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Mineralising system for stratabound sediment-hosted 
Zn-Pb-Ag – Western Fold Belt Province 

Compiled by TJ Denaro, WG Perkins & CR Dhnaram 

 

Commodities 
 Zn, Pb, Ag 

Deposit styles 
 These deposits are characterised by stratiform to stratabound massive sulphide 

lenses in carbonaceous shales and siltstones at varying stratigraphic levels 
within the Isa Superbasin.  

Economic significance  
 Sediment-hosted, stratiform deposits contain more than 50% of the world‟s 

reserves of Pb and Zn. Globally, the average sediment-hosted, stratiform Pb–
Zn deposit contains approximately 40 Mt at 7% Zn and 4% Pb, representing 
~3 Mt of contained zinc (Jaques & others, 2002). 

 With seven major sediment-hosted Zn-Pb-Ag deposits aggregating 58.2Mt Zn, 
31.2Mt Pb and 66,257t Ag, north-west Queensland ranks as the world‟s most 
prolific Zn-Pb-Ag province. 

 Large deposits are characteristic. The average for Australian deposits is 
~100Mt at >>10 wt% Zn+Pb and deposits may contain structurally controlled 
higher grade zones with >30 wt% Zn+Pb, as well as high Ag credits 
(McGoldrick & Large, 1998). 

 Zn-Pb-Ag concentrates from Mount Isa contain minor Cd, Sb and Co. 
 

Tectonic/geological environment 
 Intracontinental rift to passive margin environment. 
 Strong basement control on basin architecture and the orientation of faults 

active at the time of basin formation. 
 Extension was accommodated by sedimentary basin development (Leichhardt, 

Calvert and Isa Superbasins), volcanism and magmatism, with input to the 
high thermal gradient from both radiogenic felsic rocks and mafic bodies 
emplaced in the mid to upper crust (Murphy & others, 2008). 

 Elevated geothermal gradients at the location of maximum subcrustal 
lithospheric thinning to the west of the Leichhardt River Fault Trough may 
have driven the migration of basinal brines. Increased subsidence at this 
location produced favourable anoxic sedimentary horizons for metal 
precipitation (Betts & Lister, 2002). 

 Superbasin development is interpreted to be interspersed with extensional core 
complex development and emplacement of syntectonic granites (Wonga, 
Sybella), and the generation of fault-controlled buttress-like geometries and 
doming (Murphy & others, 2008). 
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 The rift architecture was founded on a faulted basement substrate that had 
undergone crustal addition in a volcanic/magmatic arc that focussed along the 
Kalkadoon-Leichhardt Belt (Murphy & others, 2008). 

 Known deposits occur in the Murphy Province, Lawn Hill and Leichhardt 
River Subprovinces (Western Fold Belt Province) and Wonga Subprovince 
(Eastern Fold Belt Province). 

 All significant occurrences are hosted by 2 to 8km thick successions of Cover 
Sequence 3, ranging in age from around 1660Ma (Dugald River) to 1590Ma 
(Century) (Queensland Department of Mines and Energy & others, 2000). 

 These Cover Sequence 3 successions are interpreted to represent the products 
of sedimentation related to thermal subsidence following extension and rifting 
associated with Sybella Batholith magmatism (Queensland Department of 
Mines and Energy & others, 2000). 

 Within the sag successions, Zn-Pb-Ag deposits are typically not associated 
with regional transgressions (maximum flooding surfaces of Southgate & 
others, 2000a) that are commonly manifested as regionally extensive, 
relatively uniform shale-siltstone units. Instead, the deposits are localised in 
districts or „sub-basins‟ of 100-200km2 area that are characterised by: 

o marked thickening of stratigraphy over a limited interval, reflecting 
sub-basin foundering/rapid subsidence; 

o uncommon lithofacies, particularly thick accumulations of 
carbonaceous shale/siltstone accompanied by coarser clastics in one or 
more coarsening upwards cycles; and 

o synchronous local uplift and erosion producing coarser grained facies 
(arenites and rudites) and local unconformities (Queensland 
Department of Mines and Energy & others, 2000). 

 These facies and thickness variations appear to have resulted from tilt-block 
formation, compartmentalised by episodic accommodation on intrabasinal 
fault systems (Queensland Department of Mines and Energy & others, 2000). 

 Substrates to these sag phase basins comprise mainly older rift materials, 
which contain felsic and basic igneous rocks, siliciclastic and less mature 
sediments, plus some carbonates and evaporites (Queensland Department of 
Mines and Energy & others, 2000). 

 Sub-basins and contiguous uplifted compartments are systematically 
distributed in space and time, being localised products of significant 
reorganisations of basinal architecture. These tectonostratigraphic events 
punctuate the general sag phase related subsidence and sedimentation a 
number of times, resulting in locally anomalous successions with the 
following depositional ages and containing the following deposits 
(Queensland Department of Mines and Energy & others, 2000): 

o ~1670Ma – Dugald River 
o ~1655–1660Ma – Mount Isa, Hilton, George Fisher 
o ~1640Ma – Lady Loretta, Grevillea, Walford Creek, HYC 
o ~1595Ma – Century 

 The Leichhardt River Fault Trough is dominated by a pronounced north–south 
oriented structural grain of late D2–D3 age, incorporating discrete high-strain 
zones separated by ~35km. These high strain corridors include the Mount 
Gordon Fault Zone (MGFZ) and serve as hosts to several major deposits 
(Mount Isa, George Fisher, Hilton and Mount Gordon Copper mines). 
Orthogonal east–west-trending faults (for example, Investigator Fault) exist 
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between these high strain zones and locally preserve younger stratigraphic 
units of the Mount Isa Group (Bull Creek Syncline, Crystal Creek; Henson & 
others, 2004).  

 In the Fiery Creek Dome region, the MGFZ delineates a major change in 
orientation of structural grain. Major faults north of the dome are mutually 
orthogonal, trending north-west (for example, the Termite Range Fault, which 
is thought to be genetically linked to the Century Mine) or north-east (for 
example, the Fiery Creek Fault). Additional evidence for reorientation can be 
drawn from vector analysis of the aeromagnetic „worms‟. They change 
orientation south-east of the MGFZ and display a distinct flattening profile 
relative to those north-west of the MGFZ. One possible explanation of this 
change in structural trend is that the area south-east of the MGFZ has, in fact, 
been rotated in a clockwise sense with respect to the area north-west of the 
fault during a phase of dextral strike-slip, giving rise to a mega-kink. 
Removing this reorientation and restoring basin architecture to its original 
configuration at the time of Myally Subgroup deposition implies that north-
west-trending growth faults were dominant and regional extension was 
broadly north-east–south-west. Field relationships indicate that the MGFZ 
contains both strike-slip and thrust geometries facilitated by dextral strike-slip 
faulting. Rotation and associated accommodation problems would therefore 
produce significant dilation and fracture induced porosity regionally during 
this event (Henson & others, 2004). 

 Event ages:  
o Mineralisation:  

 U–Pb zircon and Pb isotope model ages indicate that the major 
deposits of north-west Queensland all formed within a 100 
million year period, namely, 1680–1575Ma (Jaques & others, 
2002). 

 Pb-Pb model ages indicate major phases of fluid migration and 
ore formation at ~1665–1670Ma (Dugald River), ~1650–
1655Ma (Mount Isa, George Fisher, Hilton), ~1635–1645Ma 
(Lady Loretta, McArthur River) and ~1575Ma (Century) 
(Cooke & others, 2000; Carr & others, 2001; Southgate & 
others, 2006; Neumann, 2007). 

 Re-Os data obtained for the Mount Isa Cu and Pb-Zn ores, the 
George Fisher Pb-Zn deposits and the Century deposit have all 
yielded rather similar results with ages of ~ 1350–1450 Ma and 
initial 187Os/188Os intercepts close to the mantle (for example, 
0.16±0.17 for Century and 0.2±0.25 for Mount Isa). The age of 
Cu and Pb-Zn mineralisation defined by these studies is 
significantly younger than the accepted Pb-Pb model ages.  

 Pooled ages for Mount Isa and George Fisher Cu and 
Zn-Pb-Ag mineralisation yield 1380±47Ma. The Isa Cu 
systems typically appear to have remained open and 
hence susceptible to Re and Os mobility for protracted 
periods of time after ore formation (Murphy & others, 
2008). These preliminary Re-Os isotope results suggest 
that the Mount Isa and George Fisher Cu and Pb-Zn 
ores were formed at the same time as part of a giant 
mineralising system that involved the mantle or mantle-
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derived rocks or magmas of the same age as the ores 
(Keays & others, 2004). 

 Re-Os dating at Century indicates a two-stage ore 
forming process, with metals pre-concentrated at 1573± 
10Ma, then transported by basinal brines and emplaced 
at 1451±44Ma (Keays, 2006a, 2006b). 

o Country rocks:  
 Isa Superbasin. 
 Ages from different parts of the Lawn Hill Platform, both 

within and outside the Lawn Hill Region, indicate a 
sedimentary and igneous package of rocks ranging from 
1694±3Ma for the lower Gunpowder Creek Formation in the 
Calvert Superbasin to 1654±4Ma for the Paradise Creek 
Formation and 1595±6Ma for the Lawn Hill Formation at 
Century (Southgate & others, 2000a; Broadbent & others, 
1998) 

 A psammitic sample of the Dugald River Shale member, along 
strike from the Dugald River deposit, yielded a maximum 
depositional age of 1686±7Ma (Carson & others, 2008). Galena 
lead isotope data indicate a model age of ~1662Ma (Carr & 
others, 2001). 

 Mount Isa Group – dolomitic and siliceous shales and siltstones 
– 1660–1645Ma. 

 Urquhart Shale -1652±7Ma  
 Native Bee Siltstone - 1655±4Ma 
 Moondarra Siltstone -1668±8Ma 
 Breakaway Shale - 1663±3Ma (Page & others, 2000) 

 The host rocks for Kamarga (upper Gunpowder Creek 
Formation and Paradise Creek Formation) have been dated at 
~1655Ma (Page & Sweet, 1998; Page & others, 2000). 

 The Lady Loretta deposit is hosted by the 1647±4Ma Lady 
Loretta Formation (Page & others, 2000). 

 The Mount Les Siltstone, host to Walford Creek, has a 
depositional age of 1640±7Ma (Page & others, 2000). 

 The HYC deposit (in the Northern Territory) is hosted by the 
~1639Ma Barney Creek Formation (Page & others, 2000). 

 Century is hosted by the ~1595Ma Lawn Hill Formation (Page 
& others, 2000). 

 Deformation events (after Bell & Hickey, 1998; Davis, 2004; Chapman, 
2004; Betts & others, 2006: Figure 1): 

o Pre-D1 Foliation-parallel S0. 
o D1 ?1630–1600Ma. Caused fault block formation on steep 

faults in the Leichhardt River Fault Trough and resulted in 
regional steep east–west folds with steep axial surfaces.  

o D2 1600–1575Ma.  This event produced major meridional 
anticlines and synclines with axial planes varying from NNW 
to NNE; also significant block faulting (Bain & others, 1992).  
The peak of metamorphism occurred during D2. 

o D3 ~1550Ma. Produced local flexural folds with shallow axial 
planes. 
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o D4 1530–1520Ma. Produced steep upright folds and 
crenulations with NNW to N–S-trending axial surfaces. 
Significant event controlling Cu mineralisation at Mount Isa 
and Cu±Au at Mount Kelly (van Dijk, 1991). Possibly 
controlled deposition of Zn-Pb-Ag mineralisation or at least 
remobilisation of mineralisation. 

o Post-D4 Local folds and crenulation; NNW–SSE brittle faults. 
Comparatively young ages have been obtained from faults in 
the vicinity of the Mount Isa Fault (Perkins & others, 1999), 
with 1400Ma for the Holly fault and 1325Ma for the Buck 
Quartz fault. This could represent younger fluid phases or a 
greater Ar loss than for the biotite associated with the Mount 
Isa orebody. 

Metal source(s) 
 The source of the metals in most sediment-hosted Zn-Pb-Ag deposits has usually 

been attributed to the rocks in the sedimentary basins hosting the deposits (for 
example, Zn from shale, basalt; Pb from arkose, grit, felsic volcanics, granites; 
Derrick, 1996). This model is supported by Pb isotope studies that demonstrate Pb 
has a strong crustal isotopic signature and was sourced mostly from underlying 
basins and continental crust (Kositcin & others, 2009). A primitive Os signal at 
Century points to a reduced mantle reservoir component and the capacity to tap 
this reservoir may be a key part of the process of forming most of the larger 
deposits within the Isan mineral system. Deep-earth H2-rich fluids have the 
capacity to transport acid volatiles as well as drive Na and Mg metasomatism at 
district scale (Murphy & others, 2008).  

 The sources of Cl, S and metals are poorly-constrained aspects of these deposits. 
A possible source of Cl for Century is in evaporitic rocks of the Paradise Creek 
and Esperanza Formations. These rocks may also have provided S through 
dissolution of anhydrite or as H2S gas through thermochemical sulphate reduction. 
Sulphur may also have been derived from seawater or from a more deep-seated 
(mantle) source, although sulphur isotopic data provide little support for the latter 
hypothesis. A magmatic source is rendered implausible by the paucity of 
outcropping intrusions or of geophysical evidence for buried bodies. The rocks of 
the Lawn Hill Formation are enriched in Pb and Zn compared to Cu, and enriched 
in Pb and Zn relative to all other units of the McNamara Group. This may indicate 
that the Lawn Hill Formation represents a good source of these metals, or that 
metal enrichment is of regional extent, or that other units have been more 
substantially depleted during fluid flow (Wilde, 2006).  
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Figure 1: Summary of deformational and metamorphic events across the Mount Isa Inlier (Murphy & 
others, 2008) 
 
 The sources of Cl, S and metals are poorly-constrained aspects of these deposits. 

A possible source of Cl for Century is in evaporitic rocks of the Paradise Creek 
and Esperanza Formations. These rocks may also have provided S through 
dissolution of anhydrite or as H2S gas through thermochemical sulphate reduction. 
Sulphur may also have been derived from seawater or from a more deep-seated 
(mantle) source, although sulphur isotopic data provide little support for the latter 
hypothesis. A magmatic source is rendered implausible by the paucity of 
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outcropping intrusions or of geophysical evidence for buried bodies. The rocks of 
the Lawn Hill Formation are enriched in Pb and Zn compared to Cu, and enriched 
in Pb and Zn relative to all other units of the McNamara Group. This may indicate 
that the Lawn Hill Formation represents a good source of these metals, or that 
metal enrichment is of regional extent, or that other units have been more 
substantially depleted during fluid flow (Wilde, 2006).  

 Some parts of the Calvert Superbasin stratigraphy, particularly the Fiery Creek 
Volcanics, were extensively K-feldspar-hematite altered at ~1640Ma (Cooke & 
others, 1998). During this alteration, both Zn and Pb were leached, suggesting that 
this part of the Calvert Superbasin may have been an important source of metals to 
Zn-Pb-Ag deposits in the overlying Isa Superbasin (Kositcin & others, 2009). 

 

Fluid source(s) 
Fluid source(s):  
 Cool, relatively oxidised, near neutral, saline basinal brines are favoured for 

transporting base metals (and possibly sulphur as sulphate) to mineralisation sites 
(McGoldrick & Large, 1998). Postulated fluid sources depend on the genetic 
model being used.  Current genetic models range from synsedimentary through 
diagenetic replacement to late metasomatic replacement.  Fluid sources thus range 
from connate fluids in arenaceous source rocks in the basins through metamorphic 
fluids to late juvenile fluids associated with buried intrusions. Following a major 
review of Australian Zn-Pb-Ag ore-forming systems, Huston & others (2006) 
concluded that fertile basinal brines were responsible for mineralisation. 

 The ore component transporting fluids are inferred to have been: 
o initially at temperatures of 100 to 150C, resulting from circulation 

deep into the sedimentary pile and basement followed by rapid ascent 
in fault systems to ore depositional environments; 

o highly saline (reflecting evaporitic sources) and consequently 
relatively acid (particularly if the fluids were clay-carbonate buffered 
during circulation), and hence sulphate-bearing, H2S-poor and metal 
enriched (that is, metals>H2S and SO4

2->>H2S); and 
o Ba- and Cu-poor, but with relatively high Zn:Pb ratios, features that 

are reflected in the chemistry of the mineralised zones (Queensland 
Department of Mines and Energy & others, 2000). 

 Several lines of indirect evidence suggest that hot reduced fluids were not 
responsible for base metal transport in these deposits, including: 

o the very low Cu contents of the Zn-Pb ores; 
o the general lack of well developed Cu-rich feeder zones, although 

minor chalcopyrite is associated with the ores; 
o the lack of indications that boiling occurred in deposits hosted by 

shallow water sediments; and 
o the extremely low Au grades of the deposits (McGoldrick & Large, 

1998). 
 The pre-existing Leichhardt and Calvert Superbasins provided permeable aquifers 

and fluid reservoirs for many of the metals that are hosted by the Isan Superbasin 
or deposited during the Isan Orogeny. Where basins are thickly developed, as in 
the Leichhardt River Fault Trough, heterolithic proximal facies sediments are 
identified as diagenetic aquifers for storage of sedimentary formation waters.  In 
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the Leichhardt Superbasin, these aquifers are best represented by the Bottletree 
Formation, lower Mount Guide Quartzite and Lena Quartzite; red beds in the 
Lochness Formation of the Myally Subgroup are a possible source of oxidised 
fluids (bittern brines). Diagenetic aquifers in proximal fluvial facies are seen in 
the Bigie Formation and lower parts of the Surprise Creek Formation in the 
Calvert Superbasin in the Lawn Hill Platform; early quartz cementing appears to 
have occluded porosity in these units in the Leichhardt River Fault Trough 
(Murphy & others, 2008). 

 Possible reservoirs in the Isa Superbasin are salty fluids from the McNamara 
Group, particularly the Lady Loretta and Paradise Creek Formations (Murphy & 
others, 2008). 

 A possible source of bittern brines is perched basins that may have existed at the 
time of the Isan Orogeny and subsequently been eroded. Such basins could be 
considered as Quamby Conglomerate equivalents. In this scenario, major 
structures such as the Mount Gordon Fault may have focused the downward flow 
of bittern brines from perched basins in the system (Murphy & others, 2008). 

 
Isotopic and fluid inclusion data:  
 Sulphur isotopes and S:Se ratios indicate that pyrite and base metal sulphides in 

these deposits contain sulphur from a „seawater‟ or evaporitic sulphur source, and 
do not contain magmatic sulphur. Pyrite δ34S values are heavy and variable, 
suggesting biogenic sulphate reduction under closed-system or partly closed-
system conditions (McGoldrick & Large, 1998). 

 Base metal sulphide S isotope signatures are similar to, and overlap, the pyrite 
values, but are more tightly clustered and suggest additional sulphur may have 
been introduced with the mineralising fluid (McGoldrick & Large, 1998). 

 The wide range in calculated temperatures from sphalerite-galena pairs indicates 
isotopic equilibrium for the mineralisation, consistent with a low temperature 
(<200°C) mineralising process (McGoldrick & Large, 1998). 

 At temperatures above ~80°C, thermochemical reduction of sulphate is a viable 
alternative to biogenic reduction (McGoldrick & Large, 1998). 

 

Transport and fluid flow drivers 
 Permeability generally decreases as a function of depth in the crust. However, 

permeable pathways (in addition to diagenetic aquifers) are present in the form 
of faults, shear-zones or fractured crystalline rocks, and these are key 
structural components in facilitating fluid migration from deep in the system 
to shallow ore depositional sites, or from meteoric sources. The driving forces 
may be topography, stress partitioning and regime, the tectonic evolution and 
the thermal structure at all scales (Murphy & others, 2008). 

 Although the Mount Isa-Hilton-George Fisher system occurs near the older 
Sybella Granite, there is no clear evidence (from interpretations of gravity and 
magnetics) for the spatial association of stratabound Zn-Pb-Ag systems with 
„hot‟ (radiogenic) underlying granites (Queensland Department of Mines and 
Energy & others, 2000). However, Re-Os studies by Keays & others (2006a, 
2006b) have indicated that energy from a mantle-derived magma emplaced at 
a high level was involved in driving fluid flow at Century. 
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 The metal endowment may be determined by the availability of steep fluid 
pathways, such as along major faults, connecting different fluid reservoirs. 
This is manifest by fault control on deposit location at a range of scales 
(Murphy & others, 2008). 

 Early faults associated with basin formation display prolonged histories of 
reactivation and provide suitable pathways for the propagation of mineralised 
fluids during subsequent deformations (Henson & others, 2004). The Termite 
Range Fault is a major feature relating to the surface geology in the Lawn Hill 
region. It has been interpreted as a wrench fault (Hutton, 1973) and, in part, as 
an east dipping normal fault. Deep seismic profiles show both an east dipping 
thrust and possibly a steep westerly dipping fault at this location. This fault 
has been modelled as a conduit for fluids feeding the Century mineralisation 
(Zhang & others, 2010). 

 The fluid circulation systems that gave rise to stratabound Zn-Pb-Ag 
mineralisation are poorly understood, but evidently involved: 

o fault-related recharge zones that accessed evaporitic fluids from 
surface and/or sediment reservoirs; 

o migration through rock masses at temperatures around 150°C or more 
(implying depths of ≥5km in the absence of penecontemporaneous 
igneous intrusions). This implies migration through zones of adequate 
permeability deep in the host sag succession and also its basement. 
Such aquifers could have included sandstone units and fractured 
basement. 

o cross-stratal fluid flow in fault zones connecting deeply circulated 
basinal fluids to discharge zones in which mineralisation could form; 

o topographically related head- and thermally-driven fluid flow resulting 
from uplift of adjacent fault-bounded compartments during 
transpressional deformation (Hinman & others, 1994; Hinman, 1995); 
and 

o alternatively, an episodically recharging, sealing and discharging 
system, related to fault movements and deformation of fault-localised 
compartments (Queensland Department of Mines and Energy & others, 
2000). 

 Numerical (FLAC3D) modelling has shown that deformation in the 
Leichhardt River Fault Trough is partitioned during extensional rifting, with 
major regional-scale structures accommodating the majority of the strain. This 
results in high shear strain, dilation and fluid flow in basin bounding structures, 
particularly on the western basin margin. In extension, these fluid pathways 
tend to draw down fluids and perturb relatively stable convection cells. 
Extension and topography play an important role in facilitating downward 
migration of fluids deeper into the system. Storage of such fluids in diagenetic 
aquifers for tens of millions of years is a key consideration, as such aquifers 
may be recharged by lateral flow and disturbed by topographic and structural 
influences. In compression, the convection cells breakdown quickly and fluids 
are expelled upwards, typically ponding in permeable hanging wall positions 
in sediments of the Isa Superbasin or (perhaps) at the sea floor. The hanging 
wall sediments and intersections of north–south-trending basin bounding 
structures and east–west-trending structures are key areas for focussing shear 
strain, dilation, high fluid flux and potential mineralisation (Murphy & others, 
2008; McLellan, 2008b). 
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Deposition 
 
Depositional environment:  

 Structural setting:  
o The effects of weak basinal scale deformations and stratabound Zn-Pb-

Ag mineralisation were focused around north-north-west-trending 
zones that are semi-continuous for several hundred kilometres along 
strike, and at the intersections of these zones with north-west to west-
north-west and north-east-trending zones. These north-north-west-
trending zones: 

 are mappable because of their potential field signatures and 
effects on basinal sequences, and also their behaviour during 
basin inversion or other later deformation; 

 represent through-going regional fault systems that were 
mainly initiated prior to Cover Sequence 3 sag phase 
sedimentation, but in some cases during 1640Ma extension; 

 were reactivated during the 1670–1590Ma mineralising events; 
 were integral to the construction of fertile host environments 

for stratabound Zn-Pb-Ag mineralisation; and 
 formed a major component of the hydrothermal plumbing 

systems responsible for mineralisation (Queensland 
Department of Mines and Energy & others, 2000). 

o The sedimentologically anomalous zones hosting stratabound Zn-Pb-
Ag mineralisation may: 

 occur from <1km to >6km above the base of the sag 
succession; 

 be products of localised transpression associated with fault jogs 
or intersections; and 

 potentially be stacked in such settings, successive zones 
reflecting later fault reactivations corresponding to later basinal 
deformation events (Queensland Department of Mines and 
Energy & others, 2000). 

o Intense folding during the Isan Orogeny may lead to structural 
thickening of banded ore and grade enhancement due to remobilisation 
during deformation and formation of high-grade breccia ore (for 
example, Dugald River; Xu, 1996c). 

 Host rocks:  
o The host successions essentially comprise platform, slope and basinal 

facies, carbonate clastics and siliciclastics, with minor carbonaceous 
lutites and broadly developed (sulphate-, halite-) evaporitic units 
(Queensland Department of Mines and Energy & others, 2000). 
Mineralisation is not confined to a particular stratigraphic interval or 
single basin phase (McConachie & Dunster, 1998). 

o The sedimentary successions were marine or had an episodic marine 
connection (Southgate & others, 2000a) and formed partly in relatively 
shallow water environments (Queensland Department of Mines and 
Energy & others, 2000). 
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o The upper McNamara Group (host to Century) is dominated by 
siliciclastic sediments (Queensland Department of Mines and Energy 
& others, 2000). 

o Volcanics and penecontemporaneous intrusions are largely absent from 
host successions, although they may contain minor „tuffaceous‟ 

components (Queensland Department of Mines and Energy & others, 
2000). 

o Within the host successions, Zn-Pb-Ag mineralisation occurs: 
 in stratabound zones through 50–700m of stratigraphy; 
 typically as concordant to weakly discordant lenses; 
 in hosts typically exhibiting strong bedding-parallel stylolitic 

fabrics (Hinman,1996); 
 in thin-bedded to laminated, highly carbonaceous lutites, 

commonly spatially associated or interbedded with lutites 
containing abundant fine-grained pyrite-rich laminae; 

 in broader stratabound envelopes of secondary ferroan 
carbonate; 

 without footwall alteration zones, as commonly associated with 
VMS deposits; and 

 parts of local stratabound zones in which there may be evidence 
for anomalous maturation and degradation of kerogen reflected 
in the unusual organic geochemistry of the host sediments 
(Hinman, 1998). There may be evidence even for the former 
presence of fluid hydrocarbons (Queensland Department of 
Mines and Energy & others, 2000). 

 Alteration:  
o Characteristically, these deposits lack well defined alteration zones. 

Although Large & others (2000) defined extensive alteration zones 
using isotopes and geochemistry, alteration is subtle, with the most 
pronounced effects being changes in composition of carbonate 
minerals. 

o Alteration at Century includes a smectitic halo (defined by X-ray 
diffraction) and an abundance of iron-bearing phases such as siderite, 
pyrite, sideroplesite and pistomesite. 

o Duckworth (2008) concluded that alteration surrounding the Mount Isa 
Zn-Pb-Ag mineralisation is strongly Mg-rich, with minerals identified 
as phengite, dolomite, intermediate chlorite, ankerite, talc and Ca and 
K sulphates. Rocks away from the Zn-Pb-Ag mineralisation are more 
Fe-rich, with biotite, siderite and Fe chlorite. Broad but significant 
halos of phengite alteration also surround the Hilton and George Fisher 
Zn-Pb-Ag deposits. Hydrothermal phengite has also been detected 
along mineralised faults (van der Wielen & others, 2005). 

o The sequencing of alteration at Mount Isa and George Fisher appears 
to begin with enhanced growth of dolomite and the precipitation of 
calcite.  This was followed by K feldspar zonation and the formation of 
phyllosilicate zones.  Widespread coarse-grained dolomite of the 
„silica-dolomite‟ followed and was overprinted by silica 
pseudomorphism. 
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o K feldspar is a major alteration phase at Mount Isa.  It extends furthest 
in a halo effect within the „tuffaceous marker beds‟.  In places, it may 
be supplanted by biotite. 

o Large & McGoldrick (1998) defined a series of halos extending for 
several hundred metres across strike and up to 1.5km along strike at 
Lady Loretta. The stratiform ore lens is surrounded by an inner 
sideritic halo, followed by an outer ankerite-ferroan dolomite halo that 
merges with low-iron dolomitic sediments representative of the 
regional background compositions. Element dispersion around the 
stratiform ore lens is variable with Pb, Cu, Ba and Sr showing very 
little dispersion (<50m across strike), Zn and Fe showing moderate 
dispersion (<100m) and Mn and Tl showing broad dispersion (<200m). 
Within the siderite halo Cu, Mg and Na show marked depletion 
compared to the surrounding sediments.  

 Mineral assemblages: 
o Zn-Pb-Ag mineralisation post-dates early diagenetic, fine-grained 

pyrite and comprises: 
 sphalerite, galena ± pyrite and silver sulphosalts 
 fine pore infills and replacements of carbonate, as well as 

hydrothermally deposited Fe-rich (and 13C depleted) carbonates 
and, in some cases, precipitated carbon (for example, Century; 
Broadbent & others, 1998). 

o Replacement textures, shown by preservation of all stages, are the 
diagnostic textural type at Mount Isa.  Gangue minerals are replaced by 
sulphides, and there is a paragenetic sequence of sulphides replaced by 
younger sulphides.  Fine-grained pyrite is the earliest sulphide. 
Sphalerite is replaced by galena and both by chalcopyrite. 

Depositional mechanisms:  
 Depositionally, the mineral system was only active in the latter parts of the 

evolution. Extension and thermal input during early superbasin development 
did not result in the formation of mineral deposits but rather were the storage 
compartments for fluids drawn down into the system (Murphy & others, 2008). 

 The main processes contributing to Zn-Pb-Ag mineral deposition were fluid 
cooling, dissolution of host rock carbonate (with consequent pH increases) and 
thermochemical sulphate reduction due to the interaction of Zn-Pb-Ag-
transporting fluids with organic matter and also mingling with migrated but 
locally sourced hydrocarbons; inorganically precipitated carbon was also 
produced (Hinman & others, 1994; Dixon & Davidson, 1996; Hinman, 1998; 
Broadbent & others, 1998). These processes emphasise the significance of 
organic-rich and calcareous successions as potential hosts. 

 Deposits such as Century, George Fisher, Hilton and Mount Isa exhibit 
paragenetic stages from early, layer-parallel sphalerite, sphalerite breccias 
with minor galena and pyrrhotite to vein and breccia-hosted galena with 
sphalerite, pyrrhotite and euhedral pyrite. A paragenetic evolution from early 
sphalerite to late galena with euhedral pyrite is consistent with a thermally 
prograding event, increasing extent of thermochemical sulphate reduction and 
saturation of hydrothermal pyrite (Murphy & others, 2008). 

 Carbonate-hosted replacement deposits such as Kamarga may have formed by 
neutralisation of hot acid fluids (Jones & others, 1999). 
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 Although synsedimentary to early diagenetic mineralising processes have 
generally been favoured for formation of these deposits (Waltho & Andrews, 
1993; Hinman & others, 1994; Dixon & Davidson, 1996; Hinman, 1996; 
McGoldrick & Large, 1998; Betts & Lister, 2002), there is a growing body of 
evidence for a late diagenetic (reminiscent of Mississippi Valley type deposits) 
to syntectonic replacement mechanism as an alternative explanation for the 
formation of the stratabound Zn-Pb-Ag orebodies (Xu, 1996; Perkins & Bell, 
1998; Broadbent & others, 1998; Rohrlach & others, 1998; Jones & others, 
1999). Alternatively syngenetic to early diagenetic mineralisation may have 
been remobilised and enriched, in a manner similar to models generally 
invoked for Broken Hill style deposits. Some deposits such as Walford Creek 
are seen as the end result of repeated mineralisation events, with the local 
sedimentary facies providing an efficient base metal trap from the time of 
sedimentation to late diagenesis or even later (Rohrlach & others, 1998). 
There is increasing consensus that sub-seafloor replacement is a more 
important process than ore deposition at the sediment-water interface (Huston 
& others, 2006). 

 Synsedimentary model. 
o This model involves the expulsion of evolved seawater or hypersaline 

brines from a vent, typically a fault, and the precipitation of metals 
onto the sea floor as chemical sedimentary layers. The extensional 
fault architecture behaves as conduits for mineralising fluids and the 
upflow of hydrothermal fluids to the sea floor during exhalation has 
been explained by either a convection cell model or a static-reservoir 
model (Betts & Lister, 2002). Mineralising fluids may be relatively hot 
and reduced, carrying all the ingredients for precipitating pyrite and 
base metal sulphides contained in the orebodies. Alternatively, cool 
oxidised fluids may be exhaled into an anoxic and/or organic matter-
rich water body (McGoldrick & Large, 1998). Such brines are thought, 
under this model, to be evolved from sedimentary basins dominated by 
carbonates, evaporates, and hematitic sandstones and shales. Coarser-
grained sulphides are thought to result from recrystallisation, along 
with exaggerated grain growth of the gangue, predominantly dolomite.  
Sulphides in obviously late sites are presumed to result from 
remobilisation during the Isan Orogeny. 

 Early diagenetic replacement model. 
o The early diagenetic model differs from the synsedimentary genetic 

model in that mineralisation takes place as the result of replacement 
rather than exhalation onto the sea floor. Replacement occurs in 
unconsolidated sediments beneath the water–sediment interface, 
usually at shallow depths, before consolidation of the sedimentary pile 
(Betts & Lister, 2002). 

o Prior to base metal mineralisation and at temperatures compatible with 
biogenic sulphate reduction, hydrothermal infiltration of organic-rich 
sediments may have resulted in the formation of abundant stratabound 
iron sulphide in the host successions (Hinman & others, 1994). Zn-Pb-
Ag mineralisation formed during bedding subparallel infiltration of 
hydrothermal fluids after shallow burial (Hinman, 1996).  

o Dixon & Davidson (1996) used variations in δ34S values in pyrite and 
sphalerite to support an early diagenetic genesis for Dugald River, 
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although later structural events were responsible for increasing the 
grades of the pre-existing mineralisation. 

o Cool, oxidised fluids transport base metals through or out of the 
sediment pile and will precipitate base metal sulphides if their 
dissolved sulphate undergoes reduction to sulphide or if they encounter 
another source of reduced sulphur. This can happen by reaction 
between transient oxidised brines and organic matter or diagenetic iron 
sulphides in porous sediments in the shallow sub-surface before burial. 
(McGoldrick & Large, 1998). 

 Late diagenetic (inversion) replacement model 
o Broadbent & others (1998) have suggested that stratabound 

mineralisation at Century relates to D1, or basinal inversion and formed 
at 800 to 3000m below the surface. The discordant yet stratabound 
nature of the mineralisation is one argument used to support late 
diagenetic replacement as the primary ore forming process. Detailed 
structural geology, fluid inclusion studies and numerical modelling 
have shown that Century is most likely the product of fault-controlled 
fluid flow and epigenetic replacement processes, due to a combination 
of tensile failure and chemically favourable host rocks (Zhang & others, 
2010). Base metal sulphides were deposited by the reaction between 
transient oxidised brines and organic matter accumulations (for 
example, hydrocarbons) in the deep subsurface (McGoldrick & Large, 
1998). Fluid flow was facilitated by primary and secondary porosity, 
fluid overpressuring resulting from hydrocarbon generation due to 
interaction of organic matter with hydrothermal fluids, and probably 
also by bedding plane slip (Queensland Department of Mines and 
Energy & others, 2000). Palaeomagnetic studies have shown that Ore 
Characteristic Remnant Magnetisation predates Isan D2 deformation 
and has a palaeomagnetic age of 1558±4Ma (Kawasaki & others, 
2010). 

o Jones & others (1999) concluded that the Kamarga deposit formed by 
the neutralisation of hot acid fluids by carbonate sediments. 

 Late Isan Orogeny syntectonic replacement model 
o Perkins & Bell (1998) interpreted Mount Isa, Hilton and McArthur 

River as being formed by hydrothermal replacement of lithified and 
deformed pyritic sedimentary rocks during an east–west shortening 
event (Isan D4). All these deposits are adjacent to major, post-
depositional reverse/thrust faults rather than, as commonly supposed, 
normal growth faults. In this model, all layer subparallel dolomite, 
dolomitic breccias and cross-cutting veins were in existence before the 
deposition of any sphalerite, galena or chalcopyrite.  Mineralisation is 
associated with major carbonate alteration systems that are dolomitic 
in the immediate deposit environment. Sulphides have replaced 
laminated bituminous bands at McArthur River, and bedding-parallel 
or breccia-matrix metasomatic alteration minerals (mostly dolomite) at 
Mount Isa and Hilton. This model differs significantly from the 
synsedimentary or diagenetic models because sulphide deposition 
involves fluid – wall rock reactions rather than mixing of seawater and 
hydrothermal fluids (Betts & Lister, 2002). 



Mineralising system for stratabound sediment-hosted Zn-Pb-Ag – Western Fold Belt Province 
TJ Denaro, WG Perkins and CR Dhnaram 

Page 15 of 130 

o Myers & others (1996) proposed syntectonic mineralisation at Mount 
Isa with evolution of the mineralising fluid over time. The earlier fluids 
tapped shallower cooler reservoirs while later mineralisation came 
form deeper hotter regions. This contrasts with the model of Perkins & 
Bell (1998) where Zn, Pb and Cu are derived from a single fluid 
moving upward away from the core of the copper mineralisation. 

o Xu (1996, 1997b, 1998b) concluded that Zn-Pb-Ag mineralisation at 
Dugald River formed syntectonically post-D2 to syn-D4, consistent 
with the timing of Mount Isa copper mineralisation. Evidence used to 
support an epigenetic origin includes the discordant nature of the lode, 
ubiquitous crosscutting relationships between ore and host rocks, and 
distinct trace element ore geochemistry. 

 Repeated mineralising events/remobilisation model 
o Deposition of sulphides may be related to a combination of syngenetic-

diagenetic and epigenetic processes. As some Zn-Pb-Ag mineralisation 
demonstrably post-dates the sedimentary deposition of its host rocks, 
there is the possibility that significant metal contributions reflect later 
events, for example: 

 Feltrin & Oliver (2004) and Feltrin & others (2005, 2009) 
interpreted Century as being formed by two hydrothermal 
systems, with the second event remobilising pre-existing 
synsedimentary to early diagenetic stratiform Pb-Zn-Cu 
mineralisation (on the metre to 100m scale) during late 
diagenesis and deformation or involving both remobilisation of 
early Zn-rich ore and syntectonic emplacement of new Cu and 
possibly Zn-Pb ore. The secondary redistribution of sulphides 
is a result of reactivation of north-east, north-west and east–
west oriented faults, probably during the Isan Orogeny. 

 Rohrlach & others (1998) recognised four stages of sulphide 
deposition at Walford Creek. The diversity of mineralisation 
styles is a product of multiple mineralising events that extended 
from sedimentation through to deep burial. This prolonged 
mineralisation history resulted from the Fish River Fault 
episodically tapping deep-seated hydrothermal fluids of varying 
compositions. 

 Stage I consists of synsedimentary pyrite and marcasite 
deposited as microbially precipitated mounds from 
subaqueous springs that vented from the Fish River 
Fault, with evidence for extensive detrital reworking.  

 Early diagenetic stratiform and stratabound, primary 
porosity cavity-fill sphalerite + galena ± pyrite and 
quartz mineralisation (Stage II) overprints Stage I 
sulphides. Mineralisation formed shortly after sediment 
deposition from connate lacustrine water, or during 
uplift and erosion of the succession prior to deposition 
of the overlying Doomadgee Formation. In the second 
case, the low-salinity fluids are meteoric groundwater.  

 Stage III sulphides consist of cavity filling and vein 
sphalerite, galena and chalcopyrite. Stage III was 
deposited by cooling and mixing of hypersaline MgCl2 
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brines with ambient CaCl2-MgCl2 brines. Mineralisation 
post-dates stylolitisation and probably formed at a depth 
of 1–2 km.  

 Stage IV mineralisation comprises vein chalcopyrite, 
sphalerite and galena that were deposited by conductive 
cooling in association with reduction of hypersaline 
CaCl2 brines. 

 
 
 
 

 
Figure 2: Schematic section showing possible sites for stratiform deposits and sources of metals and 
fluids (McGoldrick & Large, 1998) 
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Figure 3: Tectonostratigraphic model for stratabound Zn-Pb-Ag mineralisation in the Mount Isa region 
(Queensland Department of Mines and Energy & others, 2000). 
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Figure 4: Schematic diagrams illustrating the different possible tectonic environments for the 
precipitation of mineralising fluids for sediment-hosted Zn-Pb-Ag deposits throughout the Western 
Fold Belt of the Mt Isa terrane during the Mount Isa Rift Event (MIRE) (Betts & Lister, 2002). 
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Figure 5: Model for fluid flow, mineralisation and Fe-Mn carbonate alteration at Century (after, 
Broadbent & others, 2002). During early burial, the uppermost H5 sandstone was cemented by 
diagenetic chlorite and formed a barrier to subsequent upflow of metalliferous brines. The brines 
moved upward along the Termite Range Fault and outward along favourable permeable horizons 
causing deposition on Mn siderite and Mn ankerite cements. The Century Zn-Pb-Ag lenses formed in 
the H4s siltstones below the impermeable cap of H5 chloritised sandstone due to reaction between 
hydrocarbons generated in the organic-rich H4s shales and sulphate and metal chlorides carried by the 
hydrothermal brines. 
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Figure 6: Surface geological plan, Mount Isa Mine (after Forrestal, 1990) 
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Figure 7: Geological plan of 13 level (612m depth) and cross section through A-B, looking north, 
Mount Isa Mine (after Forrestal, 1990; Mathias & Clark, 1975). 
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Figure 8: Geological plan of the Hilton-George Fisher area (after Valenta, 1994) 
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Figure 9: Composite cross section of George Fisher South (Hilton) Mine, looking north (after Taylor & 
Dennis, 1993) 
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Figure 10: Geology of the Lady Loretta district (modified from Hancock & Purvis, 1990). B-B‟ is the 
section line shown in Figure 11. 

 
Figure 11: Typical geological cross section, Lady Loretta deposit (section 2300), modified from 
Hancock & Purvis (1990) and Carr (1984). 
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Figure 12: Halo model (pre-folding) for the Lady Loretta deposit based on geochemical data from the 
Small Syncline and Big Syncline (Large & McGoldrick, 1998) 
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Figure 13: Geological setting and genetic model for Walford Creek prospect (Rohrlach & others, 1998). 

a) Stage I, formation of pyrite lens (synsedimentary); 
b) Stage II, stratiform and cavity fill Pb-Zn (early diagenesis); 
c) Stage III, MVT-style vein, cavity fill and replacement Cu-Pb-Zn (late diagenesis to post-

lithification) 
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Figure 14: Schematic geological plan and section, Dugald River Zn-Pb-Ag lode (after Connor & others, 
1990) 
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Figure 15: Geological plan of the Grevillea prospect (after Jenkins & others, 1998) 
 

 
Figure 16: Cross section on grid line 15 200mN, Gossan Block, Grevillea prospect, looking north-west 
(after Jenkins & others, 1998) 
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Geochemical signatures 
 Conventional geochemical and gossan recognition tools are applicable in areas 

lacking appreciable transported, post-mineralisation cover. Gossans are 
generally anomalous in Pb, Ag, As, Tl, Fe, Ba and S but low in Zn. 

 Weathering of the shales overlying mineralised and unmineralised areas 
produces kaolinite, dickite and muscovite, with less feldspar breakdown above 
the unmineralised areas (Duckworth, 2008). 

 Mineralisation may be enveloped by stratabound halos exhibiting: 
o Pb and Zn anomalism and veining reflecting mobilisation of these 

components; 
o Fe- and Mn-enriched secondary carbonates in infiltration zones distal 

to mineralisation; 
o Anomalous organic geochemistry resulting from hydrothermal fluid – 

kerogen interaction (Hinman, 1998); 
 Other anomalous trace and minor element patterns (see McGoldrick & Large, 

1998; Large & McGoldrick, 1998). Mount Isa ores contain high but variable 
Ag, As, Sb, Bi, Cd, Hg, In and Tl but very low Au.  Se is low and S/Se ratios 
of base metal sulphides and pyrite are high. 

 

Geophysical signatures 
 Electrical geophysical techniques are mainly useful as tools for mapping at 

district and prospect scales. Induced polarisation is probably the most effective 
technique for unmetamorphosed sediment-hosted zinc deposits. 
Electomagnetics is usually the most appropriate method for deposits that have 
been strongly metamorphosed (Bishop & Emerson, 1999). 

 In most of north-west Queensland, prospective carbonaceous (and pyritic) 
lithological packages are conductive, limiting the direct imaging of base metal 
sulphide conductors. MacNae & Mutton (1996) have shown that drillhole and 
surface UTEM can clearly distinguish very conductive sulphides from less 
conductive slates at Dugald River, with anomalies detectable for large 
distances. 

 Organic maturation levels are comparatively low in the Murphy Province and 
northern Lawn Hill Subprovince and EM methods can be used successfully to 
detect pyritic and/or base metal sulphide-rich conductors (Queensland 
Department of Mines and Energy & others, 2000). 

 The interpretation of geophysical data (magnetics, gravity and EM), combined 
with geological mapping, can be used to define the fault systems that form key 
parts of plumbing systems and compartmentalise lithofacies distributions 
(Queensland Department of Mines and Energy & others, 2000). 

 Massive sulphides could be expected to produce positive anomalies in closely 
spaced gravity surveys 

 Pyrrhotite zones associated with some ore zones would produce magnetic 
anomalies. 

 Reflection seismic studies can contribute significantly to fault and 
stratigraphic mapping (Queensland Department of Mines and Energy & others, 
2000). 
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 High resolution aeromagnetic data can be interpreted to map the extensional 
architecture beneath younger post-rift and post-Isan successions. Normal 
faults have a distinctive magnetic response characterised by magnetic highs at 
the tilt-block crests, reflecting the relatively near-surface magnetic source. A 
relatively sharp decrease in the magnetic responses in the immediate hanging 
walls of normal faults occurs as the depth to magnetic source increases. With 
increasing distance from the normal fault, the magnetic response becomes 
progressively stronger as depth to magnetic source decreases along a tilt-block 
crest (Betts & Lister, 2002). 

 

Criteria for targeting/modelling 
 

 Intracratonic rift or distal back arc environment with abundant mafic and felsic 
rocks and a thick sediment pile (Murphy & others, 2008). 

 Hosted by sag phase sedimentary successions of Cover Sequence 3 that are 
commonly evaporitic and enriched in carbonaceous matter and/or pyritic 
sediments. Mineralisation is not confined to a particular stratigraphic level or 
single basin phase. 

o Evidence of shallow-water and deeper water carbonaceous and 
argillaceous host rocks (carbonate and siliceous clastic rift-fill 
packages containing organic-rich lutites interbedded with coarser 
clastics) in upper levels of youngest (pre-orogenic) basin, for example 
Isa Superbasin (Murphy & others, 2008). Host rocks are 
characteristically anoxic and located at or near maximum flooding 
surfaces (Betts & Lister, 2002). 

o Abundant stratabound fine-grained (diagenetic) pyrite in prospective 
host rocks 

 A history of repeated extension and inversion, perhaps observable from 
geological maps (at a minimum, 1:250 000 scale) and regional geophysical 
signatures, particularly the magnetic expression of rift-related mafic sequences 
(Murphy & others, 2008). 

o Evidence of extension and growth faulting – potential driver of fluids 
by underpressure, dilation and downward excavating convective flow. 

o Evidence of inversion, compressional folding and faulting – potential 
driver of fluids by upward expulsion from breached reservoirs. 
Carbonaceous fissile shales that have been folded into relatively tight 
D1 folds have increased permeability for epigenetic replacement 
mineralisation (Ord & others, 2002). 

 Associated with crustal-scale, syn-sedimentation fault systems and related 
fault-bounded foundering sedimentation compartments/sub-basins exhibiting 
block tilting, anomalous sedimentation thickness distributions and systematic 
facies variations towards structures; related to accommodation zones of fault 
systems.  
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Figure 17: Zn-Pb-Ag occurrences, Western Fold Belt Province 
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 Fault systems and related fluid circulation systems connecting: 
o Fluid recharge zone 
o Faulted basement and basal sandstone aquifer 
o Fluid discharge zone. 

 Linear, strike extensive faults that tap deep into the crust. North-north-west-
trending zones active during Cover Sequence 3 sedimentation and Isan D1 
events (reactivated Cover Sequence 3 [and ?Wonga] accommodation systems, 
sidewalls/transfer systems). These faults can be quantitatively assessed using 
fault strike length data from mapping and interpreted potential field data, and 
show a strong local control on deposit location (Murphy & others, 2008).  

 At intersections with north-west-, east–west- and north-east-trending basement 
fault systems (reactivated earlier rift structures of Cover Sequence 2 and 
Wonga ages). 

 Fault system active/reactivated episodically during one or more mineralising 
events and sedimentation. 

 Evidence of potential source rocks (rift-related volcanics and sediments) and 
diagenetic aquifers in lower parts of stratigraphic pile, comprising thick 
proximal clastic sequences with potential to be buried to 5–10 km depth at 
times of mineralisation, for example, Leichhardt Superbasin sediments and 
volcanics (Murphy & others, 2008). 

 Evidence of saline brines, evaporites or remnants thereof in deeper parts of 
sediment pile – evaporite source for high SO4

2-/H2S, 100–200°C, acid brine; 
clay-carbonate buffer (Murphy & others, 2008). 

 Fluid infiltration zones in organic-rich sedimentary packages in hanging wall 
positions fed by discordant fault systems.  

 Ore deposition in infiltration zones by: 
o interaction with kerogen and/or mixing with reduced fluids effecting 

thermochemical sulphate reduction 
o host rock carbonate dissolution (stylolites) and acid neutralisation 
o fluid cooling. 

 Alteration – possibly seen from geophysical (magnetite depletion?) or 
remotely sensed data (TM, ASTER, HYMAP). This would particularly 
include the common occurrence of primary and diagenetic carbonates such as 
siderite or dolomite that should be distinctive from regional stratigraphic 
signals irrespective of the specific genetic model (Murphy & others, 2008). 

 Ferroan carbonate alteration envelope and stylo-laminated lutites; pyrite. 
 Broad but significant halos of hydrothermal phengite alteration surround some 

Zn-Pb-Ag deposits, and have also been detected along mineralised faults (van 
der Wielen & others, 2005). Phengite Mineral Index maps from ASTER and 
HYMAP data can be used to delineate these zones. 

 Alunite corresponds closely to Zn-Pb-Ag gossans and represents supergene 
alteration of sulphides (van der Wielen & others, 2005). 

 Illite crystallinity halo at Century (Wilde, 2006). 
 Clustering of existing deposits and occurrences 
 Enriched Zn, Pb, Cu, Ag, Tl, Hg and Mn in lithochemical halos (up to 15km at 

McArthur River) (Murphy & others, 2008); these can provide vectors to 
hidden mineralisation (McGoldrick & Large, 1998). Large & McGoldrick 
(1998) devised three whole rock geochemical vectors for exploration for 
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stratiform Zn-Pb-Ag deposits in dolomite-rich basins. All three vectors 
increase to ore both across strike and along strike: 

o SEDEX metal index = Zn + 100Pb + 100Tl 
o SEDEX alteration index = (FeO + 10MnO)100/(FeO + 10MnO + 

MgO) 
o Manganese content of dolomite  MnOd = (MnO x 30.41)/CaO 

 Stream sediment sampling in catchments of 10km2 and rock chip sampling 
(Murphy & others, 2008). 

 EM conductors reflecting abundant sulphides as well as carbonaceous 
sediments. At Walford Creek, 3D conductivity models prepared by inversion 
of airborne EM data have been used successfully to define conductivity 
distributions in close agreement with ground EM and drilling information 
(Lane & others, 2000). 

 Detailed gravity surveys can reveal the presence of high-grade Zn-Pb 
mineralisation at depths of several hundred metres (McGoldrick & Large, 
1998). 
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Appendix 1: Descriptive deposit model 
 
Deposit type: Stratabound sediment-hosted Zn-Pb-Ag 

Commodities: Zn-Pb-Ag; minor Cu, Co, Cd, Sb and barite may be present. 
Description: Stratiform to stratabound basinal accumulations of sulphide and sulphate 
minerals interbedded with euxinic marine sediments form sheet- or lens-like tabular 
orebodies up to a few tens of metres thick, and may be distributed through a 
stratigraphic interval of >1000m. 
Examples:  

 Queensland – Mount Isa, Hilton, George Fisher, Century, Dugald River, Lady 
Loretta, Grevillea, Walford Creek 

 Northern Territory – HYC (McArthur River) 
Related deposit types: Associated deposit types include carbonate-hosted sedimentary 
exhalative (such as the Kootenay Arc and Irish deposits) and Mississippi Valley style 
Pb-Zn (for example, Kamarga), bedded barite and iron formation, epigenetic Zn-Pb-
Ag veins (for example, Silver King). 
Tectonic/geological environment: 

Tectonic setting(s): Marine epicratonic embayments, intracratonic basins and 
continental margin environments. 
Depositional setting:  

 Epicratonic embayments and intracratonic basins are associated with hinge 
zones controlled by synsedimentary faults, typically forming half-grabens that 
are developed by extension along continental margins or within back-arc 
basins.  

 Within these grabens (first-order basins), penecontemporaneous vertical 
tectonism forms restricted second-(102–105 km) and third-order (tens of 
kilometres) basins within linear, fault-controlled marine, epicratonic troughs 
and basins. The third-order basins are the morphological traps for the 
stratiform sulphide and sulphate minerals. 

 Spatial association with regional fault structures. The faults are 
synsedimentary (show evidence of penecontemporaneous movement) and 
serve as feeders for the stratiform deposits. 

 The depositional environment varies from deep, euxinic, starved marine 
to ?shallow water restricted shelf. The regional host sequence is often the 
latest sag phase of a series of rift-sag cycles. 

Host and associated rock types:  
 Euxinic marine sedimentary rocks including carbonaceous black shale, 

siltstone, cherty argillite and chert. Thin interbeds of turbiditic sandstone, 
granule to pebble conglomerate, pelagic limestone and dolostone, although 
volumetrically minor, are common.  

 Evaporites, calcareous siltstone and mudstone are common in 
contemporaneous shelf settings. Evaporites may be needed for high salinity 
fluids. 

 Small volumes of bimodal volcanic rocks, typically tuff and submarine mafic 
flows, may be present within the host succession.  

 Slump breccias, fan conglomerates, and similar deposits, as well as facies and 
thickness changes, are commonly associated with synsedimentary faults. 

 In some basins high-level mafic sills with minor dikes are important. 
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Age range: 
 U–Pb zircon and Pb isotope model ages indicate that the major deposits of 

north-west Queensland all formed within a 100 million year period, namely, 
1680–1575Ma 

Deposit description: 

Deposit form/structure:  
 Stratiform to stratabound, concordant to weakly discordant, locally highly 

deformed tabular orebodies. 
 These deposits are stratabound, tabular to lens shaped and are typically 

comprised of many beds of stratiform laminae of sulphide and/or barite. 
 Frequently the lenses are stacked and more than one horizon is economic. Ore 

lenses and mineralised beds often are part of a sedimentary succession up to 
hundreds of metres thick. Horizontal extent is usually much greater than 
vertical extent. Individual laminae or beds may persist over tens of kilometres 
within the depositional basin.  

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

extend for hundreds to thousands of metres laterally and down dip. Ore lenses 
may be distributed through a stratigraphic interval of >1000m. 

Mineralogy:  
 Primary: pyrite (in places framboidal), pyrrhotite, sphalerite, galena, sporadic 

barite and chalcopyrite, and minor to trace amounts of marcasite, arsenopyrite, 
bismuthinite, pyrargyrite, polybasite, proustite, boulangerite, molybdenite, 
enargite, millerite, freibergite, cobaltite, tetrahedrite, tennantite, cassiterite, 
valleriite, and melnikovite. 

 Secondary: hematite, limonite, cerussite, anglesite, pyromorphite, 
hemimorphite, smithsonite, native silver, silver sulphosalts, jarosite, 
plumbojarosite. 

 Alteration: quartz, tourmaline, carbonate (dolomite, siderite, ankerite), albite, 
chlorite, sericite, dolomite, K-feldspar. 

 Gangue: minor to variable quartz, carbonates, bituminous-graphitic material, 
muscovite, barite. 

Alteration:  
 Alteration varies from well developed to nonexistent.  
 In some deposits, stockwork and disseminated sulphide and alteration 

(silicification, tourmalinisation, carbonate depletion, albitisation, chloritisation, 
dolomitisation) minerals, possibly representing the feeder zone of these 
deposits, lies beneath or adjacent to the stratiform mineralisation.  

 Carbonates in host sequences become richer in Fe and Mn closer to 
mineralisation. Ankerite and/or siderite halos are recognised in several 
deposits. 

 Celsian, Ba-muscovite, and ammonium clay minerals may be present, but are 
probably not common. 

 In low-grade metamorphosed deposits, the organic matter associated with the 
ores is more thermally mature than organic matter in surrounding host rocks. 

Textures:  
 Contrasting sedimentary thicknesses and facies changes across hinge zones. 
 Finely to very finely crystalline and disseminated, monominerallic sulphide 

(±barite) laminae are typical where deformation is minor.  
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 Metamorphosed and intensely folded examples are coarsely crystalline and 
massive, but generally display some mineralogical banding. 

 Breccia veins are common. 
Formation conditions: 

 Submarine and sublacustrine exhalations and diagenetic to possibly 
syntectonic replacements of sediments.  

 T possibly 100–300C 
 Water depth shallow to deep (several kilometres).  
 Low/moderate to high salinity fluids carry metals mostly as chloride 

complexes. 
 Ore precipitation due to decrease in T, salinity (fluid mixing), increase in pH, 

fO, and reaction with biogenic/diagenetic Fe sulphides. 
Surface expression/weathering: 

 Surface oxidation may form large gossans containing abundant carbonates, 
sulphates, and silicates of lead, zinc and copper. 

 Some deposits (for example, Dugald River, Grevillea) have distinctive 
vegetation anomalies with a lack of spinifex. 

Geochemical signature: 
 Anomalous base metals in stream sediment, rock chip and soil samples. 
 The deposits are typically zoned with Pb found closest to the vent grading 

outward and upward into more Zn-rich facies.  
 Cu is usually found either within the feeder zone of close to the exhalative 

vent.  
 The host stratigraphic succession may be enriched in Ba on a basin-wide scale. 

Barite, exhalative chert and hematite-chert iron formation, if present, are 
usually found as a distal facies.  

 Sediments such as pelagic limestone interbedded with the ore zone may be 
enriched in Mn. Fe and Mn content of carbonates in host sediments increases 
towards ore lenses in some cases. 

 NH3 (NH4
+) anomalies have been documented at some deposits, as have local 

(within 2km) Zn, Pb and Mn halos. May also have Fe, As, Hg and Tl halos 
 Highest expected background in black shales - 500ppm Pb, 1300ppm Zn, 

750ppm Cu, 1300ppm Ba; in carbonates - 9ppm Pb, 20ppm Zn, 4ppm Cu, 
10ppm Ba. 

 Ores contain high but variable Ag, As, Sb, Bi, Cd, Hg, In and Tl, but very low 
Au. Pb grades are significantly correlated with Ag grades. 

 Se is low and S:Se ratios of base metal sulphides and pyrite are high. 
 Sulphur isotope signatures of base metal sulphides and pyrite are heavy and 

highly variable within and between deposits. 
 Lead isotopes in the ores are (mostly) non-radiogenic and have model ages 

consistent with the ages of the host sequences. 
Geophysical signature:  

 Processed regional potential field data can be used to define basement 
structures, basin margins, the nature and thickness of basin fill (depocentres) 
and other (?synsedimentary) structures. Airborne and ground electromagnetic 
surveys can locate carbonaceous and pyritic sedimentary host facies. 

 Ores are generally poor electrical conductors and non-magnetic (with the 
exception of pyrrhotite-bearing ores). 
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 Airborne and ground geophysical surveys, such as electromagnetics or 
magnetics should detect deposits that have massive sulphide zones, especially 
if these are steeply dipping. However, the presence of graphite-rich zones in 
the host sediments can complicate the interpretation of EM conductors. Also, 
if the deposits are flat lying and comprised of fine laminae distributed over a 
significant stratigraphic interval, the geophysical response is usually too weak 
to be definitive.  

 Induced polarisation can detect flat-lying deposits, especially if disseminated 
feeder zones are present. 

 Density contrast between ores and host rocks may be recognisable from 
detailed gravity surveys. 

Other exploration guides:  
 The majority of deposits are spatially associated with intracontinental or 

continental margin basins -usually in thick successions of clastic sedimentary 
rocks.  

 Second-order basins are prime exploration targets.  
 Second-order basins can be recognised by local lithological facies that are 

additional or exotic to the regional lithological succession, and by rapid facies 
changes.  

 Evidence of syndepositional tectonic activity.  
 Evidence of syndepositional geothermal activity - presence of volcanic rocks 

and chemical sediments of hydrothermal origin in the succession. 
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Appendix 2: Mineralising system for stratabound sediment-hosted Zn-Pb-Ag (Eastern Fold 
Belt Province) – ingredients, processes and mappable features 

 
Question Ingredient / process Reason Importance Mappable/measurable 

characteristics 

Outstanding questions Scale 

Q1, Q3 Intracratonic rift or distal 
back arc to passive margin 
environment with abundant 
mafic and felsic volcanic 
rocks and a thick sediment 
pile. Rifting is accompanied 
by 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 to 
syndiagenetic 
mineralisation. 

Essential Zones of extensional rifted 
tectonics observable from 
geological maps and regional 
geophysical signatures, 
particularly the magnetic 
expression of rift-related 
mafic sequences. 

Tectonic setting and history 
of Mount Isa Inlier is still 
contentious 

Continental to terrane (basin) 

Q1, Q4 A history of repeated 
extension and inversion pre-
to syn-mineralisation events 

 There is a strong 
basement control on 
basin architecture and the 
orientation of faults 
active at the time of basin 
formation. 

 Extension and growth 
faulting are potential 
divers of fluids by 
underpressure, dilation 
and downward 
convective flow.  

 Inversion, compressional 
folding and faulting are 
potential drivers of fluids 
by upward expulsion 
from breached reservoirs. 

Essential Regional potential field data 
can be used to define 
basement structures, basin 
margins, the nature and 
thickness of basin fill 
(depocentres) and other 
(?synsedimentary) structures. 

Tectonic setting and history 
of Mount Isa Inlier is still 
contentious 

Continental to terrane (basin) 

Q2 Crustal-scale, syn-
sedimentation fault systems 

 Sub-basins provide 
conditions for formation 

Essential to 
highly desirable 

 The interpretation of 
geophysical data 

Are other settings 
prospective? 

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

characteristics 

Outstanding questions Scale 

and related fault-bounded 
foundering sedimentation 
compartments/sub-basins 
exhibiting block tilting, 
anomalous sedimentation 
thickness distributions and 
systematic facies variations 
towards structures 

and preservation.  
 Marine sediments and 

associated volcanics 
reflect active extensional 
tectonics. 

(magnetics, gravity and 
EM), combined with 
geological mapping, can 
be used to define the 
fault systems that form 
key parts of plumbing 
systems and 
compartmentalise 
lithofacies distributions. 

 Reflection seismic 
studies can contribute 
significantly to fault and 
stratigraphic mapping. 

 Sub-basins are 
characterised by: 
o marked thickening of 

stratigraphy over a 
limited interval, 
reflecting sub-basin 
foundering/rapid 
subsidence; 

o uncommon 
lithofacies, 
particularly thick 
accumulations of 
carbonaceous 
shale/siltstone 
accompanied by 
coarser clastics in 
one or more 
coarsening upwards 
cycles; and 

o synchronous local 
uplift and erosion 
producing coarser 
grained facies 
(arenites and rudites) 
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Question Ingredient / process Reason Importance Mappable/measurable 

characteristics 

Outstanding questions Scale 

and local 
unconformities. 

Q2 Rift-hosted sedimentary 
sequences that are often the 
latest sag phase of a series 
of rift-sag phases. 

 Hosted by sag phase 
sedimentary successions 
of Cover Sequence 3 that 
are commonly evaporitic 
and enriched in 
carbonaceous matter 
and/or pyritic sediments.  

 Depositional environment 
varies from deep, euxinic, 
starved marine to 
shallow-water restricted 
shelf.  

 Mineralisation is not 
confined to a particular 
stratigraphic level or 
single basin phase. 

Essential  Evidence of shallow-
water and deeper water 
carbonaceous and 
argillaceous host rocks 
(carbonate and siliceous 
clastic rift-fill packages 
containing organic-rich 
lutites interbedded with 
coarser clastics) in upper 
levels of youngest (pre-
orogenic) Isa Superbasin.  

 Host rocks are 
characteristically anoxic 
and located at or near 
maximum flooding 
surfaces. 

 Abundant stratabound 
fine-grained (diagenetic) 
pyrite in prospective host 
rocks 

Role of precursor pyrite or 
other sulphide mineralisation 

Terrane (basin) to district 
(camp) 

Q2, Q4, 
Q5 

Association with crust-
penetrating regional faults 
that were active/reactivated 
episodically during one or 
more sedimentation and 
mineralising events 

 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. 

 Fault-related fluid 
circulation systems were 
active during rift 
sedimentation and 
provided permeability 
control on flow of deep-

Essential to 
highly desirable 

 Linear, strike extensive 
faults that tap deep into 
the crust can be 
quantitatively assessed 
using fault strike length 
data from mapping and 
interpreted potential field 
data (especially gravity 
and magnetic worms). 

 Alteration along faults 
indicating multiple fluid 
pulses. 

 Ages of fault movement. 
 Intersections of strike 

extensive faults with 

 Kinematic history of 
fault networks is not well 
constrained.  

 Are normal faults (syn-
sedimentary to syn-
diagenetic models) or 
reverse faults (syn-
tectonic models) the 
most important fluid 
conduits? 

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

characteristics 

Outstanding questions Scale 

sourced and probably 
basinal fluids. 

north-west-, east–west- 
and north-east-trending 
basement fault systems 
(reactivated earlier rift 
structures) 

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

Q3 Potential source rocks (rift-
related volcanics and 
sediments) and diagenetic 
aquifers in lower parts of 
stratigraphic pile, 
comprising thick proximal 
clastic sequences with 
potential to be buried to 5–
10km depth at times of 
mineralisation, for example, 
Leichhardt Superbasin 
sediments and volcanics. 

 Pb isotope studies 
indicate that Pb has a 
strong crustal isotopic 
signature and was 
sourced mostly from 
underlying basins and 
continental crust.  

 Metals sourced from 
substrates to the sag 
phase basins that 
comprise mainly older 
rift materials, including 
felsic and basic igneous 
rocks, siliciclastic and 
less mature sediments, 
plus some carbonates and 
evaporites 

 A primitive Os signal at 
Century points to a 
reduced mantle reservoir 
component and the 
capacity to tap this 
reservoir may be a key 
part of the process of 
forming most of the 
larger deposits within the 
Isan mineral system. 

Highly desirable  Evidence from mapping 
and potential field data 
for older rift sequences 
(Leichhardt and Calvert 
Superbasins) in deep 
footwall of crustal 
penetrating faults. 

 High resolution 
aeromagnetic data can be 
interpreted to map the 
extensional architecture 
beneath younger post-rift 
and post-Isan 
successions. 

Relative importance of 
basinal and mantle-derived 
metal sources. 

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

characteristics 

Outstanding questions Scale 

Q3 Evaporite or ex-evaporite 
bearing rocks in older basin 
sequences and/or cover. 

 The sources of Cl, S and 
metals are poorly-
constrained. A possible 
source of Cl is in 
evaporitic rocks that may 
also have provided S 
through dissolution of 
anhydrite or as H2S gas 
through thermochemical 
sulphate reduction. 
Sulphur may also have 
been derived from 
seawater or from a more 
deep-seated (mantle) 
source. 

 A possible source of 
bittern brines is perched 
basins that may have 
existed at the time of the 
Isan Orogeny and 
subsequently been 
eroded. 

Highly desirable  Evidence of saline 
brines, evaporites or 
remnants thereof in 
deeper parts of sediment 
pile. 

 Presence, extent and 
distribution of 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?  
 Source of salts in brines 

is poorly constrained. 
 What are the relative 

contributions of metals, 
sulphur and brines from 
the various potential 
sources through time? 

Terrane (basin) to district 
(camp) 

Q3 Cool, relatively oxidised, 
near neutral, saline basinal 
brines are favoured for 
transporting base metals 
(and possibly sulphur as 
sulphate) to mineralisation 
sites 

 The ore component 
transporting fluids are 
inferred to have been: 
o initially at 

temperatures of 100 
to 150C, resulting 
from circulation deep 
into the sedimentary 
pile and basement 
followed by rapid 
ascent in fault 
systems to ore 
depositional 
environments; 

o highly saline 

Essential to 
highly desirable 

 Mapped extent of 
potential fluid reservoirs, 
particularly subsurface. 

 Presence of fossil brines 
trapped in hydrothermal 
minerals. 

 The pre-existing 
Leichhardt and Calvert 
Superbasins provided 
permeable aquifers and 
fluid reservoirs for many 
of the metals that are 
hosted by the Isan 
Superbasin or deposited 
during the Isan Orogeny. 

 Could hot reduced fluids 
have produced some 
deposits? 

 Are these deposits 
syngenetic, diagenetic or 
syntectonic, or a 
combination of these? 

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

characteristics 

Outstanding questions Scale 

(reflecting evaporitic 
sources) and 
consequently 
relatively acid 
(particularly if the 
fluids were clay-
carbonate buffered 
during circulation), 
and hence sulphate-
bearing, H2S-poor 
and metal enriched 
(that is, metals>H2S 
and SO4

2->>H2S); 
and 

o Ba- and Cu-poor, but 
with relatively high 
Zn/Pb ratios, features 
that are reflected in 
the chemistry of the 
mineralised zones. 

Where basins are thickly 
developed, as in the 
Leichhardt River Fault 
Trough, heterolithic 
proximal facies 
sediments are identified 
as diagenetic aquifers for 
storage of sedimentary 
formation waters.   

 Possible reservoirs in the 
Isa Superbasin are salty 
fluids from the 
McNamara Group, 
particularly the Lady 
Loretta and Paradise 
Creek Formations 

Q3, Q4 Regional flow of metal-
bearing brines 

Large deposits require very 
large volumes of fluids 

Essential Alteration mapping using 
remotely sensed and 
geophysical data to identify 
zones of fluid movement 
along faults and within 
sediments. 

Source of fluids Terrane (basin) to deposit 

Q5 Fluid infiltration zones in 
organic-rich and/or 
carbonate-rich sedimentary 
packages in hanging wall 
positions fed by discordant 
fault systems. 
Chemical 
traps/replacement. 

 The main processes 
contributing to Zn-Pb-Ag 
mineral deposition in 
infiltration zones were:  
o fluid cooling; 
o host rock carbonate 

dissolution 
(stylolites) and acid 
neutralisation; and  

o thermochemical 
sulphate reduction 

Essential to 
highly desirable 

 Mapping of suitable host 
rock packages, including 
C- and S-rich and 
potentially chemically 
replaceable units. 

 Mapping of carbonate 
alteration halos, which 
may be zoned from Fe-
rich near-ore, through 
Mn- and Fe-rich to Mg-
rich away from ore. 

To what extent are the trap 
rocks a sulphur source? 

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

characteristics 

Outstanding questions Scale 

due to mixing with 
reduced fluids and/or 
interaction of Zn-Pb-
Ag-transporting 
fluids with organic 
matter and/or 
migrated but locally 
sourced 
hydrocarbons. 

 Chemical traps include 
dolomite and other 
carbonates and reduced 
packages such as 
carbonaceous shales, 
pyritic shales, and 
kerogen/hydrocarbon-
rich sediments. 

 Discordant faults. 
 Evidence of fluid 

reaction with host rocks, 
for example, stylolites. 

Q5 Hydrothermal alteration Movement and interaction of 
mineralising fluids should 
leave distinctive signatures 
along fluid pathways and 
within host sequences. 

Desirable to not 
essential 

 Ferroan carbonate 
alteration envelope and 
stylo-laminated lutites; 
pyrite. 

 Broad but significant 
halos of hydrothermal 
phengite alteration 
surround some Zn-Pb-Ag 
deposits, and have also 
been detected along 
mineralised faults. 
Phengite Mineral Index 
maps from ASTER and 
HYMAP data can be 
used to delineate these 
zones. 

 Alunite corresponds 
closely to Zn-Pb-Ag 
gossans and represents 
supergene alteration of 

Because alteration is 
generally subtle, distinctive 
alteration signatures are not 
readily apparent. 
Characterisation of drill core 
using Hylogger may provide 
new insights. 

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

characteristics 

Outstanding questions Scale 

sulphides. 
 Illite crystallinity halo at 

Century. 
Q5 Iron, zinc and lead 

sulphides in stratabound 
zones through 50–700m of 
stratigraphy 

Mineralisation generally 
comprises stratiform sulphide 
laminae (± discordant veins 
and breccias) in stratabound, 
concordant to weakly 
discordant, stacked tabular to 
lenticular zones. 

Essential to 
highly desirable 

 Prospective 
carbonaceous (and 
pyritic) lithological 
packages are conductive, 
limiting the direct 
imaging of base metal 
sulphide conductors.  
o Induced polarisation 

is probably the most 
effective technique 
for 
unmetamorphosed 
sediment-hosted zinc 
deposits.  

o Electomagnetics is 
usually the most 
appropriate method 
for deposits that have 
been strongly 
metamorphosed. 

 Detailed gravity surveys 
can reveal the presence 
of high-grade Zn-Pb 
mineralisation at depths 
of up to several hundred 
metres 

 Broader stratabound 
envelopes of secondary 
ferroan carbonate 

Are stratiform sulphide 
textures sedimentary or 
epigenetic/replacement? 
Is precursor syngenetic 
sulphide mineralisation 
essential for later 
syndiagenetic or syntectonic 
mineralisation? 

District (camp) to deposit 

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

Intense folding during the 
Isan Orogeny may lead to 
structural thickening of 
banded ore and grade 
enhancement due to 

Highly desirable 
but not essential 

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

 Are these deposits 
metamorphosed 
syngenetic 
mineralisation or have 
the metals been 

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

characteristics 

Outstanding questions Scale 

remobilisation during 
deformation and formation of 
high-grade breccia ore. 

deposited during 
deformation? 

 To what extent are 
additional metals 
introduced during 
metamorphism and 
metasomatism? 

 Which events have been 
most significant in 
structural thickening and 
grade enhancement? 

Q6 Weathering and supergene 
alteration 

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

Not essential  Gossans anomalous in 
Pb, Ag, As, Tl, Fe, Ba 
and S but low in Zn. 

 Some deposits have 
distinctive vegetation 
anomalies. 

 Alunite corresponds 
closely to Zn-Pb-Ag 
gossans and represents 
supergene alteration of 
sulphides. 

 Anomalous base metals 
in stream sediment, rock 
chip and soil samples. 

 Weathering of the shales 
overlying mineralised 
and unmineralised areas 
produces kaolinite, 
dickite and muscovite, 
with less feldspar 
breakdown above the 
unmineralised areas 

 Enriched Zn, Pb, Cu, Ag, 
Tl, Hg and Mn in 
lithochemical halos can 
provide vectors to hidden 

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

Deposit 
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Question Ingredient / process Reason Importance Mappable/measurable 

characteristics 

Outstanding questions Scale 

mineralisation 
Q6 Burial by subsequent 

erosion and sedimentation 
 Prospective targets may 

occur under Palaeozoic, 
Mesozoic and Cainozoic 
cover. 

 Large high-grade 
deposits justify 
underground 
development under 
substantial depths of 
cover. 

Not important  Cover rocks may provide 
a geochemical and 
geophysical blanket. 

 Gossans may or may not 
be preserved under 
cover. 

 A number of elements, 
including Ag, Pb, Mn 
and Fe may be dispersed 
upwards and laterally 
into cover rocks during 
the weathering and 
hydrological cycle. 

 Anomalous Pb, Ag, Zn, 
As, Tl, Fe, Mn, Ba and S 
in basement RAB 
samples may delineate 
geochemical targets 

 Geophysical datasets 
should still be useful in 
at least identifying 
prospective host 
sequences. 

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? 
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APPENDIX 3: NOTES ON NORTH AUSTRALIAN 
STRATIFORM/STRATABOUND ZINC-LEAD-SILVER DEPOSITS 

WG Perkins 

Introduction  
 
The following review of ore genesis models for north Australian stratiform/stratabound Zn-Pb-Ag 
mineralisation is based on the Mount Isa, Hilton, George Fisher, Century, HYC, Dugald River and 
Cannington deposits.  Apart from Dugald River all are currently being mined or have been mined.   
 
A range of ore genesis models have been proposed for these deposits, with the sulphides deposited: 

1. syngenetically and later remobilised during diagenesis and/or deformation; 
2. diagenetically and remobilised during deformation;  
3. diagenetically, with continued deposition during deformation; or 
4. syntectonically (during deformation). 

 
Huston & others (2006) completed a major review of Australian Zn-Pb-Ag ore-forming systems, 
including the above deposits. For this part of the work, they relied heavily upon research results from 
AMIRA Project P552, “Fluid Flow Modelling in the Mount Isa and McArthur Basins”, which 
canvassed deposit models 1 and 2 only. Geophysical models used in the study were based on the 
Century deposit.  The conclusion reached was that fertile basinal brines were responsible for 
mineralisation, even for a Century model with a 1575Ma age.  
 
Southgate & others (2006) posed five questions regarding the genesis of these deposits: 
1. Which parts of the stratigraphy provided the source rocks for the base metals?  
2. At what burial depths or temperatures did the basinal brines become enriched in base metals? 
3. What was the timing of brine expulsion and sulphide precipitation?  
4. Where in the basin did the metal-rich brines reside and along which pathways did they migrate? 
5. What are the relationships between metal-bearing brine and organic matter at the sites of metal 
precipitation? 
It seems that the most important question is number 3; all of the other questions partly depend on an 
answer to it.   
 
The following review examines evidence on the timing of ore formation and discusses the implications 
for fluid and metal sources and trapping mechanisms. 

Geological Settings of the Deposits 
 

The Mount Isa, Hilton and George Fisher deposits are hosted by the Urquhart Shale, a unit of the Isa 
Superbasin (Figures 1 and 2).  The host sequence comprises non-laminated and laminated dolomitic 
shales and siltstones.  It dips west at 630 at Mount Isa and is terminated down-dip by a faulted contact 
with the Eastern Creek Volcanics.  This structure, the Paroo-Basement Fault, also forms the western 
limit of the Mount Isa Group at Mount Isa and Hilton-George Fisher (Figure 2). To the west of this 
structure is the Mount Isa Fault, a west dipping structure that has an overturned limb of Surprise Creek 
Formation to Moondarra Siltstone to the west at Mount Isa. 
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Figure 1: Regional geology at Mount Isa showing orebodies at the surface and structural setting.  
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Figure 2: Regional geological setting of the Hilton and George Fisher mines (after Chapman, 2004) 
 
Dugald River is a tabular orebody dipping to the west and is in the complexly deformed, north–south-
trending Mount Roseby Corridor of the Eastern Fold Belt (Figure 3). It is hosted by a slate and schist 
package within the Corella Formation, locally referred to as the Dugald River Slates, that crops out 
about a north–south-trending syncline (Xu. 1996). Farther west is the contact with the Knapdale 
Quartzite, which was emplaced by either extensional or thrust tectonics, such that the stratigraphic 
relationships remain undetermined.  
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Figure 3: Regional geological setting of the Dugald River deposit (Xu, 1996) 
 
The Century deposit occurs in shales and siltstones of the upper Lawn Hill Formation, which is the 
uppermost preserved sequence of the McNamara Group in the Isa Superbasin (Figure 4; Broadbent & 
others, 1998). It occupies a syncline that is probably a continuation of the Pages Creek (D2) Syncline. 
The deposit comprises two major blocks separated by a normal fault (Pandora‟s Fault), and is 
terminated at its north-western boundary by an inferred normal fault (Nikki‟s shear). 
  
Like Century, the HYC deposit occupies the core of a syncline, in the Barney Creek Formation of the 
McArthur Group (Figure 5).  Part of the mineralisation comes to the surface on its western extremity, 
and to the east is a zone of more complex structure and „Cooley Dolomite‟, a creamy dolomite and 
dolomitic breccia. Farther east is the Emu Fault zone. 
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Figure 4: Simplified regional geology of the Century deposit (Broadbent & others, 1998). 
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Figu
re 5: Regional geology of the area surrounding the HYC deposit (Hinman, 1994). 
 
The regional setting of the Cannington deposit is shown in Figure 6. A number of small Zn-Pb-Ag 
deposits are also shown.  Cannington is hosted by Proterozoic upper amphibolite facies 
quartzofeldspathic gneiss and lesser amphibolite and granitic pegmatite.  The gneiss is considered to 
be part of the Maronan Supergroup, consisting of 1680–1660Ma immature siliciclastics  and metabasic 
volcanic rocks.   
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Figure 6: Regional geology of the area around the Cannington Ag-Pb-Zn deposit (Roache, 2004). 

Structural Regimes 

Mount Isa, Hilton, and George Fisher 

 
The deformational framework for the deposits in the Mount Isa district is shown in Table 1. Note that 
D4 in Table 1 corresponds to D3 of Perkins (1997) and Perkins & Bell (1998).  This is to accommodate 
the renaming of D2.5 used in the earlier studies to D3. The regional faulted syncline is a D2 structure and 
there is a well developed mesoscopic D3 fold between Mount Isa and Hilton.  This fold has overturned 
the short limb which then had a D4 anticline superimposed on it, producing a synclinal antiform. 
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Table 1: Summary of the major regional deformation events recognised in the Mount Isa area 
 

Regional deformation event Mount Isa mine Lake Moondarra area Hilton and George Fisher 
area 

Pre-D1   Foliation-parallel S0 
D1 Foliation subparallel to S0 

with N–S-trending mineral 
elongation; development of 
the Mount Isa and Paroo 
fault zone 

E–W-trending folds and 
foliation sub-perpendicular 
to S0; variably striking, 
steeply dipping faults 

 

D2 Folds not recognised; 
pervasive foliation 
subparallel to S0 
 

N–S-trending folds with 
vertical penetrative 
cleavage; dyke intrusion 
postfolding, faulting. 

NNW–SSE-trending 
upright folds with shallow 
plunge and well developed 
foliation; major faulting 
including Paroo and 
Hangingwall faults; dyke 
intrusion. 

D3 Mesoscopic folds with 
subhorizontal axial planes; 
no foliation recorded 

?  Mesoscopic folds with 
subhorizontal axial planes; 
no foliation recorded 

D4 Upright NNW–SSE-
trending, steeply south 
plunging folds, with 
penetrative cleavage 
reactivation and rotation of 
S2 

NNW–SSE-trending folds; 
variable plunge, with 
penetrative cleavage 

Intensification of S2; 
spatially restricted NNW–
SSE-trending folds 

Post-D4 Local folds and 
crenulation; brittle faults 

 NNW–SSE-trending, 
steeply dipping faults; 
includes the Spring Creek 
and Transmitter faults 

Local NW–SE-trending 
folds; brittle faults 
including the Transmitter 
and Gidyea Creek faults; 
reactivation along Mount 
Isa and Paroo fault zone. 

Compiled from Chapman (2004) 

Dugald River 

 
Six deformational episodes were described by Xu (1996). D1 formed east–west-trending broad folds 
with rarely preserved S1 foliation. The syncline in the Dugald River Slates was interpreted as a D2 
structure.  D3 is represented by outcrop-scale folds with subhorizontal axial planes and widely spaced, 
shallow dipping crenulation cleavage.  D4 is generally characterised by local outcrop-scale folds and 
crenulations with north-west–south-east oriented axial planes as well as narrow shear zones. D5 is 
represented by sporadic kink folds with shallow dipping axial planes and D6 consists of east–west-
trending open folds and conjugate strike-slip faults. 

Century 

 
Broadbent & others (1998), recognised two main periods of deformation at Century.  The first was a 
period of north–south thrusting (D1), followed by a period of upright folding about north-trending axes 
(D2), which led to later movement on major faults. These were correlated with the D4 event in the 
Mount Isa area, showing right-lateral separations, and hosted the transgressive lode mineralisation. 

HYC 

 
Structures in drillcore and underground exposure were examined by Hinman (1995), who recognised 
three sets of structures, all of which he regarded as forming during diagenesis and while the Barney 
Creek sequence was still being deposited.  The first structure set, called “top to NE”, resulted from 
layer-parallel compression and extension.  The second set was “top to NW”.  Finally, there was a 
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period of inversion, folding, thrusting and reverse faulting.  Perkins and Bell (1998) recognised the 
same sequence of events but argued that they were all post-sedimentation. 

Cannington 

 
Two major penetrative structural events are distinguished at Cannington.  K-feldspar-quartz-biotite 
gneissosity (S1) defines the earliest phase of mineral growth (Roache, 2004). S1 strikes north to north-
east, has a moderate to steep dip, and continues past the southern closure of the Core Amphibolite.  S1 
is not developed within the Core Amphibolite, except at its margins.  It also occurs within smaller 
amphibolite bodies within the surrounding gneiss.  S2 is defined by the orientation of biotite and 
sillimanite and overprints and deforms S1.  The orientation of S2 and L2 varies throughout the deposit.  
In areas of north–south-striking S1, S2 has an average north-west strike and a moderate to steep dip and 
L2 on average plunges to the north-east. 

Form of the Deposits   
 

A key feature of both the Mount Isa (Figure 7; Perkins, 1997; Davis, 2004) and Century deposits 
(Figure 8; Broadbent & others, 1998) is that the mineralisation envelope transgresses stratigraphy, with 
the highest grade material migrating up sequence from the south-east to the north-west. A similar trend 
also occurs with the concentration of fine-grained pyrite at Mount Isa (Perkins, 1998).  
 
Most of the ore at Mount Isa occurs on the western limb of the Mount Isa Fold, a major D4 structure, 
with a vertical short limb.  The enveloping surface of the terminations of the lead-zinc orebodies trends 
345° and transgresses the stratigraphy, parallel with the fold hinges, the limits of silica-dolomite 
alteration and the copper orebodies. 
  
The Hilton and George Fisher deposits are similar in form (Figure 9), both dipping moderately to the 
west. Differences include the presence of altered dolerite dykes at Hilton and more warping and 
folding at George Fisher. 
  
Dugald River comprises one main ore lens, with an intermediate to steep west dip, and the 
significantly smaller A lens on the hanging wall (Figure 10). The higher grades are mostly in breccia 
ore in shallower dipping parts of the orebody. The slate host occupies a D2 synform. Generally, the top 
of the lode is poorly defined and depends on the amount of sulphide veining present.  In contrast, the 
base of the lode has a sharp contact with underlying spotted slates and is characterised by a drastic 
decrease in the zinc content from 3.5 wt% over 0.5m. 
  
The Cannington orebody dips moderately to the east (Figure 11) and is divided into northern and 
southern zones by the late-stage Trepell Fault.  These zones show marked differences in geology. 
Alternating cm-scale Ca- and Mn-rich layering in the northern zone preserves a higher degree of 
uniformity in garnet, olivine, pyroxene and pyroxenoid along strike.  
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Figure 7: Plan of the northern end of 17 Level, Mount Isa Mine, showing fold zones, faults and shear zones, and their 
relationship to lead-zinc orebodies.  
 

 
Figure 8: Cross-sections through the Century deposit (Broadbent & others, 1998) 
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Figure 9: Cross-sections of  
a) the Hilton deposit at 5220mN; and  
b) the George Fisher deposit at 7020mN, showing major structural and stratigraphic elements. 

a b 
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Figure 10: Cross-section (east-west) across the Dugald River deposit (Xu, 1997) 
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Figure 11:  Cross-section through the Cannington Ag-Pb-Zn deposit at 4700N, Southern lens, showing F2 closure (Roache, 
2004). 

Alteration Associated with the Deposits 

Potassic alteration 

 

At Mount Isa, the K-feldspar in tuffaceous marker beds and in the lead-zinc orebodies was regarded as 
being precipitated from potassium-rich lake waters (Croxford, 1964; Neudert, 1983).  Because the 
tuffaceous marker beds contain glass shard textures, Croxford (1964) regarded the K-feldspar as a 
proxy for the amount of volcanic detritus in the system.  Neudert (1983) argued, on the basis of the 
forms of K-feldspar, that the potash was derived from evaporitic basinal brines.  The existence of shard 
textures in the tuffaceous marker beds is unequivocal (Perkins, 2008) but Neudert‟s arguments that 
volcanic detritus is not indicated by K-feldspar distribution appear valid. K-feldspar has a halo effect 
around the lead-zinc mineralisation and is thus not derived from basin waters. It appears to be an 
earlier alteration mineral (Perkins, 2008). 
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Carbonate alteration 

 
Mount Isa, Hilton, George Fisher and HYC have variable development of „nodular dolomite‟ (Perkins, 
1997, 1998; Chapman, 2004) whereas Century has a siderite halo (Broadbent & others, 1998). 
Chapman (2004) described four distinct gangue-forming events that pre-dated the earliest base metal 
sulphide-bearing assemblages, two of which were carbonate-bearing.  These included early dolomite, 
ankerite and ferroan dolomite cement that replaced primary sedimentary grains and rock matrix and 
younger nodular and banded calcite that predates stylolitisation and calcite ± ferroan dolomite ± quartz 
veins and alteration.  Sideritic carbonate (approx 70% Fe) is the primary gangue phase at Century. It 
extends for up to 100m above the sulphide zone and for 20 to 30m below it (Broadbent & others, 
1998).  Siderite is a more restricted alteration phase at Mount Isa.  Xu (1998a) describes calcite as a 
minor gangue phase at Dugald River. 

Quartz alteration 

 
Bedding-parallel and breccia matrix quartz are a significant feature of the Mount Isa and Hilton 
deposits.  As with the „silica-dolomite‟ host to the copper orebodies, much of this quartz appears to be 
pseudomorphic after coarsely crystalline dolomite.  Although not described in terms of alteration as 
such, Xu (1998a) described quartz associated with sphalerite as a major gangue mineral at Dugald 
River. 

Phyllosilicate alteration 

 
Swager (1985) and Swager & others (1987) described a range of phyllosilicate alteration minerals 
around a junction zone between the „silica-dolomite‟ and a lead-zinc orebody at Mount Isa.  
Subsequent examination has found that this alteration is more spatially associated with lead-zinc 
mineralisation, particularly as a halo around the 3000/3500 copper orebody system (Perkins, 1997). 
The phyllosilicates include biotite, iron-rich chlorite, phengite and stilpnomelane.  There are three 
major zones and they are associated with siderite-rich horizons and magnetite. Chapman (2004) 
described biotite, chlorite, muscovite and magnetite as being more spatially associated with copper 
mineralisation at George Fisher. 

Albitisation 

 
Albite is a minor gangue mineral at Mount Isa and Hilton, but major albitic alteration occurs in the 
hanging wall Spear Siltstone.  Extensive albite-bearing alteration zones are also present in the 
Cannington region, where they overprint rocks of the Fullarton River Group and ate interpreted to be 
syntectonic or related to intrusion of the Williams Batholith (Wyborn, 1998).  Alternatively, Rubenach 
& Barker (1998) observed early albite veins overprinted by S2 fabrics, which led Huston & others 
(2006) to suggest that some of this alteration could be associated with an early Cannington ore-
forming system. 

Alteration at Cannington 

 
At Cannington, a phase of Ca and Mn mobilisation is synchronous with deformation and produced 
mineral assemblages that were preferentially overprinted by sulphide mineralisation (Roache & others, 
2005).  These assemblages are characterised by pyroxene- and garnet-bearing rocks. Garnet 
compositions and textural associations in relation to three generations of planar fabric (S1 to S3) 
indicate that skarn-related grossular-rich garnet is formed in the last garnet-stable event (D3).  D3 Cl-
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rich biotite in gneiss is intergrown with garnet in veins and, within skarn rocks, is continuous along 
strike with veins of garnet ± pyroxmangite, hedenberite or amphibole, indicating a period of anhydrous 
through to hydrous metasomatism. Precipitation of oscillatory Ca- and Mn-zoned grossular-rich garnet 
in veins parallel to Cl-rich biotite filled veins, in conjunction with the distribution of biotite-filled veins 
across the deposit, suggests that mass transfer during D3 may be responsible for deposit-scale Ca-Mn 
skarn-like zoning. Chapman and Williams (1998) reported that quartzose biotite-sillimanite schist and 
feldspathic psammite have lost Na, K and Rb but gained Ca, P, Mn, Fe, Pb and Zn. 

Textural Features of the Ores 

Mount Isa, Hilton and George Fisher   

 

The bulk of the high-grade ore occurs as layer-parallel and near layer-parallel breccias and 
microfolded sequences.  As shown in Figure12, the breccias form predominantly by replacement of 
microfaulted and folded layers rather than by pull-apart and jostling of adjacent clasts.  

 
Figure 12: a) Breccia with galena-rich matrix containing relict fold hinges (A). Characteristic extensional shears on upper 
breccia margin (B) indicate transition from folds to breccia. Sulphides in breccia, in order of decreasing abundance, are 
galena, sphalerite and pyrrhotite.  
b) Thin-section detail of “a”, with approximate location shown (transmitted light). Breccia ore with a high proportion of 
dolomite overprinting a once continuous layer shows that fragment detachment is largely explained by dolomite 
replacement of the layer, with minimal transport of the fragments.  White areas are dolomite (dol) and minor quartz. 
Location: 8 orebody, 6910mN, 2380RL, Mount Isa mine.  
 



Mineralising system for stratabound sediment-hosted Zn-Pb-Ag – Western Fold Belt Province 
TJ Denaro, WG Perkins and CR Dhnaram 

Page 100 of 130 

A range of sphalerite textural styles at Mount Isa is shown in Figure 13.   There is a dramatic change in 
sphalerite abundance along a layer separated by fine dolomite veins, showing that sphalerite is 
replacive after fine-grained dolomite.  Sphalerite is also replacive after neomorphic dolomite along 
bedding and replaces vein dolomite in cross-cutting veins.  All these textures indicate that the 
dolomitic alteration was developed prior to the addition of any sphalerite to the system.  
 
 

 
Figure 13: Different textural types of sphalerite in a single specimen, Mount Isa mine.  Sphalerite aggregates along bedding 
extend along a 2.5mm wide zone with density highest at A, lowest between the next two thin veins and intermediate above 
them.  Sphalerite along the central zone B is preferentially replacive after the clean white crystalline dolomite.  In zone C 
on the left (with relict bedding), sphalerite is interstitial to, and locally traverses, clean white „saddle dolomites‟ that 
overgrow inclusion-rich dolomite. In the veins (for example, D), sphalerite aggregates are replacive after clean dolomite. 
 
 
Figure 14 shows the relationship between the finest grained sphalerite and east-dipping fractures and 
narrow dolomite veins at Mount Isa.  Replacive sphalerite terminates either on the veins or fractures or 
slight flexures in bedding adjacent to them. This shows that even the most layer-parallel mineralisation 
is controlled by structures, in this case D2 extensional veins. There is no change in lamina thickness 
between the mineralised and unmineralised layers.  This, together with textures showing sphalerite 
growth at the expense of dolomite, shows that the sphalerite is completely replacive, subsequent to any 
shortening normal to bedding. 
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Figure 14:  Controlling structures for laminated sulphides, Mount Isa mine.  
a) Terminations of sphalerite at A and B. 
b)  Illustrative sketch of “a” 
c) Cored sample from “a”.  Yellow-brown sphalerite terminates on the dolomite vein or on a fracture to the right of it.  “A” 
shows correlation of laminae across the vein (Perkins, 1997). 
 
Figure 15 shows a lobe of high-grade lead-zinc ore and its abrupt termination.   Here a folded sequence 
of galena-rich ore with included folded non-laminated dolomitic shale layers is terminated at a sharp, 
steep boundary against a strongly veined shale-siltstone sequence. This front shows that the 
assemblage formed late in the development of the D4 event. 
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Figure 15:  Abrupt front of high-grade galena-sphalerite ore against a strongly veined shale-siltstone sequence (7070N, 7 
orebody, below Footwall Tuff Marker Bed, Mount Isa mine).  Dashed lines and arrows show the front. Unmineralised layer 
A is continuous into the veined area on the right. 

Hilton  

  
No examples of bedding-parallel and fracture-terminated mineralisation similar to Mount Isa have 
been observed at Hilton.  However, there are examples of extremely discontinuous mineralisation 
along bedding, which indicates the timing of deposition, and breccia-controlled mineralisation shows 
similar features (Figure 16).  Figure 16a shows a dolomite vein cutting across a thrust fault with the 
same characteristics as thrust faults that are deformed around the Mount Isa Fold.  In the same 
development face from which this sample was obtained, high grade galena-sphalerite-pyrrhotite ore 
cuts across similar faults.  Cross-cutting and discontinuous mineralisation, both sphalerite-rich and 
galena-rich, is shown in Figures 16 b, c, d. Although the sulphides are distributed broadly parallel to 
bedding, and different layers have different average concentrations, these sulphides are distinctly 
cross-cutting even at this hand-specimen scale.  Timing constraints are shown in Figure 17. 

George Fisher 

  
Chapman (2004) divided the host sequence at George Fisher into five distinct lithologies:   

 medium bedded (20–100mm), massive and discontinuously laminated mudstones with 
prominent carbonaceous stylolites;  

 banded, thin (10–20mm) to medium (20–100mm) bedded mudstones;  
 carbonaceous siltstones characterised by prominent rhythmic laminations;  
 pyritic siltstones, also characterised by prominent rhythmic laminations that host the bulk of the 

mineralisation; and  
 tuffaceous marker beds.  
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Figure 16:  
a) Laminated and breccia ore with repetition of bedding across a healed microfault, which is cut by veins containing 
chalcopyrite (2 orebody 11A Sub., 4985N, Hilton mine).  
b) Sphalerite (light) as very discontinuous concentrations along bedding in a zone of horizontal D3 folds and D4 folds that 
fold dolomite veins in the centre (4 pod 10C sub. 5006N, Hilton mine). 
c) Extremely uneven distribution of sphalerite along bedding around a D3 syncline (H820 W. Decline, 1216.9m, George 
Fisher).  The sphalerite occurs as irregular shapes along bedding, the S3 cleavage, and along fanning veins around the fold, 
all with textural continuity.  
d) Folded carbonaceous siltstone with galena-rich breccia matrix (orebody 6, footwall 10B sub., Hilton mine).  The galena 
has sharp breccia margins that transgress the D3 folds. Sphalerite along bedding at A is cut by galena breccia.  
 

 
 
Figure 17:  Microstructural relationships of sulphides at Hilton in bedding-parallel mineralisation (9C sub. 5169N, 2501E).  
Dilation on bedding is related to a small-scale D3 fold at A (outlined with white dashes) with a shallow axial plane S3 that 
has been overprinted by D4.  S4 is oriented subvertical down the page.  Sphalerite (sp) has overgrown the dolomite that 
partially overprints this fold. 
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Chapman (2004) subdivided the ores into four styles. The earliest mineralisation is represented by 
bedding-parallel sphalerite, followed by layer-parallel disseminated sphalerite, breccia-hosted 
sphalerite, and galena vein infill and breccia matrix. In contrast to the interpretation of Perkins (1997) 
and Perkins & Bell (1998), Chapman (2004) inferred the bedding-parallel sphalerite and vein-hosted 
sphalerite to predate the GFF2 (George Fisher F2) folding event, whereas the breccia-hosted sphalerite 
and vein and breccia hosted galena were considered to have been synchronous with GFF2 and GFF4, 
respectively.  There are many illustrations of the mineralisation styles but comparatively little 
reference to timing criteria. According to Chapman, the timing of breccia-hosted sphalerite 
mineralisation is constrained relative to sugary ferroan dolomite veins at the deposit (Figures 18 and 
19).  Ferroan dolomite veins crosscut vein-hosted and layer-parallel disseminated sphalerite but occur 
as clasts and contorted layers within breccia-hosted sphalerite.  Combined with the abundance of 
fragmented, tightly folded mudstone layers within the breccias, textural relationships indicate that 
breccia formation was synchronous with or post-dated GFF2 fold development. Figure 20 shows a 
galena breccia that was interpreted to form after vein-controlled galena. 
 
 

 
 
Figure 18: Interpretation is that fine-grained layer-parallel disseminated sphalerite (disSp) is crosscut by sugary ferroan 
dolomite veins (FeDol) that occur as clasts in fine-grained sphalerite breccia (SpBx) (George Fisher; Chapman, 2004). 
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Figure 19: Fine-grained breccia-hosted sphalerite (SpBx) contains large banded mudstone fragments (BM), several of 
which are interpreted to contain earlier disseminated layer-parallel sphalerite mineralisation (disSp).  The sugary ferroan 
dolomite vein (FeDol) is folded and displaced across sedimentary layering in the breccia (George Fisher; Chapman, 2004). 
 
 

 
Figure 20:  Oriented specimen (vertical, looking north) of a coarse-grained galena breccia (Gn Bx) bounded by a 
continuous mudstone layer to the west. The breccia contains near in situ banded mudstone clasts crosscut by north-
northeast–south-south-west striking, east dipping, discontinuous, coarse-grained galena veins (Gn Vn) (George Fisher; 
Chapman, 2004). 
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Dugald River 

 
Xu (1998b) described three textural styles of mineralisation at Dugald River – laminated, cross-cutting 
vein and breccia. These three styles merge into one another.  Laminated ore (Figure 21) is the least 
common textural type and is found in the northern part of the orebody.  Breccia ore is the most 
common ore type and consists of rounded to irregular fragments of black slate, pyrite crystals and 
early quartz veins in a sulphide matrix (Figure 22). Vein ore is distinguished from the other two styles 
by showing obvious truncation of the main cleavage (Figure 23).  A post-S2 slaty cleavage timing for 
laminated mineralisation is indicated in Figure 24. 
 

 
Figure 21:  Laminated mineralisation from Dugald River (Xu, 1998b). 
 

HYC 

 
Most ore grade material at HYC is laminated, even where it occurs as clasts in polymict breccia 
(Figure 25).  In order to better understand the nature and continuity of mineralisation, Perkins & Bell 
(1998) studied a series of correlated sections in the same manner as for a correlated sequence in the 
hanging wall of the 7 orebody at Mount Isa.  When sequence-repeating and sequence-removing faults 
were taken into consideration, a lamina-by-lamina correlation could be made across ~1100m in a 
north–south direction (Figures 26 and 27).  Four of the drillholes contained carbonaceous and non-
carbonaceous mudstone layers and the fifth (J15) contained nodular dolomite and non-carbonaceous 
layers. In other words, the nodular dolomite appears to be partly displacive and partly replacive of the 
carbonaceous layers.  The nodular dolomite contained pale coloured sphalerite. 
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Figure 22:  Line diagram of Dugald River breccia ore showing passive truncation of S2 by sulphide (stipple) and gangue 
(light) - width of view 5.4mm. Interpreted as due to implosion of the country rock such that clasts cannot fit together (Xu, 
1996).  
 
 

 
Figure 23:  Cross-cutting vein ore at Dugald River with truncation of S2 by sulphides.  This sample shows a transition to 
laminated ore on the left (Xu, 1998b). 
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Figure 24: Photomicrograph showing cleavage-controlled replacement in laminated ore (plane polarised light). Note that 
mineralisation, comprising pyrite and sphalerite (dark) plus quartz and muscovite (light), is generally parallel to S2 slaty 
cleavage. However, local truncation of cleavage is common. This is the typical structure of the laminated mineralisation at 
Dugald River (Xu, 1997). 
 

 
Figure 25: Cross-section on 2200N through the HYC deposit (Perkins & Bell, 1998) 
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Figure 26: a) Correlated mineralised sequence in the upper part of orebody 8, HYC (Perkins & Bell, 1998).  Sulphides are 
in bituminous layers (black).  Thin sections are each 2.54cm wide.  
b) Individual unmineralised laminae can be matched between cores shown in “a” (see tie lines).  Thickness variations in the 
mineralised part of the sequence result from thrusting and extensional faulting.  Note that the order of the sections is 
reversed from that shown in “a”. 
 

Cannington 

 
Bodon (1998) interpreted the Cannington orebody as forming prior to deformation and argued that the 
lodes were deformed in a D2 fold around the Core Amphibolite, based on vergence relationships of 
smaller scale folds.  This interpretation was challenged by Roache (2004) who found a consistent sense 
of shear of folds at all scales around the supposed D2 synform, which was indicative of top to the west-
north-west thrusting. S2 is defined by the orientation of intergrown biotite and sillimanite.  Biotite-
sillimanite mineral elongation L2 was measureable in exposure, and S2 and L2 were found to vary 
throughout the deposit. Roache (2004) found that garnet-pyroxene alteration is usually homogeneous, 
but that metre-wide zones of aligned pyroxene (hedenbergite) and garnet are macroscopically 
delineated by the precipitation of sulphides.  Thus, Roache concluded that the deposit-scale geometry 
is a high-temperature shear zone containing a mega-boudin of amphibolite, with a consistent sense of 
vergence of S1 either side of the Core Amphibolite.  Progressive shear zones were interpreted to 
control the Cannington orebody as well as other deposits in the district (for example, Maramungee, 
Dingo and Black Rock). The presence of the mega-boudin at Cannington was interpreted to act as a 
structural trap for garnet-pyroxene alteration during extension of S1. Roache suggested a general model 
of shear zone hosted mineralisation for all Broken Hill type deposits. Other deposits in the Soldiers 
Cap district are sub-economic because they do not contain amphibolite bodies the size of the Core 
Amphibolite. Smaller amphibolite bodies at Cannington control lower grade mineralisation. 
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Figure 27:   Microstructural relationships of sulphides, HYC (Perkins and Bell, 1998)  
a) Refolded folds and two generations of microthrusting (underground development 3 orebody upper 2200mN).  A phase 1 
thrust (siltstone layer is repeated) is folded around a first generation fold in centre left (axial plane along page length) and 
then refolded around a second generation fold (axial plane parallel to page base).  Phase 1 thrusts repeat the layers in the 
upper right corner.  Phase 1 thrusts are then further truncated by the phase 2 thrust running diagonally WNW–ESE across 
the page.  The latter thrust may be associated with the second generation folds. 
b) Phase 1 thrust (NE–SW across photo - the sharp break between dark and light material with at least 15mm of 
displacement).  This thrust fault is overgrown by a 100µm sphalerite mass (in the photo centre) with fine inclusions of 
pyrite, that has the same characteristics as sphalerite further along the bedding. Therefore, the sphalerite grain must post-
date the thrust fault. 
c) Change in density of sphalerite aggregates (in black zones) across extensional microfaults, indicating that sphalerite was 
deposited later than the microfaults (N18 DDH 315.2m).  
d). Different distribution of sphalerite (in black zones) along bedding (vertical) either side of a dolomite vein (horizontal) 
(N18 DDH 315.2m).  Veins similar to these cut across phase 2 thrusts.  
e) Sulphides (in black zones) cutting across bedding-parallel cleavage in the hinge zone of the left central refolded fold 
from “a”. 
 
Evidence for a pre-metamorphic origin for Cannington includes the existence of peak metamorphic 
sulphide inclusions in garnet, olivine and quartz. Roache (2004) argued that these sulphides could 
equally be late-stage on the basis of garnet, in particular, fracturing during later retrograde deformation. 
The favoured timing for ore deposition was during cooling subsequent to D2. 

Fine-grained Pyrite Mineralisation 
 
The nature, distribution, and timing of fine-grained pyrite have been examined at Mount Isa and Hilton 
(Perkins, 1997, 1998; Painter & others, 1999).  Hinman (1996) included an examination of fine-
grained pyrite along with economic sulphides at HYC.  Such pyrite is almost universally regarded as 
forming early in diagenesis, generally by biogenic sulphate reduction.  Hinman (1996) concluded that 
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both „py1‟ and „py2‟ at HYC were earlier than stylolamination, but Perkins (1998) argued that fine-
grained pyrite at Mount Isa was superimposed on both stylolaminae and the cross-cutting S4 cleavage. 
The distribution of fine-grained pyrite at Mount Isa is illustrated in Figure 28 and thin-section 
photomicrographs showing the timing of deposition of fine-grained pyrite are shown in Figure 29.  
 
If fine-grained pyrite is deposited along stylolaminae and on carbonaceous wisps in the dolomitic 
mudstones, as argued by Perkins (1998), then this indicates that pyrite forms from a sulphate-bearing 
fluid and is deposited by abiogenic (thermochemical) sulphate reduction. 

Sulphide-Sulphide Relationships 
 
At Mount Isa, Hilton, and George Fisher fine-grained pyrite is observed to be overprinted by sphalerite, 
galena and chalcopyrite.  This is generally seen in the progressive replacement of selective growth 
zones of pyrite.  Mixed sphalerite-galena aggregates at these deposits and Dugald River show varying 
stages of replacement of sphalerite by galena (Figure 30). 

Structural Controls 

Mount Isa 

 
Davis (2004) examined metal distribution with respect to structural elements at Mount Isa.  He found, 
as had Perkins (1997), that the extremities of the orebodies correlate with F4 folds and that high-grade 
shoots are centred on F4 hinges and short limbs that contain older F2 folds.  F4 folds closest to the 
copper orebodies were found to contain the highest grade Zn-Pb-Ag ore shoots, possibly indicating 
decreasing metal deposition away from the copper ores as fluids became progressively depleted in 
metals and/or concentration of fluid flow near the copper orebodies.   
 
Using a database of >514,000 assay results from both diamond drilling and development sampling, 
assay data were compared on a log-log plot. The data plotted close to a straight line, although a slight 
bias towards higher Pb + Zn was found in core samples.  Davis (2004) used a different orebody 
nomenclature to the established one used in the mine, as listed in Table 2.  Fold zones through the 
northern lead-zinc orebodies are shown in Figure 31.  The highest Pb + Zn grades of individual 
orebodies are adjacent to the west-south-west enveloping surface and gradually decrease towards the 
north (Figure 32).  Individual Zn-Pb-Ag orebodies are sheet-like bodies with a long axis up to 1.2 km 
long and plunging 23–60° towards 323–348° (Figure 31). Contours of decreasing metal grade away 
from the high-grade ore shoots are parallel to F4 fold hinges (Figure 32 a, c).  Orebody B demonstrates 
this where the northern boundary of high-grade mineralisation coincides with the hinge of the Black 
Star anticline (Figure 33 a, b).  Here the locus of high-grade ore (>7.75 Zn + Pb) is centred on a 
parasitic fold on the southern long limb of the Black Star fold and has a cross-strike width of 70m. 
 

Many aspects of the Zn-Pb-Ag orebodies indicate that their geometry was established after silica-
dolomite alteration. The Zn-Pb-Ag orebodies abutting the 200 copper orebody enfold the silica-
dolomite body that contains the copper orebody.  This pattern suggests that the silica-dolomite, which 
Perkins (1984) and Swager (1985) interpreted as syndeformational, predates the Zn-Pb-Ag shoots and 
the geometries of the Zn-Pb-Ag orebodies were locally controlled by the presence of silica-dolomite 
alteration.  This feature is not the result of local remobilisation around the silica-dolomite because the 
grade distribution that defines it is continuous throughout the entire Zn-Pb-Ag orebody (Davis, 2004). 
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Figure 28:  Distribution of fine-grained pyrite (also includes bedding-parallel brassy pyrite) at Mount Isa (Perkins, 1998).   
a) 6999N cross-section.  Pyrite concentration projected from 24 diamond drillholes on the section that have percentages of 
pyrite logged by mine geologists, and including development mapping and old drillholes that have pyrite quoted as  5 to 
20% and  >20%. 
b) Plan of 9 level (390m below surface).  Pyrite concentration projected from diamond drillholes logged in percentages on 
sections shown on the right, and interpolated to development intersections mapped as 5 to 20% and >20%. 
Reference to stratigraphic markers at Mount Isa, in particular the 7 orebody  and 14/30 tuff marker bed, shows a 
transgression of pyritic zones across stratigraphy, particularly the migration of the greatest concentration of >25% pyrite 
from beneath the 14/30 orebody in the area around the S48 fault to the north-west, where it lies above the 7 orebody  
marker. 
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Figure 29: Thin-section photomicrographs (Perkins, 1998) 
a) Mount Isa, 17 Level, 4807mN, 1840mE. Fine-grained pyrite (dark bands in centre) in a fold with a well-developed axial 
plane cleavage (S4).  Although the pyrite is preferentially in the more laminated strata, its density distribution relates to 
cleavage domains and cannot be caused by differential dissolution of matrix material. 
 b) Detail of “a”. Fine-grained pyrite density varies considerably between cleavage domains, and individual pyrite 
spheroids overprint along cleavage seams.  Bedding is approximately horizontal. 
c) Hilton, Level 10, AI522 stope. Fine-grained pyrite overprinting a shallow dipping S3 cleavage and a steep east dipping S4 
cleavage seam.  Bedding is sub-horizontal. 
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Figure 30:   
A) Replacement of sphalerite (Sp) by galena (Ga) in breccia ore as illustrated by fine sphalerite residual islands within 
galena host (Dugald River; Xu, 1998a).   
b) Reflected light photo of sphalerite (sp), apparently replaced by galena (ga), controlled by grain boundaries (Mount Isa 
14/10 orebody, 16B sublevel 6255N; Perkins, 1997). 
 
 

 
 
 
 
 
 
 
 
 



Mineralising system for stratabound sediment-hosted Zn-Pb-Ag – Western Fold Belt Province 
TJ Denaro, WG Perkins and CR Dhnaram 

Page 115 of 130 

  
Table 2: Correlations between the high-grade Mount Isa Zn-Pb-Ag orebodies used in Davis (2004) and established mining 
geology nomenclature. 

 
Notes: 1. Zn-Pb-Ag orebodies are based on 10 Pb+Zn peaks in the modelled grade distribution of level 12 (see Figures 32 
and 33). 
 

 
Figure 31:   Bedding plan of Mount Isa 9 level (Davis, 2004).  NNW–SSE striking fold zones are labelled and can be 
correlated throughout the lead mining area.  The inset lower hemisphere equal area projection shows bedding poles and a 
calculated fold axis.  Section AA´ shows fold zones.  Silica-dolomite overlaps with the short limb areas and high-grade 
shoots are vertically above or below or overlapping the folds. 
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Figure 32: Modelled grade distribution plan and cross sections showing metal distribution (12 level, Mount Isa mine).   
a, b, c) Total Pb + Zn demonstrates the stratabound nature of the orebodies 
d, e, f) Pb:Zn ratios highlight the transgressive nature of the metal distribution as well as the change in metal ratios with 
proximity to the silica-dolomite that envelops the copper orebodies (Davis, 2004). 
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Figure 33:  Longitudinal sections looking west and projected onto vertical plane, plus plans shown in relation to them, 
Mount Isa mine. Fold axes shown are MIF (Mount Isa Fold anticline) WMIF (Western Mount Isa Fold), RCFZ 
(Racecourse Fold Zone), BSFZ (Black Star Fold Zone), WBSFZ (Western Black Star Fold Zone) and 650F (650 Fold).  
The white arrows indicate measured fold axes (Davis, 2004). 
 

Dugald River 

 
At Dugald River a pinch and swell geometry is observed along strike and with depth, displaying a 
shear zone control on the emplacement of sulphides (Xu, 1996). 

Mineral Chemistry – Dugald River 
 
A study of the mineral chemistry of the sulphides at the Dugald River deposit, concentrating on the 
relationship between the chemistry and the textural styles, was completed by Xu (1998b).  The main 
sulphide minerals are sphalerite, pyrite, pyrrhotite and galena, with minor arsenopyrite, chalcopyrite, 
tetrahedrite and pyrargyrite.  Sphalerite grain morphology ranges from subhedral to equant and size 
ranges from 0.05 to 0.5mm.  A wide, dark red core and narrow, honey coloured rim in sphalerite 
occurs locally in some laminated ore samples.  This visual colour change, attributed to higher iron 
content in the darker zone, was confirmed by microprobe analysis.  Two pyrite generations were 
identified.  The first is spatially associated with carbonaceous-rich layers in the black slate sequence 
and consists of fine-grained (~5µm across) subhedral to anhedral, discrete grains.  The second 
generation is present as coarsely crystalline, euhedral to subhedral, sporadic crystals in other sulphide 
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groundmass throughout all three ore types.  No evidence of coarse pyrite replacing other sulphide 
minerals was observed; more commonly, this pyrite is replaced by sphalerite, pyrrhotite, galena and 
non-sulphides. 

Sphalerite compositions 

 
Sphalerite grains were analysed for S, Fe, Zn, Mn, Cd, Co and Ni.  Fe contents display a slight 
increase from laminated ore, through cross-cutting vein ore to breccia ore. Mn contents vary greatly 
with textural type and a constant low level of Mn in laminated ore contrasts strongly with relatively 
high levels in breccia ore.  A wide range in Mn content (Table 3) occurs in cross-cutting vein ore, with 
a strong negative correlation between ZnS and MnS contents. Sphalerite from laminated ore is 
generally characterised by low Mn and high Zn whereas sphalerite from breccia ore is usually 
characterised by high Mn and low Zn. 

Zn:Cd in sphalerite 

  
Zn:Cd ratios for sphalerite have been proposed as potential genetic indicators.  Relatively higher 
Zn:Cd values (417–531) correlate with deposits with a volcano-sedimentary association and lower 
values (104–214) with magmatic hydrothermal deposits. Sphalerite from Dugald River has an average 
Zn:Cd value of 629 (Xu, 1998b) and fits the metamorphic hydrothermal category (along with the CSA 
Cobar deposit and granite-related Devonian Pb-Zn deposits in Tasmania). 

Co:Ni in pyrite 

  

According to Xu (1998b), a number of studies have sought to relate the Co:Ni ratio of pyrite to ore 
genesis environment.  Hydrothermal pyrite is postulated to contain >100ppm Co and have a Co:Ni 
ratio of >1 whereas sedimentary pyrite has <100ppm Co and a Co:Ni ratio of <1.  Cu-rich ores formed 
at higher temperatures and within the feeder zones to massive sulphide deposits usually have 
extremely high Co contents, distinctly different from volcanic-hosted deposits, which have low Co 
contents.  At Dugald River, second generation pyrite is exclusively enriched in Co relative to Ni.  The 
Co content averages 687ppm for pyrite in laminated ore, 681ppm for pyrite in crosscutting vein ore 
and 790ppm for pyrite in breccia ore, with a generally low standard deviation in each of the ore types.  
Ni content varies widely from sample to sample and has generally low values.  Irrespective of the 
textural type of ore, all Co:Ni ratios are highly variable and range from 2.7 to 19.3.  They lie in the 
hydrothermal and volcanogenic fields and are quite different from the sedimentary field (Figure 34). 
The volcanogenic field is ruled out by the lack of volcanic rocks in the sequence, leaving a 
metamorphic hydrothermal origin as the most likely interpretation. 

FeS content of sphalerite 

  

FeS contents of sphalerite from breccia ore at Dugald River average 17.0mol% and give a pressure 
estimate of 2.8kbar.  This pressure is in good agreement with the upper limit of ore formation from 
fluid inclusion determination, and supports other data indicating a syntectonic replacement origin for 
the deposit (Xu, 1998b). 
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Table 3:  Electron microprobe analyses of sphalerite, Dugald River (Xu, 1998b) 
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Figure 34: Co-Ni distribution diagram of pyrites from Dugald River, showing boundaries defining different geological 
environments (Xu, 1998b). 
 

Fluid Inclusions – Dugald River 
 

Fluid inclusions in sulphides are the only positive indication of ore depositional conditions and 
Campbell and Robinson-Cook (1987) found distinct differences between the results for sulphides and 
associated gangue. However, Xu (1998a, 1998b) used quartz and fluorite for fluid inclusion studies at 
Dugald River. 
 
A preliminary fluid inclusion investigation was carried out on quartz-bearing ore samples collected 
from throughout the deposit (Xu, 1998b).  The inclusions examined contained a range of fluid types, 
including CO2, CH4 and H20 with dissolved salts. Two major types were recognised and were 
designated as carbonic monophase and aqueous two phase.   
  
Carbonic monophase inclusions were found in all mineralisation types.  In general, fluid inclusions of 
this type are monophase, contain liquid CO2 or CH4 at room temperature, and appear to be primary.  
The CO2 and CH4 inclusions are randomly located in different quartz grains and do not appear to be 
coeval.  Upon cooling, all CO2-rich inclusions appear as two phases below room temperature and 
freeze to solid CO2 + vapour CO2 at around -90°C. Final melting temperatures range from -66.6°C to -
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60.2°C. Homogenisation to liquid CO2 occurs over wide temperature ranges of -25.6°C to -7.4°C for 
laminated ore and -10.2°C to -6.8°C for breccia ore.  CH4-rich inclusions generally occur in breccia 
and cross-cutting vein ore and homogenise between -79.4°C and -94.5°C. 
  
At room temperature, aqueous two phase inclusions consist of a gas bubble and an aqueous liquid, 
with variable vapour to liquid ratios.  Primary inclusions are dominated by vapour:liquid ratios of 20–
30% whereas secondary inclusions normally have vapour:liquid ratios of <15%.  Fluid inclusions of 
this type freeze to ice upon cooling below -70°C.  Initial melting was observed between -21.5°C and 
59.0°C.  Such initial melting temperatures suggest that NaCl is the most likely dissolved salt in the 
inclusion fluids.  Average salinities of primary inclusions are 14.2wt% NaCl for laminated ore, 
11.4wt% NaCl for cross-cutting vein ore and 8.6 wt% NaCl for breccia ore.  Homogenisation 
temperatures of aqueous two phase inclusions range from 86°C to 417°C. The frequency distribution 
of homogenisation temperatures displays two peaks – a major peak at 360°C and a minor peak at 
240°C.  Petrographic investigations showed that the 360°C peak predominantly relates to primary 
inclusions whereas the 240°C peak relates to secondary inclusions in the NaCl-H2O system. 
  

The P-T conditions of mineralisation are constrained by the peak metamorphic conditions (450°C and 
2.8kbar) and the intersection (315°C and 1kbar) between the isochore for primary aqueous two phase 
inclusions and the isochore for CH4-rich inclusions.  Evidence used to support the presence of fluid 
immiscibility is mainly derived from the observation of coexisting aqueous inclusions and CH4-rich 
monophase inclusions within the same quartz host.  Mineralisation occurred over a wide P-T range 
(315–450°C and 1.1–2.8kbar).  The close resemblance of fluid inclusion data for the three different ore 
types may indicate that they were all subjected to a similar evolutionary history and probably have the 
same origin. 
  
According to Xu (1998a), compared with the large body of literature existing from fluid inclusion 
studies on Mississippi Valley-type deposits, the data available from sediment-hosted Zn-Pb-Ag 
deposits in a metamorphic terrain are extremely rare.  The fluid inclusion data from Dugald River are 
an important exception and are critical for developing a comprehensive understanding of the origin of 
similar deposits. 

Lead Isotopes 
 
In their first report on Pb-Pb model ages for sediment-hosted Pb-Zn deposits in the Mount Isa Inlier, 
Sun & others (1994) proposed that lead isotope model ages could be calibrated by using the zircon U-
Pb ages of associated tuffaceous rocks.  Using the Cumming and Richards (1975) model and a 
constrained age of 430Ma assigned to the Captains Flat (NSW) ore, Mount Isa ores have a Pb-Pb 
model age of ~1530Ma.  As the authors point out, without further reasoning, such an age could be seen 
to support the idea that Pb-Zn-Ag at Mount Isa was deposited at the same stage as the copper ores.  
They then proceeded to set the model age for Mount Isa equivalent to the depositional age given by 
dating of the tuffaceous horizons. This yielded a consistent age for other deposits in the region and 
indicated that deposits in the Eastern Fold Belt (Pegmont, Fairmile and Dugald River) had a similar 
age to Mount Isa.  After being accused of using a “circular argument”, Carr & others (1996) then 
equated the model age of the HYC deposit with its depositional age as an internal control.  Other 
deposits with similar µ values could then be estimated quite accurately and Mount Isa (1653–1654Ma) 
was found to be 13–14Ma younger than HYC.  This is in good agreement with the U-Pb zircon age of 
1652±7Ma for the Urquhart Shale and is consistent with a syn-sedimentary or diagenetic origin for the 
Mount Isa Pb-Zn-Ag ore. Carr & others (1996, 2002) found that 40Ar/39Ar ages of illite precipitated in 
deep basin aquifers at the time of fluid expulsion are in the same range as Pb-Pb model ages from the 
mineral deposits. 
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Pb-Pb model ages quoted by Huston & others (2006) are 1653Ma, 1640Ma and 1575Ma for the Mount 
Isa, McArthur River/Lady Loretta and Century deposits, respectively (Carr & others, 1996, 2002).  
They concluded (in their diagenetic model) that the period 1.69Ga to 1.58Ga was economically by far 
the most important period of Zn-Pb-Ag deposition in Australia. A syndeformational origin for the 
deposits does not explain the apparent consistency between Pb model ages and depositional ages. One 
possibility is that there is an element of serendipity and that the trend is obtained by chance. 

Oxygen and Carbon Isotopes 
 
Large & others (2001) found an extensive carbon and oxygen isotope halo in fine-grained dolomite at 
HYC.  Dolomite within the halo shows 18O enrichment (δ18O = 23 to 26‰ SMOW) and 13C depletion 
(δ13C = -2 to -3.5‰ PDB) relative to normal Proterozoic sedimentary dolomite beyond the halo (δ18O 
= 20 to 23‰ SMOW and δ13C = 0 to -2.0‰ PDB).  The halo extends at least 15km to the south-west 
of the deposit and is approximately coincident with a halo of elevated Fe, Mn, Zn, Pb and Tl. 

Source of Fluids and Metals 
 
Polito & others (2006a, 2006b) investigated the characteristics of sequences in both the Mount Isa and 
McArthur River areas to determine which sequences could have transmitted fluids containing the 
required metals at the appropriate times into the depositional environment.  
  

North-west Queensland deposits  

 

Stratabound Zn-Pb-Ag mineralisation in north-west Queensland is primarily hosted by shales and 
siltstones of the 1670–1575Ma Isa Superbasin. The underlying clastic sedimentary and volcanic-
dominated successions of the Leichhardt and Calvert Superbasins are considered by Polito & others 
(2006a) to be the most likely source areas for economically significant metals. (It is noted that the 
Calvert Superbasin, as defined by Polito & others, includes the Surprise Creek Formation.) The well-
sorted, marine-dominated units became diagenetic aquitards due to porosity-occluding diagenetic 
cement.  Quartz overgrowths and pressure solution features formed in all clastic units during shallow 
burial, but are more common in the aforementioned units, and formed at <5km depth and at 
temperatures between 100°C and 174°C. 
  
Silicate dissolution and widespread formation of diagenetic illite and chlorite occurred late, during 
deep basinal diagenesis and primarily in the proximal fluvial lithological units.  In contrast, these units 
form diagenetic aquifers and they occur adjacent to, and within, the Eastern Creek and Fiery Creek 
Volcanics. These aquifers have been interpreted to have formed at depths of 5–10km.  Illite and 
chlorite extracted from these aquifers have δ18Ofluid and δDfluid values of 4.5±2.8‰ and -63±11‰, 
which indicates derivation from a meteoric fluid with a variable marine contribution.  These isotope 
values cannot be distinguished from those in quartz-dolomite-chalcopyrite veins in the Mount Isa 
copper system, sphalerite and illite from the Century deposit or zinc lodes from the Lawn Hill mineral 
field, suggesting that the diagenetic aquifers were likely source rocks.  In contrast, regional dolomitic 
grainstones and dolomudstones in the Lawn Hill platform were precipitated from fluids with δ18Ofluid 

between -2.6‰ and 1.1‰ and δ13Cfluid between -8.6‰ and -3.9‰, suggesting that these units did not 
contribute to the ore-forming brines. 
  
A second generation of quartz veins formed from a distinctly saline brine (Fluid 3) with compositions 
between 11.9 and 23.2wt% NaCl, indistinguishable from fluid inclusion compositions for sphalerite 
from the Century and Walford Creek Zn deposits and quartz-dolomite-chalcopyrite veins at Mount Isa.  
Some of these quartz veins formed at 4000C (quartz-hematite geothermometry), but fluid inclusion 
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homogenisation temperatures between 86°C and 2600C suggest that another set of quartz veins, also 
containing high salinity fluid inclusions, is preserved in the basin, but formed  at lower temperatures. 
  
Polito & others (2006a) summarised the tectonic evolution of the Leichhardt River Fault Trough, 
through the Burstall uplift event to produce the Leichhardt-Calvert unconformity and the Sybella uplift 
to erode some or all of the Prize Supersequence.  They concluded that the Pb-Zn-Ag for Isa-style 
deposits was derived from the lower Mount Guide Quartzite (buried from 5 to 8km at this stage) and 
from sandstones in the Eastern Creek Volcanics.  The same sources were postulated to produce the Isa 
copper orebodies during the Isan orogeny.  Oxygen and deuterium isotopes from quartz-chalcopyrite 
veins in the orebodies had identical signatures to that of the aquifers. Polito & others emphasised the 
dominance of extensional events and minimised the influence of shortening events during the tectonic 
evolution. 
  
Polito & others (2006a) concluded that quartz veins represent fluids that migrated along faults during 
late diagenesis to form low temperature Zn-Pb-Ag deposits and later during the Isan Orogeny to form 
high-temperature Cu deposits.  Two more fluids (Fluids 4 and 5) were identified.  Fluid 4 has a 
distinctive isotopic signature and was interpreted to be derived from greywackes and arkoses during 
greenschist facies metamorphism.  Fluid 5 is found only in secondary fluid inclusions that form trails 
across earlier formed quartz veins and is indistinguishable from post-ore fluids found in the Mount Isa 
copper deposit and the Lawn Hill mineral field Zn lodes. 
 
According to Golding & others (2006), pre-existing Ar-Ar age data and new K-Ar data from  
their own work indicate there were three major thermal events in the central and northern Lawn Hill 
Platform at 1500Ma, 1440–1400Ma and 1250–1150Ma.  This study did not detect a 1575Ma event.  
Polito & others (2006a) found that primary fluid inclusions from the porous sphalerite at Century 
shows that the Zn in the deposit was transported by a homogeneous Ca2+- and Na+-bearing brine with 
salinities of 21.6wt% NaCl equivalent.  

Northern Territory deposits   

 
The oldest sediments of the southern McArthur Basin unconformably overlie the ~1850Ma Cliffdale 
Volcanics, the Scrutton Volcanics and the Urapunga Granite (Page & others, 2000).  Regional dating 
and chronostratigraphic correlation has led to the recognition of three regionally correlated sequences, 
termed the Leichhardt (~1800Ma to ~1740 Ma), Calvert (~1710Ma) and Isa (1670– 1575Ma) 
Superbasins.  In parallel with the Mount Isa area, clastic sedimentary and volcanic-dominated 
successions belonging to the Leichhardt and Calvert Superbasins are considered by Polito & others 
(2006b) to be the most likely source areas for economically significant metals. 
  
Petrographic data from the McArthur River deposit indicates that silicate solubility increased at depth, 
which led to framework dissolution and the creation of secondary porosity (Polito & others, 2006b).  
The Westmoreland Conglomerate, the lower Yiyintyi Sandstone, significant portions of the 
Warramana Sandstone and most of the sandstone interbeds of the Gold Creek Volcanics became the 
conduits through which diagenetic fluids flowed. Illite, dolomite and chlorite were the primary 
diagenetic phases that filled the secondary pore spaces.  Illite crystallinity and chlorite geothermometry 
indicate that basinal brines in the Leichhardt and Calvert Superbasins had minimum temperatures of 
150°C and maximum temperatures of 250°C.  These temperatures corresponded to burial depths of 5–
9km, given a thermal gradient of 25°C/km (Glikson & others, 2006).  Argon ages from diagenetic illite 
suggest that the diagenetic aquifers were open to fluid migration as early as 1680±21 Ma and 
continued to remain open until ~1541±8 Ma.  This coincides with and extends past the time when the 
1640Ma McArthur River deposit and the ~1650Ma Westmoreland U deposits are considered to have 
formed. 
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Paleomagnetism 
 
Symons (2007) studied paleomagnetics at the HYC deposit, McArthur River, collecting 273 specimens 
from 27 sites in seven of eight ore zones. He mainly used alternating field step demagnetisation, which 
yielded a well-defined stable characteristic remanent magnetisation (ChRM) in all but one tuff 
specimen.  Thermal step demagnetisation saturation remanence and artificial mill-concentrate 
specimen tests showed that about two-thirds of the ChRM is carried by single and pseudo-single-
domain pyrrhotite and about one-third by single-domain magnetite. Pyrrhotite and magnetite are 
interpreted to occur as submicroscopic inclusions in ore-stage minerals.  Paleomagnetic conglomerate 
and fold tests were overwhelmingly negative, showing that ChRM postdates lithification, burial and 
folding.  The paleopole is coincident with that of the 1636±4Ma Linnot Formation.  Relative dating 
using the apparent polar wander path for the southern McArthur Basin dates the ChRM at 1637±1Ma.  
Both methods show that the ChRM is 2–3Ma younger than the depositional age of the host rocks. 

Discussion 

Fluid flow modelling 

 

Fluid flow modelling by Yang & others (2006) for the area centred on the Century deposit only 
considered models where an overlying water body was still in existence during mineralisation.  The 
Termite Range Fault and the Elizabeth Creek Fault are the major discharge zones in Yang & others‟ 

exhalative model, with the Termite Range Fault reversing its behaviour to act as a recharge zone at 
later stages of the model.  The most likely sources of metals in this model are the Fiery Creek 
Volcanics and the Peters Creek Volcanics, which lie between the Bigie Formation and the Surprise 
Creek Formation.   
 
Yang & others also tested a replacement model below a capping seal rock and concluded that only 
small and low-grade deposits could form by this mechanism because the fluid flow rates and 
temperatures were considerably less than for an exhalative deposit.   
 
Another model tested involved deepening the Termite Range Fault to 30km with other factors as for 
the exhalative model.  This resulted in much higher temperatures, with the Termite Range Fault being 
the only discharge zone, and potential for formation of Mount Isa style copper deposits or perhaps iron 
oxide Cu-Au systems.  The numerical modelling did not support the formation of the Century deposit 
by later syn-diagenetic replacement as proposed by Broadbent & others (1998). 

Remobilisation   

 
When orebodies are interpreted as syngenetic or diagenetic, remobilisation and recrystallisation are the 
concepts used to explain sulphides existing at structurally-controlled sites.   
 
Chapman (2004) described galena mineralisation at George Fisher as depositing at successively later 
sites relative to deformational events.  What was lacking in this scenario was a demonstrated 
mechanism of proceeding from one depositional state to another, given that Chapman (2004) 
interpreted that all mineralisation was deposited early.  No evidence was presented to show metal 
depletion of an earlier style in order to provide metals for deposition at a later site.  Instead, Chapman 
interpreted breccia-hosted sphalerite as the product of mechanical deformation of pre-existing vein-
hosted sphalerite.  This interpretation invoked strain partitioning in sphalerite veins as a result of 
rheological differences between sulphides, mudstone layers and ferroan dolomite veins at centimetre to 
decimetre scales. 
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Dissolution of sulphides is notably restricted to replacement of earlier formed sulphides by later 
sulphides.  This applies to fine-grained pyrite being replaced by sphalerite, pyrrhotite and galena and 
to sphalerite being replaced by galena and chalcopyrite.  This appears to be the only source of 
remobilisation of sulphides.  Replacement textures of alteration minerals overprinted by sulphides do 
not appear to be affected by deformation. 

Depositional timing 

 
Chapman (2004) interpreted ore textures and ore distribution at George Fisher as indicating that the 
mineralisation could not have been deposited during or at the culmination of regional folding.  Instead, 
Chapman proposed a model whereby the range of sphalerite and galena mineralisation styles indicated 
subsurface emplacement of Zn and Pb, possibly during diagenesis or associated with early weak 
deformation in at least semiconsolidated sediments, followed by extensive textural modification of the 
orebody during folding.  A separate late syntectonic galena mineralising event could not be ruled out 
but was not favoured.  The earliest deposition of sphalerite was interpreted to represent pore fillings in 
bitumen-bearing mudstones and as open space fillings in nodular carbonate material.  No sphalerite 
that could have been a product of exhalative processes was found.  In contrast Perkins (1997), Perkins 
& Bell (1998) and Broadbent & others (1998) found the earlier sphalerite to be replacive at Mount Isa 
and Century, mostly of dolomite in the former and pyrobitumen in the latter. 
  
In contrast with Chapman (2004), who argued that the “efficiency of galena reconcentration” 
explained the absence of finely layered galena at George Fisher, Perkins (1997) maintained that the 
existence of finely laminated galena at Mount Isa was the result of very aggressive replacement close 
to the „silica-dolomite‟ alteration boundary. 
  

It appears that at the crux of the argument is the timing of sulphide deposition relative to dolomite 
veins, particularly those that have been folded.  The assumption used by Chapman is that sulphides 
were already present in bedding-parallel zones before the formation of veins, particularly folded veins 
such as those illustrated in Figures 18 and 19. Alternatively, Perkins (1997) and Perkins & Bell (1998) 
used the examples shown as Figures14 and15 to conclude that the veins were already in existence prior 
to the deposition of any economic sulphides.  In the remobilisation model of Chapman (2004), 
nowhere are examples shown where pre-existing sulphides have been dissolved in order to be 
reprecipated in structurally later sites. 
  
As pointed out by Cooke & others (2003), Century is anomalous in that it is deposited in a thick 
sequence of reduced siliciclastic shales with low (<2%) carbonate content.  These authors undertook 
chemical modelling to see if a sour gas reservoir could act as a chemical trap for McArthur-type brines.  
They found that massive pyrite (+ minor chalcopyrite, covellite and stibnite) were predicted to 
precipitate; galena and sphalerite did not.  Textures related to timing of mineralisation are illustrated 
by Polito & others (2006a) and show sphalerite-mineralised veins cross-cutting non-porous sphalerite.  
Their interpretation was that the vein mineralisation was a separate younger phase but the samples 
need re-examination to see whether the veins could have been in existence prior to both bedding-
parallel and cross-cutting mineralisation similar, to that argued for Figure14 in the Mount Isa deposit. 
  
The Dugald River deposit was interpreted by Connor & others (1982) to have formed prior to soft 
sediment deformation. However, Xu (1997, 1998a, 1998b, 2000) interpreted it as an epigenetic deposit. 
Xu (1996) recognised six deformational episodes at Dugald River and correlated these with 
deformational events in the Mount Isa region. Replacement along the S2 cleavage was found to be a 
dominant form of sulphide deposition at Dugald River (Xu, 1997).  Whereas Connor & others (1982) 
stressed the strong layering of sulphides and what they regarded as soft sediment deformation causing 
remobilisation and recrystallisation, Xu (1997) concluded that there was a series of ductile to brittle 
events and that all mineralisation occurred at a late (D4) stage. Key timing criteria at a microstructural 
scale included the truncation of S2 and/or S3 by the late ore minerals, replacement textures in 
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undeformed mineral paragenesis, and the slightly preferred dimensional orientation and undulating 
extinction of quartz and muscovite that are intergrown with, but crystallised earlier than sulphide 
minerals in veins.  In addition, the complete absence of any syngenetic stratiform precursor to zinc-
lead-silver indicates that the mineralisation was introduced rather than simply having undergone syn-
sedimentary deposition and later remobilisation during deformation. 
  

At HYC, Hinman (1995, 1996) and Hinman & others (1994) argued for metal deposition forming at 
ten to a couple of tens of metres below the sediment-water interface.  This was based on the timing 
relationships of the mineralisation as younger than primary pyrite, but later than concretions that 
formed in the sedimentary pile.  The maximum formation depth was 250m below the sediment-water 
interface, based on the presumed age of the upper Barney Creek Formation, which was supposed to 
onlap after the transpressive phase of inversion and Cooley Dolomite formation.  The minimum depth 
of formation was supported by the argument that all mineralisation was earlier than the earliest layer-
parallel structures, which were presumed to have formed before the successive shale unit was 
deposited. However, Perkins & Bell (1998) maintained that the mineralisation is not only younger than 
the first phase of microstructures and cleavage, but younger than the Cooley Dolomite inversion which 
was formed from Barney Creek Formation after the entire sequence was deposited.   
 
The syngenetic model advocated for HYC relates mainly to geochemical and thermodynamic 
considerations (Large & others, 1998).  Cooke & others (2003) undertook numerical simulations using 
reaction path modelling software to test hypotheses about likely chemical traps for a McArthur-type 
brine.  The simulation of seawater mixing using 5°C anoxic seawater with elevated H2S and low SO4

2-
 

resulted in a zoned massive sulphide body of which more than 75% of the total precipitate is sphalerite 
plus galena. The predicted zonation is a core of siderite, quartz, pyrite and chalcopyrite, an 
intermediate zone of galena, quartz, bornite and native silver and a distal zone of sphalerite and galena. 
The authors recognised that this did not precisely match the documented mineral zonation, but still 
argued that exhalation of metalliferous brines was a chemically viable method of forming massive 
sulphide ore.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  
Roache (2004) argued that the ore lenses either side of the Core Amphibolite at Cannington are not the 
result of folding of a pre-existing syngenetic deposit but that consistent senses of shear either side of 
the amphibolite indicate two separate epigenetic lenses.  Huston & others (2006) argued that Broken 
Hill-type deposits (Cannington) were deposited from hotter (>300°C) fluids than Isa-type deposits 
(Mount Isa, George Fisher, Hilton, HYC, Lady Loretta, Dugald River), which were deposited from 
H2S-poor, cooler (<300°C) fluids. One characteristic of this relationship is the higher gold contents (up 
to 0.27g/t) of the Cannington deposit. 
  
Syndepositional ages of 1654Ma for Mount Isa and 1648Ma for Lady Loretta correspond with 
inflexions in the apparent polar wander path (Idnurm, 2000). Huston & others (2006) argued for a 
period of Isa-style orebody formation from 1690–1580Ma using the model of syn-diagenetic 
mineralisation.   
 
For an epigenetic model, mineralisation timing may be the same event as the Mount Isa copper, which 
is currently believed to be 1530–1500Ma from 40Ar/39Ar dating of micas associated with the copper 
orebody (Perkins & others, 1999). 
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