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Mineralising system for Ag-Pb-Zn in high-grade 
metamorphic terrains – Eastern Fold Belt Province 

Compiled by T.J. Denaro 

 

Commodities 
 Ag-Pb-Zn ±Cu ± Au 
 Pb, Zn and Ag grades vary in detail and show evidence of local zonation, 

particularly for Ag  
 Magnetite is a potential by-product from some deposits. 

 

Deposit styles 
 Deposits comprise massive to semi-massive galena, sphalerite, pyrrhotite and 

pyrite and/or magnetite layers or stacked lenses hosted by thin- bedded, 
commonly calcareous paragneiss successions. The complex gangue 
mineralogy includes a variety of calc-silicate minerals. These stratabound 
deposits are typically thin, but laterally extensive and were deformed and 
metamorphosed together with their host rocks (Hoy, 1996). 

Economic significance  
 These deposits are an important source for lead, zinc and silver. Cannington is 

the world‘s largest and lowest cost single mine producer of silver and lead and 
a significant producer of zinc. The high-grade, high net-worth ore (including 
silver at 500g/t levels) of deposits such as Cannington justifies underground 
development. Thus, concealed Cannington-style targets may be sought under 
substantial depths of cover (Queensland Department of Mines and Energy & 
others, 2000). 

 These deposits frequently occur in clusters with numerous small, uneconomic 
deposits. Targets average less than 5 to 20Mt, but may be in excess of 100Mt. 
Grades are variable, commonly with 2 to 10 % Pb, 2 to 8% Zn and 10 to 
150g/t Ag. Some deposits contain no by-product copper; others have 0.1 to 1% 
Cu. 

 Significant known Australian resources include: 
o Broken Hill – pre-mining resource estimated at 280Mt at 8.5% Zn, 

10.0% Pb and 148g/t Ag (Huston & others, 2006). 
o Cannington –  

 Initial resource variously reported as 45.3Mt at 11.1% Pb, 4.4% 
Zn and 500g/t Ag (Walters & Bailey, 1996) or 43.8Mt at 11.6% 
Pb, 4.4% Zn and 538g/t Ag (Bailey, 1998). 

 Operating mine – production (1997–2009) – 12,228t Ag, 
2,666,566t Pb, 737,908t Zn and Zn concentrates. Currently the 
world‘s largest single mine produced of silver and leas. 

 Remaining measured, indicated and inferred resources (2009) – 
77Mt at 233.5g/t Ag, 6.12% Pb and 3.56% Zn. 
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o Pegmont – inferred resources of 0.3Mt at 5.22% Pb and 3.77% Zn for 
the Gossan Lode and 8.3Mt at 7.75% Pb and 3.46% Zn for the Main 
Lode. 

o Altia – total inferred resource of 5.78Mt at 3.96% Pb, 40.3g/t Ag and 
0.49% Zn (20 November 2007), comprising Lens 1 (upper) with 
3.91Mt at 4.06% Pb, 32.3g/t Ag and 0.43% Zn and Lens 2 (lower) with 
1.87Mt at 3.77% Pb, 57.1g/t Ag and 0.62% Zn. 

 

Mineral system model 
Two main genetic models have been proposed for the Ag-Pb-Zn deposits in the 
Eastern Succession of the Mount Isa Inlier, based mainly on studies of the Cannington 
deposit. 

 The modified synsedimentary/syndiagentic model (Boden, 1996a; Bodon, 
1998; Bailey, 1998) comprises the following paragenetic sequence:  

o Initial introduction and zoning of base metal and silver mineralisation 
with zinc dominant and lead-silver dominant horizons. This pre-
metamorphic zoning could have been developed by processes 
associated with a volcanogenic sulphide system or a basin dewatering 
diagenetic system with mineralisation controlled by primary porosity 
or matrix replacement.  

o Emplacement into the sequence of a series of tholeiitic basic sills 
(amphibolite). 

o Initial regional deformation (D1) with the resulting development of an 
S1 regional schistosity. 

o Development of folds (D2) accompanied by axial plane schistosity (S2). 
Peak metamorphism is considered to be pre- or syn-D2. The prograde 
Fe-rich metamorphic assemblage includes fayalite, garnet, 
pyroxmangite and magnetite. The intense D2 event caused extensive 
boudinage and the development of a preferred lineation (L2) on the S2 
schistosity. Remobilisation and boudinage within the mineralised 
horizons caused thickening and the development of higher grade 
shoots subparallel to the plunge of the L2 lineation and within the 
pressure shadow developed about the pinchout of the core amphibolite. 

o During a post-metamorphic metasomatic event, initial metasomatism 
of mineralised rocks resulted in anhydrous alteration characterised by 
hedenbergite-garnet-quartz and the deposition of very minor pyrrhotite 
and rare sphalerite.  

o This was followed by a high-temperature hydrous event characterised 
by the retrogression of hedenbergite, garnet, pyroxmangite and olivine 
to minor hornblende and ilvaite. Minor pyrrhotite, sphalerite and 
chalcopyrite, including possible arsenopyrite, were deposited during 
this stage. This included a silicification event that produced a siliceous 
breccia texture and destroyed the Fe-Mn precursors. PIXE analyses 
indicate that fluid inclusions from Cannington were entrapped during 
the high temperature metasomatic event and contain very high Pb (2.2 
to 8.9 wt%), high Zn (0.12 to 0.73 wt%), low Cu (<100ppm), and are 
rich in Mn (1.2 to 4.9 wt%), with low Fe:Mn ratios (0.5 to 2.2) (Dong 
& others, 1997).  
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o The last event in the metasomatic history was a lower temperature 
hydrous stage, involving the alteration of earlier ferromagnesian 
minerals to pyrosmalite and septochlorites, as well as minor secondary 
magnetite and stilpnomelane. This final stage represents a major 
mineralising or remobilisation event during which the deposition of 
abundant sulphides, sulphosalts, antimonial silver (allargentum,) and 
possibly some fluorite, occurred. The existence of pre-metamorphic 
mineralisation suggests that the deposit is not solely metasomatic in 
origin. Instead, it is quite likely that solution-associated remobilisation 
of pre-metamorphic concentrations of metals and sulphur occurred 
during this metasomatic event, as well as the addition of various 
components. The interaction of this fluid with existing mineralised 
rock types imparted a deposit-wide reworking of an already zoned, 
pre-metamorphic ore deposit, resulting in significant ―upgrading‖ and 
zone refining of the orebody. 

o A sequence of brittle-style faulting episodes was accompanied by low 
temperature chlorite alteration and the introduction of silica-carbonate-
pyrite alteration zones. 

 The skarn model (Williams & others, 1996) comprises the following 
paragenetic sequence: 

o an original metasedimentary package (consisting of an Fe-Mn-(Ca)-
rich fraction) and an outer Fe- and Mn-rich peraluminous 
metasediment derived from quartz-pelite mixtures with local 
feldspathic fractions; 

o regional deformation (D1 and D2) with peak metamorphism reaching 
upper amphibolite facies (quartz-sillimanite-potassium feldspar-biotite-
garnet-graphite) pre- or syn-D2; 

o peraluminous anhydrous Fe-rich alteration (quartz-sillimanite-
potassium feldspar-biotite-garnet-graphite); 

o anhydrous Ca-rich alteration (quartz-apatite-pyroxmangite-
hedenbergite-fayalite-hornblende-garnet); 

o hydrous Fe-Ca-K alteration (hornblende-biotite-pyrosmalite-
dannemorite); and 

o a mineralising phase with sphalerite, galena, pyrrhotite, chalcopyrite, 
arsenopyrite, pyrite, tetrahedrite (freibergite), magnetite and fluorite. 

 

Tectonic/geological environment 
 Intracratonic or continental margin rifted terrain of relatively thin crust 

dominated by folding and ductile shearing rather than block faulting. Rifting is 
accompanied by mafic and felsic volcanism, high geothermal gradients and 
abundant hydrothermal activity (‗exhalite) in shallow submarine settings. 

 Multiply deformed high-grade (amphibolite-granulite facies) metamorphic 
belts. 

 Deposits sited in small sub-basins (submarine or sublacustrine), probably 
fault-bounded entities within larger basins. 

 Underlying or adjacent to shelf, lacustrine (evaporative) and terrestrial 
environments. 

 Association with regional faults and/or retrograde schist zones. 
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 Broken Hill-type deposits appear to be restricted to the eastern margin of 
Proterozoic Australia (Fraser & others, 2007). 

 In the Eastern Fold Belt, the higher-grade rocks are concentrated in two north-
south zones — one though Duchess and Mary Kathleen (Wonga Subprovince) 
and the other from Osborne to Cloncurry (Quamby-Malbon and Cloncurry 
Subprovinces). There are no obvious relationships between metamorphic 
grade and stratigraphy. Grade changes across major faults such as the 
Cloncurry and Pilgrim Faults. There appears to be a broad spatial relationship 
between amphibolite facies metamorphic rocks and the Williams Batholith in 
the south-east of the Inlier (Blenkinsop, 2005). 

 Pb isotope studies support a model where mineralisation formed in feldspathic 
clastic rocks that were deposited in a deep water turbiditic basin in the east 
that developed during incision and granite emplacement in the west. This 
basin is inferred to have formed in a rift setting and it contains significant 
intrusive tholeiites, reflecting extension, thinning crust and relatively high heat 
flow (Page & Sun, 1998; Kositcin & others, 2009). 

 Giles & others (2002) and Betts & others (2003) have suggested a far-field 
back-arc continental rift setting as a tectonic model. Long-lived lithospheric 
extension, high heat flow and a change from rift basin to sag basin over a 
protracted period of time were fundamental factors in producing the necessary 
conditions for the genesis of shale-hosted massive sulphides. 

 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 1700–1620Ma period involved extension, widespread mafic volcanism, 
intrusion and sedimentation in the Eastern Succession (Oliver & others, 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). 

 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-related fluid circulation systems were active during host 
succession rift sedimentation and igneous intrusion into the rift succession 
(Queensland Department of Mines and Energy & others, 2000). 

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

 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. 

 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-



Mineralising system for Ag-Pb-Zn in high-grade metamorphic terrains – Eastern Fold Belt Province 
TJ Denaro 

Page 5 of 52 

Malbon Subprovinces. U-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. 

 ~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). 

 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. 

 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. 

 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. 

 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). 

o Mineralisation, metamorphism and alteration:  
 The main stratiform Ag-Pb-Zn lenses at the Cannington deposit 

are characterised by a very homogenous lead isotope signature. 
The model age of 1665Ma is close to the age of the host 
sequence (1677±9Ma) and significantly older than the ~1600–
1500Ma Mount Isa Orogen, consistent with a synsedimentary 
or syndiagenetic origin for the deposit (Bodon, 2002; Kositcin 
& others, 2009). 

 Broken Hill type mineralisation in the Broken Hill, 
Georgetown and Eastern Fold Belt areas has basically the same 
Pb isotopic composition, characterised by low µ values. (Carr 
& Sun, 1996). This implies that the mineralisation was 
generated from similar source rocks at about the same time 
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(~1680–1660Ma). Zircon U-Pb ages from the host rocks at 
Broken Hill, Georgetown and the Eastern Fold Belt suggest that 
the timing of Broken Hill type mineralisation in these three 
regions may indeed about be the same (Page & Sun, 1998). 

 Peak metamorphism at Cannington occurred during or shortly 
after D2 deformation (~1580Ma). Peak metamorphic pegmatite 
has been U-Pb monazite SHRIMP dated at 1585±4Ma. A 
sample of upper amphibolite facies migmatitic paragneiss from 
the host sequence at Cannington and a middle amphibolite 
facies metapsammite from the Soldiers Cap Group near 
Maronan were dated at 1585±5Ma and 1599±10Ma, 
respectively (Giles & Nutman, 2002). Overgrowth rims on 
zircons in the region indicate a major thermal event around 
1584±17Ma (Page & Sun, 1998). 40Ar/39Ar dates on 
metamorphic amphibole suggest a younger event at 1540–
1530Ma. 

 40Ar/39Ar dating of hornblende from the hydrous metasomatic 
event at Cannington gave ages of ~1480–1490Ma. 

 40Ar/39Ar dating of muscovite and biotite at Maronan suggest 
that the Cu-Au mineralisation occurred around 1515Ma. At this 
deposit, galena overprints and replaces chalcopyrite where the 
two metal associations occur together and Ag-rich tetrahedrite 
is younger than the galena. A Williams-Naraku age for 
metasomatic/skarn mineralisation and overprints is suggested. 

o Country rocks:  
 Soldiers Cap Group schists and gneisses 

 Gandry Dam gneiss (Cannington) – zircon U-Pb 
SHRIMP ages of 1676±5Ma and 1712±6Ma (maximum 
age from detrital zircon populations; Page & Sun, 1998). 

 Gandry Dam gneiss (Maramungee Creek) – zircon U-
Pb SHRIMP ages of 1677±9Ma (maximum age from 
detrital zircon populations) and 1584±17Ma (age of 
metamorphic zircon growth) (Page & Sun, 1998). 

 Giles & Nutman (2003) concluded that the sedimentary 
protolith of the Cannington gneisses was deposited 
between 1680Ma and 1660Ma; zircons from migmatitic 
gneiss, pegmatite, garnetite, amphibolite and 
metasediment were U-Pb SHRIMP dated at 1678±18Ma, 
1689±13Ma, 1674±11Ma and 1666±14Ma, respectively. 

 Mount Norna Quartzite (Fairmile) – zircon U-Pb 
SHRIMP age of 1693±5Ma (maximum age from 
detrital zircon populations; Page & Sun, 1998). 

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

 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. 

 Dbp 1680–1640Ma. Early in the Isan Orogeny, there were both 
extensional and thrust events that produced bedding-parallel 
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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). 

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

 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. 

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

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

o Intrusive events: 
 Maramungee (~1545–1555Ma) 

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

 Williams –Naraku  (~1485–1540Ma) 
 Williams Supersuite – Squirrel Hills Granite – 

~1513Ma (Pollard & McNaughton, 1997). 
 



Mineralising system for Ag-Pb-Zn in high-grade metamorphic terrains – Eastern Fold Belt Province 
TJ Denaro 

Page 8 of 52 

 
Figure 1: Summary of deformational and metamorphic events across the Mount Isa Inlier (Murphy & 
others, 2008) 
 

Metal source(s) 
 Data from Broken Hill and Cannington indicates that the S isotopes of 

sulphides are fairly uniform and close to zero, suggesting only one sulphur 
source was involved. The source of the sulphur was likely hydrothermal H2S, 
with little or no involvement of local seawater sulphate (Large, 2003). 
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 Pb isotopes (Carr & Sun, 1996) indicate that the major input of lead (that is, 
the age of the primary mineralisation) was coincident with sedimentation and 
not sometime much later. The Pb isotopes also suggest that the source of the 
lead is not upper crustal; a mantle or mafic volcanic/intrusive rock source is 
implicated. However, although a mafic or mantle source for Pb is suggested by 
the data, it is recognised that mafic rocks are not a good source for Pb or Ag. 
Thus, a combined mafic-felsic igneous source derived from the mantle is 
preferred (Large, 2003). 

 Oliver & others (2008) inferred as contribution of significant syngenetic or 
diagenetic base metals via exsolution of a CO2-H2O-S fluid late during 
fractional crystallisation of mafic rocks in the 1700–1620Ma period. Metals 
were either distributed through mafic rocks and surrounding sediments or 
potentially reached ore grades at deposits such as Cannington, Maronan and 
Pegmont. A strong contribution from mafic rocks to the bulk metal budget at 
this time is implied. 

 Cannington shows a distinctive mantle-like isotopic character, similar to 
Broken Hill (Oliver & others, 2008). 

 Sawkins (1989) and Betts & others (2003) related the large abundance of lead 
in these deposits to the availability of Pb-rich material, due to abundant 
feldspar-bearing rocks such as crustal granites, dacitic-rhyodacitic volcanics 
and extensive pyroclastics, and their derived clastic sedimentary units. 

 

Fluid source(s) 
Fluid source(s):  
 Due to the high-grade metamorphism of both ores and host rocks, it is not 

possible to use standard techniques such as ore textures, alteration mineralogy 
and fluid inclusions to make deductions about the nature and source of the ore 
fluid (Large, 2003). It is difficult to constrain possible pre-metamorphic fluid 
conditions, with evidence for multiple fluid events, many of which are clearly 
post-peak metamorphic.  

 Broad differences between many aspects of Broken Hill type and Mount Isa 
type sedimentary exhalative deposits indicate some important differences that 
must be reflected in the hydrothermal fluids. 

 Large (2003) concluded that the hydrothermal fluid is reduced (H2S stable), 
moderate temperature (150–250°C), slightly acidic, and high salinity with 
aZn+Pb>aS. 

 Oliver & others (2008) inferred a contribution of significant syngenetic or 
diagenetic base metals via exsolution of a CO2-H2O-S fluid late during 
fractional crystallisation of mafic rocks in the 1700–1620Ma period. 

 Circulation of basinal brines may also have been important, potentially in 
stripping and redistributing metals originally sourced from mafic rocks (Oliver 
& others, 2008). The chemical character and metal ratios of the deposits may 
partly reflect an evaporite fluid source and fluid path history through the 
relatively oxidised rift succession (Queensland Department of Mines and 
Energy & others, 2000). 

 For a sedimentary exhalative origin, Large & Davidson (1990) concluded that 
a hot reduced brine entering a relatively oxidised marine basin will deposit Pb-
Zn mineralisation within a pyrite-poor but Fe-silicate or Fe-oxide-rich 
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sedimentary environment. This would be equivalent to the pre-metamorphic 
form of the Broken Hill or Pegmont deposits. The footwall sedimentary 
package may contain significant volcanic components. However, the ore fluid 
is probably at the lower end of the temperature spectrum (150–250°C) and 
there is a general deficiency of H2S in the fluid. Consequently, the ores are 
Cu-poor and show a zonation of Zn-rich adjacent to the source feeder zone, 
and more Pb-rich toward the basin centre away from the feeder, changing 
laterally to banded iron formation. An extensive Mn halo is developed around 
the ore deposit within the host stratigraphy. There is only one source of 
sulphur – H2S from the hydrothermal fluid. 

 Plimer (1986) attributed part of the fluid system responsible for Broken Hill 
mineralisation to mantle-generated fluids that were rich in CO2, F, P, Mn, Fe, 
Pb and Zn. 

 Greenfield & others (2003) summarised viable model parameters from 
literature. Potential fluids are:  

o Pretectonic 
 A devolatised mantle fluid 
 Crustal magmatic fluid 
 Connate basin brines 
 Seawater 

o Syntectonic 
 Prograde metamorphic fluid 
 Metal-rich fluid 
 Sulphide melt 
 Retrograde metamorphic fluid 

Isotopic and fluid inclusion data:  
 The low 207Pb/204Pb ratio of Cannington ores, compared with other northern 

Australian sedimentary exhalative ores, indicates that the lead came from a 
more primitive, mantle-derived source. A second population of lead isotope 
data is evident in association with minor late galena veins at Cannington; this 
population exhibits a broader range of 207Pb/204Pb ratios and is interpreted to 
represent mixing of lead from high lead (very low ) reservoirs (for example, 
existing Cannington age stratabound Ag-Pb-Zn mineralisation) with lead from 
the regional source rocks during an event at least 80my younger, which 
probably is associated with amphibolite facies metamorphism during the Isan 
Orogeny (Bodon, 2002). 

 The Cannington deposit exhibits a very tight δ34S distribution, with the 
majority of values from 4 to 8 per mil. The narrow range is similar to that for 
sulphide minerals at Broken Hill (Gustafson and Williams, 1981), suggesting 
that metals and H2S were probably carried together in the ore fluid, and that 
sulphate reduction, whether biogenic or thermochemical, was probably not an 
important process for sulphide deposition. 

 Fluid inclusions from Cannington were entrapped during a high temperature 
metasomatic event. The hypersaline fluids are very complex chloride brines 
dominated by Na, K, Ca, Fe and Mn. The inclusions contain very high Pb (2.2 
to 8.9 wt%), high Zn (0.12 to 0.73 wt%), low Cu (<100ppm) and are rich in 
Mn (1.2 to 4.9 wt%) with low Fe:Mn ratios (0.5 to 2.2). The extraordinary Pb 
concentrations in Cannington fluid inclusions show that hypersaline brines 
such as these, which were present during late orogenic processes in many parts 
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of the Eastern Succession, were capable of dissolving and transporting very 
large quantities of Pb (Dong & others, 1997). 

 Cannington fluid inclusions indicate that: 
o Syn-metasomatic ore fluids are high salinity brines that homogenised 

between 270–265°C. 
o Fluid inclusions from pre-metasomatic ore stage (post-peak 

metamorphism) are hypersaline and homogenised between 430–490°C. 
o Hypersaline (>70 wt% NaCl) fluid inclusions are associated with 

economically significant late silicification. 
 Primary and pseudosecondary fluid inclusions in quartz from veins associated 

with K-silicate-garnet alteration at Pegmont are hypersaline and contain liquid, 
vapour and complex multiple daughter salt assemblages at room temperature. 
Halite, sylvite and iron chloride are typical daughter salts and the majority of 
the inclusions homogenise at temperatures in the range 460–510°C 
(Pendergast, 1993). 

 

Transport and fluid flow drivers 
 Greenfield & others (2003) summarised viable model parameters from 

literature. Potential fluid flow mechanisms are:  
o Pretectonic 

 Free convection driven by high geothermal gradient and/or high 
level mafic/felsic intrusions 

 Deep fracturing in mantle releasing devolatised fluids up major 
discharge fault(s) 

 Compactive expulsion of metal-bearing connate brines up 
major discharge faults(s) 

o Syntectonic 
 Hydrothermal convection of metamorphic fluids driven by high 

geothermal gradient 
 Transportation, metamorphic differentiation and partial melt 

mobility causing element partitioning between the lenses 
 High strain gradients causing solid-state sulphide mobility into 

low strain sites 
 Fault-related fluid circulation systems were active during host succession rift 

sedimentation and igneous intrusion into the rift succession (Queensland 
Department of Mines and Energy & others, 2000). 

 Subvolcanic (rift stage) intrusions may play a significant role in driving fluid 
circulation systems involved in forming early stratabound mineralisation 
(Queensland Department of Mines and Energy & others, 2000). 

 The most effective heat sources to drive large circulation systems are gently 
dipping sills (Cahles & others, 1997; Queensland Department of Mines and 
Energy & others, 2000). 

Deposition 
Greenfield & others (2003) summarised viable model parameters from literature. 
Potential metal depositional processes are:  

 Pretectonic 
o Cooling of ore fluid upon mixing with basin seawater 
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o Physically trapped in permissive layers below seawater interface 
o Mixing of a H2S-rich fluid with a Pb-Zn-rich, sulphate-absent brine 
o pH contrast (for example, carbonate layers) 
o f(O2) contrast 

 Syntectonic 
o Dilational zones in the line of the lode (fold hinges) 
o Chemical contrast (for example, replacement of carbonate layers) 
o Metasomatic upgrading under low fluid/rock conditions 
o Temperature decrease 

 
Depositional environment:  

 Structural setting:  
o The lithological constitution, stratigraphic evolution and architecture of 

the host successions are consistent with their evolution in a rift zone, 
followed by sag (thermal subsidence) phase sedimentation 
(Queensland Department of Mines and Energy & others, 2000). 
Evidence for this includes: 

 Metasedimentary protoliths become more compositionally 
mature up sequence. 

 The proportions of igneous-derived materials (feldspathic 
sediments, volcanics and penecontemporaneous intrusions) also 
decrease up sequence, and such materials are largely absent 
from the sag phase. 

 Igneous activity was bimodal, comprising both felsic and mafic 
components. 

 Broadly contemporaneous sedimentary sequences outside the 
inferred rift comprise thinner successions of shelf carbonates, 
evaporates and siliciclastics. 

o Mineralisation is localised at the top of the rift succession, 
corresponding to the last manifestations of rift-related bimodal igneous 
activity, immediately prior to the commencement of sag phase 
sedimentation (Queensland Department of Mines and Energy & others, 
2000). 

o Major, regional, north- to north-north-west-trending faults occur 
adjacent to Pb-Zn-Ag mineralisation at Cannington, Altia, Cowie 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). 

o Cannington lies on a prominent north-north-west-trending lineament in 
an intersection with west-north-west- and north-east-trending features. 
The Queensland Department of Mines and Energy & others (2000) 
interpreted these elements as sidewall or transfer systems, rift normals 
and reactivated structures that reflect north-north-west extension 
during the rifting event. 

o The Cloncurry Lineament is a major feature that forms the eastern 
margin of a 5–10km wide deformation zone (Cloncurry Fault Zone of 
Austin & Blenkinsop, 2010) within the Soldiers Cap Formation. The 
Cloncurry Fault forms the western boundary of this zone. The 
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lineament is laterally continuous for >200km strike length and is 
inferred from gravity data to extend to at least 30km depth. The long-
lived history of multiple reactivation, strike continuity, and width and 
vertical extent of the deformation zone suggest it is a major crustal 
structure. It may have originated during basin formation and later acted 
as a fluid pathway for alteration and base metal mineralisation (Austin 
& Blenkinsop, 2008). There is close spatial association between the 
Cloncurry Lineament and the majority of the significant Ag-Pb-Zn 
deposits in the Eastern Succession, other than Pegmont (Austin & 
Blenkinsop, 2009). 

o Deposits generally exhibit repetition of ore lenses and host sequences, 
reflecting broad scale folding. Structural thickening in fold hinges is 
often critical to make economic ore thicknesses. 

o Most deposits are disrupted by post-mineralisation cross faults. 
o Bailey (1998) recognised four deformation/structural events at 

Cannington: 
 D1 is related to an early regional event producing a local 

schistosity with rare rootless fold hinges. 
 D2 is the major structural event at Cannington, and is associated 

with a tight to isoclinal north–south fold structure with a well 
developed axial plane schistosity. 

 D3 is represented by open folds with minor crenulations of D2 
schistosity and a lack of axial foliation. 

 D4 are a range of late-stage brittle structures that displace 
mineralisation. Structural fabrics are best expressed in the 
sillimanite-rich alteration halo and to a lesser extent the 
migmatitic host gneisses. It is notable that mineralisation 
generally lacks any penetrative fabric. 

o Peak metamorphism at Cannington occurred during or shortly prior to 
D2 deformation and reached almandine amphibolite grade. 

 Host rocks:  
o The host environment is a mixed oxidised/reduced sedimentary 

package of argillites, clastics, carbonates and banded iron formation. 
There is little or no involvement of marine SO4 (Large, 2003). Whole 
rock geochemical trends and the nature of compositional banding 
indicate a sequence of immature psammitic (feldspar-quartz) and 
pelitic (biotite-sillimanite) sediments. 

o Significant Pb-Zn-Ag mineralisation in the Mount Isa Inlier is 
restricted to amphibolite facies metasiliciclastic rocks of the Soldiers 
Cap Group (Gandry Dam Gneiss, Mount Norna Quartzite and under 
cover equivalents) in the south-eastern part of the Eastern Fold Belt. 

o Most deposits are associated with stratabound, complex Fe-Mn-Ca 
silicate ironstones, some of which can be observed passing laterally 
into carbonate units or developing by magnetite replacement of non-
ironstone units (Laing, 1998). The host lithologies represent 
compositionally layered pelitic and psammopelitic metasediments. The 
overall sequence is oxidised (high Fe3+/Fe2+) whereas the ore 
assemblage is reduced, unlike the reduced rock packages that host 
SEDEX deposits. 
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o Host sequences include high-iron MORB-like tholeiites that are 
generated by large degrees of mantle melting and emplaced into 
intraplate, extensional environments (Page & Sun, 1998). 

o Skarn and/or transgressive mineralisation has been noted in several Pb-
Zn-Ag deposits (for example, Pegmont, Maramungee, Cannington, 
Maronan) (Laing, 1998). 

o Relict sedimentary textures are not preserved. Relict compositional 
banding is a large-scale alteration feature. 

 Alteration:  
o Cannington: 

 A large coherent halo of stratabound almandine (pink garnet)-
quartz-apatite-biotite-graphite alteration occurs as an envelope 
around the mineralised package at Cannington. This alteration 
has penetrative tectonic fabrics and is overprinted by later 
alteration. 

 Quartz-garnet-pyroxene-pyroxenoid alteration affects partial 
melt segregations that occurred during peak metamorphism, 
suggesting that these skarn-like alteration assemblages 
developed under fairly deep-seated (ductile) conditions at a late 
stage of the Isan Orogeny. Peraluminous Fe-Mn-rich 
metasediments form compositionally banded K-feldspar-
sillimanite-quartz-biotite-garnet assemblages. 

 Mn-rich hedenbergite-pyroxferroite-pyroxmangite and Mn-Ca-
rich almandine-quartz-apatite also commonly occur in veins, 
some of which exhibit open space infill textures. 

 More intense silicification or metasomatic Fe-Mn silicate 
alteration overprints the hosts in the mineralised zones; 
compositional banding is not preserved. 

 The lodes are enclosed by a retrogressive sillimanite-muscovite 
alteration zone with an extensive garnet ‗quartzite/sandstone‘ 
halo. 

 Skarn-like rocks found at Cannington show syn- to post-
metamorphic paragenesis and may relate to overprinting of 
syngenetic metal accumulations by later metamorphic and 
magmatic fluids (Oliver & others, 2008). 

 Hydrous Fe-K-Cl-rich alteration, characterised by hornblende 
and biotite, is a widespread brittle overprint of skarn alteration 
that preceded concentration of sulphides-magnetite-fluorite as 
vein and breccia mineralisation.  

 The occurrence of fine-grained garnet-K-feldspar, increased 
relative abundance of sillimanite and lack of migmatitic sweats 
makes the alteration package visually distinct from the regional 
host lithologies. 

o Pegmont 
 The Fe-Mn-rich silicate unit at Pegmont displays a prograde 

assemblage of olivine, garnet, amphibole, apatite, gahnite, 
magnetite and Zn-Pb sulphides. 

 Ore textures at Pegmont are retrograde in character, with 
sulphides, magnetite and chlorite extensively replacing the high 
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temperature and mostly anhydrous silicate phases in the 
ironstone.  

 The ironstone unit at Pegmont has symmetrical biotite-rich 
selvedges, with an outer envelope of quartz- and garnet-rich 
rocks. 

 Extensive post-peak metamorphic potassic alteration is present 
in the metasiliciclastic host rocks at Pegmont and focused close 
to the most strongly mineralised part of the ironstone. It 
comprises overprinting members of a sequence from K-silicate-
garnet (± K-feldspar ± biotite ± muscovite ± tourmaline ± 
quartz ± rutile ± ilmenite) to ‗phyllosilicate-carbonate-sulphide‘ 
(fine-grained muscovite [illite-phengite] – chlorite ± calcite ± 
ferroan dolomite ± hematite). The K-silicate-garnet alteration 
replaces metamorphic minerals and demonstrates a late- to 
post-Isan orogenic timing. Sulphides associated with the 
younger phyllosilicate-carbonate-sulphide alteration comprise 
small amounts of pyrite (pyrrhotite in carbonaceous hosts) and 
chalcopyrite, with lesser amounts of sphalerite and galena. This 
mineralisation has Cu>Zn>Pb, which is precisely the opposite 
pattern to that of the main mineralisation. 

 Intrusions:  
o Pegmatite and aplite veining are common. Thin pegmatitic melts with 

mafic selvedges occur in migmatitic gneisses; larger semi-conformable 
pegmatites occur within the mineralised package. Some pegmatites in 
the mineralised zones contain green Pb-bearing amazonite K-feldspar 
and gahnite. The Sm-Nd and Rb-Sr isotopic composition of the 
pegmatites at Cannington and Osborne is consistent with formation by 
partial melting of the host sedimentary package during upper 
amphibolite facies metamorphism (>670°C; 300–500MPa) at 1600–
1580Ma (Mark & others, 2005). 

o Some deposits (for example, Maramaungee) have granite sheets 
intruding the host sequence. 

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

 The granite is of small volume and is unlikely to have played 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. 

 Narrow contact aureoles of hornfels have been noted in which 
cordierite, andalusite and sillimanite are locally developed. 

 Mineral assemblages: 
o Dominant primary sulphides are galena and sphalerite, with variable 

pyrrhotite, minor arsenopyrite, loellingite, chalcopyrite, tetrahedrite, 
molybdenite, allargentum, native silver, pyrargyrite, arsenopyrite, 
marcasite, cubanite, bismuthinite and localised late pyrite. High Ag 
grades that are characteristic of the deposits are mainly related to 
argentiferous galena with freibergite inclusions, with locally more 
diverse Ag sulphosalt suites. Primary minerals also may include 
gudmundite, acanthite, dyscrasite, proustite, jamesonite, stephanite, 
sternbergite, steftfeldite, veenite and launyaite. Magnetite is dominant 
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in some deposits and may make up >40% of the ore. Overall the 
assemblages are sulphur deficient. 

o Secondary minerals, where present, may include complex lead 
sulphates and phosphates,  native copper, chalcocite, hematite, 
malachite, cuprite, manganese oxides, plumbogummite, plumbojarosite, 
pyromorphite, goethite, coronadite, cerussite, anglesite and smithsonite 

o Quartz-gahnite and extensive Fe-Mn garnet and garnet-silica are the 
most characteristic alteration halos surrounding Cannington. At Altia, 
garnet-apatite-carbonate alteration is associated with Ag-Pb-Zn 
mineralisation and silicification is associated with Cu-Au 
mineralisation. 

o Unusual metamorphic gangue mineral assemblages (silicates, oxides) 
are dominated by Si, Fe, Mn and Ca, and include hedenbergite and 
amphibole (pyrobole), Mn-Fe garnet (spessartine), extensive blue-grey 
quartz with gahnite, bustamite/pyroxmangite, magnetite, fluorite, and 
boron- and tungsten-rich beds or zones. There is a trend from coarse-
grained hydrous high-temperature gangue assemblages (olivine-
pyroxenoid-pyroxene) to successively lower temperature hydrous 
assemblages (for example, garnet-amphibole-quartz to pyrosmalite-
chlorite). 

o Gangue mineralogy may include quartz, garnet, calcite, rhodonite, 
bustamite, magnetite, siderite, rhodochrosite, manganiferous pyroxenes 
and amphiboles, fluorite, Mn olivine, apatite, gahnite, fayalite, 
plagioclase, biotite, chlorite, sericite, hedenbergite, hornblende, 
tourmaline, apatite, spinel, ilmenite, pyroxmangite, graphite, ankerite, 
epidote, graphite, barite, hematite, wollastonite, sillimanite, actinolite, 
staurolite and vesuvianite. The complex gangue mineralogy is a 
characteristic of these deposits. 

 
Depositional mechanisms:  

 The genesis of these deposits is poorly understood, mainly due to their high 
metamorphic grade, recrystallisation of the ores and the consequent lack of 
primary sulphide depositional textures (Large, 2003). The deposits have 
analogies with both volcanogenic massive sulphide and clastic sediment-
hosted Zn-Pb-Ag systems (Queensland Department of Mines and Energy & 
others, 2000).  

 The main genetic models are: 
o Modified synsedimentary model. These deposits are generally 

considered to be metamorphosed (pre-D2) syngenetic (seafloor 
exhalation) or diagenetic (sub-seafloor replacement) sulphide 
accumulations that formed as exhalites in high heat flow zones within 
a rapidly deepening rift in thinner crust containing felsic sills and high 
level granites. This setting allows some direct access to mantle and 
crustal hydrothermal brines rich in Cu, Pb, Zn, Ag and Ba (Plimer, 
1986). Local horst-graben settings allow for more reduced, proximal 
exhalites to form in the graben zones and more oxidised (?distal) 
exhalites to form on the horst blocks (Derrick, 1996). Moderately hot 
(100–250°C), high salinity, acid, reduced metalliferous brines were 
discharged into an oxidised sedimentary basin and mixed with cooler, 
oxidised, near-neutral basin fluids at the site of deposition (Large & 
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others, 1996). Metal deposition was due to fluid oxidation, 
neutralisation and possibly cooling (Large, 2003). Subsequent 
modification, remobilisation and zoning occurred during metamorphic 
and deformation episodes, followed by further modification during a 
late metasomatic event (Boden, 1996a; Walters & Bailey, 1996) with 
stratabound porosity-controlled alteration.  
Critical evidence to support the model includes: 

 the stratabound nature of the ores and the manner in which they 
have been folded and recrystallised, which is compatible with a 
premetamorphic deformation; 

 lead isotope data that indicate a synsedimentary age, although 
with a mantle or deep-crustal lead source; and 

 fine-scale, laterally continuous and compositionally diverse 
banding in some of the peripheral ore types that are similar to 
exhalative chemical sediments with a variable detrital 
component (Large & others, 2008).  

Features of Cannington that are not easily explained by the 
synsedimentary model are:  

 the lack of barite, even though the ore assemblage suggests an 
oxidised sedimentary environment; and 

 the extreme Mn enrichment in some ore lenses, which is an 
order of magnitude greater than commonly found in sea-floor 
Zn-Pb-Ag deposits (Large & others, 2008). 

o Distal skarn model. The deposits exhibit abundant mobilised vein style 
mineralisation and overprinting relationships that suggest a possible 
late-orogenic (D3 or D4) epigenetic (skarn) origin for the bulk of the 
sulphide mineralisation (Newbery, 1991; Adshead & others, 1995; 
Williams & Pendergast, 1996; Laing, 1998; Williams, 1998a). 
Williams & others (1996) and Solomon & others (2000) suggested that 
Cannington‘s mineral assemblages are indicative of a zinc skarn 
environment in which high salinity, post-D2 ore fluids became reduced 
by interaction with a reactive but unmineralised Fe-Ca-Mn-rich 
protolith, including graphitic metasedimentary rocks.  
Evidence to support the model includes: 

 A consistent close spatial relationship with Cu-Au 
mineralisation. 

 Sulphide+magnetite orebodies that are grossly concordant to 
locally discordant to the host sequences and have features 
indicating replacement of host rocks. 

 An association with high temperature Ca-Fe-Mn-Al silicate 
skarn alteration. These manganese-rich, skarn-like assemblages 
are similar to those in zinc skarns elsewhere. 

 Skarn alteration in syn-peak-metamorphic pegmatites at 
Cannington. 

 Infill (vein and breccia) ore textures associated with retrograde 
hydrous and halogen-rich alteration assemblages in a manner 
typical of the evolution of skarn deposits in general. The 
abundant mobilised vein style mineralisation and overprinting 
relationships could place the timing of the main sulphide 
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mineralisation at D3 or D4, essentially the last mineral phase to 
be deposited (Adshead & others, 1995). 

 Competency contrasts are evident between ductile milled 
breccias associated with sulphide- and fluorite-rich zones, 
versus crackle breccias and veining associated with more 
competent siliceous zones. Grade/thickness is locally controlled 
by these brittle-ductile contrasts, large-scale boudinage and 
metasomatic pathways. 

 The presence at Cannington of a mineralogical and metal 
zoning pattern analogous to those of magmatic-hydrothermal 
base metal skarns. This tapering pattern with an inner zone of 
hedenbergite-dominated alteration enveloped by Mn-rich 
pyroxenoid alteration is associated with paragenetically 
younger sulphides zoned from inner Zn to Pb in the periphery. 

 The presence at Cannington of paragenetically late, high-
salinity, metal-bearing fluid inclusions 

The critical evidence against the skarn model is the lead isotope data, 
which show that the primary galena introduction was roughly 
synchronous with sedimentation or diagenesis, and that little or no lead 
was added to the deposit during or after peak metamorphism and 
metasomatism (75–150my later). Also, no granites of Isan Orogeny age, 
which are required to be the source of the fluids, are known to occur 
near some deposits such as Cannington (Large & others, 2008). 

o Multi-stage model. Multi-stage mineralisation from early syn-
sedimentary to late syn-metamorphic has also been proposed (Bodon, 
1998). 

 Associated bimodal volcanics, ore and gangue geochemistry, and sulphide 
textures suggest similarities with volcanogenic massive sulphide deposition 
(Hoy, 1996). 

 Epigenetic mineralisation may have occurred during waning orogeny in D3 
and D4 events and used the same plumbing system as Cu-Au mineralisation 
(Laing, 1998). Solomon & others (2000) suggested that Cannington‘s mineral 
assemblages are indicative of a zinc skarn environment in which ore fluids 
became reduced by interaction with graphitic metasedimentary rocks. 

 Laing (1998) has suggested that mineralisation in some deposits may be 
syngenetic but the orebodies may be epigenetic, that is, orebodies may 
comprise remobilised and concentrated earlier syngenetic mineralisation. 

 Pb isotope studies support a model of mineralisation in feldspathic clastic 
rocks during a major continental rift phase involving faulting, strong 
lithospheric thinning, high heat flow and mantle-derived magmatism. Regional 
high-grade metamorphism (~1585Ma) and fluid-rock interaction after 
mineralisation may have caused sulphide mobilisation and even minor 
modification of Pb-isotope compositions in some mobilised ores (Page & Sun, 
1998). 

 New evidence discovered at Broken Hill and experimental work suggest that 
sulphide melting leading to mineral differentiation of the orebody, may be a 
defining characteristic of all Broken Hill-type deposits (Sparks, 2010). 
Melting of polysulphide orebodies could be expected at the temperatures (at 
least 800°C) and pressures (~5kbars) at which the high-grade metamorphism 
is estimated to have occurred. This leads to an apparent enrichment in Pb and 
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Zn due to preferential movement of Ag, Sb, Au, Te and Bi in low temperature 
sulphide melts. At Broken Hill, the unique mineralogy of the garnetites 
(almost 100% high-Mn garnet) can be attributed to the metasomatic alteration 
of the country rocks by fluids emanating from a cooling and crystallising 
sulphide and silicate melt. (Sparks & Mavrogenes, 2005). Under this model, 
the complex chemical and mineralogical characteristics that cannot be 
explained using conventional SEDEX models are a result of sulphide melting, 
melt mobility, cooling and metasomatic alteration of the surrounding country 
rock after initial deposit formation. 

 Mn was probably concentrated in hydrothermal Ca-Mn-Fe carbonates within, 
and particularly at the margins of, the ore lenses. Precipitation of Mn was 
probably associated with strong redox and pH gradients as a reduced acidic 
fluid moved into an oxidised pH neutral environment. Metamorphism of the 
ore resulted in Mn being transferred from carbonate hosts to silicate hosts 
(garnets and pyroxenoids) (Large, 2003). 

 
 
Figure 2 : Hydrothermal circulation in a deep rift basin, in which magmatic and/or mantle fluids rise 
along faults and mix with sea or lake waters, to exhale in subaqueous environments to form massive 
sulphide deposits and associated exhalites; (B) horizontal and vertical zonation from a conduit(s) 
resulting in a series of stacked ore lenses (Pirajno & Bagas, 2008). 
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Figure 3: a) An exhalative genetic model for the Broken Hill deposit (after Parr & Plimer, 1993); b) 
The geological part of an empirical exploration model for BHT deposits (after Walters, 1996a).  
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Figure 4: Tectonic setting and lithostratigraphic model for Broken Hill style mineralisation in the 
Eastern Fold Belt Province, Mount Isa Inlier (Queensland Department of Mines and Energy & others, 
2000). 
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Figure 5: Geological plan and sections, Cannington Ag-Pb-Zn deposit (after Bailey, 1998). 
 
 

Geochemical signatures 
 At Cannington, no gossan is preserved in subcrop. The Cretaceous cover 

provides an effective geochemical (and geophysical) blanket. Outcropping 
deposits such as Pegmont, Cowie and Maramungee have gossanous lode 
outcrops with abundant Mn and Fe oxides and some Cu carbonates and oxides 
at surface, and secondary Ag enrichment at depth. 



Mineralising system for Ag-Pb-Zn in high-grade metamorphic terrains – Eastern Fold Belt Province 
TJ Denaro 

Page 24 of 52 

 Whole rock geochemical trends and the nature of compositional banding at 
Cannington indicate an original sequence of immature psammitic (feldspar-
quartz) and pelitic (biotite-sillimanite) sediments. The host metasediments 
show enrichment in Fe-Mn-Ca and depletion of alkalis and Mg. 

 Characteristic primary trends are high Fe-Ca-Mn-F and Pb-Zn-Ag-Sb-As-
Cu±Au±Bi. 

 Stratabound mineralisation may be enveloped by: 
o  broadly stratabound zinc anomalism, manifest as gahnite-rich spinel in 

aluminous compositions; 
o zones of strongly peraluminous, Na-depleted rock compositions, 

interpreted to represent feldspathic psammites or felsic igneous 
protoliths that underwent hydrothermal sericite-clay ± chlorite-
carbonate alteration, confined mainly to the stratigraphic footwall of 
the mineralisation, prior to regional metamorphism; and 

o zones of 18O depletion interpreted to represent pre-metamorphic 
hydrothermal alteration confined mainly to the stratigraphic footwall of 
the mineralisation (Queensland Department of Mines and Energy & 
others, 2000). 

 At Cannington, the size of the outer alteration halo and its distinctive 
lithochemical signatures make it an important semi-regional exploration 
characteristic. The outer alteration halo lithologies (garnet spotting sillimanite-
K-feldspar psammites) are associated with high K:Na+Mg ratios and low-level 
Pb anomalism (1–500ppm) due to plumbian K-feldspar. 

 The lodes at Cannington are characterised by their iron and silica contents and 
lead-zinc ratios. There is an extreme zonation between Ag-Pb versus Zn 
dominant ore zones. Pb/Zn ratios show dramatic switches (10:1 to 1:10) 
between Pb versus Zn dominant zones over narrow intervals (generally <1m). 
This appears to reflect metasomatic zone refining. 

 Ag is a key economic association and also has excellent secondary dispersion 
characteristics. 

 Whole rock REE systematics are diagnostic of large systems, even in weakly 
mineralised samples. REE systematics for Cannington show characteristic 
fractionation patterns, with relative enrichment in LREE, depletion in HREE 
and pronounced Eu anomalies. The trends are similar to many volcanic-hosted 
massive sulphide deposits. 

 High F (and others halogens) are a characteristic association of the system and 
could have enhanced mobile dispersion halos. 

 Many of the phases associated with mineralisation and alteration are resistate 
and would concentrate in natural drainages and lags. One of the most 
diagnostic phases is the Zn spinel gahnite. Garnet is another characteristic 
phase. Silicates with elevated Pb in the outer alteration halo could represent a 
significant primary and secondary geochemical dispersion target. 

 The extreme zonation trends need to be borne in mind when interpreting 
geochemical anomalies. 
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Geophysical signatures 
 Ideal geophysical targets are gravity highs with an associated IP/EM response 

and a direct or adjacent magnetic response. However, not all deposits are 
associated with direct magnetic signatures. 

 The metasedimentary gneisses and amphibolites are largely non-magnetic and 
are part of a quiet magnetic domain. Weak magnetic linears within this 
domain are likely to be related to magnetic amphibolites or thin iron 
formations and magnetite-bearing metasediments. 

 Sulphides and iron oxides are not a feature of the alteration halo, which is 
geophysically ‗transparent‘. 

 Dense Fe-Ca-Mn silicate and oxide assemblages ± galena produce a 
distinctive gravity contrast. 

 Zones of massive pyrrhotite would generate significant (but irregular) EM 
responses. 

 The Cretaceous cover sequence can include highly conductive black shales 
that make application of EM difficult. 

 

Criteria for targeting/modelling 
 

 Broken Hill-type deposits appear to be restricted to the eastern margin of 
Proterozoic Australia. They occur in intracratonic or continental margin rifted 
terrain of relatively thin crust dominated by folding and ductile shearing rather 
than block faulting, accompanied by mafic and felsic volcanism, high 
geothermal gradients and abundant hydrothermal activity (‗exhalite) in 
shallow submarine settings. This setting is represented by multiply deformed 
high-grade (amphibolite-granulite facies) metamorphic belts of the Soldiers 
Cap rift event (1690–1670Ma) in the Eastern Fold Belt Province (Queensland 
Department of Mines and Energy & others, 2000). 

 Deposits tend to be sited in small sub-basins (submarine or sublacustrine) that 
probably are fault-bounded entities within larger basins. Marine sediments and 
associated minor bimodal volcanics reflect active extensional tectonics. These 
basins underlie or are adjacent to shelf, lacustrine (evaporative) and terrestrial 
environments. 

 Regional structural settings include: 
o north-north-west-trending rift sidewall faults or transfer zones; and 
o at intersections with east–west-trending rift normal faults and/or 

reactivated north-west-trending basement structures (Queensland 
Department of Mines and Energy & others, 2000). 

 The enveloping host sedimentary rocks are dominantly oxidised (high 
Fe3+/Fe2+) clastic facies and may include banded iron formations. In the 
Eastern Succession of the Mount Isa Inlier, the host lithostratigraphic setting is 
in the top of the rift stratigraphy (magnetically subdued, psammite-dominated 
metasedimentary succession of the Mount Norna Quartzite and Gandry Dam 
Gneiss of the Soldiers Cap Group) and stratigraphically below more mature 
siliciclastic sag phase sediments (Toole Creek Volcanics).  
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Figure 6: Ag-Pb-Zn occurrences, Eastern Fold Belt Province 
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 A common and important host rock is garnet quartzite that occurs as envelopes 

to the sulphide orebodies and is associated with well layered and heterogenous 
successions of quartzite, crystalline marble, quartzo-feldspathic gneiss, 
hornblende gneiss, and abundant pelitic and calcareous schist and gneiss, with 
locally associated carbonatite and amphibolite.  

 The ‗unremarkable‘ nature of the host quartzo-feldspathic gneisses with minor 
amphibolites does not represent a particularly useful lithostratigraphic marker 
package. The host lithologies represent compositionally layered pelitic and 
psammopelitic metasediments; there are no sedimentary carbonates, calc-
silicates or dolomites in the sequence. Potentially useful marker units are 
likely to include laterally extensive, Ca-Mn-Fe-rich metasediments, including 
quartz-gahnite horizons and thin banded iron formations. 

 Mafic and/or felsic sills structurally/stratigraphically underlie the target region 
(Queensland Department of Mines and Energy & others, 2000). There is a 
close association with amphibolite but the amphibolite does not host 
mineralisation. 

 Ag-Pb-Zn mineralisation is associated with a remarkably diverse range of 
siliceous and Fe-Ca-Mn-F-rich lithologies that form chemical sedimentary 
packages with oxide, silicate, carbonate and sulphide facies. These packages 
show a long and complex history of prograde and retrograde metamorphism 
with metasomatic overprints and ductile/brittle deformation. 

 Low-grade and barren lithologies within the overall mineralised package offer 
a much larger target compared to the actual ore lenses. These include unusual 
‗skarn-like‘ Fe-Ca-Mn assemblages that could be easily misinterpreted in 
regional exploration. 

 Large-scale stratabound outer alteration halos represent a significant semi-
regional exploration target. Fine-grained garnet spotting in siliceous units is 
the most obvious visual expression of this alteration. The occurrence of fine-
grained garnet-K-feldspar, increased relative abundance of sillimanite and lack 
of migmatitic sweats makes the alteration package visually distinct from the 
regional host lithologies. 

 Mn and K are enriched (with muscovite, K-feldspars and sillimanite) in the 
alteration halos. The garnet-spotted rocks at Cannington show a marked Na-
Ca-Mg depletion and extreme K enrichment that is compatible with a 
hydrothermal alteration process involving destruction of detrital plagioclase. 
Elevated Pb (1–500ppm) is a characteristic feature of the alteration at 
Cannington and relates to plumbian K-feldspar. 

 Large-scale silicification is a characteristic feature and a siliceous 
metasedimentary package may form a stratabound footwall alteration zone. 

 The association with an isoclinal D2 fold with locally sheared limbs at 
Cannington could be an important factor in fluid focusing. Ore lenses are 
commonly folded and were deformed and metamorphosed together with their 
host rocks. Structural thickening in fold hinges is often critical to make 
economic ore thicknesses. 

 There are anomalous enrichments of Mn, Cu, Au, Bi, Sb, W, Co and As in the 
ore and some proximal exhalative units. Generally, there is no significant Cd, 
Co, Hg, Mo, Sn or W anomalism. Gold content is much higher than in Mount 
Isa style Ag-Pb-Zn deposits. High levels of Ca, Fe and Mn (expressed as 
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garnets, pyroxenes and pyroxenoids) and commonly anomalous levels of F 
and P occur within and surrounding the ore zone. 

 Anomalous Pb, Zn, Ag, Mn and Ba in RAB, rock chip, soil and stream 
sediment samples appear to be the most direct geochemical and mineralogical 
signals of potential targets. Elevated base metal values (particularly Zn) and 
Mn may delineate more regional iron formations.  

 Deposits with associated magnetite may produce strong magnetic anomalies, 
with or without associated gravity anomalies. However, some zones of 
significant mineralisation may be associated with subdued or non-existent 
magnetic signatures within a generally magnetic zone. 

 Host chemical metasedimentary packages are generally variably magnetically 
active and may be distinguishable from generally non-magnetic sequences 
surrounding them. 

 Electromagnetic and induced polarization surveys may detect those deposits 
with pyrrhotite and pyrite massive sulphides lenses. Associated graphite in 
some deposits may provide local targets.  
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Appendix 1: Descriptive deposit model 
 
Deposit type: Broken Hill style Ag-Pb-Zn 

Commodities: Ag-Pb-Zn; some Cu-Au may be present. 
Examples:  

 Queensland – Cannington, Pegmont, Altia, ?Maramungee, Maronan, Maronan 
Prospect, ?Black Rock, ?Cowie, ?Fairmile, Chloe (Etheridge Province) 

 New South Wales – Broken Hill 
Tectonic/geological environment: 

Tectonic setting(s): Intracratonic or continental margin rifted terrain of relatively thin 
crust dominated by folding and ductile shearing rather than block faulting. Rifting is 
accompanied by mafic and felsic volcanism, high geothermal gradients and abundant 
hydrothermal activity (‗exhalite) in shallow submarine settings. 
Depositional setting:  

 Multiply deformed high-grade (amphibolite-granulite facies) metamorphic 
belts. 

 Deposits sited in small sub-basins (submarine or sublacustrine), probably 
fault-bounded entities within larger basins. 

 Underlying or adjacent to shelf, lacustrine (evaporative) and terrestrial 
environments. 

 Association with regional faults and/or retrograde schist zones. 
 Orebodies are located at the transition from coarse quartzo-feldspathic to finer 

pelitic sedimentary facies. 
 Metavolcanics are abundant in the footwall. 
 Immediate host sedimentary rocks are dominantly oxidised clastic facies and 

may include banded iron formations. 
 Marine sediments and associated minor bimodal volcanics reflect active 

extensional tectonics. 
 Intense deformation and metamorphism (amphibolite to granulite facies) 

commonly mask relationships. 
Host and associated rock types:  

 Ag-Pb-Zn mineralisation is associated with a remarkably diverse range of 
siliceous and Fe-Ca-Mn-F-rich lithologies that form chemical sedimentary 
packages with oxide, silicate, carbonate and sulphide facies.  

 These packages show a long and complex history of prograde and retrograde 
metamorphism with metasomatic overprints and ductile/brittle deformation. 

 Host rocks are commonly quartzo-feldspathic gneisses (meta-acid volcanics) 
as footwall, transitional to wackes, fine-grained clastics and carbonates. The 
volcanosedimentary package is generally significantly oxidised (high 
Fe3+/Fe2+). 

 A common and important host rock is garnet quartzite that occurs as envelopes 
to the sulphide orebodies and is associated with well layered and heterogenous 
successions of quartzite, crystalline marble, quartzo-feldspathic gneiss, 
hornblende gneiss, and abundant pelitic and calcareous schist and gneiss; 
locally associated carbonatite and amphibolite.  

 Magnetite (as banded iron formation), barite, chert, gahnite quartzites and 
tourmalinites are common in the host stratigraphic succession as distal facies 
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or in the footwall successions. Scapolite-rich units and sulphur isotopes 
suggest associated evaporites. 

 Pegmatite zones and/or granitic sheets are present in some ore zones and are 
generally unmineralised. 

Age range: 
 Cannington – ~1680Ma (Jaques & others, 2002). The Cannington deposit has 

a Pb isotope model age of ~1665, which is similar (within uncertainty related 
to model precision) to the ~1676Ma age of the host unit (Kositcin & others, 
2009). 

 The Broken Hill deposit in the eastern Curnamona Province has a likely age of 
~1686 Ma, assuming deposition during or closely after sedimentation (Page & 
others, 2005). 

Deposit description: 

Deposit form/structure:  
 Stratabound to stratiform, concordant to discordant, locally highly deformed 

tabular orebodies up to a few tens of metres thick may be distributed through a 
stratigraphic interval of >1000m. 

 Consist of multiple, stacked, thin, irregular, discontinuous and strongly 
deformed mineralised horizons/lenses, typically with a low-grade horizon 
capping the ore system. 

 Individual lenses vary from <1m to tens of metres thick and may extend 
hundreds of metres, often grading laterally into quartzite, quartz gahnite, 
garnet quartzite or pyrite/pyrrhotite disseminated units that may persist for 
tens of kilometres. 

 Ore lenses are commonly folded and were deformed and metamorphosed 
together with their host rocks. 

 Structural thickening in fold hinges is often critical to make economic ore 
thicknesses. 

 Deposits may be locally associated with disseminated, breccia and vein 
mineralisation. 

 Ag-Pb-Zn and Cu-Au mineralisation tend to be separated and the Cu-Au 
mineralisation has similarities with epigenetic Cu±Au±iron oxide deposits in 
the Eastern Succession. 

Size:  
 Individual ore lenses vary from <1m to tens of metres thick and may extend 

for hundreds of metres. The Broken Hill Main Lode extends for >7km in 
strike length and to a depth of >850m (Pirajno & Bagas, 2008). The 
Cannington deposit is 2000m long by 200–300m thick by 600–700m deep, 
with ore lenses that are generally 5–10m thick (locally up to 100m thick) and 
can be individually correlated over lengths of 200–300m. Other deposits in the 
Eastern Fold Belt Province are hundreds of metres long but generally lack the 
structural thickening found at Cannington. 

Orientation:  
 Deposits in the Eastern Fold Belt Province generally trend north–south, with 

moderate to steep dips to the east or west. Pegmont is the exception, with a 
north-east trend and horizontal to 20° south-east dip.  

Mineralogy:  
 Primary: Dominant sulphides are galena and sphalerite, with variable 

pyrrhotite, minor arsenopyrite, loellingite, chalcopyrite, tetrahedrite, 
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molybdenite, allargentum, native silver, pyrargyrite, arsenopyrite, marcasite, 
cubanite, bismuthinite and localised late pyrite. High Ag grades that are 
characteristic of the deposits are mainly related to argentiferous galena with 
freibergite inclusions, with locally more diverse Ag sulphosalt suites. Primary 
minerals also may include gudmundite, acanthite, dyscrasite, proustite, 
jamesonite, stephanite, sternbergite, steftfeldite, veenite and launyaite. 
Magnetite is dominant in some deposits and may make up >40% of the ore. 
Overall the assemblages are sulphur deficient. 

 Secondary – complex lead sulphates and phosphates,  native copper, 
chalcocite, hematite, malachite, cuprite, manganese oxides, plumbogummite, 
plumbojarosite, pyromorphite, goethite, coronadite, cerussite, anglesite, 
smithsonite 

 Alteration: Quartz-gahnite and extensive Fe-Mn garnet and garnet-silica are 
the most characteristic alteration halos surrounding Cannington. At Altia, 
garnet-apatite-carbonate alteration is associated with Ag-Pb-Zn mineralisation 
and silicification is associated with Cu-Au mineralisation. 

 Gangue:  
o Unusual metamorphic mineral assemblages (silicates, oxides) 

dominated by Si, Fe, Mn and Ca, including hedenbergite and 
amphibole (pyrobole), Mn-Fe garnet (spessartine), extensive blue-grey 
quartz with gahnite, bustamite/pyroxmangite, magnetite, fluorite, and 
boron- and tungsten-rich beds or zones. There is a trend from coarse-
grained hydrous high-temperature gangue assemblages (olivine-
pyroxenoid-pyroxene) to successively lower temperature hydrous 
assemblages (for example, garnet-amphibole-quartz to pyrosmalite-
chlorite). 

o Gangue mineralogy may include quartz, garnet, calcite, rhodonite, 
bustamite, magnetite, siderite, rhodochrosite, manganiferous pyroxenes 
and amphiboles, fluorite, Mn olivine, apatite, gahnite, fayalite, 
plagioclase, biotite, chlorite, sericite, hedenbergite, hornblende, 
tourmaline, apatite, spinel, ilmenite, pyroxmangite, graphite, ankerite, 
epidote, graphite, barite, hematite, wollastonite, sillimanite, actinolite, 
staurolite and vesuvianite. The complex gangue mineralogy is a 
characteristic of these deposits. 

Alteration:  
 Due to their high-grade metamorphic setting, these deposits commonly exhibit 

structural upgrading and a complex history of metasomatic overprinting.  
 Probable pre-metamorphic phyllic, propylitic and carbonatisation and 

silicification  alteration assemblages are replaced by a complex variety of 
metamorphic minerals. Metamorphic equivalents retain enrichments in Si, K, 
Rb, S, Fe, Mn and base metals and depletion in Na. 

 Alteration envelopes and deposit zoning are common in larger deposits, but 
are generally not recognized in smaller ones.  

 Footwall alteration pipes are generally not recognized, except for some of the 
Cu-rich deposits, which complicates their interpretation.  

 Typically, the alteration reflects enrichment of Fe, Si, Mn, Ca, P, F, K and 
CO3 and includes metamorphic silicates including amphiboles, olivine, biotite, 
phlogopite, sillimanite, orthoclase and clinozoisite as well as carbonates, 
fluorite and a variety of other minerals.  
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 Spessartine-quartz halos surround many deposits, with more regional 
silicification (quartz) and K (sillimanite) enrichment.  

 The occurrence of fine-grained garnet-K-feldspar, increased relative 
abundance of sillimanite and lack of migmatitic sweats makes the alteration 
package visually distinct from the regional host lithologies. 

 In the Broken Hill area, with increasing intensity of mineralisation, Fe-Si-Mn 
systems (typical of metamorphosed iron formations) are overprinted by 
extreme Ca-Mn-F enrichment with calc-silicate assemblages. 

Textures:  
 Mineralisation occurs as discontinuous massive to semi-massive sulphide 

lenses or as disseminated stratabound sulphides. Sulphides are massive to 
irregularly banded, with locally coarse ―skarn‖ textures. Well layered or 
laminated sulphides and silicates occur locally. They are commonly medium- 
to coarse-grained and intimately intergrown with gangue calc-silicate minerals, 
quartz or magnetite. There are occasional thin mono-minerallic sulphide layers. 
The dominant, coarse, equigranular ‗skarn-like‘ textures result from annealing 
and metasomatism. 

 Sulphide-rich intervals with high sulphide-fluorite and flame-like intergrowths 
between sulphides and fluorite are often characterised by ductile zones and 
milled ductile breccias.  

 More siliceous zones are characterised by strained quartz, crackle breccias and 
sulphide remobilisation into late gash veins. 

 Textures generally indicate significant degrees of sulphide remobilisation. 
Surface expression/weathering: 

 Large gossans are not common. Some Australian deposits have deep 
weathered zones comprising gossanous quartz-garnet-gahnite rocks, with 
abundant Mn and Fe oxides at surface, and secondary Ag enrichment at depths 
associated with oxides (goethite and coronadite) and carbonates (dolomite, 
cerussite and smithsonite). Pyrrhotite and pyrite in some deposits locally 
produce rusted outcrops. 

 Leached sulphides mark the transition to underlying sulphide ore.  
 Cover depths of known deposits in the Mount Isa Inlier range from 

outcropping/subcropping (Pegmont, Cowie, Fairmile, Maramungee) to >100m 
(Maronan Prospect). Cannington lies beneath 10–60m of cover rocks. 

Geochemical signature: 
 The ore assemblage is reduced, with a general lack of iron sulphides and barite 

Pb, Zn and Ag are dominant. Ag:Pb ratios are high. 
 Anomalous enrichments of Mn, Cu, Au, Bi, Sb, W, Co and As in the ore and 

some proximal exhalative units. Generally no significant Cd, Co, Hg, Mo, Sn 
or W anomalism. Gold content is much higher than in Mount Isa style Ag-Pb-
Zn deposits. 

 Sphalerite from Cannington is cream to dark brown to black and is a high Fe 
variety (average 8.8% Fe) with high Cd (average 3000ppm) and elevated Mn 
(average 1500ppm). 

 Galena from Cannington is argentiferous and Sb-bearing (average 1200ppm 
Ag and 1300ppm Sb) and characteristically contains freibergite inclusions. 

 Very high Pb/Zn and Ag/Zn ratios. 
 High base metal:sulphur ratios; that is, the systems are low in sulphur, with 

little pyrite and variable to low pyrrhotite. 
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 Extreme zonation may occur between Ag-Pb versus Zn dominant and Fe-Ca-
Mn silicate versus silica dominant ore zones. Ag-Pb zoned with Fe-Ca-Mn 
versus Zn zoned with Si. Some zoning from Cu-bearing footwall Zn to 
hanging wall Pb-Zn. 

 Distinctive REE systematics 
 S isotopes of sulphides are fairly uniform and close to zero, suggesting only 

one sulphur source was involved. 
 High levels of Ca, Fe and Mn (expressed as garnets, pyroxenes and 

pyroxenoids) and commonly anomalous levels of F and P within and 
surrounding the ore zone. 

 Mn and K enrichment (with muscovite, K-feldspars and sillimanite) in 
alteration halos. The garnet-spotted rocks at Cannington show a marked Na-
Ca-Mg depletion and extreme K enrichment that is compatible with a 
hydrothermal alteration process involving destruction of detrital plagioclase. 

 Elevated Pb (1–500ppm) is a characteristic feature of the alteration at 
Cannington and relates to plumbian K-feldspar. 

 Elevated base metal values (particularly Zn) and Mn in more regional iron 
formations.  

 Anomalous Pb, Zn, Ag, Mn and Ba in RAB, rock chip, soil and stream 
sediment samples. 

Geophysical signature:  
 Deposits with associated magnetite may produce strong magnetic anomalies, 

with or without associated gravity anomalies.  
 Electromagnetic and induced polarization surveys may detect those deposits 

with pyrrhotite and pyrite massive sulphides lenses. 
 Some zones of significant mineralisation may be associated with subdued or 

non-existent magnetic signatures within a generally magnetic zone. 
 Host chemical metasedimentary packages are generally variably magnetically 

active and may be distinguishable from generally non-magnetic sequences 
surrounding them. 

 Associated graphite in some deposits may provide local targets.  
Other exploration guides:  

 These deposits are a difficult exploration targets due to their setting in strongly 
metamorphosed and deformed rocks. 

 Main exploration guide is appropriate sedimentary/tectonic environment – 
thin-bedded succession of paragneisses with abundant carbonate.  

 The mineralisation may occur at, or near, the transition from quartzo- 
feldspathic basement rocks to fine-grained clastic metasediments.  

 Rapid lithologic facies changes in the vicinity of deposits may indicate local 
hydrothermal systems.  

 Associated volcanism is indicative of extension or rifting.  
 In closer proximity to deposits, unusual mineral assemblages include garnet 

quartzites, gahnite quartzites and Mn-rich calc-silicates with skarn textures. 
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Appendix 2: Mineralising system for Ag-Pb-Zn in high-grade metamorphic terrains (Eastern 
Fold Belt Province) – ingredients, processes and mappable features 

 
Question Ingredient / process Reason Importance Mappable/measurable 

characteristics 

Outstanding questions Scale 

Q1 Intracontinental or 
continental margin rifted 
setting of relatively thin 
crust dominated by folding 
and ductile shearing rather 
than block faulting. Rifting 
is accompanied by mafic 
and felsic volcanism, active 
extensional tectonics, high 
geothermal gradients and 
abundant hydrothermal 
activity in shallow to deep 
submarine settings. 

Sedimentary-volcanic rocks 
provide sources of metals and 
salinity. High geothermal 
gradients and hydrothermal 
activity are conducive to 
formation of submarine 
exhalites and 
synsedimentary/syndiagenetic 
mineralisation. Pb isotope 
studies support a model where 
mineralisation formed in 
feldspathic clastic rocks 
deposited in a deep water 
turbiditic basin in the east that 
developed during incision and 
granite emplacement in the 
west. 

Essential Zones of extensional rifted 
tectonics along the Eastern 
margin of Proterozoic 
Australia. This setting is 
represented by multiply 
deformed high-grade 
metamorphic belts of the 
Soldiers Cap rift event 
(1690–1670Ma) in the 
Eastern Fold Belt Province of 
the Mount Isa Orogen. 

Relative importance of 
various potential fluid 
sources in ore formation. Is 
synsedimentary/ 
syndiagenetic mineralisation 
the sole source of the metals? 
Are these deposits 
sedimentary exhalatives or 
volcanogenic massive 
sulphides? 

Continental to terrane 

Q1 Multiply deformed high-
grade (amphibolite-
granulite facies) 
metamorphic belts. 

Economic grades due to 
modification, metal 
remobilisation and zoning 
during metamorphism and 
deformation. 

Essential Distribution of amphibolite-
granulite facies 
metamorphism. 

Can these deposits form at 
lower metamorphic grades? 

Terrane to district (camp) 

Q1, Q3 Late-stage metasomatic 
activity due to intrusions 

Many deposits show evidence 
of late-stage metasomatic 
modification and/or 
mineralisation. Some deposits 
are considered to have their 
genesis as Zn skarns. 
Epigenetic mineralisation 
may have occurred during 
waning orogeny in D3 and D4 

Highly desirable Surface and subsurface 
distribution of Williams-
Naraku age intrusions. 
Evidence of metasomatic 
activity along major faults. 

Relative importance of 
various potential fluid 
sources in ore formation. To 
what extent are additional 
metals introduced during 
metasomatism?  

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

characteristics 

Outstanding questions Scale 

events. 
Q2 Deposits are sited in small 

sub-basins that are probably 
fault-bounded entities 
within larger basins. 

Sub-basins provide conditions 
for formation and 
preservation of 
mineralisation. Marine 
sediments and associated 
bimodal volcanics reflect 
active extensional tectonics. 
These basins underlie or are 
adjacent to shelf, lacustrine 
(evaporative) and terrestrial 
environments. 

Highly desirable Distribution of  sub-basins 
from surface mapping and 
geophysics under cover 

How can we recognise these 
sub-basins following 
extensive metamorphism, 
deformation and 
metasomatism? 

District (camp) to deposit 

Q2, Q4, 
Q5 

Association with crust-
penetrating regional faults. 

Transcrustal extensional or 
transtensional faults 
developed during early 
organic events permitted 
large-scale cross-stratal fluid 
migration (and advective heat 
transfer) during basin growth 
and deformation. Fault-
related fluid circulation 
systems were active during 
rift sedimentation and igneous 
intrusion into the rift 
succession; permeability 
control on flow of deep-
sourced and possibly basinal 
fluids; internal heterogeneity 
promotes ore trapping by 
focussing fluid along 
competency boundaries and 
through chemically 
replaceable in-fault slivers. 

Highly desirable Regional structural settings 
include: 
 north-north-west-

trending rift sidewall 
faults or transfer zones; 
and 

 at intersections with 
east–west-trending rift 
normal faults and/or 
reactivated north-west-
trending basement 
structures 

Geophysical responses of 
deep crustal fault/shear zones 
– gravity and magnetic 
worms; alteration along 
faults; ages of fault 
movement. 

 Terrane to district (camp) 

Q3 Metals sourced from a 
combined mafic-felsic 
igneous source derived 
from mantle; possible 

Pb isotopes indicate that the 
source of Pb is not upper 
crustal; a mantle or mafic 
volcanic/intrusive rock source 

Essential to 
highly desirable 

Distribution of mafic igneous 
activity. Mapped distribution 
of the top of the rift 
succession, corresponding to 

What are the relative 
contributions of metals and 
sulphur from the various 
sources through time? 

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

characteristics 

Outstanding questions Scale 

inputs from feldspar-
bearing rocks such as 
crustal granites, dacitic-
rhyolitic volcanics and 
pyroclastics, and clastic 
sedimentary units. 

is implicated. Significant 
syngenetic or diagenetic base 
metals contributed via 
exsolution of a CO2-H2O-S 
fluid late during fractional 
crystallisation of mafic rocks 
in the 1700–1620Ma period. 

the last manifestations of rift-
related bimodal igneous 
activity (immediately prior to 
the commencement of the sag 
phase). 

Q3 Reduced (H2S stable), 
moderate temperature (150–
250°C), slightly acidic, high 
salinity fluids 

A hot reduced metalliferous 
brine entering a relatively 
oxidised marine basin will 
deposit Pb-Zn mineralisation 
within a pyrite-poor but Fe-
silicate or Fe-oxide-rich 
sedimentary environment.  

Essential to 
highly desirable 

Redox fronts Nature of fluids not well 
constrained 

Terrane to district (camp) 

Q3 Evaporite or ex-evaporite 
bearing sequences 
underlying or adjacent to 
rift sediments. 

Circulation of basinal brines 
may have been important, 
potentially in stripping and 
redistributing metals 
originally sourced from mafic 
rocks. The chemical character 
and metal ratios of the 
deposits may partly reflect an 
evaporite fluid source and 
fluid path history through the 
relatively oxidised rift 
succession.  

Highly desirable 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 fluids with 
evaporites 

Are evaporites essential? 
What are the relative 
contributions of metals and 
sulphur from the various 
sources through time? 

Terrane to district (camp) 

Q3 Remobilisation of metals 
and modification and 
zoning of deposits by 
metamorphic and 
metasomatic events 

PIXE analyses indicate that 
fluid inclusions from 
Cannington were entrapped 
during a high temperature 
metasomatic event and 
contain very high Pb, high 
Zn, low Cu and are rich in 
Mn. Pb isotopes indicate lead 
contributions from regional 
source rocks during an event 
at least 80my younger than 

Highly desirable Isotopic and textural 
evidence from deposits. Host 
rocks show a long and 
complex history of prograde 
and retrograde 
metamorphism with 
metasomatic overprints and 
ductile/brittle deformation. 

What are the relative 
contributions of metals and 
sulphur from the various 
sources through time? To 
what extent are additional 
metals introduced during 
metamorphism and 
metasomatism? 

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

characteristics 

Outstanding questions Scale 

the stratabound 
mineralisation; probably 
associated with amphibolite 
facies metamorphism of the 
Isan Orogeny. 

Q4 Subvolcanic (rift-stage) 
intrusions may play a 
significant role in driving 
fluid circulation systems 
involved in forming early 
stratabound mineralisation. 

The most effective heat 
sources to drive large 
circulation systems are gently 
dipping sills. 

Highly desirable Distribution of mafic igneous 
activity. Mapped distribution 
of the top of the rift 
succession, corresponding to 
the last manifestations of rift-
related bimodal igneous 
activity (immediately prior to 
the commencement of the sag 
phase). 

 Terrane to district (camp) 

Q5, Q4 The lithological 
constitution, stratigraphic 
evolution and architecture 
of the host successions are 
consistent with their 
evolution in a rift zone, 
followed by sag (thermal 
subsidence) phase 
sedimentation. 

Mineralisation is localised at 
the top of the rift succession, 
corresponding to the last 
manifestations of rift-related 
bimodal igneous activity, 
immediately prior to the 
commencement of sag phase 
sedimentation. This setting 
allows some direct access to 
mantle and crustal 
hydrothermal brines rich in 
Cu, Pb, Zn, Ag and Ba. 

Essential to 
highly desirable 

In the Eastern Fold Belt, the 
host lithostratigraphic setting 
is in the top of the rift 
stratigraphy (magnetically 
subdued, psammite-
dominated metasedimentary 
succession of the Mount 
Norna Quartzite and Gandry 
Dam Gneiss of the Soldiers 
Cap Group) and 
stratigraphically below more 
mature siliciclastic sag phase 
sediments (Toole Creek 
Volcanics).  

Are there any other 
prospective settings? 

Terrane to deposit 

Q5 Stratabound ore lenses 
affected by folding. 

Deposits generally exhibit 
repetition of ore lenses and 
host sequences, reflecting 
broad scale folding. Structural 
thickening in fold hinges is 
often critical to make 
economic ore thicknesses. 

Essential to 
highly desirable 

Style and distribution of 
folding events from mapping 
and geophysical 
interpretation. 

Which events have been most 
significant in structural 
thickening of deposits? 

Terrane to deposit 

Q5 Stratabound mineralisation 
due to introduction of 

The host sequence is oxidised 
(high Fe3+/Fe2+) whereas the 

Essential to 
highly desirable 

The host environment is a 
mixed oxidised/reduced 

 Terrane to deposit 
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Question Ingredient / process Reason Importance Mappable/measurable 

characteristics 

Outstanding questions Scale 

reduced ore fluids into an 
oxidised environment 

ore assemblage is reduced. 
Metal deposition is due to 
fluid oxidation, neutralisation 
and possibly cooling. 

sedimentary package of 
argillites, clastics, carbonates 
and banded iron formation. 
Orebodies tend to be located 
at the transition from coarse 
quartzo-feldspathic to finer 
pelitic sedimentary facies. 

Q5 Stratabound mineralisation 
due to introduction of 
reduced ore fluids into an 
oxidised environment 

Most deposits are associated 
with stratabound, complex 
Fe-Mn-Ca-silicate ironstones, 
some of which can be 
observed passing laterally 
into carbonate units or 
developing by magnetite 
replacement of non-ironstone 
units. These represent 
compositionally layered 
pelitic and psammopelitic 
metasediments. 

Essential to 
highly desirable 

The ‗unremarkable‘ nature of 
the host quartzo-feldspathic 
gneisses with minor 
amphibolites does not 
represent a particularly useful 
lithostratigraphic marker 
package. Potentially useful 
marker units are likely to 
include laterally extensive, 
siliceous and Ca-Mn-Fe-F-
rich metasediments that form 
chemical sedimentary 
packages with oxide, silicate, 
carbonate and sulphide 
facies, including quartz-
gahnite units and thin banded 
iron formations. These 
chemical metasedimentary 
packages are generally 
variably magnetically active 
and may be distinguishable 
from generally non-magnetic 
sequences surrounding them.  

Relative importance of 
various potential fluid 
sources in ore formation. Is 
synsedimentary/ 
syndiagenetic mineralisation 
the sole source of the metals? 
Are these deposits 
sedimentary exhalatives or 
volcanogenic massive 
sulphides? 

District (camp) to deposit 

Q5 Presence of mafic rocks Many deposits are adjacent to 
or hosted in part by mafic 
rocks. Host sequences include 
high-iron MORB-like 
tholeiites that are generated 
by large degrees of mantle 
melting and emplaced into 

Desirable Mapping of mafic rocks by 
geophysical methods. 

Role of mafic rocks as metal 
and heat sources. 

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

characteristics 

Outstanding questions Scale 

intraplate, extensional 
environments. 

Q5 Metamorphic and 
metasomatic remobilisation 
of metals and modification 
of pre-existing 
mineralisation. 

Economic grades due to 
modification, metal 
remobilisation and zoning 
during metamorphism, 
deformation and 
metasomatism. Skarn and/or 
transgressive mineralisation 
has been noted in several 
deposits. 

Essential to 
highly desirable 

Distribution of amphibolite-
granulite facies 
metamorphism and 
metasomatic alteration. 
Large-scale stratabound 
alteration halos represent a 
significant semi-regional 
exploration target. The 
occurrence of fine-grained 
garnet-K-feldspar, increased 
relative abundance of 
sillimanite and lack of 
migmatitic sweats makes the 
alteration package visually 
distinct from the regional 
host lithologies. 

Are these deposits modified 
syn- sedimentary/syn-
diagenetic deposits or are 
they skarns? Are both 
processes important? 

Terrane to deposit 

Q6 Weathering and supergene 
enrichment 

Weathering in outcrop leads 
to development of gossans 
that may be indicative of 
substantial sulphide systems 
at depth. 

Not important Gossanous quartz-garnet-
gahnite lode outcrops with 
abundant Mn and Fe oxides 
and some Cu carbonates and 
oxides at surface, with 
secondary Ag enrichment at 
depth. Many of the phases 
associated with 
mineralisation and alteration 
(for example, garnet, gahnite) 
are resistate and would 
concentrate in natural 
drainages and lags. 
Anomalous Pb, Zn, Ag, Mn 
and Ba in RAB, rock chip, 
soil and stream sediment 
samples appear to be the 
most direct geochemical and 
mineralogical signals of 

 Deposit 
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Question Ingredient / process Reason Importance Mappable/measurable 

characteristics 

Outstanding questions Scale 

potential targets. 
 

Q6 Burial by subsequent 
erosion and sedimentation. 

Prospective targets under 
recent and Mesozoic cover 
rocks. Known deposits under 
up to 100m of cover. The 
high-grade, high net-worth 
ore of deposits such as 
Cannington justifies 
underground development 
under substantial cover 
depths. 

Not important Mesozoic cover rocks 
provide a geochemical (and 
geophysical) blanket. 
Gossans may or may not be 
preserved under cover. A 
number of elements including 
Ag, Pb, Cu and Mn may be 
dispersed upwards and 
laterally into Mesozoic cover 
rocks during the weathering 
and hydrological cycle as 
part of a reduction/oxidation 
(REDOX) process. 
Anomalous Pb, Zn, Ag, Mn 
and Ba in basement RAB 
samples may delineate 
geochemical targets. 

What are the best criteria for 
targeting under cover? 

District (camp) to deposit 

 
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? 


