic/magmatic arc that focussed along the 
Kalkadoon-Leichhardt Belt (KLB).  

 Repeated extension occurred during the Leichhardt (LSB) and Calvert 
Superbasins (CSB).  

 Uncertainty surrounds whether there was an intervening compressional event. 
The “Cover Sequence 2/3” unconformity is cited as a compressional event in 
the literature (Betts & others 2006), but it may instead be related to extension 
on crustal scale detachments (Gibson and Hitchman 2005).  

 Although the Isan Orogeny has generated complex structuring in places, the 
regional Superbasin architecture can be modelled in 3D as a sheet-like 
geometry with relatively flat enveloping surfaces disrupted by a series of 
mainly steeply dipping faults.  

 These faults were generated during the Isan Orogeny or were re-activated from 
earlier extensional events.  

 Regions of high temperature-low pressure metamorphism appear to be largely 
related to magmatic input. 
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Fluid Sources and Reservoirs 

 Sedimentary formation waters, magmatic, metamorphic, surficial, and mantle 
fluids make up the diverse sources.  

 Most of the ore deposits and regional alteration have mixed geochemical 
signals indicating the involvement of at least two of the fluid end-members.  

 Where basins are thickly developed, as in the Leichhardt River Fault Trough 
(LRFT), heterolithic proximal facies sediments are identified as diagenetic 
aquifers for storage of sedimentary formation waters. These were important 
fluid sources both for earlier formed Pb-Zn-Ag deposits and the later Cu 
deposits. 

 In the EFB, recent noble gas and halogen data suggests a lesser role for 
magmatic fluids regionally than previously thought and strong evidence for 
the involvement of such fluids has only been obtained for the Ernest Henry 
IOCG deposit.  

 At other IOCG deposits, halogen data indicates multiple sources of salinity in 
the ore forming fluids with end member compositions being a halite 
dissolution fluid and a bittern brine fluid.  

 Noble gas data is compatible with sedimentary formation waters or locally 
derived metamorphic fluids being significant fluid sources at Osborne, and 
contrast with the additional external magmatic fluid component identified at 
Ernest Henry. As Ernest Henry is the largest IOCG deposit in the district, this 
may indicate the presence of magmatic fluid components is required to form 
the richest deposit.  

 Magmatic volatiles have been identified in isolated unmineralised parts of the 
Mary Kathleen Fold Belt and there is, as yet, no evidence for the involvement 
of magmatic fluids in any of the deposits in the WFB. 

 
Fluid Pathways and Drivers 

 The metal endowment may be determined by the availability of steep fluid 
pathways, such as along major faults, connecting different fluid reservoirs. 
This is manifest by fault control on deposit location at a range of scales.  

 The regional scale faults of the Leichhardt River Fault Trough are modelled 
numerically (in FLAC) as fluid pathways that, in extension, tend to draw down 
fluids and perturb relatively stable convection cells.  

 Storage of such fluids in diagenetic aquifers for ten’s of millions of years is a 
key consideration, as such aquifers may be re-charged by lateral flow and 
disturbed by topographic and structural influences.  

 In compression, the convection cells breakdown quickly and fluids are 
expelled upwards, typically ponding in permeable hanging wall positions or 
(perhaps) at the sea floor.  

 Discrete element modelling (UDEC) at the district to deposit scales indicates 
complex zoning of stress anomalies in response to the partitioning of stress 
across fault blocks, and the interaction between rock units of different 
competencies.  

 A far field ESE stress orientation provides the best correlation with known 
deposits and suggests a regional D4 stress regime may have been responsible 
for both Cu and Cu-Au mineralisation in the Eastern and Western Fold Belts.  

 Fault bends, jogs and intersections are regarded as key localisation features. 
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 Tools for rapid analysis of remotely sensed data, combined with on-going 
calibration with geology, provide great promise for discriminating 
mineralisation-related alteration footprints. 

 
Depositional Mechanisms 

 Depositionally, the mineral system was only active in the latter parts of the 
evolution. 

 Extension and thermal input during early Superbasin development did not 
result in the formation of mineral deposits but rather were the storage 
compartments for fluids drawn down into the system.  

 Fluid mixing and dilation are key ingredients to the hydrothermal deposits 
studied.  

 In particular, at the Mount Isa Cu and Ernest Henry and Osborne iron oxide-
Cu-Au deposits, brecciation is classically developed in and peripheral to the 
ore zone.  

 An analysis of apatite compositions provides some insights to the fluid 
compositions at the time of mineralisation at Ernest Henry. The apatites record 
evidence for PO4-HF-SO2-CO2 fluids that carry As(6+) and/or SO4 and that 
have little or no Cl or H2O. An evolution from SO4 to As could be related to 
mixing of external fluids at that time or an in-situ change in the redox state of 
the carrier fluid. Overgrowth of apatite by titanate might record the transition 
from volatile CO2-rich fluids to brine-rich liquids. The extreme nature of the 
chemistry of the Ernest Henry apatites relative to the regional rocks indicates 
that there are processes that existed within the deposit that did not occur in 
structurally similar barren rocks. 

 At the Mount Isa Cu deposit, ore-related brecciation is represented by a „once-
off‟ fluid mixing event. Arguably, the sulphide deposition process was by in-
situ Thermochemical Sulphate Reduction. The range of δ34S sulphide (~15 to 
30 ‰) is consistent with high temperature inorganic reduction of marine 
sulphate, implying either bittern brines or halite dissolution waters. A 
geochemical mixing model is developed to explain the enriched C isotopes in 
carbonates and suggests the introduction of H2 as a strong reductant with 
possible mantle affinity. 

 


