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Introduction 

J.A. Steadman1, J. Cloutier1, M. Hohl1, D.R. Cooke1, S. Barker2, and W. Hong3 

1Centre for Ore Deposit and Earth Sciences (CODES), University of Tasmania 

2Mineral Deposit Research Unit (MDRU), University of British Columbia 

3MinEx CRC, University of Adelaide 

 

 

Aims and background 

The Proterozoic Mt. Isa Inlier, northwest Queensland, is one of the most metal-rich geologic 

provinces in Australia. Since the discovery of Pb-Zn ore at Mt. Isa in 1923 (and Cu ore there 

in 1930), exploration for base- and precious-metal targets in the inlier has continued almost 

without ceasing. However, discovery rates have fallen steadily for several decades, with the 

most recent major finds being the Ernest Henry iron oxide copper-gold (IOCG) deposit, 

discovered in 1991 by Western Mining Corporation; and the Cannington Ag-Pb-Zn Broken 

Hill-type (BHT) deposit, found by BHP Minerals in 1990. Furthermore, the Mt. Isa Cu-Pb-Zn 

mine has experienced declining production for the last several years due to depletion of the 

existing resource and lack of a major new discovery. This could potentially lead to a mine 

closure scenario within the next decade, which would have a significant detrimental impact 

on the communities that depend on the mine for employment and revenue, including Mt. Isa 

itself as well as Cloncurry, ~100 km E of Mt. Isa. Developing tools to find a new Mt. Isa-

class deposit(s) is therefore critical to the socioeconomic well-being of northwest Queensland 

and the nation at large.   

This project began in 2018 as part of the Queensland Government’s Strategic 

Resources Exploration Program (SREP), a 4-year state government initiative to revitalize the 

Northwest Minerals Province (i.e., Mt. Isa and Cloncurry). The aims of the project were to 

use the trace element chemistry of hydrothermal minerals in both IOCG and sediment-hosted 

Cu styles of mineralization across the Mt. Isa Inlier to determine the following: 

 

1. Deposit ‘fingerprints’ – Do individual IOCG or sediment-hosted Cu deposits in the 

Mt. Isa Inlier carry a unique trace element signature in their hydrothermal mineral 

assemblages?  
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2. Deposit ‘footprints’ – Can the trace element ‘fingerprint’ of a given IOCG or 

sediment-hosted Cu deposit be tracked away from the deposit center, in a manner 

similar to that shown for porphyry Cu systems? If so, how far out does the signal go? 

3. U-Pb dating of non-traditional minerals – Are there minerals in these deposits besides 

zircon and titanite that can be dated reliably using U-Pb systematics? 

 

Selected study sites for this project included Ernest Henry, SWAN, and deposits along 

the Starra Line (all IOCG systems), together with Lady Annie and deposits of the Capricorn-

Mammoth district (sediment-hosted Cu). In addition, a set of 140 samples from 21 deposits 

and prospects in the Cloncurry IOCG district (including the three mentioned above plus 18 

other sites) were loaned to CODES personnel by CSIRO for trace element characterization of 

selected hydrothermal minerals. 

 

 

Analytical techniques 

The essential technique for low-level trace element determination in minerals is laser 

ablation inductively coupled mass spectrometry, or LA-ICPMS. The Centre for Ore Deposit 

and Earth Sciences (CODES) at the University of Tasmania houses one of the world’s 

leading LA-ICPMS laboratory facilities. Researchers and technical staff at CODES have been 

developing and refining LA-ICPMS techniques for almost two decades. These techniques 

have broad applicability across a range of minerals and deposit styles; at CODES, special 

attention has been given to pyrite in orogenic Au, IOCG, and porphyry Cu-Au deposits (e.g., 

Large et al., 2007; 2009; 2013; Large and Maslennikov, 2020; Steadman et al., 2021) and the 

‘green rock’ minerals (chlorite and epidote) that characterize propylitic alteration halos in 

porphyry Cu-Au-Mo systems (e.g., Cooke et al., 2014; 2020; Baker et al., 2020). The trace 

element characteristics of all these minerals are well understood in the systems where they 

have been studied. 

 The choice of pyrite, epidote, and chlorite for the IOCG systems in this project was 

based on their relatively high abundance in all samples, as well as on the extensive in-house 

background knowledge of the trace element systematics of these minerals in other high-

temperature ore deposits (e.g., porphyries). As for the sediment-hosted Cu deposits, carbonate 

minerals and pyrite are more prevalent in them than epidote and chlorite, especially compared 

to the IOCG systems in the Eastern Fold Belt. A greater emphasis was therefore placed on 

carbonate minerals in addition to pyrite, with a minor focus on epidote and chlorite. 
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 The three primary techniques for LA-ICPMS analysis are spot, line, and image. Spot 

analyses formed the bulk of the analytical work completed in this project. These involve the 

collection of a background gas blank for 30 s (i.e., the laser is turned off) followed by 60 s of 

analysis time, wherein the laser is turned on. Single line analyses are run in a similar fashion, 

except the length of analysis time varies depending on the size of the analysis area, the beam 

diameter, and the beam scanning speed. Images are a series of line analyses run in sequence, 

with each line generally adjacent to another line, forming a grid of lines that are ablated from 

left to right and top to bottom. 

  

 

Report structure 

 This report is divided into two main sections based on deposit type. The IOCG 

systems of the Cloncurry district (Ernest Henry, SWAN, and Starra) are covered first, 

followed by the sediment-hosted Cu systems of the Mt. Isa district (Lady Annie, 

Capricorn/Mammoth) and one SEDEX Zn-Pb system of the Lawn Hill platform (Lady 

Loretta). The individual deposit reports are written in the style of a standalone research paper, 

containing an executive summary and/or an abstract followed by the main body (i.e., 

introduction, regional/local geology, sampling/analytical methodology, results, discussion, 

conclusions, and references). A final summary and conclusions section follows the sediment-

hosted Cu deposit reports. 

 All data generated as part of this project are housed in a digital repository arranged by 

deposit. These include all LA-ICPMS spot and image analyses collected on all minerals from 

all deposits, as well as optical and scanning electron microscope photomicrographs, whole-

sample quantified modal mineralogy (XMOD), and microprobe spot and image analyses on 

selected minerals. 
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IOCG Systems 

Chapter 1. Starra Mineral Chemistry 

M. Hohl1 

1Centre for Ore Deposit and Earth Sciences (CODES), University of Tasmania 

 

 Executive Summary 

• Paragenetic sequence at Starra consists of four main stages. (1) Na-Ca alteration, (2) diorite 

intrusions and K-Fe alteration (3) main mineralization (4) brecciation and calcite veining. 

• Starra pyrites show complex Co-Ni-Se-As zonation, reflecting a multistage paragenesis. 

Inclusions of Au-Ag-Bi tellurides and melonite (NiTe2) occur commonly in pyrites, 

indicating a magmatic source of the hydrothermal fluid. Au and Bi inclusions occur more 

frequently in proximal and ore zone pyrite. Nickel and selenium concentrations are lowest in 

pyrite from within the modelled 0.25% Cu Eq. grade ore shell and increases with increasing 

distance. 

• Mineral chemistry of magnetite and hematite reflect the different paragenetic stages, 

indicating a continues increase in fO2 and decrease in temperature during K-Fe alteration (2). 

During main mineralization stage (3) magnetite was oxidized to anhedral, porous hematite 

(hem-I). A second type of hematite (hem-II), which is specular and pristine co-precipitated 

with chalcopyrite. Hem-I can be distinguished from hem-II by its lower Co, Ni, and Ga 

concentrations, indicating that those elements were scavenged by co-precipitating 

chalcopyrite. Titanium and V concentrations in magnetite increase with increasing distance 

to the 0.25% Cu Eq. grade ore shell, indicating higher fO2 and/or lower temperature in the ore 

zone. 

 Introduction 

Among the numerous Cloncurry IOCG-style deposits the Starra IOCG deposits are 

uniquely Au rich (pre-mining resource: 37 Mt @ 1.2% Cu, 1.6g/t Au; Ivanhoe Australia, 2008). 

Five Starra ore bodies along a roughly 10 kilometer north-south trending shear zone have been 
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discovered. Originally discovered by outcropping mineralization in the southern part of the Starra 

Line, later exploration strategies included rock chip sampling which led to the discovery of the 

blind Starra 276 ore body in the north. This trend underlines the potential for further discoveries 

and suggests that future exploration efforts require smaller-scale geochemistry-based techniques 

to reveal subtle changes in mineral chemistry, which are crucial in characterizing ore deposits and 

understanding their genesis for further exploration success.  

The Starra IOCG deposits occur within Staveley Formation following the Starra shear. 

The ore bodies are hosted by magnetite- and hematite-dominated ironstones and the commonly 

hydrothermally brecciated hanging wall. Characteristic of the Starra deposits is the pervasive, 

multistage alteration sequence, which extends multiple kilometers beyond the known 

mineralization. This makes Starra an ideal study site to track changes in trace element chemistry 

of common hydrothermal minerals with distant to the mineralization as well as the chemical 

signature of different alteration stages in those minerals. 

Pyrites and iron oxides (magnetite, hematite) from seven Starra-area drill holes were 

selected for LA-ICPMS analysis at CODES, University of Tasmania, with the aim of 

fingerprinting the ore zone and providing geochemical vectors towards Cu-Au mineralization. 

 

 Regional Geology 

Located at the southern end of the Eastern Fold Belt (EFB), which is part of the Mt. Isa 

Inlier, the Starra Au-Cu deposit comprises five ore bodies along a roughly 10 kilometer north-

south trending shear zone with the same name. The Starra ore bodies are hosted by the Staveley 

Formation and are spatially associated with ironstones of variable magnetite and hematite contents. 

West of the Staveley Formation and separated by the Starra shear occurs the Answer Slate 

(1655Ma), while to the East the Selwyn shear separates the Staveley formation from the Soldiers 

Cap Group (1676Ma). Two distinct ironstone zones occur close the Starra system. Along the 

Selwyn shear zone, barren hematite dominated ironstones formed, whereas the magnetite-hematite 

ironstones formed along the Starra shear zone and are closely associated with the Starra Au-Cu 

mineralization. 
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Figure 1.1: Geological map showing the position of the Starra deposits along the Starra shear. Note the increases 

magnetic intensity associated with the Starra shear, whereas the Eastern Hematites occur along the Selwyn shear are 

free of magnetite and subsequently are not picked up by the total magnetic intensity. A) Cross section of Starra 222 

showing multiple ironstone generations and the brecciation in the hanging wall (after Duncan et al. 2014). 

 

The Staveley Formation in the Starra area consists mostly of metasiltstones, which are 

largely overprinted by hydrothermal alteration. Depositional age of the Staveley Formation is 

between ~1770 and 1710 Ma, whereas the Soldiers Cap Group to the East was deposited between 

~1690 and 1650 Ma (Page and Sun 1998; Giles and Nutman 2002). West of the Staveley Formation 

the Answer Slate formed around 1655 ± 4 Ma. ago (Gibson et al. 2016), making the Staveley 

Formation an older unit wedged between two younger units. 

 Paragenesis 

Widespread Na-Ca alteration marks the beginning of hydrothermal alteration post peak 

metamorphism and is followed by Fe alteration, Cu-Au mineralization hosted within the Fe 
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alteration domains and by post-mineralization veins (Davidson et al 1994). Rotherham et al. (1998) 

interpreted the hydrothermal alteration sequences at Starra to be post peak metamorphism, while 

Duncan et al. (2014) recognized early chalcopyrite and magnetite alteration assemblages as pre- 

to syn- peak metamorphism. At Starra mafic to intermediate, magnetite rich intrusions are 

observed across the hydrothermal system. They correlate with early K-Fe alteration, while 

overprinting widespread Na-Ca alteration, indicating that distinct events for both alteration stages. 

In the present study four main alteration stages have been recognized at the Starra 

hydrothermal system. Sodic-Ca alteration (I) associated with albite and minor scapolite, calcite 

and biotite, is the earliest alteration stage. Mafic to intermediate intrusions (IIa) crosscut the Na-

Ca stage and mark the onset of K-Fe alteration (IIb-d) stage, associated with magnetite, pyrite and 

chalcopyrite mineralization. The main mineralization stage (IIIb-Ox) is associated with hematite 

dominated ironstones and the oxidation of magnetite to hematite. Brecciation (IVa) and formation 

of small calcite veins (“calcite crackles”; IVb) associated with chalcocite, bornite, Au-Ag-Bi 

tellurides and barite occurred in the hanging wall to the hematite dominated ironstone. Magnetite 

dominated ironstone (IIIb-Red) associated with chalcopyrite mineralization occur at a depth of 

>600m. Original metasedimentary rock of the Staveley Formation are for the most parts 

completely overprinted. Based on samples acquired from drillholes from Starra 276 (STQ1070, 

STQ1099W1) and Starra 244 (STQ-97-746) both ore zones show a comparable paragenesis (Fig. 

1.3; 1.4). 

1.4.1. Stage I - Pre-mineralisation Na-Ca alteration 

Widespread albite formed during the earliest paragenetic stage associated with Na-Ca 

alteration. Minor mineral phases occurring during Na-Ca alteration are scapolite, calcite and 

biotite. 
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Figure 1.2: X-ray modal (XMOD) mineral maps from the Starra Line. (a) Early albite, biotite and calcite alteration 

(I). Crosscut but quartz, chlorite and ankerite (IId). (b) Intermediate intrusion with pargasite-hastingsite and 

plagioclase as the main mineral phases (IIa). (c) Biotite, magnetite (Iron Oxide) and amphibole dominated alteration 

assemblage (IIb) overprinting Na-Ca alteration (I). (d) Chlorite, hematite+magnetite, pyrite and chalcopyrite (IId) 

crosscutting albite alteration. (e) Ironstone sample from Starra 222 showing hematite (iron oxide), quartz, chlorite 

and muscovite (IIIa). (f) Calcite, pyrite and chalcopyrite vein crosscutting magnetite dominated ironstone (IIIb-Red). 

(g) Chalcopyrite and quartz overprinting hematite (IIIb-Ox) from the Starra 222 ore zone. (f) Bornite, calcite, hematite 

and magnetite from the Starra 244 ore zone (IIIb-Ox). “Calcite crackle” from above the Starra 222 ore zone, carrying 

barite, chalcocite and bornite 

 

1.4.2. Stage II - Intrusion, K-Fe alteration, and early mineralisation 

The K-Fe stage produced widespread magnetite + biotite + pyrite ± chalcopyrite (stage 

IIa+b) and magnetite + chlorite ± chalcopyrite ± hematite (IIc+d). The onset of K-Fe alteration 

was synchronous with the emplacement of mafic to intermediate intrusions that crosscut the early 

albite alteration. The intrusions are characterized by amphibole, clinopyroxene, plagioclase and 
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quartz with subordinate epidote, titanite and rutile. Magnetite, pyrite, and to a lesser degree 

chalcopyrite are common constituents of the intrusions. Epidote and calcite as well as quartz veins 

with subordinate euhedral pyrite, subhedral magnetite and trace melonite (NiTe2) crosscut the 

intrusion. Hematite, common throughout the Starra system is absent from the intrusions and the 

earliest alteration stages. This includes the intrusions found in the drillhole intersecting the Eastern 

Hematites (Fig. 1.1; part of the Selwyn shear), which are otherwise dominated by hematite. With 

increasing distance to the intrusions amphibole, epidote, and K-feldspar becomes less abundant, 

while magnetite is replaced by hematite as the dominant iron oxide. Two episodes of chalcopyrite 

occurred during the K-Fe alteration stage. Chalcopyrite formed during stage IIa is associated with 

magnetite, while chalcopyrite formed during IId is associated with oxidation of magnetite to 

hematite. Pyrite formation occurs throughout the K-Fe alteration. 

1.4.3. Stage III - Main mineralization event 

Large amphibolite intrusions were emplaced in the hanging wall to Starra 276, while 

in the deposits further south intrusions with similar mineralogical composition mafic intrusions 

start to occur at a depth of around 700m. The main mineralization stage (IIIb-Ox) at Starra ore 

zones comprise of hematite + quartz + pyrite + chalcopyrite + bornite ± magnetite ± chalcocite. At 

244 a bornite-rich ironstone transitions into a chalcopyrite-rich ironstone with increasing depth. 

Pyrite is absent in the bornite-rich ironstone, while it is common in the chalcopyrite-rich ironstone. 
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Figure 1.3: Paragenetic sequence for the Starra deposits that are associated with hematite dominated ironstones. 

 

All three drillholes sampled at Starra 222 (STD1119, STD1120, STQ1042) intersected 

the upper, hematite dominated ore body (IIIb-Ox), whereas STQ1042, the deepest hole, intersected 

at a depth of 550m a magnetite-dominated ore zone (IIIb-Red). The Starra 222 hematite-dominated 

ore zone resembles the ore bodies from Starra 244 and 276 more closely. The magnetite dominated 

ore zone comprises of mushketovite (magnetite formed by replacement of hematite), pyrite, and 

magnetite, while chalcopyrite formation is mostly associated with calcite, quartz, and pyrite with 

variable chalcocite crosscutting the magnetite assemblage. Around 2km south of STQ1091 from 
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Starra 222, a hematite-rich upper part transitioning gradually into more magnetite-dominated with 

increasing depth is observed. This supports that the Starra minerals system continues to at least 2 

km south of Starra 222. 

 
Figure 1.4: Paragenetic sequence for the mineralization associated with magnetite dominated ironstones. The early 

Na-Ca and K-Fe alteration sequence are similar between the hematite dominated and magnetite dominated 

ironstones. During stage III, associated with mineralization the large-scale transformation of hematite to magnetite 

is not observed and the brecciation of the hanging wall is absent. 

 

In the drillhole STQ1070 from north of the Starra line (Fig. 1.1) the main mineralization 

stage (III) is missing, while the two earlier stages are present. This drillhole is interpreted to have 

intersected part of the Starra hydrothermal system, but the area was not affected by mineralizing 

fluids that formed the Starra ore bodies to the south. 
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Only a short, lower section of the Eastern Hematite drillhole (STQ-97-751) was 

sampled. At a depth of ~750 m, an intermediate, magnetite-rich intrusion similar to the intrusion 

observed along the Starra line was intersected. Above the intrusion are relatively unaltered 

metasedimentary rock of the Staveley Formation. The lower part of the drillhole is relatively 

unaffected by alteration, however they represent the deepest samples collected in this study. 

 Pyrite 

Pyrite is commonly present in IOCG deposits. At Starra it occurs both within the 

mineralized and barren metasedimentary rock. Pyrite formed during multiple paragenetic stages 

identified at Starra (Fig. 1.3) making it an ideal mineral to track physicochemical changes in the 

hydrothermal fluids during the formation of the Starra system. 

1.5.1. Results 

Table 1.1: Median values for trace elements Co, Ni, As, and Se (ppm) that show significant variation throughout the 

Starra Line. Mean values for Au and Bi are highest in mineralized areas, while in the North and subeconomically 

South their values are lower. n = Number of maps for each locality. 

Elements 

ppm 

South 

n=2 

222 

n=5 

244 

n=1 

276 

n=4 

North 

n=3 

Bi mean 7.391 11.65 91.90 26.88 1.132 

Co median 504.6 3,577 1,338 2,163 4,282 

Ni median 840.6 690.1 51.81 57.22 187.7 

Cu median 0.476 0.939 0.917 3.188 1.573 

As median 7.690 39.23 21.81 21.12 8.877 

Se median 129.1 59.01 4.355 5.364 71.04 

Au mean 0.019 0.741 1.667 26.03 0.088 

 

A total of 15 LA-ICPMS maps of pyrite were analyzed, from the five sampled localities 

across the Starra line (South, 222, 244, 276, North). Due to the minor amount of sulfides pyrite 

could not be analyzed in the sampled Eastern Hematite drillcore. The data sets from the individual 

laser maps were combined, resulting in a total of 129,211 individual laser sweeps of pyrite. Table 
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(1.1) shows the number of spots for each locality and the median concentration for the most 

abundant trace elements Co, Ni, Cu, As, and Se as well as mean concentration for Au, Bi. 

1.5.1.1. Pyrite LA-ICPMS Maps 

Across the Starra Line, Co is the most abundant trace element observed in pyrite, with 

maximum concentrations reaching up to 4 wt.% (Fig. 1.5). Laser-ICP-MS maps of pyrites reveal 

complex oscillatory growth zoning in pyrite and an irregular relationship between Co, Ni, As, and 

Se concentrations in pyrite. 

Figure 1.5 shows a bivariate plot for Co and Ni concentrations in pyrite, with most 

pyrites plotting above the 1:1 Co/Ni ratio. However, some of the pyrites show higher Ni than Co 

concentrations, underlining the complex correlation between both elements. For pyrite from IOCG 

deposits a high Co/Ni ratio is typically and explained by an intermediate to mafic source of the 

hydrothermal fluid. Whereas pyrites from porphyry Cu-Au deposits that are commonly associated 

with a more evolved fluid source have a lower Co/Ni ratio (Rusk et al. 2010; Reich et al. 2016; 

Steadman et al. 2021). 
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Figure 1.5: Density plot for Ni vs. Co concentration in pyrite. Most of the Starra pyrite is characterized by a high Co 

to Ni ratio. The black, segmented line indicates a common trend from IOCG pyrite. Analysis with <1ppm Co or Ni 

are excluded. 

 

The earliest pyrite found at Starra is associated with paragenetic stage I, formed during 

Na-Ca alteration (Fig. 1.6). A small Co and As rich anhedral core interpreted to be pre- to syn-Na-

Ca alteration is overgrown by a Ni and Se rich euhedral pyrite. 
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Figure 1.6: Laser ICPMS trace element image of pyrite associated with early Na-Ca alteration. The red rectangle 

shows the mapped area (Sample MH-STA-082c, drillhole STQ1042; sample depth 534.5m). 

 

Elevated Cu concentrations in the pyrite rim are spatially associated with inclusion of 

chalcopyrite grains. Co/Ni ratio varies across the pyrite grain ranging from <0.01 to >100. High 

Cu concentration occur in the rim together with a high Co/Ni ratio. 
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Figure 1.7: Laser ICPMS image of pyrite from magnetite dominated, mineralized ironstones at Starra 222 (Sample 

MH-STA-090, drillhole STQ1042; sample depth 632.3m). 

 

Pyrite associated with the reduced ore zone from Starra 222 shows a positive 

correlation between Ni and Co (Fig. 1.7). Gold inclusions are minor, and the maximum 

concentration is multiple orders of magnitude lower compared to pyrite from other paragenetic 

stages. Homogenous high Co/Ni ratio across the grain and the lack of any significant oscillatory 

zoning indicates that the pyrite formed from the same fluid, which suggests derivation from a mafic 

source due to high abundance of Co and Ni. 
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Figure 1.8: Laser ICPMS image of pyrite from the hematite dominated ironstone and high grade ore zone at Starra 

276. The red rectangle shows the mapped area (Sample MH-STA-199, drillhole STQ1070; sample depth 271.0m). 

 

Pyrite from the high grade ore zone at Starra 276 (Fig 1.8) is spatially associated with 

a hematite dominated ironstone. It has a Ni-rich and Co-poor core, which is overgrown by a Co-

rich and Ni-poor rim. Arsenic is partly correlated with Ni in the core and Co in the rim. The Co/Ni 

ratio changes from <1 in the Ni-rich core to >10 in the Co-rich rim, and locally exceeds >100. 

Elevated gold concentration correlates with Ni and a high Ni/Se ratio, with the later indicating a 

more oxidized hydrothermal setting with higher values, while towards the rim together with an 

increase in Co/Ni ratio the conditions became more reducing and mafic (Reich et al.,2016). 
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Figure 1.9: Laser ICPMS image of pyrite from the drillhole North of Starra 276 (Sample MH-STA-240b, drillhole 

STQ1089; sample depth 294.7m). 

 

Pyrite from the K-Fe alteration stage (Fig. 1.9) has a Co-rich and Ni-poor core with 

low Co and Ni sector zoning. The rim is characterized by elevated Ni and lower Co concentration. 

A thinner Arsenic enriched rim follows the Ni enriched rim partly. Selenium correlates positively 

with Co in the core, but the sector zoning area shows slightly elevated Se concentration, despite 

the lower Co concentration. Gold inclusions occur at the transition from low Ni, high Co core to 

high Ni low Co rim. The pyrite sample analysed is overgrown by chalcopyrite. 

1.5.1.2. Trace Elements Variations 

Median values for elements that show high variability in pyrites across the Starra 

system, as well as mean values for Au and Bi, are displayed in Figure 1.10. Due to their low 

concentrations in pyrite, their median values approximate zero, and their average value is mostly 

derived from outliers. 
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Figure 1.10: Violin plot for the selected trace element in pyrite across the Starra line, including the 
subeconomically mineralized area South and the unmineralized area to the North. 

 

Pyrite was not directly sampled from the Starra 222 ore zone associated with 

chalcopyrite mineralization but from hematite dominated ironstones close to chalcopyrite 

mineralization, while in 276 pyrite coexists with chalcopyrite from the ore zone. 
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Figure 1.11: Violine plots for different paragenetic stage observed at Starra. The main mineralization stage is 
represented by IIIb-Ox, while IIIb-Red includes pyrite from the reduced mineralization stage associated with 
magnetite dominated ironstone from Starra 222. 

 

1.5.1.1. Major elements 

Comparing the pyrite chemistry of the most abundant trace elements As, Ni, Co, and 

Se for the different localities across the Starra line (Fig. 1.10a). Arsenic concentration in pyrite 

tends to be higher within in the mineralized system, while Se shows lower concentrations in 

mineralized areas compared to the unmineralized area north and south of the known deposit. 

Nickel concentrations are generally higher in pyrite from Starra 222 and the Southern drillhole. 

Cobalt concentrations are highest in the northern part of the Starra line, and lowest in the South 

indicating a trend showing gradual increasing in Co concentration of pyrite along the South - North 

axis. Figure 1.10b shows As/Se and Co/Ni violin plots for the different Starra locations. The As/Se 

ratio is highest within the mineralized systems compared to the barren North and South. The Co/Ni 

ratio is increasing along the general Starra north-south trend. 
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Figure 1.12: SEM images of pyrite showing inclusions of Te, Bi, Ni and Au rich phases. Pyrite is carried on epidote-

calcite vein crosscutting intrusion of intermediate composition. 

 

1.5.1.1. Gold 

Gold is mainly hosted in Au-Te-Bi minerals and as inclusion in pyrite (Fig. 1.12). 

Figure 1.13 shows Au vs. Te+Bi concentration for the different localities along the Starra line. 

Pyrite from the unmineralized north and south areas do not contain Au inclusions, while all pyrite 

samples from the three sampled deposits contain abundant Au inclusions. 
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Figure 1.13: Scatter plots for the different locations across the Starra line showing Au versus Bi+Te concentration. 

Outside the Starra system (south, north), the Au and Bi+Te concentrations show smaller maximal concentration, 

indicating that Au-Bi-Te inclusion occur less frequent. 

 

Pyrite from the main mineralization stage (IIIb-Ox) at Starra 276 shows the highest 

recorded concentration of Au, while pyrite from the two earlier paragenetic stages (Na-Ca 

alteration, I; K-Fe alteration, IId) have distinctive lower Au concentrations in pyrite. 

Most prominent in pyrites from Starra 276 (Fig. 1.14) but also to a lesser degree in 

pyrites from Starra 222 and 244 two different trends between Au and Te+Bi can be observed. For 

most analyses, high Te+Bi concentrations correlates with high Au concentrations, some sweeps 

show high Te+Bi without low Au concentrations. This means that, while not all Bi+Te inclusions 

are associated with Au, all elevated Au concentrations in pyrite are strongly associated with Bi+Te. 

 Gold and Bi concentrations in pyrite are highest in ore zone and proximal samples. 

Bismuth concentrations can be elevated in samples up to 500m away from the mineralization but 

is distinctively lower in pyrite from the >1km distal Northern samples. 
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1.5.2. Discussion 

Ore shells of 0.25% Eq. Cu ore shells was created using the EDGE module of Leapfrog 

GeoTM and the distance to the ore shells was used to calculate the distance for the individual 

samples to the mineralization. Trace elements concentrations for most elements in pyrite do not 

vary significantly with distance (Fig. 1.15). At a distance to the ore zone of around 300m Ni and 

Se concentrations in pyrite are higher compared to the more proximal and distal samples. 

 Selenium has the lowest concentration in pyrites from the ore zone. Towards the 300m 

mark, where it levels off in the more distal samples from the north. Selenium concentration in 

pyrite can reflect the prevailing redox conditions during the formation of pyrite (Huston et al. 

1995). More oxidizing conditions would therefore result in lower Se concentrations in pyrite (Real 

et al. 2020) 

 

Figure 1.14: Gold versus Te + Bi concentration associated with the different paragenetic stages from Starra 276. 

Pyrite from the ore zone (IIIb-Ox) shows higher Au concentration compared to the pre-mineralization stages I and 

IId. 
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Figure 1.15: Variation for selected trace elements concentrations with distance to the 0.25% Eq. Cu grade shell. 

Nickel as most other elements shows little systematic variation with distance to the mineralization. Selenium 

concentration is lowest within and proximal to the ore zone and increases with distance. For Ni, and Se the median 

value is shown by the largest point, while for Bi and Au the largest point represents the average concentration. 
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As shown by LA-ICPMS images, pyrite from the Starra line records varying 

hydrothermal fluid compositions, suggesting that the Starra system is complex with multiple pulses 

of hydrothermal fluids involved in the mineralization process. Applying pyrite successfully as a 

vector towards mineralization different physicochemical conditions preserved in pyrite need to be 

considered. 

The high Co/Ni ratio commonly observed in Starra pyrite (Fig. 1.5) indicates that most 

pyrite formed from a hydrothermal fluid which had a mafic fluid source. Mafic and intermediate 

intrusions emplaced during paragenetic stage IIa are interpreted to be the source of the 

hydrothermal fluid forming the K-Fe alteration stage. The considerable range of Co/Ni ratio 

recorded by single pyrite grains (Fig. 1.6; 1.8) with minimum values smaller than 0.01 as well as 

the complex zoning and high variability in Co, Ni, Se, As revealed by LA-ICPMS images indicate 

the potential presence of either and evolving fluid or multiple fluids with different sources during 

pyrite formation. 

Gold, Te, and Bi occur commonly as outliers and occurs mostly as Au-Te-Bi inclusions 

in pyrite (Fig. 1.13; 1.14) and only sporadically as solid solution in pyrite (Fig. 1.6; 1.8). No clear 

correlation between As and Au can be observed. Pyrite from both the magnetite-dominated 

ironstones (Fig. 1.7) and the hematite-dominated ironstones (Fig. 1.8) are characterized by a high 

Co/Ni rim coinciding with chalcopyrite formation. Using Ni/Se ratio in pyrite as indicator for the 

prevailing redox conditions (Real et al. 2020) pyrite from the oxidized ore zone records decreasing 

fO2 from the core to the rim (Fig. 1.8). The lower Ni/Se ratio coincides broadly with the high Co/Ni 

ratio and chalcopyrite precipitation. Both ratios imply a change in fluid chemistry during the 

formation of pyrite. The pyrite core formed from a more oxidized fluid, potentially corresponding 

to the transformation of magnetite to hematite, while the rim formed from a more reduced fluid 

derived from a more mafic source. 



28 
 

 
Figure 1.16: a) Nickel over Se ratio indicates redox varying redox conditions during different paragenetic stages. b) 

Comparison between hematite (oxidized) and magnetite (reduced) dominated ore zones. 

 

Figure 1.16a shows Ni over Se ratio in pyrite for the different paragenetic stages 

identified at Starra, indicating that early Na-Ca alteration and the mafic intrusions were relative 

oxidized. Ni/Se ratio is an indicator for redox and/or temperature conditions during pyrite 

formation (Real et al. 2020), whereas higher Co/Ni ratio in pyrite reflects a less evolved fluid 

source (e.g. Bralia et al. 1979; Large et al. 2009; Reich et al. 2016). With the onset of K-Fe 

hydrothermal alteration during Stage IIb the redox conditions implied by the Ni/Se ratio in pyrite 
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became more reducing. Subsequent stages (IIc, IId) indicate a change towards more oxidizing 

conditions. This broadly agrees with changes in mineralogy from the magnetite-dominated 

paragenesis during IIb to hematite dominated during stage IId. Figure 1.9 shows an LA-ICPMS 

image of pyrite with a Stage IIc core and Stage IId rim. During the K-Fe alteration stage (II) an 

increase in Ni/Se ratio was associated with chalcopyrite precipitation. 

The onset of mineralization during Stage III (Fig. 1.16) marked another change in Ni/Se 

ratio, indicating a change in redox condition. Pyrite formed in the magnetite-dominated ore zone 

shows significantly lower Ni/Se ratios compared to pyrite associated with the hematite-dominated 

ironstones, suggesting an important contrast in the redox conditions between the two zones. 

Copper occurs within both the IIIb-Red and IIIb-Ox stages. However, pyrite from IIIb-Red stage 

largely lacks Au-Te-Bi inclusions, while they commonly occur in pyrite from IIIb-Ox stage. The 

differences between the two paragenetic stages indicate at least two different mechanisms for Cu 

mineralization, one associated with a more reduced system and one under oxidizing conditions 

(Fig. 1.16b). As implied by the Ni/Se ratio in pyrite Au at Starra was transported in an oxidized 

fluid. 

Nickel concentrations decrease with progressing paragenetic stages (I-IId), potentially 

indicating a decline in temperature during progressing hydrothermal alteration (Fig. 1.11). 

Selenium records change during mineralization in stage III, which agrees with the transition from 

magnetite- to hematite-dominated paragenesis, implying changes in redox conditions from 

reduced to oxidized. 

Most trace elements, including Se, seem to vary with paragenetic stages, which results 

in a weak correlation with distance to mineralization. Pyrite from the reduced mineralized 

ironstones (IIIb-Red) incorporates significantly more Co, Ni, As, and Se than pyrite associated 

with the hematite dominated ironstones (IIIb-Ox). At the same time, the variability of those four 

elements is much lower in pyrite from the IIIb-Red stage, indicating pyrite growth during relative 

consistent physicochemical conditions, while pyrite from the IIIb-Ox stage records a more 

complex hydrothermal fluid evolution (Figs. 1.7 and 1.8). 
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In future work, detailed characterization the paragenetic stages and linking those to 

growth zones in pyrite will be a key element for the application of pyrite as a pathfinder mineral 

in the Starra system and related IOCG deposits. 

 Iron Oxides 

1.6.1. Starra - Magnetite 

Magnetite along the Starra Line formed mainly during the K-Fe alteration stage (Fig. 

1.3). During the mineralization stage, magnetite precipitated in reduced ironstones (IIIb-Red), 

below oxidized, hematite-dominated ironstone, which host the main mineralization at Starra (IIIb-

Ox). Based on its texture and coexisting mineral phases, magnetite can be grouped into four 

different substages (IIa-IId) making up the K-Fe alteration stage. Mineralogy changes from 

amphibole, clinopyroxene, plagioclase, biotite composition during IIa, associated with the 

intrusions, to hydrothermal biotite + amphibole + pyroxene (IIb) to a chlorite- and quartz-rich 

assemblage during IIc. Stage IId consists of carbonate + quartz + magnetite ± chalcopyrite ± pyrite 

veins, which crosscut earlier alteration assemblages but are absent from ironstones. 

Two distinct hematite types are associated with the mineralization stage at Starra. The 

earlier hematite-I (hem-I) occurs as anhedral, rounded grains that commonly contain magnetite 

inclusions predates chalcopyrite and bornite mineralization. Hematite-II (hem-II) is characterized 

by its specular, pristine texture and coprecipitates and overprinted chalcopyrite. 

Nickel and V concentrations in magnetite are highest in stage IIa magnetite and 

decrease in stage IIc and IId. Stage IIc and IId magnetite have comparable Ni and V concentrations 

(Fig. 1.17a+b). Titanium concentration in magnetite, which is widely used as a petrogenetic 

indicator (Dupuis and Beaudoin 2011; Dare et al., 2014), remains relative constant for the four 

different paragenetic stages, with a median concentration of around 100ppm (Fig 1.17c). 
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Figure 1.17: Violin plots for Ni and V concentration in magnetite for the different paragenetic stages, associated with 

magnetite. 

 

Multivariate element characteristics for the Starra magnetites are summarized by 

Principal Component Analysis (PCA, Fig. 1.18). PCA of magnetite associated with the different 

paragenetic stages identified at Starra defines a trace element rich, Fe poor group (IIa + IIb) and a 

Fe-rich, trace element poor group (IIc + IId; Fig. 1.18a). Vanadium and Cr, which are considered 

to reflect redox conditions in the hydrothermal fluid during magnetite formation (Nadoll et al., 

2014) show the highest variation across the Starra magnetites. Gallium, which has been used as a  
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Figure 1.18: a) PCA for the Starra magnetites discriminates efficiently between early (IIa,b) and late magnetite 

(IIc,d). b) Correlation with magnetite chemistry and their distance to the ore zone is less clear. 

temperature indicator in magnetite (Palma et al. 2020), defines the second PC. 

However, other elements that are commonly discussed as temperature sensitive like Ti and Sn 

(Lindsley, 1976; Nadoll et al. 2014) show little variation in magnetite along the Starra line. 
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1.6.1.1. Distance to Ore Zone 

Figure 1.18 b shows a PCA for magnetite and the distance to the 0.25% Cu Eq. grade 

shell of both Starra 222 and Starra 276. Distal magnetites have higher concentrations of Ga, Ni, 

and Fe, while more proximal magnetite is characterized by higher Co, Cr, V, and Zn 

concentrations. With increasing distance to the ore zone, titanium concentration in magnetite 

increases steadily. Background samples from the Northern drillhole, which were collected circa 

1000m North from the Starra 276 mineralization consistently have elevated concentration of Ti 

compared to magnetite proximal to the Starra 276 ore body (Fig. 1.19a). Titanium and V 

concentrations in magnetite gradually increases up to 300 m from the 0.25% Cu Eq. ore shells 

(Fig. 1.19a+b). In contrast, magnetite hosted in the Eastern Hematite, which is approximately 300 

m away from the Starra 222 ore body, records two different populations. The first population has 

the lowest Ti concentration recorded along the Starra line and the second has the highest, 

suggesting that the magnetites from the Eastern Hematite are potentially from a different 

hydrothermal system. Low V concentrations in magnetite from Starra 222 (Fig. 1.19b) are carried 

on ankerite veins, indicating a control of co-precipitating phases on the V concentration in 

magnetite. 
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Figure 1.19: a+b) Titanium and V concentration in magnetite increases with distance to the 0.25% Cu Eq. grade 

shell. c) Higher V/Ga ratio indicates more reducing condition. Ni/Cr reflects, due to the relative lower fluid mobility 

of Cr vs. Ni, the hydrothermal evolution of the fluid from which magnetite precipitated. 

 

1.6.1.2. Laser Imaging 

The main mineralization at Starra 222 is associated with hematite dominated 

ironstones. Two different generations of hematite are recognized within the ironstones, associated 

with paragenetic stages IIIa and IIIb-Ox. The earlier hem-I is anhedral, porous, and has numerous 

inclusions of magnetite. Hem-II is specular, euhedral, free of magnetite inclusions, and partly 

overprinted chalcopyrite. PCA separates both types of hematite based on higher Ni, Co and Ga  
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Figure 1.20: Two types of hematite from Starra 222 ore zone. a) PCA shows that chemically the main difference is 

caused by higher Ga, Ni, Co, Mn concentrations in hem-I. b) The earlier Hem-I replaces magnetite, while later hem-

II coincides and overgrows chalcopyrite mineralization. Mapped area is highlighted by the red rectangle. c) Laser 

ICPMS trace element image of pyrite, including PC1 associated with Ga, Co and Ni as well as PC2 associated with 

Sn, Ti, V, W, Si, Cr and Al (Sample MH-STA-066b, drillhole STQ1042; sample depth 399.4m). 

 

concentrations in hem-I (Fig. 1.20). All three elements are partitioned preferably in sulfides than 

in iron oxides. 

Figures 1.21 and 1.22 show magnetite from the mineralized magnetite-dominated 

ironstones at Starra 222. Tungsten-rich magnetite occurs in two distinct textures: 1) as rim growing 

over a core with relatively more elevated concentrations of Si, Al, Mn, and Ti, or as mushketovite 

overgrown by a magnetite rim. Titanium-rich inclusions are largely limited to the W-rich, Ti-poor 

magnetite rim. 
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Figure 1.21: Laser ICPMS images of magnetite from the reduced mineralization stage at Starra 222. a) BSE image 

of the analyzed magnetite reveals at least two distinguishable magnetite generation. Scheelite inclusions are shown 

in the lower BSE image and are restricted to the more solid magnetite phase. b) Position of the LA-ICPMS maps is 

shown in a) by the red rectangle. High concentrations of tungsten correlate with low concentrations of Al, Si, Ti, and 

Mn (Sample MH-STA-091b, drillhole STQ1042; sample depth 635.9m). 

 

Figure 1.22: Mushketovite overgrown by subhedral magnetite rim from the reduced ore zone at Starra 222. a) Based 

on PCA results the magnetite rim can be distinguished from the mushketovite by V, Co, Ga, and Mn. b) Reflected light 

image of the magnetite dominated ironstone. The area of the Laser ICPMS image is indicated with the red rectangle. 

c) Laser ICPMS images of mushketovite and magnetite (Sample MH-STA-094, drillhole STQ1042; sample depth 

660.2m). 
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1.6.1.3. Magnetite - North 

Detailed analysis of magnetite from the Northern drillhole allows for the 

characterization of magnetite from the different paragenetic stages and the correlation of trace 

element systematics with sample depth. Gallium, Ni, V, Zn, Ti, and Fe are the main elements that 

discriminated between early (IIa + IIb) and later (IIc + IId) magnetite (Fig. 1.23. Magnetite formed 

during the later stages has higher Fe concentration compared to the early magnetite. This can be 

due to 1) the late magnetite forming from a more evolved fluid depleted in trace elements, due to 

previous magnetite formation or 2) the magnetite grew slower, due to a lower hydrothermal 

temperature which should result in a lower trace element concentration. Higher V, Ga, and Ti 

concentrations with increasing depth indicate increasing temperature and/or oxygen fugacity. High 

Ni concentration from deeper magnetite might indicate closer proximity to the magmatic source 

of the fluid, which is also implied by the increases in V, Ga and Ti. 
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Figure 1.23: PCA for magnetite from North of the Starra mineralization separating between early (IIa + IIb) and 

later paragenetic stages (IIc + IId) as well shallow magnetite from deeper magnetite. 

 

 

 



39 
 

1.6.2. Cloncurry - Magnetite 

1.6.2.1. Distribution 

Osborne, Starra and SWAN magnetites are lowest in V, and all three deposits are in 

Southern part of the Mt. Isa Inlier. Magnetite from E1 and Ernest Henry, located at the northern 

end of the Mt. Isa Inlier, are higher in V than the southern deposits. The highest V concentration 

are in magnetite from Cameron River and Canteen, both deposits are located between the previous 

five deposits. 

1.6.2.2. Principal Component Analysis 

For the following Principal Component Analysis (PCA), based on sample number >50, 

Cameron River, Canteen, E1, Ernest Henry, Osborne, Starra, and SWAN were selected. 

Scatter plot between PC1 and PC2 shows a comparable magnetite chemistry across the 

seven deposits (Fig. 1.25a). This indicates that magnetite chemistry from Proterozoic IOCG 

deposits is consistent across different Proterozoic IOCG systems in the Cloncurry area. Vanadium, 

Al, Cr, Ga, and Co are the elements that show the highest variability. 

PC5, characterized by Co, Si, Al and Zn, separates the Ernest Henry and Starra 

magnetite relative well (Fig. 1.25b-d). Starra magnetite are characterized by Co, Al, Si, and Cr, 

while Ernest Henry magnetites are high in Zn and V. Osborne and Starra magnetite are chemically 

similar. E1, Cameron River, and Canteen are characterized by high Ga, but overlap with the high 

Ga magnetites from Starra and Ernest Henry (Fig. 1.25a+b). Especially for Co and Zn separate 

Starra and Osborne magnetite from the other Cloncurry magnetite (Fig. 1.25c+d). 
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Figure 1.24: Violin plots showing the distributions of V, Ga, and Ti concentrations in magnetite for the different 

Cloncurry localities. 

 

1.6.2.1. Scatter Plots 

Palma et al. (2020) recognized the potential of Ga vs. V plots to trace ore forming 

processes in Chilean IOA deposits. Figure 1.26b extends this trend to IOCG systems, where the 

decrease in V indicates a shift to more oxidizing conditions and the decrease in Ga indicates a 
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Figure 1.25: Principal Component Analysis of magnetite trace element chemistry for the different Cloncurry 

localities. 

 

decrease in temperatures of the magnetite forming hydrothermal fluid. Magnetite from 

the Eastern Hematites at Starra do not follow the IOCG trend indicated in Figure 1.26b. Instead, 

V concentration remains relatively constant, suggesting no significant change in redox conditions. 
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Figure 1.26: a) Magnetite from different Cloncurry IOCG deposits plots within and outside all six deposit fields. 

Fields drawn after Dupuis and Beaudoin (2011); Nadoll et al. (2014). b) Decreasing V and to a lesser extent Ga 

concentration in magnetite indicates mineralization. c) As indicated by the PCA Co and Cr separate magnetite from 

Starra, Cameron River and Osborne from Ernest Henry and Canteen magnetite. Magnetite from SWAN and E1 cannot 

be distinguished based on Co and Cr. 

 

1.6.3. Discussion 

1.6.3.1. Trace Elements Systematics of Starra Iron Oxides 

Redox sensitive elements such as V and Cr explain most of the variation withing the 

Starra magnetite (Fig. 1.18). This is strong evidence that changing redox conditions during K-Fe 

alteration was the main geological process affecting magnetites chemistry. Low variation in 

temperature sensitive elements like Sn and Ti indicate that temperature remained relative constant 
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during magnetite formation. Gallium, which characterizes the second PC, has been interpreted as 

temperature sensitive (Palma et al., 2020) and is uncorrelated to the changes in redox conditions, 

which are reflected by the first PC. This contradicting trace element behavior indicate that the 

temperature during magnetite precipitation was too low to record changes in Ti or Sn 

concentrations. Considering paragenetic sequences for individual localities, the northern drillhole 

that contain magnetites from the earlier paragenetic stages IIa + IIb are defined by elevated V, Ga, 

Ni, and Ti concentrations, while the magnetite formed during the later stage IIc + IId shows higher 

Fe concentration. High Ni concentration in magnetite might reflect proximity to hydrothermal 

source due to nickel’s fluid immobility. Figures 1.21 and 1.22 show magnetite from the 

mineralized-magnetite-dominated ironstone at Starra 222. Pristine magnetite rims overprinting a 

Si, Al, Ti rich-core and mushketovite are characterized by the occurrence of scheelite (CaWO4) 

inclusions, as indicated by the elevated W concentration in the Laser ICPMS images, consistent 

with W being more compatible in the hematite structure (Nadoll et al., 2014). The exsolution of 

W and the subsequent formation of scheelite can be explained by the reduction of hematite to 

magnetite. This suggests that the magnetite dominated ironstone at Starra were previously hematite 

dominated. In contrast magnetite inclusions in hematite indicate a transformation from magnetite 

to hematite in the shallower hematite dominated ironstones and continued exposure to an oxidized 

environment. Furthermore, this implies the presence of a late reduced fluid in addition to the 

previously identified oxidizing fluid, which has long been recognized as the likely fluid to 

responsible for magnetite to hematite transformation and subsequent mineralization (e.g. Davidson 

and Large, 1994; Rotherham et al., 1998). 

Two distinct types of hematite occur in the oxidized ore zone at Starra (Fig 1.20). 

Anhedral, rounded hematite with magnetite inclusions occurs abundantly in mineralized and 

barren ironstones along the Starra Line, while the pristine, specular hematite (hem-II) is correlated 

with Cu-mineralization. Inclusions of magnetite within hem-I indicate transformation of magnetite 

to hematite, contrary to the hematite to magnetite the transformation observed in the reduced 

ironstones. Low Ni, Co, and Ga concentration in hem-II might indicate co-precipitating sulfides, 

in which those elements preferentially partition. 

To understand how magnetite chemistry correlates with distance to the ore zone it is 

crucial to consider co-forming mineral phases. As shown in Figure 1.18 the trace element 
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concentration of magnetite hosted in carbonate and amphibole veins do not vary systematically 

with distance. Titanium’ concentration is lowest in proximal magnetite and increases with distance 

to the 0.25% Cu Eq. Grade Shell (Fig. 1.19a). This might reflect a lower temperature in the ore 

zone. However, other temperature-sensitive elements like Sn, Zn, Ga, and V do not show 

significant correlation with distance to the ore zone. In general, the trace elements in magnetite 

vary with the paragenetic stages and are influenced by the textural characteristics than with 

distance to the mineralization (Fig 1.18). Due to the complex hydrothermal evolution of the Starra 

system, paragenetic stages and distance only partly overlap. 

1.6.3.2. Trace Element Implications for Cloncurry Magnetite 

The first two PCs do not distinguish the magnetite chemistry from the different 

Cloncurry IOCG deposits (Fig. 1.25a). If PC1 and PC2 reflect two major geological process 

affecting magnetite chemistry, then it indicates that magnetite from all Cloncurry deposits 

discussed here were affected by the same processes. Vanadium, Ga, Zn, Cr, and Al are the main 

contributor to the first two PCs, suggesting that they reflect changes in fO2, temperature and/or 

fluid composition. Zinc and Co, which are the main elements contributing to the fifth PC separating 

the two largest data set, the Ernest Henry and Starra magnetite, effectively (Fig. 1.25b-d). Based 

on magnetites Ti + V and Mn + Al + Ca concentration, Dupuis and Beaudoin (2011) proposed a 

diagram to discriminated magnetite from different deposit types. Nadoll et al. (2014) eliminated 

Ca from the diagram since its concentration is commonly below the detection limit in magnetite. 

Magnetite from this study plot within and outside all proposed fields (Fig. 1.26a). This reflects the 

convoluted multistage paragenesis of IOCG systems in the Cloncurry district, which makes it 

difficult to define magnetite chemistry as a distinctive IOCG fingerprint. If magnetite chemistry is 

used as petrogenetic indicator or as vector towards mineralization, a solid understanding of the 

paragenetic stages is critical. The complex magnetite chemistry is highlighted in Figure 1.25a, 

where the different deposits from the Cloncurry district do not show distinctive magnetite 

chemistry indicating that the geological processes that affect magnetite trace element chemistry 

(fO2, temperature) are similar across the different localities. Higher Co concentration in magnetites 

from Starra, Cameron River, Osborne and partly SWAN might indicate a more mafic source of 

the hydrothermal fluid compared to other Cloncurry magnetites like Ernest Henry (Fig. 1.26c). 

Cobalt is strongly associated with the fifth PC (Fig. 1.25b-d). If Co is used as an indicator for the 
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source the hydrothermal fluid, it is of secondary importance to the overall variability in magnetite 

trace element chemistry, but it is the most consistent discriminator for Cloncurry magnetite from 

different deposits. 

Magnetite trace element chemistry indicates that the main differences between the 

IOCG systems discussed here is reflected in the source of the hydrothermal fluid associated with 

magnetite formation. In Australian Proterozoic IOCG deposits, the reduction of an ore bearing 

hydrothermal fluid has been considered a key mechanism leading to Cu-Au mineralization (Huston 

et al. 1993; Adshead-Bell 1998; Rotherham et al. 1998; Williams et al. 2001, 2005). Figure 1.26b 

shows that most Cloncurry magnetite follow a general trend of decreasing V and Ga. This indicates 

that during magnetite formation, changes in redox conditions are a prerequisite for the 

development of IOCG systems. Changes in temperature are either less obvious from magnetite 

chemistry or are of secondary importance for the formation of Cloncurry IOCG systems. 

 Conclusion 

Changes in redox conditions of the hydrothermal fluids involved at Starra might be the 

main driver for variation at Starra. Abundant hematite in the Southern area (South, Starra 222), 

indicate more oxidized conditions, Whereas towards the north, magnetite becomes more dominant, 

reflective of more reduced conditions. A large-scale oxidation event is missing in the barren 

drillhole north of the Starra line, while mineralization commonly correlates with the transformation 

of magnetite to hematite. However, the presence of mineralized magnetite dominated ironstones 

and frequent occurrence of barren, hematite dominated ironstones indicates that reduction was not 

the only mechanism forming the Starra deposit, and that oxidation of magnetite was key for the 

Cu-Au mineralization. 

Proximal magnetite (<100 m from the ore zone) has low concentrations of V and Ti, 

both elements increase in distal magnetites (100 m – 300m from the ore zone). Trace element 

chemistry of distal magnetite resembles that of magnetite from background samples (> 1000 m 

from the ore zone) Incorporation of Ti and V into magnetite is mainly controlled by 

physicochemical conditions indicating that mineralization at Starra is associated with a decrease 

in temperature and/or increase in fO2 of the hydrothermal fluid.  
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Occurrences of Au-tellurides and Bi-telluride inclusion increase in proximal and ore 

zone (< 0 m from the ore zone) pyrites. This indicates that pyrite might be a key mineral for 

vectoring towards high grade Au zones and the potential application of Bi concentrations as a 

pathfinder. Both Ni and Se concentrations in pyrite are lowest in proximal and ore zone samples, 

indicating an increase in fO2. Their concentration increases in distal samples up to 300m out of the 

ore zone and levels off in background samples.  

Both, pyrite and magnetite mineral chemistry suggests that mineralization at Starra is 

closely related to changes in oxygen fugacity towards more oxidizing condition. Pyrite and 

magnetite record physicochemical changes in hydrothermal fluids associated with mineralization, 

making them valuable targets for further exploration in Starra-style ore deposits.  
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2. Geology and mineral chemistry at the Mt Elliott, Corbould, and SWAN 

deposits 

J. Cloutier1 

1Centre for Ore Deposit and Earth Sciences (CODES), University of Tasmania 

 

2.1 Executive summary 

• A new geological model at SWAN reveals that the Mt Elliott, Corbould and SWAN 

mineralisation is spatially related to a mafic intrusion. The mineralisation at Mt Elliott and 

Corbould is associated with an apophysis of the intrusion hosted in quartz mica schist, 

whereas the SWAN mineralisation flanks the same mafic intrusion at depth to the SE and 

is hosted in highly altered marble. 

• The paragenetic sequence at SWAN consists of five alteration stages: 1) sodic, 2) prograde, 

3) early mineralisation, 4) potassic, and 5) late mineralisation. The prograde alteration stage 

is associated with an anhydrous (no precipitation of hydrated minerals), reduced, and high 

temperature mineral assemblage dominated by pyroxene, magnetite, titanite and apatite, 

whereas the Cu-Au mineralisation stages are associated with a lower temperature 

assemblage of amphibole, pyrite, chalcopyrite, anhydrite, epidote, chlorite and calcite 

concordant with the onset of hydrothermal alteration by an oxidised fluid. 

• The mineral chemistry of most alteration minerals (pyroxene, magnetite, apatite, 

amphibole, pyrite, epidote and chlorite) hosted in veins away from the main mineralised 

zone at SWAN can be used to vector toward the mineralisation up to at least 600 m away 

(sampling limit) from the 0.25% Cu Eq surface. This variation is expected to continue past 

the limit of sampling. 

• Chemical variation in alteration minerals is detected beyond the limit of pervasive 

alteration of the host rock (< 200 m), where alteration is limited to veins. 

 

2.2 Introduction 

Iron oxide copper gold (IOCG) deposits are associated with large alteration halos of 

contentious origin (e.g., Williams et al. 2005; Groves et al. 2010; Richard and Mumin, 2013). 

From a mineral exploration perspective, these large alteration halos can preserve geological, 

mineralogical and geochemical information that can be used to vector toward the mineralised 

centre. Since 2004, research undertaken on the geochemical footprints of porphyry and 
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epithermal deposits at CODES through a series of AMIRA projects (P765, P765A, P1060, 

P1153, and P1202) highlighted the effectiveness of mineral chemistry to be used as vectors or 

“proximitors” to mineralized centres in porphyry and epithermal environments (Cooke et al., 

2014, 2020; Wilkinson et al., 2015, 2020, Baker et al., 2020). 

IOCG deposits of the Cloncurry region are great candidates to test the effectiveness of 

mineral chemistry as an exploration tool due to their abundance and economic importance to 

the region. The current chapter focuses on the SWAN deposit located in the Selwyn region. 

The SWAN deposit is an ideal candidate for this study as it is hosted in relatively simple 

geological sequences and has a close spatial association with the Mt Elliott and Corbould 

deposits. 

The aim of the study is to create a new 3D geological model (including new ore shells) 

and to analyse most alteration minerals present at SWAN (pyroxene, magnetite, apatite, 

amphibole, pyrite, epidote and chlorite), in order to characterise the variation in trace element 

abundance with distance to the newly created ore shells. It is shown that mineral chemistry can 

be used as an exploration tool for IOCG deposits of the Cloncurry area. 

 

2.3 Regional geology 

 The Mount Isa Inlier is composed of three N-trending polydeformed tectonic domains 

(Fig. 2.1a) that underwent a protracted tectonic and metasomatic history (e.g., Gibson et al., 

2008; Withnall and Hutton, 2013; Southgate et al., 2013; Gibson et al., 2016). From west to 

east, they are the Western Fold Belt, the Kalkadoon-Leichhardt Belt and the Eastern Fold Belt. 

The SWAN deposit is hosted within the Eastern Fold Belt of the Mount Isa Inlier 

approximately 140 km southeast of Mount Isa, and 90 km south of Cloncurry. The Eastern 

Fold Belt can be further subdivided into the Tommy Creek Domain, Canobie Domain, the 

Mitakoodi Domain, the Marimo-Staveley Domain, the Kuridala-Selwyn Domain and the 

Doherty-Fig Tree Gully Domain (Fig. 2.1b; Withnall and Hutton, 2013). The SWAN deposit 

is hosted near or at the boundary between the Marimo-Staveley Domain and the Kuridala-

Selwyn Domain (Brown and Porter, 2010; Duncan et al., 2014; Murphy et al., 2017). The 

Marimo-Staveley Domain is a narrow zone to the east of the Mitakoodi Domain that extends 

about 200 km south from near Cloncurry (Fig. 2.1). It consists of the 1752-1740 Ma Double 

Crossing Metamorphics (Quartz-felspar-mica gneiss), the Staveley Formation (sandstone, 

siltstone and mudstone; ~1725-1745 Ma), the Roxmere Quartzite (sandstone; < 1710 Ma) and 

the Answer Slate (slate, phyllite, metasiltstone and mica schist; 1655-1610 Ma), which are in 
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structural contact with the Double Crossing Metamorphics (Withnall and Hutton, 2013 and 

references therein). The Kuridala-Selwyn Domain is an elongated north-trending faulted 

bounded domain, except in the northeast, where it is intruded by the Squirrel Hills Granite. The 

domain consists of the Kuridala Group, which is subdivided into the Starcross Formation 

(garnet-bearing psammitic to pellitic schists; < 1663 +/- 23 Ma), the New Hope Sandstone 

(quartzose to feldspathic metasandstone; < ~1677 Ma) and the Hampden Slate (graphitic slate 

and metasiltstone; Withnall and Hutton, 2013 and references therein). The Answer Slate from 

the Marimo-Staveley Domain is also been assigned to the Kuridala-Selwyn Domain by various 

authors (e.g., Withnall and Hutton, 2013; Gibson et al., 2016). 

From a stratigraphic perspective, the inlier is subdivided into two superposed 

sedimentary superbasins (Leichhardt between ~1740-1790 Ma and Calvert between ~1645-

1725 Ma) that are composed of six supersequences (Guide, Myally, Quilalar, Big, Prize and 

Gun) deposited between 1800–1650 Ma (Southgate et al., 2013). Sedimentation was associated 

with prolonged episodes of crustal thinning, continental rifting and sedimentary basin 

formation linked at depth to magmatic intrusions and the formation of mid-crustal extensional 

shear zones (Passchier, 1986; Passchier and Williams, 1989; Holcombe et al. 1991; Pearson et 

al., 1991; Gibson et al., 2008; Withnall and Hutton, 2013). Most of the sedimentary successions 

were deposited in relatively shallow water on a platform or gently inclined shelf or ramp 

(Southgate et al., 2013). Several stratigraphic frameworks exist for the Mount Isa Inlier (e.g., 

Blake, 1987; Neumann and Fraser, 2007; Southgate et al., 2013; Gibson et al., 2016). For this 

study, we used the framework of Gibson et al. (2016) wherein each superbasin is initiated by a 

rift phase and is followed by a sag phase. The main difference with other published frameworks 

is their classification of the Gun supersequence, which hosts SWAN, into the sag phase of the 

Calvert Superbasin instead of being attributed to early phases of the Isa Superbasin. 

The units were multiply deformed at ~1645 to ~1630 Ma during the Riversleigh Event 

and at ~1600 to ~1575 (D1), ~1570 to ~1540 Ma (D2) and ~1530 to ~1510 Ma (D3) during 

the Isan orogeny (Giles and Nutman, 2002, 2003). Peak metamorphism is highly variable 

throughout the Inlier with lower metamorphic grade generally observed in the Western Fold 

Belt (Bell,1983; Winsor, 1983, 1986; Bell et al., 1988; Foster and Rubenach, 2006). At SWAN, 

the general metamorphic grade is of staurolite and/or andalusite (Foster and Runebach, 2006), 

attesting of a low pressure and high temperature deformation regime. Several episodes of  
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Figure 2.1: Simplified geological map for the Eastern succession (modified from Gibson et al., 2016). 
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granitoid emplacement occurred at ~1740 and ~1630 Ma and between 1550 and 1500 Ma 

(Pollard and McNaughton, 1997; Page and Sun, 1998). 

 

2.4 Local Geology 

A new three-dimensional geological model of the SWAN-Mount Elliott area was 

created using a simplified version of the geology provided by Chinova Resources for the 

project. The simplification was achieved by grouping similar geological units that showed 

spatial continuity in 3D space. In total, seven geological units were modelled and classified 

into two groups (Fig. 2.2-4). Group 1 corresponds to a depositional sequence with steep 

conformable contacts trending to the NNW (~330N/60º). The sequence consists of a marble 

unit, two separate quartz mica schist units and a metabasalt unit interlayered between the two 

schists. Group 2 consists of several discordant intrusions with variable relative ages. It is 

associated with a post depositional mafic intrusion trending approximately 300N/80º, which is 

crosscut by the younger SWAN diorite that has a rough trend of ~315N/50º. A late series of 

thin diorite dykes striking ~030N/35º crosscuts the mafic intrusions and SWAN diorite. 

In addition to the geology, a 0.25% CuEq interpolant surface of the mineralisation was 

modelled for each deposit using the Edge extension of Leapfrog Geo (Fig. 2.4-5). Each surface 

was interpolated using a radial basis function estimator of a variogram model produced using 

5 m composite assay intervals. The modelled surfaces show that most of the mineralisation is 

hosted within the marble unit at SWAN and within the quartz mica schist 1 unit at Mount 

Elliott/Corbould (Fig. 2.2-5). In addition, some mineralisation is hosted within the mafic 

intrusion located between the two mineralised zones, suggesting that it was either emplaced 

before or during the mineralisation event. Spatially, the modelled surfaces are in the vicinity 

of the mafic intrusion (Fig. 2.4). The Mount Elliott/Corbould deposit sits in an apophysis of 

the mafic intrusion whereas the SWAN deposit is hosted in the marble and flanks the mafic 

intrusion at depth to the SW. Together, these relationships suggest a genetic link between the 

mineralisation and the emplacement of the mafic intrusion. 
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Figure 2.2: Schematic W-E cross-section through the SWAN and Mount Elliott deposits. The cross-section was 

created using a 3D geological model created in Leapfrog Geo and modified to reflect the projected geology 

observed on the selected drill holes. The position of 0.25% CuEq (black dashed line) and alteration (red dashed 

line) is approximated. 

 

Figure 2.3: Schematic NNW-SSE cross-section through the SWAN deposit. The cross-section was created using 

a 3D geological model created in Leapfrog Geo and modified to reflect the projected geology observed on the 

selected drill holes. The position of 0.25% CuEq (black dashed line) and alteration (red dashed line) is 

approximated. 
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Figure 2.4: Position of the mafic intrusion relative to 0.25% CuEq surfaces and geological contacts modelled (A) 

looking North (B) looking east. 
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Figure 2.5: Leapfrog Geo EDGE surfaces of 0.25% CuEq for SWAN (in red) and Mount Elliott/Corbould (in 

yellow) (A) looking North and (B) plan view. 
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2.5 Paragenesis 

A paragenetic sequence of alteration minerals was developed from the XMOD maps 

acquired during this project as well as the TIMA maps acquired during the UNCOVER 

Cloncurry project. Rock types at SWAN include metabasalt, quartz-mica schist, marble and 

mafic intrusions. Five stages of alteration are observed at SWAN. These are 1) sodic, 2) 

prograde, 3) early mineralisation, 4) potassic, and 5) late mineralisation. 

Sodic alteration is associated with pervasive albite followed by scapolite alteration (Fig. 

2.6a). The prograde alteration assemblage pervasively overprints minerals from the sodic 

alteration stage and consists of early pyroxene followed by garnet and finally by magnetite-

titatite-allanite-apatite (Fig. 2.6a-c). Mineralogically, it is similar to prograde mineral 

assemblages associated with Fe-Cu-Au skarn deposits. The early mineralisation stage 

coincides with the onset of precipitation of hydrated minerals and is associated with early 

amphibole, followed by anhydrite-calcite-pyrite-chalcopyrite-barite and by late epidote, either 

as veins or pervasively replacing earlier alteration assemblages (Fig. 2.6c-f). The potassic stage 

is associated with K-felsdpar alteration as pervasive replacement of earlier alteration 

assemblages or as veins. This stage is possibly associated with minor albite alteration as it is 

associated with K-feldpar in veinlets (Fig. 2.6g) or with the onset of the late mineralisation 

stage with albite found on the selvages of late mineralisation stage veins (Fig. 2.6h). The last 

stage observed is the late mineralisation stage, which consists of early pyrite and chalcopyrite 

crosscut by chlorite, which is in turn crosscut by late calcite (Fig. 2.6c-f). 

Overall, the paragenetic textures reflect an evolution from an early sodic alteration to 

an anhydrous and high temperature prograde assemblage that is pervasively overprinted by two 

mineralisation stages associated with hydrothermal activity associated with precipitation of 

sulphide and hydrated silicate minerals. 

2.6 Mineral chemistry 

Laser ablation ICP-MS analysis was undertaken on 1) prograde pyroxene, magnetite, 

titanite and apatite; 2) early mineralisation amphibole, pyrite, epidote and calcite; and 3) late 

mineralisation pyrite, chlorite and calcite. 

Statistical analysis was undertaken using principal component analysis (PCA) on 

centred log-ratio (clr) transformed data as well as the distance to the 0.25% CuEQ surface to 

assess the correlation between elemental concentration and distance to the surface. Clr removes 

the effect of chemical closure (i.e., the sum of all elements must equal 100%) and represents  
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Figure 2.6: X-ray modal (XMOD) mineral maps from the SWAN area displayed using ioGas® (A) Early albite 

and scapolite from sodic alteration stage overprinted by prograde and early mineralisation stage alteration 

minerals (JC19_SWAN_031; mafic intrusion); (B) prograde pyroxene alteration crosscut by a prograde 

magnetite and early mineralisation pyrite, chalcopyrite and calcite vein (JC19_SWAN_039; marble); (C) Sodic 

and prograde pervasive alteration crosscut by early mineralisation amphibole, chalcopyrite and pyrite 

(JC19_SWAN_036; marble); (D) Early sodic stage albite overprinted by prograde pyroxene, magnetite and 

allanite which is in turn overprinted by early mineralisation amphibole, pyrite and calcite (JC19_SWAN_047; 

diorite); (E) Early albite and pyroxene alteration crosscut by a magnetite vein and by a vesicle filled with 

anhydrite, chalcopyrite, pyrite and calcite (JC19_SWAN_059; marble); (F) Early albite from sodic stage 

overprinted by prograde pyroxene, magnetite and allanite which are crosscut by anhydrite, pyrite, chalcopyrite, 

epidote and calcite vein (JC19_SWAN_006; marble); (G) Early albite from the sodic stage overprinted by 

pervasive magnetite which are overprinted by chalcopyrite from the early mineralisation stage. Assemblages from 

both stages are crosscut by K-feldspar from the potassic alteration stage (JC19_SWAN_027; mafic intrusion); 

(H) K-feldspar alteration from the potassic stage crosscut by a vein with albite and chlorite selvages and 

chalcopyrite, pyrite and calcite core from the late mineralisation stage (JC19_SWAN_011; mafic intrusion); and 

(I) Early albite from sodic alteration stage, pyroxene and magnetite from the prograde stage, and chalcopyrite 

and pyrite from the early mineralisation stage overprinted by late mineralisation stage chlorite which is crosscut 

and overprinted by calcite (JC19_SWAN_022; amphibolite). 

the deviation of a variable (x) from its geometric mean in a dataset of D components. It is 

expressed as: 

clr(x) = (log(x1/g(x)), …, log(xD/g(x))), (Eq 1) 

For vectoring to mineralisation, positive distances refer to distance outside the surface, whereas 

negative distance refers to distance inside the surface. As there are two mineralised areas, the 
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minimum distance to either SWAN or Mount Elliott/Corbould was used for the vectoring part 

of the study. Relationship to distance was the same for minerals closer to either the SWAN or 

Mount Elliott/Corbould. Therefore, the datasets from all areas were combined into a single 

dataset for the vectoring component. All samples were located less than 600 m away to a 

mineralised area except for drill hole CLHD001 located approximately 1.5 kilometres away 

from the SWAN deposit. 

 

2.6.1 Pyroxene 

Thirty-four samples containing pyroxene were analysed for a total of 401 spots. No 

pyroxene was identified in the distal drill hole CLHD001. Mineral chemistry results show that 

the main pyroxene is diopside with a few spots falling in the augite or hedenbergite field (Fig. 

2.7). Diopside is generally abundant in Cu, Au and/or Fe skarn deposits (e.g., Meinert et al., 

2005 and references therein). From a vectoring perspective, the concentration of Ti, Sn and Yb 

in pyroxene decreases up to approximately 250 m before increasing again up to the limit of the 

samples (Fig. 2.8). Manganese and V show the opposite relationship, with an increase in 

concentration up to 250 m away from the mineralisation. However, the V concentration in the 

mafic intrusion is higher than in the marble, and the elevated V concentration in pyroxene may 

be due to the proximity to the mafic intrusion instead of the relative distance to the 0.25% CuEq 

surface. 

 

2.6.2 Magnetite 

Analysis of 56 samples (45 with maps and 11 with spots) for a total of 185,856 sweeps 

from the prograde paragenetic stage reveals that they are relatively homogenous and have been 

affected by the early mineralisation, potassic and late mineralisation alteration events (Fig. 2.9-

16). The main primary elements in magnetite by order of abundance (concentration ± 1σ) are 

Fe (72.0% ± 7.3), Al (1496 ppm ± 7399 ppm), V (794 ppm ± 864 ppm), Ti (421 ppm ± 372 

ppm), Mn (378 ppm ± 246 ppm), Ni (146 ppm ± 253 ppm), Cr (79 ppm ± 145 ppm), Co (35 

ppm ± 32 ppm), Zn (38 ppm ± 39 ppm) and Ga (23 ppm ± 21 ppm). Silicon is also observed 

in magnetite but its concentration is not reported herein as several silicate minerals crosscut 

and alter the magnetite gains, affecting its measured concentration. Centre log ratio PCA 

reveals that these elements can be classified into two main groups: 1) Al, Ti, Ga and Zn, and 

2) V and Ni. (Fig. 2.17). Group 1 contains elements that have been identified as temperature 

dependant in previous studies (e.g., Nadoll et al., 2014 and references therein) and group 2 with 
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Figure 2.7: Classification diagram for pyroxene (after Morimoto et al., 1988) showing the main pyroxene at 

SWAN is diopside. 

 

 

Figure 2.8: Pyroxene mineral chemistry in relation to the distance to the closest 0.25% CuEq surface for (A) Ti, 

(B) Mn, (C) Sn, (D) Yb and (E) V. 
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elements that are redox sensitive. When considering the average of each laser ablation map 

acquired, temperature sensitive elements such as Ga do not record significant variation at 

SWAN (Fig. 2.18). In contrast, V concentration varies by two orders of magnitude (37 to 3570 

ppm), which suggests that redox is an important physicochemical parameter at SWAN (Fig. 

2.18). Samples with highest V are associated with highest concentrations of Cr in the 

magnetite, whereas samples with lowest V concentration are associated with the highest Cu 

concentrations. Laser ablation images show that Cu is not hosted in the magnetite structure and 

is associated with a secondary overprint of magnetite during the mineralisation stages (Fig. 

2.12,13, 16). In general, samples with the strongest overprints are associated with variable 

depletion of Mn, Ga, Co and possibly Cr, and addition of Ni, Zn and Cu in fractures and around 

the rim of the magnetite, as either coupled replacement in the magnetite mineral structure or as 

new minerals (e.g., Cu as chalcopyrite). Together, these are consistent with an early event that 

precipitated magnetite in relatively reduced conditions followed by a later overprint during the 

mineralisation event by relatively more oxidised fluids. The reaction of the oxidised fluid with 

the reduced magnetite triggered a redox reaction wherein oxidised sulfur was reduced and 

precipitated as either pyrite or chalcopyrite. 

From a vectoring perspective, only two elements show weak correlation with the 0.25% 

CuEq surface (Fig. 2.19). Vanadium shows a negative correlation with distance, which 

suggests that the mineral chemistry of magnetite was controlled by a redox gradient wherein 

the area inside the 0.25% CuEq surface was generally more reduced than the background. 

Manganese is variable but generally records a decrease in concentration away from the 0.25% 

CuEq ore surface followed by a gradual increase. The higher variability in Mn compared to V 

is attributed to Mn being more mobile during the mineralisation than V, as recorded in the laser 

ablation maps (Fig. 2.9-16). Titanium and other temperature sensitive elements do not show 

any relationship to distance which suggest constant temperature at the SWAN area. 
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Figure 2.9: Magnetite laser ablation ICP-MS map of sample JC19_SWAN_069 from the mafic intrusion showing 

a relatively homogenous grain with high V concentration. Location of the sample on the V-Ga trend is shown in 

Figure 2.18. 
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Figure 2.10: Magnetite laser ablation ICP-MS map of sample JC19_SWAN_009 from the mafic intrusion showing 

a relatively homogenous grain with high V concentration. Location of the sample on the V-Ga trend is shown in 

Figure 2.18. 
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Figure 2.11: Magnetite laser ablation ICP-MS map of sample CSIRO_SWN009 from the mafic intrusion showing 

a variably homogenous grain with high V concentration. The grain is heavily fractured, and these fractures are 

filled with chalcopyrite, pyrite and amphibole that contains variable amount of Ba, REE, Cu, W, Pb and U. No 

Au is observed in the fractures. Location of the sample on the V-Ga trend is shown in Figure 2.18. 
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Figure 2.12: Magnetite laser ablation ICP-MS of sample JC19_SWAN_015 from the mafic intrusion showing a 

homogenous grain with moderate V concentration next to a pyrite grain (on right of image; not shown) associated 

with weak overprint of the magnetite grain and addition of Ni on the rim. Location of the sample on the V-Ga 

trend is shown in Figure 2.18. 
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Figure 2.13: Magnetite laser ablation ICP-MS map of sample JC19_SWAN_041 from the marble showing a 

homogenous grain with moderate V concentration surrounded by chalcopyrite associated with a strong disruption 

of the mineral chemistry of the rim of the magnetite grain that shows depletion in Mn, Co, Zn and Ga and addition 

of Ni and possibly Cr. Location of the sample on the V-Ga trend is shown in Figure 2.18. 
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Figure 2.14: Magnetite laser ablation ICP-MS map of sample JC19_SWAN_005 from the marble showing a 

homogenous grain with moderate V concentration surrounded and crosscut by pyrite associated with a weak 

overprint of the mineral chemistry of the rim of the magnetite grain that shows depletion in Mn. Location of the 

sample on the V-Ga trend is shown in Figure 2.18. 
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Figure 2.15: Magnetite laser ablation ICP-MS map of sample JC19_SWAN_062 from the marble showing a 

homogenous grain with low V concentration surrounded by chalcopyrite (bottom right and fracture fill). 

Chalcopyrite is spatially associated with a strong disruption of the mineral chemistry of the rim of the magnetite 

grain which shows depletion in Mn, Co and Ga and addition of Ni. Location of the sample on the V-Ga trend is 

shown in Figure 2.18. 
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Figure 2.16: Magnetite laser ablation ICP-MS map of sample CSIRO_SWN039C from the marble showing a 

homogenous grain with low V concentration surrounded by pyrite (top left and right) associated with a strong 

disruption of the mineral chemistry of the rim of the magnetite grain that shows depletion in Mn and Ga and 

addition of Ni. Location of the sample on the V-Ga trend is shown in Figure 2.18. 
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Figure 2.17: Centred log ratio principal component analysis diagram for the average of each magnetite map at 

SWAN. (A) PC1 vs PC2 and (B) PC2 and PC3. 

 

 

Figure 2.16: Scatter plot of V vs Ga in magnetite (average of whole map) coloured by (A) geology, (B), Cu 

concentration, (C) Cr concentration and (D) Minimum distance to 0.25% CuEq ore surface. Also shown is the 

IOCG trend observed across the deposits in the Cloncurry area and the unmineralized trend observed in the 

Eastern Hematites at Starra. 
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Figure 2.19: Magnetite mineral chemistry (average of whole map) in relation to the distance to the closest 0.25% 

CuEq surface for (A) V (ppm), (B) Mn (ppm), (C), Ti (ppm) and (D), V/Mn. 

 

2.6.3 Apatite 

Forty-four samples containing apatite were analysed for a total of 355 spots. Forty-two 

samples were from the SWAN-Mount Elliott area, whereas two samples were from the distal 

drill hole CLHD001. Mineral chemistry results show that apatite within the 0.25% CuEq 

surface has elevated Na and As compared to apatite outside the 0.25% CuEq surface. EDS 

analysis on apatite also reveals that the apatite within the 0.25% CuEq surface is F-rich relative 

to Cl. From a vectoring point of view, the concentration of Na and As decreases up to 200 m 

away from the 0.25% CuEq surface and then increases with distance. Phosphorus shows an 

opposite trend where it increases up to 200 m and then decreases. Vanadium decreases away 

from mineralisation up to 475 m where it either weakly increases again or reaches background 

concentrations in the marble. An exception to that trend is the V concentration in the mafic 

intrusion at ~325 m where it is an order of magnitude higher than the trend observed in the data 

(Fig. 2.20). This elevated V concentration is also observed in the pyroxene and magnetite. 
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Figure 2.20: Apatite mineral chemistry in relation to the distance to the closest 0.25% CuEq surface for (A) Na, 

(B) As, (C) P and (D) As. 

 

2.6.4 Amphibole 

Twenty-nine samples containing amphibole were analysed for a total of 307 spots. 

Twenty-eight samples were from the SWAN-Mount Elliott area whereas one sample was from 

the distal drill hole CLHD001. Mineral chemistry results show that the main amphibole is 

actinolite with a few spots identified as magnesiohornblende and ferrohornblende (Fig. 2.21). 

In general, actinolites are found closer or within the deposits, whereas hornblendes are found 

outside the 0.25% CuEq surface. Mineral chemistry results show that the concentrations of V, 

Cr and Sr are highest in/near the 0.25% CuEq surface and decrease with distance away from 

mineralisation, up to the limit of sampling (600 m) at SWAN, whereas Mn increases (Fig. 

2.22). 

 

2.6.5 Pyrite 

Analysis of 46 samples (35 with maps and 11 with spots) for a total of 113,724 sweeps 

reveals that most pyrites are zoned and complex, and are crosscut and overprinted by 

chalcopyrite, chlorite and calcite. Least altered pyrites are characterised by variable amounts 

of Co, Ni, As and Se (Fig. 2.23-31). Maximum concentrations observed are 1.52% for Co,  



73 

 

 

Figure 2.21: Amphibole discrimination diagram after Leake et al. (1997) showing the main amphibole at SWAN 

is actinolite with some analyses trending towards hornblende composition. 

 

 

Figure 2.22: Amphibole mineral chemistry in relation to the distance to the closest 0.25% CuEq surface for (A) 

V, (B) Cr, (C) Sr and (D) Mn. 
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1.76% for Ni, 563 ppm for As and 157 ppm for Se. Zoning is highly variable and is associated 

with elevated concentrations of Co-As, Co-As-Ni, Ni-As or Ni. When no zoning is observed, 

pyrites are Co-As rich and Ni-poor, similar to the Co-As-rich core of zoned pyrites (Fig. 2.23-

31). Two trends are observed on Co vs Ni scatter plots wherein the majority of the analyses 

define a shallow trend with elevated Co and variable Ni (the IOCG trend) and the reminder of 

the analyses plot below and are parallel to the 1:1 ratio line (Fig. 2.23). With increasing Ni, the 

Ni:Se ratio increases, which may reflect more oxidising conditions with increasing Ni (Fig. 

2.23g). Despite the complex and variable zoning, principal component analysis undertaken on 

the average of all the analyses from pyrite maps show three groups in PC1-PC2 space (Fig. 

2.32). The main elements associated with group 1 are S, Fe, Ni, Se, with group 2 are Co, Bi, 

Te, Cu, Ag, Au and to some extend As and Pb, and with group 3 are Mo and distance to the 

0.25% CuEq ore shell. These relationships show that Co (group 2) alteration is associated with 

the Cu-Au mineralisation event whereas Ni and Se (group 1) are not associated with the 

mineralisation. 

From a vectoring perspective, several elements show positive or negative trends relative 

to the 0.25% CuEq surface (Fig. 2.33). All the elements that have been added during the 

mineralisation event (Co, Ni, As, Cu, Au, Te, Bi and U) show a negative correlation with 

distance away from the 0.25% CuEq surface, whereas Se is the only major element in pyrite 

that shows an increase in concentration with distance. Of these, Co and Ni record the best 

correlation with distance. 

 

2.6.6 Epidote group 

Thirty-three samples containing epidote group minerals were analysed for a total of 298 

spots. No epidote group mineral was identified in the distal drill hole CLHD001. Mineral 

chemistry results show that epidote is the main epidote group mineral with only six spots 

plotting within the clinozoisite field (Fig. 2.34). This suggests that conditions were relatively 

oxidising during the early mineralisation stage, as the stability field of epidote is favoured by 

more oxidised and less acidic conditions relative to the stability field of clinozoisite (Roache 

et al., 2011). This is in marked contrast to the prograde stage, which is associated with a 

relatively reduced assemblage consisting of garnet, magnetite, titanite, allannite (REE- and 

Fe2+-rich epidote) and apatite. From a vectoring point of view, the concentration of Ni 

decreases with distance away from the mineralisation up to approximately 300 m, whereas Sn 

and Pb increases with distance from the mineralisation (Fig. 2.35). Arsenic concentration  
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Figure 2.23: Scatter plots of pyrite maps displaying the average of the map (a, c and e) coloured by rock type 

and density contours of all the data from all the maps combined (b, d and f). (A-B) Co vs Ni; (C-D) Co vs As; (E-

F) Ni vs As; and (G) Co vs Ni coloured by Ni/Se ratio. Also shown is the sample number of the pyrite maps 
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displayed in figures 2.24-31. All numbers on averaged map scatter plots have the prefix JC19_SWAN_0 omitted 

for clarity. 

 

Figure 2.24: Laser ablation ICP-MS map of sample JC19_SWAN_024 hosted in quartz mica schist showing a 

Co-As-Ni-poor and a metal rich rim related to the Cu-Au mineralisation event. 
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Figure 2.25: Laser ablation ICP-MS map of sample JC19_SWAN_060a hosted in marble showing a complex 

zonation with Co-As-poor and Ni-rich alteration of pyrite. A metal rich rim related to the Cu-Au mineralisation 

event is also observed. 
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Figure 2.26: Laser ablation ICP-MS map of sample JC19_SWAN_048 hosted in quartz mica schist showing a 

homogenous grain with elevated Co and Ni and low As concentrations. The grain is also crosscut by a series of 

metal rich narrow alteration zones related to the Cu-Au mineralisation event. 
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Figure 2.27: Laser ablation ICP-MS map of sample JC19_SWAN_064 hosted in marble showing a homogenous 

elevated Co with variable and Ni and As decoupled zones. The grain also has an elevated metal concentration 

along fractures and on the rim related to the Cu-Au mineralisation event. 
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Figure 2.29: Laser ablation ICP-MS map of sample JC19_SWAN_042 hosted in marble showing a complex grain 

with an elevated Co, moderate Ni and low As core, and a low Co and As and elevated Ni rim. The grain also has 

an elevated metal concentration along fractures and on the rim related to the Cu-Au mineralisation event. 
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Figure 2.29: Laser ablation ICP-MS map of sample JC19_SWAN_041 hosted in marble showing a complex grain 

with elevated Co, moderate Ni and low As core, with an elevated As-Co rim. The grain also has an elevated metal 

concentration along fractures and on the rim related to the Cu-Au mineralisation event. 
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Figure 2.30: Laser ablation ICP-MS map of sample JC19_SWAN_005 hosted in marble showing a complex grain 

with an elevated Co-As and moderate Ni core surrounded by a rim with lower Co-As and higher Ni 

concentrations. The elevated Ni concentration (red colour on map) in this grain is spatially associated with an 

elevated metal concentration related to the Cu-Au mineralisation event. 
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Figure 2.31: Laser ablation ICP-MS map of sample JC19_SWAN_036 hosted in marble showing a fairly 

homogenous grain with a core consisting of a low concentration of Ni and an elevated concentration of Co-As, 

surrounded by a rim with lower Ni and As concentrations. 
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Figure 2.32: Centred log ratio Principal component analysis for PC1 vs PC2 for the average of each pyrite map 

at SWAN. 

 

 

 

Figure 2.33: Pyrite mineral chemistry (average of whole map) in relation to the distance to the closest 0.25% 

CuEq surface for (A) Co (ppm), (B) Ni (ppm), (C), As (ppm), (D), Se (ppm), (E) Cu (ppm), (F) Au (ppm), (G) Te 

(ppm), (H) Bi (ppm) and (I) U (ppm). 
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Figure 2.34: Epidote group discrimination diagram showing epidote as the main epidote group mineral at SWAN. 

Boundaries between the groups after Armbruster et al., (2006). 

increases up to approximately 150 m from the mineralisation and gradually decreases up to 

approximately 500 m, where background values may have been achieved. 

 

2.6.7 Calcite 

Twenty-seven samples containing carbonates were analysed for a total of 406 spots. 

Twenty-six samples were from the SWAN area whereas one sample was from the distal drill 

hole CLHD001. Mineral chemistry results show that the main carbonate mineral at SWAN is 

calcite (Fig. 2.36) and that trace element concentrations do not significantly change with 

distance from the mineralisation, with the possible exception of La (Fig. 2.37) and other LREE. 

La shows a similar relationship to Na and As concentrations in apatites with distance from the 

mineralisation, with a decrease up to 200 m followed by an increased up to the limit of 

sampling. Calcite from distal drill hole CLHD001 has highly variable La abundance which 

may limit its use as to vector to the mineralisation. 
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Figure 2.35: Epidote mineral chemistry in relation to the distance from the closest 0.25% CuEq surface for (A) 

Ni, (B) As, (C) Sn and (D) Pb. 

 

 

Figure 2.36: Carbonate discrimination diagram showing calcite as the main carbonate mineral at SWAN. 
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Figure 2.37: Calcite mineral chemistry in relation to the distance to the closest 0.25% CuEq surface for La. 

 

2.6.8 Chlorite 

Thirty-one samples containing carbonates were analysed for a total of 192 spots. 

Thirty samples were from the SWAN area and one sample was from the distal drill hole 

CLHD001. Mineral chemistry results show the chlorite is trioctahedral and part of the 

clinochlore– and Weiss, 1990). The chlorite at SWAN is trioctahedral and part of the 

clinochlore–chamosite solid solution (Fig. 2.38). Overall, chlorite found in mafic units tend 

to contain relatively more Fe compared to chlorite hosted in the marble. From a vectoring 

perspective, Ti/Sr and Ni increases with distance from the mineralisation whereas Si, Mn, Zn, 

V, Sn, Ba, La and Pb decreases (Fig. 2.39). Of those, Si, Mn, Zn and La show a distinct “U” 

shape profile where the concentration decreases up to approximately 250 m from the 

mineralisation and then increases to the limit of the sampling. 

2.7 Geochronology 

Eight titanite and eight apatite samples from the prograde paragenetic stage were 

selected for U/Pb dating (Table 2.1). Five of the samples contained both titanite and apatite. 

Samples were analysed by laser ablation ICP-MS at CODES and ages were determined using 

the Isoplot software. Most dates have a mean squared weighted deviation (MSWD) near 1 

which suggest they are statistically significant. However, the probability of fit is variable and 

reflects the dynamic and complex hydrothermal environment that affected the U-Pb system in 

titanite and apatite at SWAN. 
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Figure 2.38: Discrimination diagram for chlorite. (A) Ternary diagram of Al(tot) + ❏ (octahedral vacancy)–Mg–

Fe (after Zane and Weiss, 1998) and (B) Si vs R2+ (after Wiewiora  

  

Calculated ages are mostly within error of each other and vary between 1565–1489Ma 

with the majority around 1530 Ma, suggesting the mineralisation at SWAN is post peak 

metamorphism. This age is in agreement with the U/Pb titanite age of 1530 ± 11 Ma reported 

by Duncan et al. (2011). 

2.8 Summary and conclusion 

2.8.1 Geology and genetic model 

A new 3D model of the geology and 0.25% CuEq ore shell was created at the Mt 

Elliott/SWAN area (Fig. 2.2-5). The new model reveals that a unit previously logged as basalt 

is discordant to the other units and has been identified as a mafic intrusion. Mineralisation at 

Mt Elliott, Corbould and SWAN is adjacent and spatially associated with the intrusion. It is 

suggested that the intrusion is genetically linked to all the paragenetic stages observed in this 

study. The Mt Elliott and Corbould deposits are hosted in a quartz-mica schist unit, whereas 

the SWAN deposit is hosted in the marble. Paragenetically, all the deposits record a similar 

evolution. However, the two areas are differentiated by contrasting textures due to the different 

reactivity of the host rock. The mineralisation at Mt Elliott and Corbould is associated with an 

apophysis of the mafic intrusion (Fig. 2.4) and more competent host rock, resulting in focused 

and higher-grade mineralisation. The SWAN deposit is associated with a reaction front in the  
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Figure 2.39: Chlorite mineral chemistry in relation to the distance to the closest 0.25% CuEq surface for (A) 

Ti/Sr, (B) Si, (C) Mn, (D) Zn, (E) Ni, (F) V, (G) Sn, (H) Y, (I) La and (J) Pb. 
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Table 2.1 Summary of geochronology results at SWAN 

 

 

marble that parallels the SE flank of the intrusion (Fig. 2.4). The interaction between 

the intrusion and the marble resulted in a mineralogy typical of Fe-Cu skarns (e.g., Meinert et 

al., 2005 and references therein). 

The paragenetic sequence at SWAN consists of five stages: 1) sodic (albite and 

scapolite), 2) prograde (pyroxene, garnet, magnetite, titanite, apatite and allanite), 3) early 

mineralisation (amphibole, anhydrite, calcite, pyrite, chalcopyrite, barite and epidote), 4) 

potassic (K-feldspar), and 5) late mineralisation (pyrite, chalcopyrite, chlorite and calcite). 

From a redox perspective, the prograde stage is associated with reduced conditions relative to 

sulfur, while the onset of the mineralisation during the early mineralisation stage is associated 

with a marked change to oxidising conditions, with the appearance of oxidised minerals such 

as anhydrite. This latter stage also marks the onset of hydrothermal activity at SWAN, with the 

precipitation of hydrous silicates. The presence of amphibole during the early mineralisation 

stage suggests a relative decrease in temperature compared to the prograde stage. This 

evolution is similar to calcic Fe or Cu skarn deposits, wherein a prograde stage associated with 

pyroxene-garnet-magnetite alteration is followed by retrograde alteration and the precipitation 

of base metal sulfides (e.g., Meinert et al., 2005 and references therein). 

 

2.8.2 Mineral chemistry vectoring 

Mineral chemistry of 1) prograde pyroxene, magnetite, and apatite, 2) early 

mineralisation amphibole, pyrite and epidote, and 3) late mineralisation pyrite and chlorite 

found in veins have consistent elemental relationships relative to the 0.25% CuEq surface of 

Mt Elliott/Corbould and SWAN (Fig. 2.40). Overall, elevated V and low Mn in pyroxene, 

magnetite, apatite (elevated V only), amphibole and chlorite are the most consistent anomalies 

at the Mt Elliott, Corbould and SWAN deposits. High concentrations of Co, Ni and As in pyrite 

are also characteristic of the mineralisation. However, pyrite occurs in more than one  
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Figure 2.40: Summary of the mineral chemistry vectoring at SWAN. Most minerals show an elevated 

concentration in V proximal to the deposits whereas Mn concentration progressively increases with distance from 

the deposit. 

 

paragenetic stage and laser ablation ICP-MS maps reveal a complex growth history. Early 

pyrites are associated with high Co-As that progressively trend towards higher Ni and lower 

Co-Ni during the main mineralisation stage. Together, the mineral chemistry vectoring study 

shows that chemical variation in alteration minerals can be detected beyond the limit of 

pervasive alteration of the host rock to at least the limit of the sampling (approximatively 600 

m), with the trend expected to continue past the limit of sampling. 

Therefore, the mineral chemistry of alteration minerals hosted in veins away from the 

main mineralised zone can be used as a vector to IOCG style mineralisation at the Mt Elliott, 

Corboul and SWAN areas. In addition to the variety of minerals recording chemical variation 

with distance from the 0.25% Cu Eq surface, the petrology of minerals in veins provides a tool 

to detect different paragenetic stages, allowing for a better evaluation of a prospect. 
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Chapter 3. Mineralogical and trace element characterization of the Ernest 

Henry Cu-Au deposit, Mt. Isa Inlier, Northwest Queensland 

J.A. Steadman1 

1Centre for Ore Deposit and Earth Sciences (CODES), University of Tasmania 

 

3.1 Executive Summary 

• Ore zone pyrite at Ernest Henry is characterized by extremely high Co and As 

enrichments (over 10 wt. % in both elements), whereas ore zone marcasite is higher in 

Ni (~ 1 wt. %) than either Co or As. Pyrite outside the ore zone contains weight-

percent Co enrichment but more variable As concentrations. Nickel concentrations 

remain low regardless of distance from the ore zone (i.e., less than 1 wt. %).  

• Ore zone magnetite is characterized by higher Mn than magnetite outside the ore 

zone. Magnetite from the ore zone also contains conspicuous ‘dustings’ of scheelite 

and/or wolframite inclusions, which are oriented parallel to the crystallographic axis 

of the host. This texture was also recorded in one distal sample located nearly 5 km 

outside the mine. 

• Ore zone epidote is low in As, Mn, Bi, and V but high in Sb relative to epidotes from 

up to 1 km outside the mine. Epidote from greater than 1 km outside the mine 

contains the highest Sb, As, and V of the entire dataset. 

• Ore zone actinolite is high in Mg and low in both Fe and Mn, whereas actinolite from 

up to 2 km outside the mine contains higher Fe and Mn but lower Mg. From 4 to 5 km 

outside the mine, the Fe and Mn contents drop to near or below ore-zone levels, 

whereas the Mg content rises to near ore-zone levels. 

• Ore zone chlorite is high in Mn (up to 2.5 wt. %) and Fe but low in Mg. In contrast, 

chlorite from outside the mine is lower in Mn and Fe higher in Mg. 

• Apatite from the ore zone is uniquely high in As (up to 5 wt. %); this signature falls to 

much lower (but still elevated) levels within 300 meters outside the ore zone and 

continues falling with increased distance from the ore zone.  

 

 

3.2 Abstract 

One hundred samples of hydrothermally altered and deformed metavolcanic rocks from 

within and around the Ernest Henry deposit were analyzed for the trace element 
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concentrations and patterns of sulfide (pyrite), oxide (magnetite and hematite), silicate 

(epidote, chlorite, amphibole, and titanite), and phosphate (apatite) minerals. Pyrite from 

within the Ernest Henry mine is characterized by localized extreme enrichments in Co and As 

(over 10 weight percent in both elements), whereas pyrite from outside the mine does not 

exceed 5 weight percent in either element. Nickel is less prominent in pyrite, though it is 

enriched primarily in marcasite within the ore shell. Other elements that correlate positively 

with Ni in marcasite include Bi, Au, Ag, Te, Sb, and Pb.  

Magnetite from within the Ernest Henry ore shell is generally low in Ti (≤ 1,000 ppm) 

and contains ppm-level concentrations of several other elements (e.g., Ni, Mn, Ga, and V, 

with lesser Co and Cr). Magnetite from outside the mine is less enriched in Mn compared to 

ore zone magnetite. Hematite from within the mine contains appreciable Ti (≤ 10,000 ppm), 

W (≤ 1,000 ppm), and V (≤ 1,000 ppm), in addition to Al (≤ 1,000 ppm), Sn (≤ 500 ppm), Sc 

(≤ 10 ppm), Ga (≤ 10 ppm), and Nb (≤ 10 ppm). Away from the mine, hematite contains 

lesser Sc, Ga, Nb, W (all ≤ 1 ppm), and Al (≤ 100 ppm), whereas V and Cr are more enriched 

(≤ 1,000 ppm).  

Epidote within the mine is characterized by low As (~20 ppm), Mn (~1,500 ppm), Bi 

(~1 ppm), and V (~50 ppm) relative to samples from between 500-1,000 meters outside the 

ore shell. The relative enrichments in As, Mn, Bi, Sb, and V in the latter samples produces a 

‘hump’ or ‘shoulder’ feature on bivariate plots comparing element concentration with 

distance from the ore shell. In contrast, epidotes from within the mine are relatively enriched 

in Sb (~25 ppm) compared to the ‘hump’ samples 500-1,000 meters outside the ore shell (5-

15 ppm Sb). Epidote from 4-5 km outside the ore shell contains very high As (up to 600 

ppm), together with high Sb (up to 100 ppm) and V (up to 1,500 ppm). Epidote samples that 

are furthest from the ore shell have a marked chemical resemblance to epidote from within 

500 meters of the ore shell. Chlorite major and trace element data also show systematic 

patterns with distance from the ore shell (e.g., Fe and Ti decrease with increasing distance 

from the ore shell; Sr increases with increasing distance from the ore shell). Chemical data 

from actinolite exhibit a striking correlation with distance to the ore shell: both within-ore 

actinolite and the most distal actinolite exhibit low Fe and high Mg, whereas samples 

between 500-1,000 meters outside the ore shell contain the highest Fe and the lowest Mg of 

the entire dataset. Titanite and apatite trace element data also show systematic patterns 

correlated with distance from the ore shell, though the density and spatial coverage of data 

points is not as high or complete for these minerals as that for epidote and chlorite. 
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The results of this study show that the trace element systematics of multiple 

hydrothermal mineral systems at Ernest Henry can be used to vector toward zones of Cu-Au 

mineralization. Furthermore, results from certain minerals in drill hole MMA002 – the 

furthest hole from the Ernest Henry ore shell – bear significant similarities to results from the 

same minerals located within 500 m of the ore shell. Taken together, the data indicate the 

presence of Cu-Au mineralization within 1 km of drill hole MMA002, which warrants follow 

up drilling. 

 

 

3.3 Introduction 

Ernest Henry (pre-mining resource: 167 Mt @ 1.1 % Cu, 0.54 g/t Au; Ryan, 1998) is the 

largest IOCG deposit in the Cloncurry district and one of the largest IOCG deposits in 

Australia. It was discovered in 1991 by Western Mining Corporation, who were targeting 

coincident magnetic-gravity highs in the Mount Fort Constantine area. The Cloncurry district 

is part of the Eastern Fold Belt, one of three tectonic components of the Proterozoic Mt. Isa 

Inlier, northwest Queensland (Fig. 3.1; Mark et al., 2006). Ernest Henry is one of several 

IOCG style deposits in the Cloncurry district, though to date no comparable system (in terms 

of size and grade) has been discovered. However, the relative lack of discovery does not 

correlate with exploration expenditure, which has increased generally with time.  

 Common exploration methods employed in the Cloncurry district include both 

geochemical (soil sampling; whole-rock XRF) and geophysical (gravity, magnetics, 

resistivity) techniques. However, these are large-scale tools that can be blind to more subtle 

but key variations in single mineral phases, so there is a need for smaller-scale geochemistry-

based techniques like laser ablation-inductively coupled plasma mass spectrometry (LA-

ICPMS) to complement the existing methods. 

 The objectives of this study were to analyze the trace element contents of several 

hydrothermal minerals in and around the Ernest Henry mine using samples from public 

domain drill holes. Work was focused on a line of drill holes extending from the mine to 

approximately 5 km outside it to the northeast. Samples from a drill hole ~2 km south of the 

mine were also analyzed. The trace element systematics of all minerals were then plotted as a 

function of distance from the 0.5 % copper equivalent (CuEq) ore shell to assess the 

suitability of this technique for vectoring toward Cu-Au ore zones. 
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3.4 Regional and Local Geology 

The Ernest Henry Cu-Au mine is covered by approximately 30 m of Mesozoic marine 

sedimentary rocks and thus does not have a surface expression. It is hosted predominantly in 

andesitic metavolcanic rocks belonging to presumed correlatives of the ~1745 Ma Mount 

Fort Constantine Formation, with minor amounts of intercalated metasedimentary units 

belonging to the ~1740 Ma Corella Formation (Fig. 3.2; Page and Sun, 1998; Cave et al., 

2018). All rocks in the Ernest Henry area have been deformed and metamorphosed, but the 

intensity of deformation and metamorphism varies. Maximum metamorphic grade at Ernest 

Henry reached the lower amphibolite facies (i.e., garnet zone). 

 The Ernest Henry deposit is, in effect, a single large continuous breccia pipe that dips 

moderately to the SSE for nearly 1,000 m (Fig. 3.2). The core of the pipe is a matrix-

supported breccia zone that transitions first to a clast-supported breccia zone and then to a 

diffuse zone of so-called ‘crackle veining’ before disappearing altogether into unfractured 

metavolcanic rocks. Copper and Au grades are highest in the core of the breccia pipe. The 

breccia pipe is bound by two major structures, the Footwall and Hangingwall Shear Zones. 

 

 

 

Figure 3.1. Generalized geologic map of the Eastern Fold Belt, Mount Isa Inlier, northwest Queensland, 

showing the location of Ernest Henry (after Cave et al., 2018). 
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3.5 Sampling and Analytical Methods 

All samples in this study were taken from drill holes stored at the Department of Natural 

Resources, Mines, and Energy’s Exploration Data Centre in Zillmere, QLD. Halved or 

quartered sections of core were selected based on their mineralogy, with specific focus on 

pyrite, magnetite, and epidote-bearing segments. A small set of samples were also taken from 

the UNCOVER Cloncurry sample suite, collected by CSIRO in 2014. These were initially 

taken from drill holes but using a different method of extraction (i.e., 25 x 25 mm ‘plugs’ as 

opposed to 10-20 cm halved or quartered sections). Figure 3.3 illustrates the location of the 

drill hole collars and traces relative to the Ernest Henry mine. 

Figure 3.2. Local geologic map and cross section of Ernest Henry, showing grade distribution and 

hydrothermal alteration (after Cave et al., 2018). 
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All samples were mounted in epoxy and polished using diamond paste at the 

University of Tasmania’s lapidary facilities. Petrographic characterization began with whole-

mount scanning via automated optical microscopy at CODES followed by whole-mount X-

ray spectral scanning using an FEI Quanta MLA650 scanning electron microscope (SEM) 

housed at the Central Science Laboratory. Samples of interest were further investigated using 

either a Hitachi SU-70 field emission SEM (FESEM) or a JEOL JX8500 electron 

microprobe, both housed at the Central Science Laboratory. 

           

     

      

      

        

     

     
     

        
        

     

    

     

     

       

 

                           
                       

    

Figure 3.3. Location of drill holes sampled during this study. Top: Satellite image of the Ernest Henry mine 

complex, with the collar locations of the sampled drill holes plotted. Bottom: Leapfrog sectional view 

(looking west), showing the position of the Ernest Henry ore shell and the traces of the drill holes sampled 

during this study. 



102 
 

 Trace element characterization was completed at the CODES Analytical Laboratories, 

using its laser ablation facilities. Instrumentation and protocols utilized during this study for 

sulfide and oxide analyses are virtually identical to that described in Steadman et al. (2021), 

whereas silicate and phosphate analyses were conducted on slightly different laser and mass 

spectrometer models. These included a RESOlution SE laser ablation system equipped with 

an ATLEX ATL300 193nm ArF excimer laser and an Agilent 7900 inductively coupled mass 

spectrometer.  

 

 

3.6 Results – Mineral petrography and paragenesis 

3.6.1 Overview 

Twyerould (1997) and Mark et al. (2006) developed holistic mineral parageneses as part of 

their respective studies on the geology and geochemistry of the Ernest Henry deposit and 

surrounding area. The mineral paragenesis developed for this study aligns with theirs in terms 

of the main stages of alteration and the sequence of those stages. However, several new 

minerals within more than one stage have been identified during this work. In addition, new 

chemical and petrological information on minerals in the previous parageneses has also come 

to light through detailed petrographic investigation. 

 The earliest hydrothermal minerals in the Ernest Henry district are albite, scapolite, 

and diopside, though only the first two minerals commonly coexist in the same sample. The 

timing of diopside formation relative to albite-scapolite formation is thus unclear. 

Nonetheless, these three minerals comprise the ‘Na-Ca alteration’ stage of both Twyerould 

(1997) and Mark et al. (2006). Both albite and scapolite were replaced by K-feldspar that 

commonly contains Ba (but not enough to be termed hyalophane), as well as biotite (Fig. 

3.4). Diopside is typically replaced by calcite and amphibole (actinolite), the latter of which 

tends to nucleate off the preexisting pyroxene (Fig. 3.5). Pyrite, magnetite, apatite, titanite, 

and epidote all are contemporaneous with barian K-feldspar, amphibole, and biotite. Garnet is 

relatively uncommon in the Ernest Henry district, but where present it is almost exclusively 

Fe-Mn±Ca in composition (i.e., spessartine-almandine with minor andradite and grossular) 

and is associated with biotite and amphibole. These minerals collectively form the potassic or 

‘red rock’ alteration stage of both Twyerould (1997) and Mark et al. (2006). 
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Figure 3.4. SEM back-scattered electron (BSE) images showing key textural and mineralogical 

relationships between albite, scapolite, and K-feldspar in the Ernest Henry area. Top: Lath-shaped albite 

(ab) crystals partially replaced by K-feldspar (ksp) along their margins. Coexisting scapolite (scp) is 

brecciated and infilled with mixtures of K-feldspar and biotite (sample MMA2-440.8m). Bottom: K-feldspar 

replacement of scapolite crystals; the cores of some crystals are still scapolite. K-feldspar in this sample 

contains up to 2 wt. % Ba (sample MS_EHM203, drill hole EH942, 115m).  



104 
 

 

Copper-gold ore formed in at least one main stage of brecciation, though Twyerould 

(1997) defined a second stage of breccia formation that at least redistributed preexisting Cu-

Au ore and possibly introduced new metal (also see Foster et al. [2007] and Rusk et al. 

[2010] for further discussion on the timing and duration of ore formation at Ernest Henry). 

The ore-related minerals in the breccia zone at Ernest Henry are magnetite, K-feldspar, 

pyrite, and chalcopyrite, with minor amounts of chlorite, quartz, and hematite (generally after 

magnetite but also as specularite). Chalcopyrite first appeared with the K-Ba-Fe-Ca-P-Ti-F-

rich assemblage that typifies the potassic alteration stage. However, chalcopyrite also 

replaces both pyrite and magnetite (the former more so than the latter) as well as amphibole, 

so its timing relative to the rest of the potassic-stage alteration minerals is late. Chlorite also 

replaced both magnetite and pyrite as well as biotite, and in at least one sample it appears to 

have replaced calcite. Barite is commonly associated with chlorite in these zones. 

 

3.6.2 Pyrite, marcasite and pyrrhotite 

All sulfides in the Ernest Henry area are products of hydrothermal alteration. Pyrite is the 

most abundant sulfide, typified by its medium- to coarse-grained crystal size and subhedral to 

euhedral form. Pyrite from within the ore zone as well as outside it commonly contains 

   

       

        

Figure 3.5. SEM back-scattered electron (BSE) image illustrating diopside-actinolite (act) relationships in 

sample MS_EHM178 (EH942, 845m). Note the replacement of diopside by the surrounding calcite.  
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inclusions of K-feldspar, amphibole, tourmaline, and epidote. Pyrite from the Ernest Henry 

area also exhibits complex internal zonation, especially from within the ore zone: detailed 

back-scattered electron imaging of pyrite from several ore samples reveals a complex internal 

paragenesis wherein original oscillatory zonation was partially to totally obliterated by a 

second generation of pyrite containing no such zonation; fragments of the oscillatory zoned 

pyrite generation are present as ‘floating’ remnants in the second generation (Fig. 3.6).  

Besides pyrite, marcasite was identified also in some ore samples from drill hole 

EH691, which intersects the ore body at depth. Marcasite in these samples is characterized 

primarily by its shape (parallel lines of sulfide intergrown with matrix material, typically 

chlorite or carbonate but also chalcopyrite; Fig. 3.7) and Raman spectral signature. Several 

spot analyses using Raman spectroscopy were also taken, and the resulting spectra match that 

for marcasite in the online reference library RRUFF (https://rruff.info/). Marcasite is also 

overgrown by a later, euhedral generation of pyrite in these samples (Fig. 3.7). 

Pyrrhotite is the least common of the iron sulfides in the Ernest Henry area. Foster et 

al. (2007) reported pyrrhotite inclusions in ore-stage pyrite within the mine. In this study, the 

most abundant pyrrhotite is contained within carbonaceous metashale of the Corella 

Formation, approximately 2 km south of the orebody. It is generally anhedral and can be 

disseminated or semi-massive. 
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Figure 3.6. Back-scattered electron (BSE) image of pyrite from mine drill hole EH550 (CSIRO sample 

EH141, 627.1m depth). Note the fine-scale oscillatory zonation (darker areas), which is partially replaced 

by a later generation of pyrite that exhibits brighter BSE reflectance. The very brightest inclusions dotted 

through the pyrite are cobaltite (CoAsS). 
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3.6.3 Magnetite and hematite 

Unlike most other minerals in the Ernest Henry area, both magmatic and hydrothermal 

magnetite is preserved. Magmatic magnetite is differentiated petrographically from later 

hydrothermal generations by the presence of ilmenite exsolution lamellae in the former and 

the absence of this texture in the latter (Fig. 3.8). In addition, a second type of magmatic 

magnetite is present in a unique assemblage of ilmenite, hematite, rutile, and magnetite, 

wherein the latter two minerals form symplectites contained within the host ilmenite. On the 

other hand, hematite is present as oriented exsolution lamellae within the host ilmenite. 

Magnetite-rutile symplectites are the likely products of sub-solidus breakdown or re-

equilibration products of magmatic ilmenite (Fig. 3.9; Tan et al., 2015), whereas hematite 

exsolution lamellae in ilmenite are a common texture in magmatic rocks of all ages around 

the world (e.g., Lindsley, 1991).  

        

       
         

         

      

               

Figure 3.7. Marcasite textures in samples from drill hole EH691 (CSIRO samples EHM-019A and EHM-

022, 732.5m and 757.3m depth, respectively). Note the linear, serrated form of marcasite in contrast to the 

blocky euhedral form of pyrite which overgrows it. 
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Figure 3.8. Magmatic magnetite (mt), showing lamellar ilmenite (ilm) exsolution. Sample MMA2-327.2 

(drill hole MMA002, 327.2m). 

Figure 3.9. Magmatic ilmenite (ilm) with well-formed magnetite (mt)-rutile (ru) symplectites and very fine-

grained hematite (hem) exsolution lamellae. Sample MMA2-327.2m (drill hole MMA002, 327.2m). 
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 Hydrothermal magnetite within the ore shell at Ernest Henry commonly contains 

inclusions of quartz and K-feldspar in poikiloblastic cores and exhibits triple junctions 

between grains (also known as foam texture). In addition, some hydrothermal magnetite 

samples within the ore shell – as well as one sample ~5 km outside it from drill hole 

MMA002 – exhibit the presence of nano- to micro-scale inclusions of W-bearing phases, 

either scheelite (CaWO4) or wolframite ([Fe, Mn]WO4) but sometimes both. Detailed back-

scattered electron imaging revealed that the inclusions are oriented primarily parallel to the 

direction of the crystal face (Fig. 3.10). In the case of the distal magnetite sample from drill 

hole MMA002, the scheelite inclusions seem to be associated exclusively with the least trace 

element-endowed generation of magnetite (i.e., the generation with nearly stoichiometric 

composition).  

Hematite from the Ernest Henry area occurs in two main forms: coarse-grained 

specular hematite and fine-grained hematite after magnetite along fractures or grain 

boundaries. Outside the ore shell, specular hematite is commonly found in late-stage quartz-

carbonate veins that cut all prior alteration assemblages. On the other hand, specular hematite 

from within the ore shell is associated with a K-Ba-F elemental assemblage typified by barian 

K-feldspar, chlorite, and minor fluorite. Pyrite and chalcopyrite are also present with 

hematite. This assemblage cuts preexisting magnetite-pyrite-chalcopyrite mineralization (Fig. 

3.11). 
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Figure 3.10. Back-scattered electron (BSE) images of hydrothermal magnetite samples containing zones of 

scheelite (sch) and/or wolframite inclusions (both are present). The inclusions are manifest as innumerable 

minute grains clumped together in distinct ‘clouds’ that appear to parallel the crystallographic structure of 

the magnetite host. Top: Scheelite (±wolframite) inclusions in magnetite, CSIRO sample EH-169 (EH550, 

937.4m). Bottom: Scheelite inclusions in magnetite from sample MMA2-447.5m. Note the zoned rims on this 

magnetite grain. 
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3.6.4 Amphibole 

Detailed SEM and microprobe work has revealed the presence of at least five species of 

amphibole in the Ernest Henry area: actinolite, hornblende, gedrite, potassic-

chlorohastingsite, and chloro-potassichastingsite. Except for gedrite, all these minerals 

coexist commonly in the same sample, indicating that they formed at approximately the same 

time or in the same stage of alteration. However, the variably potassic and/or chlorine-rich 

hastingsite amphiboles are more common closer to the mine (i.e., within 1 km). Gedrite was 

recorded in one proximal sample (CSIRO sample EHM-022, ~60 m outside the ore shell), 

where it forms part of an assemblage that also contains magnetite, pyrite (±marcasite), 

chlorite, muscovite, biotite, garnet, and quartz, with minor chalcopyrite. Zonation is common 

in all the amphiboles; microprobe analyses reveal that most of the zonation is due to changes 

in major element concentrations (e.g., Fe, Mg, Al, Cl, K, and Mn). Overall, amphibole is less 

common within the ore shell than outside it, especially as the core of the breccia pipe is 

approached. 

         

          

Figure 3.11. Reflected light photomicrograph of magnetite-rich breccia ore (mt-cpy-py), sample EH550-

942.3m. Note the pyrite-hematite-chalcopyrite vein cutting the pre-existing magnetite-pyrite-chalcopyrite 

mineralization at approximately 90°. The pyrite in the vein is coarser grained than the pyrite in the main 

magnetite zone. Sample is approximately 25 mm in diameter. 
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3.6.5 Epidote and chlorite 

Epidote is relatively uncommon in the ore zone compared to outside the ore zone. Epidote 

from within the ore zone is generally Fe-poor and can be quite REE-rich, up to allanite 

compositions. Epidote outside the ore zone is more Fe-rich compared to that within the ore, 

and in at least one sample exhibits zoned changes in major element composition – from 

allanite cores to epidote (sensu stricto) rims (Fig. 3.12). Similar textures have been reported 

in epidote from other IOCG deposits around the world (e.g., Cristalino, Carajás province, 

Brazil [Craveiro et al., 2019]). Rare piemontite (Mn epidote) has also been reported from the 

Ernest Henry area (J. Huntington, pers. comm.), but no piemontite exists in the samples of 

this study. 

Chlorite is prevalent across the entire Ernest Henry area. Within the ore zone, it 

typically replaces biotite and is associated with pyrite, chalcopyrite, hematite, calcite, and 

barite. In drill hole EHMT001, chlorite comprises a major portion of late hematite-calcite-

chlorite veins that cut the preexisting diorite in the upper portion of the hole. Chlorite also 

replaces magnetite, both within the ore zone and outside it. 

 

  

   

Figure 3.12. Back-scattered electron (BSE) photomicrograph of a zoned epidote (ep) crystal containing an 

irregular (resorbed) allanite (aln) core (drill hole MMA002, 440.8m). Note the compositional zonation in 

the epidote crystal (alternating lighter and darker zones). 
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3.6.6 Apatite 

Apatite is abundant within the ore zone as well as outside it. It is associated mostly with 

magnetite, pyrite, amphibole, calcite, and lesser clinopyroxene. Apatite from within the ore 

zone is generally smaller in size than apatite outside the ore zone and exhibits internal 

zonation in BSE images (Fig. 3.13). Apatite can locally comprise a significant portion of the 

rock mass in the Ernest Henry area (e.g., up to 50 vol. %). 

 

3.6.7 Titanite 

Titanite in the Ernest Henry area is generally euhedral and exhibits zonation in BSE images. 

It is associated mainly with other Ca-bearing phases such as actinolite, epidote, calcite, and 

apatite. Chalcopyrite can be intergrown with titanite in some samples, but it also replaces 

titanite in other samples.  

 Not all titanite in the Ernest Henry area is of hydrothermal origin: samples of diorite 

from drill hole EHMT001 – as well as some samples of meta-andesite from drill hole 

MMA003 – contain titanite with irregular remnants of magmatic ilmenite that exhibits 

various degrees of magnetite-rutile-hematite replacement (this texture is shown above in Fig. 

3.9); this generation of titanite formed ostensibly at the expense of the ilmenite-magnetite-

rutile assemblage (Fig. 3.14).  

Figure 3.13. Back-scattered electron (BSE) photomicrograph of a zoned apatite crystal. The zonation is 

evident as a brighter outer zone surrounding a darker inner zone, reflecting compositional variations. 

Sample MS_EHM92 (drill hole EH632, 1222.8m).  
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3.7 Results – Trace element characterization 

3.7.1 Pyrite, marcasite and pyrrhotite 

A total of 300 LA-ICPMS spot analyses on pyrite were collected from 24 samples, and 22 

LA-ICPMS trace element images on 22 pyrite samples were also run. In addition, one 

elemental map was also programmed and run on one pyrite sample using the electron 

microprobe. Pyrite in every sample contains above-detection concentrations of Co, Ni, As, 

  

  

   

   

Figure 3.14. Back-scattered electron (BSE) photomicrographs of magmatic titanite crystals from the Ernest 

Henry area. Top: Titanite (ttn) from the Ernest Henry Diorite (drill hole EHMT001, 481.5m), containing 

inclusions of remnant ilmenite (ilm) that has been partially converted to rutile±magnetite. Bottom: Titanite 

from the Mount Fort Constantine Volcanics (andesite; drill hole MMA003, 340.7m), containing the same 

ilmenite inclusions. 
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and Se, though the concentrations vary by several orders of magnitude. Pyrite from within the 

ore shell displays the highest amounts of Co and As (> 10 wt. % in both elements), but this 

feature is not uniform across all grains, even within the same sample. The highest Co and As 

values are concentrated typically in specific internal zones that transgress and replace 

preexisting oscillatory zonation (Fig. 3.6). There is also a close spatial (and possibly 

temporal) association between high Co-As pyrite, chalcopyrite, and cobaltite in these 

samples. 

Excepting the elements Co, Ni, As, and Se – all of which are deported in solid 

solution – pyrite from the Ernest Henry district is predominantly poor in all other analyzed 

elements. However, some pyrites from drill hole EHMT001, approximately 2 km south of the 

ore body, contain solid-solution concentrations of Pb, Te, Cu, Bi, Sb and/or Au in addition to 

Co, Ni, Se, and As (Fig. 3.15). The relationship of these pyrites to the Ernest Henry system is 

unclear. In all other samples, the economic elements are nearly always contained in discrete 

phases of metal sulfides, sulfosalts, and/or tellurides that are commonly present in 

throughgoing fractures (Fig. 3.16).  

 

 A total of 26 LA-ICPMS spot analyses on two samples of marcasite were collected. 

Perhaps the most salient chemical feature of marcasite in these samples is its substantially 

higher concentrations of Au, Ag, Te, Bi, Sb, and Ni compared with the rest of the pyrite 

Figure 3.15. Examples of solid solution incorporation of Au, Cu, and Te in pyrites from drill hole 

EHMT001. From left to right: Co-As-Te solid solution in sample EHMT1-1356.3m (EHJS-007); As-Au-Cu 

solid solution in sample EHMT1-1587.8m (EHJS-050); As-Ni-Au solid solution in sample EHMT1-1654m 

(EHJS-018). Note the sector zoning in Au in both EHJS-050 and EHJS-018. 
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dataset (refer to the pyrite trace element database). The bulk of Au and Ag enrichment in the 

marcasite is controlled by the presence of electrum inclusions, though some solid-solution Au 

is also present. 

A total of 22 LA-ICPMS spots and one LA-ICPMS trace element image were 

collected on two samples of pyrrhotite-bearing metashale belonging to the Corella Formation 

from drill hole EHMT001. Pyrrhotite in these samples is most enriched in Ni (~1,000 ppm) 

and Co (~200 ppm), with lesser Se (50-100 ppm). Other elements such as As, Ag, Te, and Pb 

are deported as inclusions of other phases in fractures that cut through the pyrrhotite grains, 

similar to pyrite in other samples. 

 

 

3.7.2 Magnetite and hematite 

A total of 400 LA-ICPMS spot analyses on 29 magnetite-bearing samples were collected 

from within and around Ernest Henry. A further six LA-ICPMS trace element images were 

collected on six samples, and seven electron microprobe element maps were collected on five 

samples. For hematite, 23 LA-ICPMS spot analyses on three samples and four LA-ICPMS 

trace element images on four samples were collected.   

 Magnetite from within the Ernest Henry ore shell is enriched above background in 

Mg (50 ppm), Al (300 ppm), Si (750 ppm), Sc (2 ppm), Ti (130 ppm), V (300 ppm), Cr (25 

ppm), Mn (2,000 ppm), Co (10 ppm), Ni (75 ppm), Zn (15 pm), Ga (25 ppm), and Sn (1 ppm; 

all values in the oxide trace element database). Magnetite outside the ore shell is generally 

more enriched in Mg (250 ppm), Al (700 ppm), Si (1,230 ppm), Ti (440 ppm), V (980 ppm), 

Cr (75 ppm), and Ni (145 ppm) but less enriched in Mn (550 ppm). Concentrations of Sc, Co, 

Figure 3.16. Distribution of Cu, Au, Ag, and Te in pyrite from drill hole EH550 (sample EHJS-001, 

942.3m). These elements are present as inclusions of other minerals within pyrite-hosted fractures. 
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Zn, Ga, and Sn are approximately the same in all samples, irrespective of distance from the 

ore shell. The LA-ICPMS trace element images highlight zonation in some elements, 

especially V and Cr but also Sn, though in the case of the latter element the zonation appears 

to be caused primarily by numerous Sn-rich inclusions (Fig. 3.17). Element mapping via 

electron microprobe in one distal sample (~5 km outside the ore shell) also highlighted 

zonation in the elements Al, Si, Ca, and Ti (Fig. 3.18).  

 

Figure 3.17. Trace element zonation in magnetite from varying distances outside the ore shell. Left: V-Cr 

zonation in magnetite from drill hole EH242, approximately 350m outside the ore shell. Middle: V-Cr 

zonation in magnetite from drill hole MMA003, approximately 4 km outside the ore zone. Right: V-Sn 

zonation in magnetite from MMA002, approximately 5 km outside the ore zone. 
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LA-ICPMS imaging of specular hematite from within the ore shell reveals a complex 

zonation pattern that is delineated by numerous trace elements (Fig. 3.19). The most abundant 

trace elements in specular hematite from within ore are Ti (≤ 10,000 ppm) and W (≤ 2,000 

ppm), followed by Al (≤ 1,000 ppm), V (≤ 500 ppm), Sn (≤ 200 ppm), Mn (≤ 100 ppm), Sc 

(≤ 50 ppm), Nb (≤ 30 ppm), and Ga (≤ 20 ppm). Specular hematite from outside the ore shell 

contains nearly an order of magnitude less Ti (≤ 1,000 ppm), as well as less Sn (≤ 10 ppm), 

Nb (≤ 1 ppm), and Mn (≤ 20 ppm; Fig. 3.20). On the other hand, concentrations of V, Al, Sc, 

Ga, and W are approximately the same between proximal and distal hematite samples.  

 

Figure 3.18. Minor element zonation in magnetite from drill hole MMA002 (447.5m), ~5 km NE of the 

Ernest Henry mine. Aluminium, Si, Ca, and Ti are all enriched in the rim of the grain relative to the core. 

Figure 3.19. Trace element zonation in hematite from mine drill hole EH550 (sample EHJS001, 942.3m). 

The most abundant trace element in proximal hematite is Ti, followed by W and Al. 



119 
 

 

3.7.3 Epidote, amphibole, and chlorite 

Two hundred seventy-five LA-ICPMS spot analyses were collected on 19 epidote-bearing 

samples. A further 326 spot analyses were analyzed on 25 amphibole-bearing samples, and 

324 spots were collected on 26 chlorite-bearing samples. Epidote proximal to the ore shell 

(~50 m outside) is characterized by low As (< 50 ppm), Bi (≤ 2 ppm), Mn (≤ 2,000 ppm) and 

V (≤ 100 ppm; Fig. 3.21). On the other hand, Sb is elevated (≤ 40 ppm). Samples from ~300 

m outside the ore shell are considerably more enriched in Bi (up to 80 ppm) and V (up to 

1,100 ppm) compared to the proximal samples 50 m outside the ore shell, whereas Sb is 

slightly decreased (≤ 35 ppm, excepting two outlier analyses at 60 and 80 ppm). Samples 

from between 500-1,000 m outside the ore shell exhibit a general increase in trace elements 

from 500-750 m, peak at 750 m, then decrease between 750-1,000 m. Samples of epidote 

from drill hole FTCD2208, approximately 2 km outside the ore shell, have the lowest 

amounts of As (≤ 10 ppm) and Sb (≤ 5 ppm) in the dataset but are comparatively enriched in 

Mn (≤ 6,000 ppm) and Bi (≤ 15 ppm). Samples from drill holes FTCD2435 and MMA003, 

approximately 4 km outside the ore shell, contain the highest V concentrations of the dataset 

(up to 1,500 ppm) as well as elevated concentrations of all other elements. Epidote samples 

from drill hole MMA002, 5 km outside the ore shell, contain the highest As and Sb values 

(~600 ppm and ~100 ppm, respectively) but relatively low Bi (~5 ppm), Mn (≤ 5,000 ppm), 

and V (≤ 250 ppm, excepting one outlier at ~800 ppm), concentrations that are more like 

those recorded in the most proximal sample. 

Figure 3.20. Trace element zonation in hematite from MMA003 (sample EHJS071, 153.6m), approximately 

4 km outside the mine. Titanium is lower in hematite outside the ore zone, but W and Al are approximately 

the same. 
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 Amphibole analyses were focused exclusively on grains of actinolite. Actinolite 

proximal to the ore shell (~50 m outside) is high in Mg (~10 wt. %) and low in Fe (~8 wt. %), 

whereas actinolite from 300-2,500 m away exhibits progressively lower Mg/higher Fe 

compositions (Fig. 3.22). From 2,500-5,000 m outside the ore shell, the composition trend 

swings back toward higher Mg/lower Fe compositions. Manganese concentrations in 

actinolite are lowest proximal to the ore zone (~50 m away) as well as distal to it (i.e., ~5 km 

away). However, Mn concentrations peak approximately 500-750m outside the ore zone and 

fall continuously for at least 4 km. The elements V and Zn exhibit similar 

depletion/enrichment trends to Mn, wherein samples within 500m of the ore zone (and over 

Figure 3.21. Trace element concentrations in epidote from the Ernest Henry area, plotted as a function of 

distance (in metres) from the 0.5 % copper equivalent (CuEq) grade shell. Clockwise from top left: As, Sb, 

Bi, V, and Mn. 
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4km from it) are lowest in V and Zn but samples 2-3 km away from the ore zone are highest 

in these elements. 

  

 Chlorite from within the ore zone contain the highest amount of Mn in the Ernest 

Henry area. Outside the ore zone, Mn concentrations drop continuously for up to 2 km before 

rising again up to 5 km outside the ore zone (Fig. 3.23). Iron and Mg show opposite trends 

with distance from the ore zone, in that Fe is most enriched and Mg most depleted within and 

proximal (≤ 1 km) to the ore zone, whereas the reverse pattern characterizes distal samples 

(i.e., those up to 4 km outside the ore zone). However, the most distal samples exhibit a trend 

toward more Fe-rich compositions (Fig. 3.23). 

Figure 3.22. Trace element concentrations of amphibole from the Ernest Henry area, plotted as a function 

of distance (in metres) from the 0.5 % copper equivalent (CuEq) grade shell. Clockwise from top left: Fe, 

Mg, V, Zn, and Mn. 
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Figure 3.23. Trace element concentrations of chlorite from the Ernest Henry area, plotted as a function of 

distance (in metres) from the 0.5 % copper equivalent (CuEq) grade shell. Top to bottom: Mn, Fe, Mg, and 

Ti/Sr. 
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Apatite 

One hundred seventy-three LA-ICPMS spot analyses were collected on 11 apatite-bearing 

samples. The most distinguishing geochemical characteristic of apatite within the ore shell at 

Ernest Henry is its As content: previous researchers have noted the presence of weight-

percent levels of As in ore zone apatite (Rusk et al., 2010; Cave et al., 2018); a maximum 

value of ~5 wt. % As was measured in ore zone apatite from this study. The concentration of 

As in apatite drops to much lower levels outside the ore zone, but values above 1,000 ppm 

(i.e., 0.1 wt. %) are common in samples from ~350 m outside the ore zone (Fig. 3.24). 

Apatite across the Ernest Henry area is predominantly fluorapatite, and samples from within 

the ore zone typically have the highest F contents and the lowest Cl contents. On the other 

hand, apatite from outside the ore zone shows generally increasing Cl contents with 

increasing distance from the ore shell (Fig. 3.23), although one sample located in the 

hangingwall zone approximately 200 meters above the ore shell (CSIRO sample EHM-005, 

drill hole EH691, 549.6m) contains apatite with up to 2.3 wt. % Cl. In contrast, Mn (like As) 

shows the reverse pattern of highest values within ore and lowest values at distance from the 

ore shell (Fig. 3.24). 
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Figure 3.24. Trace element concentrations of apatite from the Ernest Henry area, plotted as a function of 

distance (in metres) from the 0.5 % copper equivalent (CuEq) grade shell. Top to bottom: As, Cl, and Mn. 
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Titanite 

One hundred fifty-two LA-ICPMS spot analyses were collected on eight titanite-bearing 

samples. Titanite is generally higher in Al, Fe, V, and F in samples within the ore zone and 

proximal to it (i.e., < 500 m; Fig. 3.25). On the other hand, Pb and U are generally higher in 

the most distal samples than in more proximal samples, with those closest to the ore shell 

containing the least amount of Pb and U in the dataset.  

 

 

3.8 Discussion  

3.8.1 Magmatic and hydrothermal mineral evolution at Ernest Henry: The importance of 

electron microbeam techniques 

Figure 3.25. Trace element concentrations of titanite from the Ernest Henry area, plotted as a function of 

distance (in metres) from the 0.5 % copper equivalent (CuEq) grade shell. Clockwise from top left: Al, Fe, 

U, V, and Pb. 
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High-resolution SEM-based petrography is an irreplaceable tool for unraveling complex 

mineral parageneses in deformed and metamorphosed volcano-sedimentary terrains like the 

Cloncurry district. For instance, apart from the pioneering work of Twyerould (1997), no 

previous publications made mention of the altered ilmenites shown in Figure 3.9 of this 

report, which are widespread across the Ernest Henry area. These are key indicators of 

fundamental magmatic processes that can be easily overlooked due to their small size and 

low abundance (however, see Twyerould [1997] for an alternative interpretation). A second 

example is the nano-inclusions of scheelite and wolframite in hydrothermal magnetite from 

the Ernest Henry ore body, a feature not reported in any previous publication on the deposit. 

The importance of W-bearing minerals in the evolution of iron oxide minerals at Ernest 

Henry represents a fertile area of future study. 

  

3.8.2 Trace element vectoring at Ernest Henry 

The foregoing trace element profiles of various hydrothermal minerals across the Ernest 

Henry area confirm that there are systematic changes in chemistry that correlate positively or 

negatively with distance from the ore body. Therefore, some or all these minerals can 

potentially be used as tools in the explorer’s toolbox to search for new Cu-Au resources like 

Ernest Henry. 

 Epidote is likely one of the strongest candidates to use in this regard due to its well-

defined vectoring and fertility capabilities in porphyry Cu-Au-Mo systems (e.g., Pacey et al., 

2020). Variations in Sb and As concentrations have been linked with distance to porphyry 

centers in numerous porphyry districts across the world; this pattern is considered to be a 

reflection of temperature as well as chemical changes of the magmatic-hydrothermal fluid(s) 

exsolving from the causative intrusion (Cooke et al., 2014). At Ernest Henry, the Sb and As 

data seem to reflect a porphyry-style pattern, in that lower Sb and As concentrations are 

generally indicative of more proximal samples (i.e., < 1 km from the ore zone), whereas 

samples from kilometers away contain higher Sb and As concentrations (Figs. 3.21, 3.26).  
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 Chlorite is also a strong candidate for vectoring toward ore in the Ernest Henry area, 

perhaps even better to use than epidote due to its sensitivity to changes in fluid temperature as 

reflected in its trace element composition (e.g., Ti and Sr; Wilkinson et al., 2015; 2020). 

However, the Ti/Sr-based chlorite ‘proximitor’ was defined first (and has been tested the 

most) in porphyry environments; its applicability across other deposit styles is largely 

unknown at present. Nonetheless, Figure 3.23 illustrates clear trends in the Ti/Sr ratio of 

chlorite at Ernest Henry that are correlated with distance from the 0.5 % CuEq grade shell:  

 Most of the other minerals in this study (e.g., magnetite, pyrite, apatite, and hematite) 

show some compositional variation with distance to or from the ore shell, but either the scales 

of change for these minerals are very narrow or the chemical changes are too subtle to detect 

(i.e., 1-10 ppm) using common field-based techniques such as hand-held pXRF. The extreme 

Co and As contents of some ore zone pyrite seems to be an excellent diagnostic for Cu-Au 

ore, but this signal is lost quickly outside the ore shell (i.e., within 100 m). Likewise, the 

anomalous As content of ore zone apatite fingerprints this mineral and its association with 

Cu-Au mineralization very well, but the As content of apatite drops to lower levels (i.e., high 

100s to low 1,000s of ppm) almost immediately outside the ore zone. Such large-scale 

changes in chemistry over short distances can be difficult to delineate in typical exploration 

drilling campaigns. 

As for titanite, its presence in both the magmatic and hydrothermal mineral 

parageneses defined in this study make its use as a vector more complicated. Careful 

Figure 3.26. Antimony and As concentrations in epidote from the Ernest Henry area (n = 275). Blue and 

dark blue samples (right hand side of diagram) are furthest from the ore shell. 
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petrography (and U-Pb geochronology) is required to identify the hydrothermal titanite 

generations that are relevant to Cu-Au mineralization at Ernest Henry. This is another area of 

research for future mineral chemistry projects. 

  

3.8.3 Trace element vectoring at Ernest Henry: outstanding issues and avenues of future 

study 

While the potential for using alteration mineral chemistry to aid exploration for an Ernest 

Henry-type IOCG target is apparent in the results of this study, the biggest hindrance to the 

robustness of the trace element data and other datasets in this report is the relatively poor 

distribution of sampling. For example, within 1 km from the ore shell the average distance 

between samples is approximately 200 meters, but beyond 1 km from the ore shell the 

average distance between samples increases to more than 1,000 meters. Such gaps in the 

sample record leave much to speculation concerning the enrichment and depletion trends for 

key trace elements. A related issue is the uneven number of analyzed samples per drill hole – 

for instance, many drill holes in this study contain only one or two analyzed samples, 

whereas others (e.g., MMA003) contain over a dozen analyzed samples across multiple 

minerals.  This is partly controlled by the presence or absence of target minerals in the 

sampled drill holes – for example, MMA003 contains abundant epidote, whereas MMA002 is 

relatively poor in epidote. 

 Future studies of trace element systematics in and around the Ernest Henry deposit 

would benefit significantly from more closely spaced sampling intervals to test the robustness 

of the mineral chemistry vectoring approach. 

 

 

3.9 Conclusions 

Petrographic and trace element characterization of magmatic and hydrothermal minerals in 

and around the Ernest Henry deposit, Cloncurry district, NW Queensland, has revealed a 

coherent paragenesis that is broadly consistent with past studies but also includes new key 

textures and mineral species, together with a series of geochemical trends correlated with 

distance from the mine. Although data are sparse in several places, multiple lines of mineral 

trace element evidence indicate that the most prospective area for undiscovered Cu-Au 

mineralization is the northeast end of the southwest-northeast transect defined by the Ernest 

Henry deposit (SW end) and drill hole MMA002 (NE end). Follow-up drilling is 
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recommended to the north and east of MMA002, between 200-500 m beyond the collar of 

this drill hole. 
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4.1 Executive summary 

• A comparative study of carbonate veins of two drill holes from the Lady Annie Cu 

deposit reveals that areas both proximal and distal to mineralisation record a similar 

paragenetic evolution. 

• Three paragenetic stages associated with 10 generations of dolomite veins are 

identified.  

• Two generations of syn-mineralisation dolomite veins are observed: 1) an early 

generation of dolomite with a flat REE profile associated with quartz, pyrite, 

chalcopyrite and subordinate pyrobitumen (proximal/mineralised drill core only) and 

siderite (commonly referred to as “silica dol” veins), followed by 2) a later generation 

of dolomite with a negative LREE enriched profile associated with subordinate pyrite 

and chalcopyrite without quartz. The presence of pyrobitumen near the mineralised area 

is also of interest, as it may have acted as a potential reductant that enhanced Cu 

precipitation at Lady Annie. 

• Dolomites with a syn-mineralisation signature (dol 4 and 5) were identified 1,400 m 

away from the Lady Annie deposit in the distal drill hole, which suggests that the REE 

chemistry of dolomite may be used to track the presence of mineralisation fluids in 

distal environments.  

• Pyrite chemistry reveals that unaltered pyrite is zoned with respect to Co, As and Ni 

and can contain up to 3% Co, 3% As and 0.7% Ni in enriched areas. Primary pyrite was 

altered and overprinted during the Cu mineralisation event and shows zones of elevated 

concentrations of Cu, Ag, Sb, Pb, and Bi ± Au due to syn-mineralisation overprint. 

• Alteration halos in the vicinity of the mineralisation may be detectable using whole 

rock lithogeochemistry. However, some elements such as Bi may require techniques 

with low detection limits such as 4 acid digest solution ICPMS to be traceable, as its 
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average crustal abundance is ~0.1 ppm and techniques such as ICP-AES offer detection 

limits >1 ppm. 

• The chemistry of the pyrite from Lady Annie is similar to other pyrite found in the 

Eastern Succession and raises the question of possible similarities between Mt Isa style 

and IOCG mineralisation of the Cloncurry area. 

 

4.2 Introduction 

Mt Isa-style sediment-hosted Cu deposits are an important class of Cu deposit (e.g., the 

Mt Isa Cu deposit has pre-mining resources estimated at 255 Mt @ 3.3% Cu; Williams, 1998a). 

The deposits are hosted within the carbonaceous, dolomitic, siltstone, and shale units of the 

Mount Isa Group (Perkins, 1990) with the mineralisation associated with Cu sulphides (mainly 

chalcopyrite) hosted within silica-dolomite veins and breccias. Despite being studied for 

several decades, their genetic model is still disputed (e.g., Perkins, 1984; Heinrich et al.,1989; 

Chapman, 2004) and detailed paragenetic investigations are needed to reveal the key 

components of their formation. 

The Lady Annie deposit (supergene JORC resource of 61.73 Mt @ 0.7% Cu and reserve 

of 1.98 Mt @ 0.76% Cu; Weeks and Woodward, 2018) is a Cu-only deposit of the Mt Isa style, 

which makes it ideal to study the alteration associated with Cu mineral systems. Mineralisation 

at Lady Annie is associated with chalcopyrite hosted in silica-dolomite veins and breccias 

(Lewis, 1975; Blake, 1987; van Dijk, 1991; Hutton et al., 2012). In addition, barren dolomite 

veins and breccias, some of which may be related to the mineralisation event, are ubiquitous 

throughout the Lady Annie area. 

In this study, trace element chemistry of dolomite from the mineralised area at Lady 

Annie is compared to dolomite from distal areas, to assess whether they have different 

geological evolution beyond the simple mineralised vs non mineralised distinction, and 

whether there are any genetic or exploration implications from their distinctive features. To 

that effect, a comparative study of two drill cores (one mineralised and one distal) located 1,400 

m apart was designed to compare the paragenetic evolution of the dolomitic veins, and in turn 

test the potential of mineral chemistry to be used as an exploration tool. 

 

4.3 Geology 

4.3.1 Regional Geology 

The Mount Isa Inlier is composed of three N-trending polydeformed tectonic domains 

that underwent a protracted tectonic and metasomatic history (e.g., Gibson et al., 2008; 
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Withnall and Hutton, 2013; Southgate et al., 2013; Gibson et al., 2016). From west to east they 

are the Western Fold Belt, which hosts the Lady Annie deposit, the Kalkadoon-Leichhardt Belt, 

and the Eastern Fold Belt. The Western Fold Belt can be further subdivided into the 

Camooweal-Murphy Domain, the Century Domain, the Mount Oxide Domain (which hosts the 

Lady Annie deposit), the Sybella Domain, and the Leichhardt River Domain. From a 

stratigraphic perspective, the inlier is subdivided into three superposed sedimentary 

superbasins (Leichhardt, Calvert and Isa) that are comprised of 12 supersequences (the Guide, 

Myally, Quilalar, Big, Prize, Gun, Loretta, River, Term, Lawn, Wide and Doom) deposited 

between 1800–1575 Ma (Southgate et al., 2013). Their formation is associated with prolonged 

episodes of crustal thinning, continental rifting and sedimentary basin formation linked at depth 

to magmatic intrusions and the formation of mid-crustal extensional shear zones (Gibson et al., 

2008; Holcombe et al., 1991; Passchier, 1986; Passchier and Williams, 1989; Pearson et al., 

1991; Withnall and Hutton, 2013). Most of the sedimentary successions were deposited in 

relatively shallow water on a platform or gently inclined shelf or ramp (Southgate et al., 2013). 

Several stratigraphic frameworks exist for the Mount Isa Inlier (e.g., Blake, 1987; Neumann 

and Fraser, 2007; Southgate et al., 2013; Gibson et al., 2016). For this study, we used the 

framework of Gibson et al. (2016), wherein each superbasin is initiated by a rift phase and is 

followed by a sag phase. The main difference of this framework with other published 

frameworks is the classification of the Gun Supersequence, which hosts Lady Annie, and the 

overlying Loretta supersequence into the sag phase of the Calvert Superbasin, instead of being 

attributed to early phases of the Isa Superbasin. 

At the Lady Annie deposit the Gun Supersequence consists of, from oldest to youngest, 

1) the Gunpowder Creek Formation (siltstones, shale and sandstones), 2) the Paradise Creek 

Formation (stromatolitic dolostones, dolomitic siltstones, chert and sandstones), which 

includes the Mount Oxide Chert Member, 3) the Esperanza Formation (stromatolitic chert, 

sandstones and siltstones), and 4) the Loretta Supersequence, which consists of the Lady 

Loretta Formation (stromatolitic dolostones). They are part of the lower McNamara Group 

(Withnall et al, 2013), which records a change from siliciclastic dominated (Gunpowder 

Formation) near the base to carbonate dominated (Paradise Creek, Esperanza and Loretta 

formations) near the top of the sequence (Southgate et al. 2013 and references therein). 

These units were multiply deformed at ~1645 to ~1630 Ma during the Riversleigh 

Event and at ~1600 to ~1575 (D1), ~1550 to ~1540 Ma (D2) and ~1530 to ~1510 Ma (D3) 

during the Isan orogeny (Giles and Nutman, 2002, 2003). Peak metamorphism is highly 

variable throughout the Inlier, with lower metamorphic grade generally observed in the 
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Western Fold Belt (Bell,1983; Winsor, 1983, 1986; Bell et al., 1988; Foster and Rubenach, 

2006). 

 

Figure 4.1: (A) tectonic domains of the Mount Isa Inlier. (B) Geological map of the Lady Annie area with the 

outline of the mineralised zone. Map modified from the resource map from Geological survey of Queensland and 

Salama et al., (2016). The distance between the two drill core is 1400 m. 

 

4.3.2 Local geology 

The Lady Annie Cu deposit is located 120 km north of the city of Mt Isa. It consists of 

hypogene and supergene copper mineralisation hosted in the stromatolitic dolostones, 

dolomitic siltstones, chert and sandstones of the ca. 1650 Ma Paradise Creek Formation of the 

McNamara Group (Fig. 4.1; van Dijk, 1991; Page et al., 2000; Withnall and Hutton, 2013; 

Southgate et al., 2013). Pyrite is disseminated throughout unaltered fresh rocks of the Paradise 

Creek Formation but rarely exceeds 2 per cent by volume (Lewis, 1975). The mineralisation is 

structurally-controlled and is hosted by the north trending Lady Loretta High Strain Zone 
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(Weeks and Woodward, 2018). It is associated with dolomitic veins and breccias with 

subordinate chalcopyrite, pyrite and quartz, hosted in carbonaceous and argillaceous siltstones 

(Lewis, 1975; Blake, 1987; van Dijk, 1991; Hutton et al., 2012). A small amount of 

recrystallized carbonaceous matter is replaced by chalcopyrite in dolomite veins (Lewis, 1975). 

The timing of mineralisation was attributed to be syn D3 deformation (~1530 to ~1510 Ma) of 

the Isan orogeny by van Dijk (1991), based on the orientation of the mineralised silica-dolomite 

veins. 

Oxidation of hypogene sulphides mobilised Cu and other metals (Fe, Mn, Mo, Zn, Co, 

Ni, As, Bi, In, Sb, Be, P, U and Cd) and created a thick, mushroom-shaped supergene Cu oxide 

halo, in which Cu concentration locally reaches > 15% Cu (Salama et al., 2016). Supergene 

mineralisation consists of various amounts of iron oxides, malachite, cuprite, tenorite and 

chrysocolla with subordinate azurite and native copper. Zoned aggregates with a central core 

of cuprite, surrounded by rims of tenorite, malachite or iron oxides, are common (Lewis, 1975). 

 

4.6 Methodology 

Thirty-three samples were investigated using conventional optical petrography and by 

X-ray modal analysis (XMOD) to characterise the carbonate veins mineralogy. All the samples 

were analysed by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 

to obtain the chemistry of carbonate, quartz and pyrite. In total, 487 carbonate spots were 

analysed from 33 samples, 40 quartz spots were analysed from 6 samples and six pyrite maps 

were obtained. Three pyrobitumen samples were analysed by electron probe micro-analyser 

(EMPA; n= 40) to obtain their chemistry. 

 

4.7 Carbonate Vein Paragenesis 

Two drill core from the Lady Annie area which are 1,400 m apart were selected to 

conduct a comparative study between a mineralised area (XLAD04) and a distal non 

mineralised area (XLT002D). Both holes were subjected to weathering and/or supergene 

alteration near the surface. 
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Figure 4.2: General mineral paragenesis for (A) proximal/mineralised (XLAD04) and (B) distal (XTL002D) drill 

holes of the Lady Annie deposit area. Three main stages are identified: pre-mineralisation/early, syn-

mineralisation/late and supergene and weathering alteration. The thickness of the lines indicates the relative 

abundance. Dashed lines indicate uncertainty. Denomination P- and D- in front of paragenetic stage denote 

proximal (P-) and distal (D-) respectively. 

 

4.5.1 Drill core XLAD04 (proximal/mineralised) 

Eight generations of carbonate veins were identified in the proximal/mineralised drill 

hole XLAD04 (Figs. 4.2a, 4.3). Early pre-mineralisation veins are associated with euhedral 

dolomite (P-dol 1) and pyrobitumen (P-pyro 1) occurring at grain boundaries (Fig. 4.3a). Later 

dolomite (P-dol 2) crosscuts proximal dolomite (P-dol 1) and consists of euhedral crystals that 

record multiple open space growth episodes. Each growth band is defined by changes in 

brightness on the BSE images, which reflect variable abundance of Mg, Fe and Mn (Fig. 4.3a-

d). Volumetrically, dolomite (P-dol 2) veins are the most abundant. The pre-mineralisation 

stage ends with the formation of small veinlets of dolomite (P-dol 3) that crosscut earlier P-dol 

1 and P-dol 2 veins. 

 

The syn-mineralisation stage is associated with two generations of dolomite veins. The 

first generation consists of dolomite (P-dol 4), quartz, (P-qz), pyrite (P-py 1), chalcopyrite (P-

ccp 1) and trace amounts of siderite (P-sd 1) (Fig. 4.3b-f). Contrary to the pre-mineralisation 

dolomite phases, this stage is associated with texturally destructive replacement of earlier 

dolomite veins and the creation of new cement. However, it is not associated with the creation 

of new veins. In several samples, quartz is associated with extension fractures (Fig. 4.3b), 

suggesting high fluid pressure conditions at the time of mineralisation episode 1. Quartz is the 

dominant phase related to the first mineralisation stage. It is generally surrounded by texturally 
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destructive dolomite (P-dol 4) (Fig. 4.3b-d) and may or may not be associated with pyrite 

and/or chalcopyrite. When present, pyrite is euhedral and fractured, and chalcopyrite is 

anhedral and pervasively replaces pyrite (P-py) (Fig. 4.3e). In samples EY101064 and 

EY101065, quartz and dolomite (P-dol 4) are associated with aggregates of pyrobitumen (Fig. 

4.3c). The second mineralisation stage is associated with dolomite (P-dol 5) veins and 

subordinate amounts of pyrite (P-py 2) and chalcopyrite (P-ccp 2) (Fig. 4.3a). Dolomite 5 is 

euhedral and generally records multiple growth episodes in open space veins. Overall, the veins 

associated with the second stage of mineralisation account for a minor amount of the total 

mineralisation observed in the two drill holes studied. 

 

The post-mineralisation stage is associated with three generations of dolomite up to 175 

m down hole. The main characteristics of this stage are texture destruction of carbonate veins, 

Fe staining of carbonate, local alteration of carbonate to siderite and alteration of pyrite and 

chalcopyrite to Fe and Cu oxides. Dolomite (P-dol 6) consists of veinlets of dolomite 

crosscutting and replacing earlier dolomite phases (Fig. 4.3b-g). Dolomites 7 and 8 are found 

closer to the surface (<100m) and consist of colloform dolomite developed in cavities due to 

dissolution/precipitation of earlier phases of dolomite, likely associated with weathering and/or 

supergene alteration. 

 

4.5.2 Drill core XLT002D (distal) 

Seven generations of carbonate veins were identified in distal drill hole XLT002D 

(Figs. 4.2b, 4.4). Early pre-mineralisation veins are associated with euhedral dolomite (D-dol 

1) occurring at grain boundaries and later dolomite (D-dol 2) (Fig. 4.4a). Both dolomites record 

multiple open space growth episodes defined by changes in brightness on the BSE images. 

Dolomite (D-dol 2) grows on dolomite (D-dol 1) and is defined by an abrupt decline in 

brightness on the BSE images (Fig. 4.4a). Fine-grained pre-mineralisation dolomite (D-dol 3) 

veinlets crosscuts earlier dolomite (Fig. 4.4b). 

 

Syn-mineralisation dolomite (D-dol 4) crosscuts previous dolomite phases and consists 

of irregular veins and texturally destructive replacement of earlier dolomite phases. Dolomite 

(D-dol 4) is associated with quartz ± pyrite ± chalcopyrite ± siderite (Fig. 4.4b-d). Sulphides 

are rare but when present, consist of euhedral pyrite and amorphous chalcopyrite (Fig. 4.4c). 

Fine-grained dolomite (D-dol 5) veinlets crosscut previous dolomite phases. No sulphides were 

observed with this phase. 
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The post-mineralisation supergene and weathering stage is associated with two 

generations of dolomite up to 250 m down hole. Dolomite (D-dol 6) consists of very fine-

grained texturally destructive veinlets (Fig. 4.4e) that are crosscut by veins of dolomite (D-dol 

6). Late siderite (D-sd 2) overprints earlier dolomite phases and has oxidised sulphides to Fe-

oxides when present (Fig. 4.4ef). 

 

4.5.3 Paragenesis summary 

Both drill cores record similar paragenetic evolution with the presence of pre-

mineralisation open space dolomite growth (P-dol 2, D-dol 1 and D-dol 2) followed by 

dolomite veinlets (Dol 3), syn-mineralisation dolomite-quartz ± pyrite ± chalcopyrite ± siderite 

veins, syn-mineralisation dolomite (Dol 5) with minor amounts of pyrite and chalcopyrite in 

mineralised drill core, and by supergene and weathering related dolomite phases. The main 

differences between the two drill cores are the occurrence of an earlier phase of dolomite (P-

dol 1), the higher abundance of chalcopyrite, and the presence of two phases of pyrobitumen 

in the mineralised drill hole XLAD04, which suggests that the presence of pyrobitumen may 

be a critical parameter in the formation of Lady Annie. 

 

4.6 Mineral chemistry 

4.6.1 Carbonate 

The carbonate vein minerals at Lady Annie are mostly dolomites that vary in 

composition towards ankerite (Fig. 4.5). Rare siderite is also observed. Overall, the dolomite 

from both drill cores records similar chemistry with the exception of syn-mineralisation 

dolomite (dol 4 and 5). Pre-mineralisation dolomite is characterised by an increase in Mg/Fe 

correlating with a decrease in Mn (Fig. 4.6a). Syn-mineralisation dolomite (dol 4 and 5) 

spatially associated with chalcopyrite shows excess Mn compared to pre-mineralisation 

dolomite and suggests that the mineralising fluid(s) was enriched in Mn compared to pre-

mineralisation fluid(s). In addition, syn-mineralisation dolomite 5 show an increase in Ni, Co 

and light rare earth elements (LREE; Fig. 4.6b-d). 

Rare earth element profiles of the dolomites reveal distinct REE patterns that can be 

classified into groups (Fig. 4.7). Group 1 is defined by flat REE profiles at ~10 ppm with 

variable positive to negative Eu anomalies, and include pre-mineralisation dolomite P-dol 1 

and syn-mineralisation dolomite P-dol 4 and D-dol 4 (Fig. 4.7agh). Group 2 is defined by a 

characteristic “M” shaped REE profile defined by a negative Eu anomaly. This group is the 
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Figure 4.5: Ternary diagrams of laser ablation spots of dolomites from the Lady Annie area. (A and C) Ca-Mg-

Fe and (B and D) Mn-Mg-Fe. Also shown is the location of carbonate mineral end-members. Abbreviations for 

the legend are Pre-Min: Pre-mineralisation, Syn-Min: Syn-mineralisation and S/W: Supergene and weathering. 

For paragenetic stages, refer to figure 4.2. Lines in legend between proximal/mineralised (P-) and distal (D-) 

refers to similar timing of dolomite precipitation between the two zones. 

 

most abundant in the Lady Annie area and consists of pre-mineralisation dolomite P-dol 2, P-

dol 3, D-dol 1, D-dol 2 and D-dol 3 (Fig. 4.7b-f). Group 3 is characterised by an enrichment in 

LREE (La = ~100 ppm), a Eu negative anomaly and a depletion in heavy rare earth elements 

(HREE) (Lu = ~0.5 ppm) defining a steep HREE-depleted profile when compared to the other 

group. It consists of syn-mineralisation dolomite P-dol 5 and D-dol 5 (Fig. 4.7ij). 
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Figure 4.6: Mineral chemistry of dolomite from the Lady Annie area. (A) Mn vs Mg/Fe; (B) Mn vs Co; (C) Mn vs 

Ni and; (D) Mn vs La. 

 

4.6.2 Quartz 

Six samples containing syn-mineralisation quartz were analysed by colour 

cathodoluminescence (CL) at the SEM facility at UTAS (Fig. 4.8) and by laser ablation to 

obtain their chemistry (Fig. 4.9). Three samples were from the proximal/mineralised drill hole 

XLAD04 and three were from the distal drill hole XLT002D, including one sample affected 

by secondary supergene/weathering alteration. Two main types of quartz were identified under 

CL, red and blue. Sample EY101063 shows early red quartz being crosscut by later blue quartz 

(Fig. 4.8), which suggests the mineralisation stage was characterised by more than one 

generation of quartz. The CL response of quartz was dominantly red in samples containing 

chalcopyrite or pyrite, whereas it was dominantly blue in samples without sulphides. Red 

quartz is characterized by high Si and low trace element content whereas blue quartz contains 

lower Si content and more elevated Al, K, Ge (Fig. 4.9). 
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Figure 4.7: Chondrite normalised REE profiles for dolomites of the Lady Annie area. (A) P=Dol 1; (B) D-Dol 1; 

(C) P-Dol 2; (D) D-DOl 2; (E) P-Dol 3; (F) D-Dol 3; (G) P-Dol 4; (H) D-Dol 4; (I) P-Dol 5 and (J) D-Dol 5. 

The bottom dashed line refers to the 25th percentile, the solid line the 50th percentile and the upper dashed line 

the 75th percentile. The data is shown as semi-transparent lines. For paragenetic stages, refers to figure 2.2. 
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Figure 4.8: Colour cathodoluminescence of quartz from the Lady Annie area displaying red and blue quartz. (A) 

EY101063; (B) EY101088; (C) EY101069; (D) EY101089, (E) EY101064 and (F) EY101091. 
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Figure 4.9: Mineral chemistry of quartz from the Lady Annie area. (A) Al vs Si; (B) Al vs Ti; (C) Al vs K and; (D) 

Al vs Ge. 

 

4.6.3 Pyrite 

Pyrite from both the proximal (mineralised) and distal drill holes show similar 

relationships that record a complex chemical evolution (Figs. 4.10-18). The grains with the 

least amount of alteration related to the Cu mineralisation event are generally zoned with 

respect to Co, Ni and As and are overprinted by a Cu-rich phase. Maximum concentrations are 

3.6% for Co, 0.70% for Ni, 3.5% for As and 0.26% for Se. Samples EY101066, EY101074 

and EY101090 preserve the best examples of Co, Ni and As zoning (Figs. 4.12,14,16). In these 

samples, each zone may be enriched or depleted in one, two or all three elements. Overall, 

these elements correlate positively, with Co showing the strongest correlation with As (Fig. 

4.10). The elemental concentration of these samples is highly variable and can reach up to 3% 

Co, 3% As and 0.7% Ni in enriched areas. 

 

The Cu mineralisation event overprints the zoned pyrite and is associated with elevated 

concentrations of Ag, Sb, Pb, and Bi ± Au. These elements are enriched either near fractures 

within pyrite (Figs. 4.12,14,16) or within pervasive alteration zones visually associated with 

zones of more “porous” pyrite (Figs. 4.11-13). Overall, pervasive alteration is spatially 

heterogeneous and does not occur solely on grain boundaries and/or within specific or parallel  
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Figure 4.10: Scatter plots of pyrite maps displaying the average of the map for (A) Co vs Ni and (B) Co vs As. 

 

to internal zonation. However, all samples display the same temporal relationship wherein Cu 

mineralisation overprints earlier Co-As-Ni rich pyrite grains. 

 

Sample EY101079 is from a supergene zone, wherein the pyrite grain is surrounded by 

secondary iron oxides (probably goethite; Fig. 4.15). The core of the grain is compositionally 

uniform and contains elevated Co, As and Se (up to 0.25%) and low Ni. The rim in contact 

with goethite is concentrated in Cu, Zn, As, Ag, Sb, Au, Pb and Bi. This relationship suggests 

that zones with Cu sulphides may be preferentially altered to Fe oxides during the supergene 

alteration. Some of the metals were reprecipitated on the rim of the remaining pyrite during 

redox reactions. 

 

When compared to pyrite from the Eastern Succession, pyrites from the Lady Annie 

area are similar. For example, the chemical composition of sample EY101061 contains 

maximums of over 1 wt. % Co and As and over 1,000 ppm Ni, in addition to abundant 

chalcopyrite inclusions. These values and their distribution within the pyrite grain are 

comparable to those in a sample from the Merlin Mo-Re deposit (sample MER-013, Fig. 4.17). 

Likewise, Co-Ni-As-Cu images from SWAN sample SWN-039 (Fig. 4.18) bear resemblance 

to the Co-Ni-As-Cu characteristics of sample EY101090. The data indicate similar pyrite 

formation processes between all three deposits and raise the question about potential 

similarities in fluid chemistry between Mt Isa style Cu and IOCG deposits of the Cloncurry 

area. 
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Figure 4.11: Pyrite map (P-Py 1) of sample EY101061 from the proximal/mineralised drill hole XLAD04 at a 

depth of 444.0m. 

 

 

Figure 4.12: Pyrite map (P-Py 1) of sample EY101066 from the proximal/mineralised drill hole XLAD04 at a 

depth of 390.9m. 
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Figure 4.13: Pyrite map (P-Py 1) of sample EY101067 from the proximal/mineralised drill hole XLAD04 at a 

depth of 382.2m. 
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Figure 4.14: Pyrite map (P-Py 1) of sample EY101074 from the proximal/mineralised drill hole XLAD04 at a 

depth of 246.5m. 

 

 

Figure 4.15: Pyrite map (P-Py 1) of sample EY101079 from the mineralised drill hole proximal/mineralised drill 

hole XLAD04 at a depth of 114.5m. 
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Figure 4.16: Pyrite map (D-Py 1) of sample EY101090 from distal drill hole XLT002D at a depth of 144.4m. 

 

 

Figure 4.17: Co-Ni-As-Cu pyrite map of sample MER-013 from the Merlin Mo-Re-Au-Cu deposit. 

 

 

Figure 4.18: Co-Ni-As-Cu pyrite map of sample SWN-039 from the SWAN Au-Cu deposit. 
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4.6.4 Pyrobitumen 

Three pyrobitumen samples were analysed by electron probe micro-analyzer to obtain 

their chemistry. One sample contains pre-mineralisation pyrobitumen (P-pyro 1) whereas the 

other two samples contain syn-mineralisation pyrobitumen (P-pyro 2). Pyrobitumen 1 consists 

of uniform agglomeration of angular fragments within dolomite (P-dol 1) veins that infill 

fractures within the aggregates (Fig. 4.19a), whereas pyrobitumen 2 is more complex and 

consists of heterogenous globules segregated into relatively homogenous cores and 

heterogenous rims (Fig. 2.18b-d). Rims are highly altered and fractured, with the fractures 

filled by dolomite (P-dol 4). The globules can also be partially digested by the dolomite (P-dol 

4; Fig. 2.18cd). Together, these reflect the strong interaction between the fluid(s) that 

precipitated dolomite (P-dol 4) and pyrobitumen. 

 

The chemical composition of pyrobitumen phases can be found in Table 4.1. Overall, 

the cores of pyrobitumen (P-pyro 2) are enriched in C, Na, K, Na relative to the rims, which 

are enriched in Mg, Si, S, Ca, Fe and Cu (Figs. 4.19, 20b-d, 21). In addition, Cl is above 

detection background only in pyrobitumen (P-pyro 2) samples (Fig. 4.20e). This enrichment, 

combined with the enrichment in S, Fe and Cu in the pyrobitumen rims (P-pyro 2), suggests 

that the mineralising fluid(s) that precipitated the dolomite-quartz-pyrite-chalcopyrite 

assemblage was saline, enriched in S, Fe and Cu elements and was likely oxidised. This is 

similar to the hypothesised fluid chemistry responsible for the Mt Isa Cu mineralisation (e.g., 

Henrich et al., 1995; Waring et al., 1998). 

 

4.7 Summary and conclusions 

At Lady Annie, strong correlations are observed between carbonate veins from the 

proximal/mineralised and distal drill holes. Both locations share similar paragenesis and 

mineral chemistry. However, the proximal/mineralised area contains pre-mineralisation 

dolomite (P-dol 1), as well as a higher abundance of pyrite, chalcopyrite and pyrobitumen 

compared to the distal area. Pyrite from both drill holes is enriched in Co, As and Ni and shows 

similar composition to the pyrite from the Eastern Succession, possibly highlighting similar 

pyrite formation processes in both areas. This suggest that the presence of pyrobitumen may 

have been essential in the formation of the deposits, as several indications of interaction 

between the pyrobitumen and a relatively more oxidised saline fluid transporting Cu is 

observed. The pyrobitumen may have acted as a reducing agent that enhanced Cu precipitation. 

However, sulphides and pyrobitumen are not observed in the same sample. 
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Figure 4.19: Back-scattered images of pyrobitumen from the proximal/mineralised drill hole XLAD04. (A) 

Agglomeration of angular pyrobitumen (P-pyro 1) fractured by dolomite (P-dol 1) (EY101065; 400.3 m). (B) Syn-

mineralisation pyrobitumen (P-pyro 2) altered and fractured by dolomite (P-dol 4) showing a reaction rim 

(EY101064; 412.9 m). Also shown is the location of the microprobe transect used for Figure 2.19. (C) Syn-

mineralisation pyrobitumen (P-pyro 2) altered and fractured by dolomite (P-dol 4) showing a reaction rim. 

Pyrobitumen is digested by the dolomite (EY101060; 455.8 m). (D) Magnified area from (C) showing pyrobitumen 

digestion by dolomite (P-dol 4). 

 

Table 4.1. EMPA results for pyrobitumen phases from the proximal/mineralised drill hole XLAD02 
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Figure 4.20: Electron probe micro-analyser transect of pyrobitumen (P-pyro 2) from sample EY101064 (see 

figure 4.16b for analysis location). (A) S (B) Fe; (C) Ca and; (D) Au. Filled circles are from the core of the 

globules and the open circles are from the rim. 

 

Figure 4.21: Electron probe micro-analyser analyses of pyrobitumen from proximal/mineralised drill hole 

XLAD04. (A) Fe vs Ca (B) Fe vs Mg; (C) Ca vs S; (D) Cu vs S; (E) Cl vs S and; (F) Ni vs S. 
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Dolomites with similar chemistry to the dolomites related to the mineralisation events 

(dol 4 and 5) were identified in the distal hole, 1,400 m away from the Lady Annie deposit. 

This relationship suggests that the REE chemistry of dolomite can be used to track the presence 

of mineralisation fluids in distal environments. The mineralisation is associated with 

enrichment in Cu, Zn, As, Ag, Sb, Au, Pb and Bi. This implies that alteration haloes in the 

vicinity of the mineralisation may be detectable using mineral chemistry or whole rock 

lithogeochemistry. However, the limited sample distribution for this study prevents detailed 

analysis of spatial vectoring using mineral chemistry. From a whole rock lithogeochemsitry 

perspective, some elements such as Bi may require techniques with low detection limits such 

as 4 acid digest solution ICPMS to be traceable, as its average crustal abundance is ~0.1 ppm 

and techniques such as ICPAES offer >1 ppm detection limit. 
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Chapter 5. Capricorn Copper Mineral Geochemistry 

J.A. Steadman1 
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5.1 Executive Summary 

• Pyrite at Esperanza South is bimodal in composition: high Co-As-Ni-Se in the Eastern 

Creek Volcanics of the hangingwall; high Sb-Pb-Bi-Tl in the ore host Esperanza 

Formation. Pyrite at Mammoth Deeps exhibits complex zonation marked by high As-

Tl-Sb-Pb-Bi±Mo. 

• Carbonate chemistry changes as a function of distance to the ore zone at Esperanza 

South: a siderite ‘core’ in and proximal to the ore zone is surrounded by an ankerite 

shell, which is in turn surrounded by a dolomite/dolomitic calcite shell. 

• Epidote chemistry at Esperanza South is consistent with a proximal location relative 

to ore (cf. porphyry systems). Chlorite chemistry reflects discernible trends with depth 

in drill hole SD629 at Esperanza South. 

• Hematite chemistry at Esperanza South is complex and includes zoned enrichments 

and depletions of at least 24 trace elements. Hematite also contains inclusion of Cu 

sulfides and/or sulfosalts, suggesting a link between hematite and Cu mineralization at 

Esperanza South.  

 

 

5.2 Abstract 

Geochemical analyses of selected hydrothermal alteration minerals (epidote, chlorite, 

carbonate, pyrite, and hematite) in samples from two drill holes in the Capricorn Copper 

district, NW Queensland, have revealed complex textural and trace elemental parageneses. 

The first hole (SD629) was collared at surface and drilled to intersect the Esperanza South Cu 

deposit at depth, whereas the second hole (UM1585) was drilled in the Mammoth Deeps 

underground workings. Epidote, chlorite, carbonates, pyrite, and hematite were analyzed at 

Esperanza South, whereas only pyrite was analyzed in the Mammoth Deeps samples. 

Epidote at Esperanza South is constrained to metabasalt units belonging to the Eastern 

Creek Volcanics in the upper half of hole SD629, whereas chlorite is distributed throughout 

the basalt and underlying shale-silstone package of the Esperanza Formation that hosts the 
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ore. Epidote is present in multiple forms, including epidote±chlorite veins and veinlets as 

well as replacement of pre-existing minerals (i.e., feldspar phenocrysts) or textures (e.g., 

epidote-filled amygdales). Some epidote veins are truncated or offset by later carbonate-

quartz-chlorite ± hematite veins and micro-breccias. Trace element analyses of epidote show 

a consistent signature, including elevated Pb and rare earth elements (REEs), variable Cu, and 

low As and Sb in all samples. Chlorite chemistry is marked by increases in As, Ba, Pb and 

REEs with increasing depth in SD629 (i.e., increasing proximity to ore).   

Carbonate minerals are ubiquitous throughout hole SD629 in both the metabasalt and 

the underlying carbonaceous siltstone-shale of the Esperanza Formation. Carbonate 

mineralogy exhibits a pronounced change in major element chemistry from the top to the 

bottom of the hole: calcite predominates in the upper portions of the hole, whereas dolomite 

and ankerite replace calcite near the midpoint of the hole (i.e., near the fault contact of the 

Eastern Creek Volcanics and the Esperanza Formation). Siderite replaced dolomite and 

ankerite, beginning at the ore halo and continuing through the ore zone into the footwall. 

Scanning electron microscope (SEM) petrography of siderite-bearing samples shows that 

millimeter-scale hematite needles are intimately associated with this species of carbonate, 

whereas hematite is absent from calcite-, dolomite-, or ankerite-bearing samples. Rare earth 

element patterns of all carbonate samples are varied, but the shape of the profiles generally 

becomes flatter toward the ore zone. A similar trend was identified at Lady Annie. 

Pyrite is predominantly concentrated in and around the ore zone in drill hole SD629 

from Esperanza South, whereas pyrite from Mammoth Deeps (hole UM1585) is present all 

through the hole occupying fractures in the host quartzite. Pyrite in all analyzed samples is 

hydrothermal, with two characteristic associations dependent on host lithology: refractory 

Co-As-Se-enriched overgrowth of earlier Au-Ag-Te-Bi-enriched pyrite in metabasalt, the 

latter of which is partially inclusion-controlled (Esperanza South only); and a refractory As-

Sb-Tl-Pb-Ag-Bi±Mn association in the shale-hosted Cu ore horizon at Esperanza South and 

in the Cu-bearing pyrite veins at Mammoth Deeps.  

Specular hematite at Esperanza South is restricted to a conspicuous siderite-matrix 

breccia zone containing angular fragments of strongly altered wall rock clasts. This unit 

apparently marks the top of the ore zone. SEM petrography and LA-ICPMS trace element 

imaging of specular hematite from the ore breccia zone reveal at least three generations of 

growth, each of which contains a unique trace element signature. Notably, some colloform 

intergrowths of hematite and goethite also contain nano-inclusions of presumed Cu sulfides 

and Cu-Sb±Pb sulfosalts (possibly tetrahedrite and bournonite). 
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  These results showcase both the complexity and longevity of the ore system at 

Esperanza South and Mammoth Deeps and underscore the need for further mineral chemistry 

analyses across multiple mineral systems in these deposits and their related neighbors in the 

broader Gunpowder district.  

 

 

5.3 Introduction  

The Cu deposits of the Gunpowder district, ~80 km N of Mount Isa, have been mined 

intermittently since the discovery of Mammoth in 1927, yet relatively little is known about 

their formational history and hydrothermal alteration paragenesis compared with other 

deposits in the Mt. Isa Inlier (e.g., Mt. Isa, Cannington, Ernest Henry, etc.). The PhD thesis of 

Clark (2003) represents the most comprehensive overview of the geology and genesis of 

these systems. Perhaps the most defining characteristics of the deposits in the Gunpowder 

district are 1) the strong structural controls (especially brecciation) on the location and 

geometry of the ore zones; and 2) the preponderance of bornite and chalcocite over 

chalcopyrite as the primary Cu ore minerals, especially at Mammoth. The structural controls 

on ore zone geometry are largely independent of host rock, which varies from quartzite in 

Mammoth and its satellite deposit (Greenstone) to carbonaceous siltstone at Pluto and 

Esperanza/Esperanza South, ~1 km west of Mammoth. In contrast to the relatively S-poor Cu 

sulfide assemblage at Mammoth and Greenstone, the siltstone-hosted systems tend to have 

more chalcopyrite than bornite or chalcocite. Non-sulfide alteration minerals include quartz, 

carbonates, K-feldspar, chlorite, and white mica. 

 Little work has been done on the low-level trace element systematics of the ore and 

hydrothermal alteration minerals present in these deposits. Clark (2003) analyzed ore and 

alteration sulfide minerals at Mammoth using first-generation LA-ICPMS techniques, which 

were limited to spot or single line analyses using a fixed, large beam size (50 μm). 

Furthermore, the Esperanza South deposit has never been studied and has only recently 

entered production (2017).   

The objectives of this study were to analyze sulfide and non-sulfide hydrothermal 

alteration minerals at both Esperanza South and Mammoth primarily using LA-ICPMS 

imaging techniques. Two public domain drill holes were sampled: SD629, drilled from 

surface into the Esperanza South orebody at depth; and UM1585, collared in the underground 

workings at Mammoth Deeps. As the scope of this study was constrained to two drill holes – 
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one into each deposit – the work presented in this report should be considered as a pilot study 

that characterizes the ore zone and near-mine environment, rather than the distal footprints. 

 

 

5.4 Work Completed 

Figures 5.1 and 5.2 illustrates the regional and local geology of the Capricorn district and the 

Esperanza South and Mammoth Deeps deposits. The traces of drill holes SD629 and 

UM1585 are shown in Figure 5.1. A total of 79 LA-ICPMS epidote spot analyses were 

conducted on six samples, together with 62 chlorite spot analyses on five samples and 167 

LA-ICPMS carbonate spot analyses on 12 samples. For sulfides and oxides, 12 LA-ICPMS 

images were run on 12 pyrite-bearing samples (6 each from Esperanza South and Mammoth 

Deeps), and one LA-ICPMS image was run on one hematite-bearing sample from Esperanza 

South.  
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Figure 5.1. Regional and local geology of the Capricorn Copper area, focusing on Esperanza South and 

Mammoth. Top: Surface geologic map (from NW Queensland Deposit Atlas). Bottom: Geoscience Analyst 

screen shot of ore zone and fault plane projections for the Capricorn Copper systems; note the location of 

drill traces for holes SD629 and UM1585 (marked by yellow stars). 
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5.5 Results 

5.5.1 Epidote and chlorite geochemistry 

Figure 5.3 contains representative rock photos of the Eastern Creek Volcanics from SD629, 

containing well-developed epidote and chlorite alteration. Note the variety in alteration 

textures. Figure 5.4 contains a bivariate plot of Sb vs. As, which in porphyry systems 

provides information on both metal endowment and proximity to a porphyry center (Cooke et 

al., 2014). In the case of these samples from SD629, nearly all data are below 10 ppm in both 

Sb and As, which is expected given this hole’s proximity to mineralization. Epidote from all 

samples is commonly enriched above background in Pb (25-100 ppm) and the light rare earth 

elements La and Ce, together with Y (variable, but can be in the low 1000s ppm). It is worth 

noting that in some porphyry districts, high Pb in epidote is regarded as a distal pathfinder to 

ore (i.e., > 1 km from ore zone; Cooke et al., 2014; 2020). Strontium also varies with depth in 

epidote from SD629, though the significance of these data is presently unclear. 

 Chlorite from SD629 displays an increase in As (0.5 to 5 ppm), Ba (0.3 to 10 ppm), 

Pb (0.04 to 0.3 ppm), and the rare earth elements La (5 ppb to 0.1 ppm) and Ce (0.01 to 0.3 

ppm) with increasing depth down hole. The significance of these patterns is unclear, though 

Figure 5.2. Cross-section through Esperanza South (taken from Capricorn Copper, 2017). Note the fault 

zone marking the boundary between the Eastern Creek Volcanics and the Esperanza Formation. 
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As is typically depleted in chlorite close to the centers of porphyry mineralization (Wilkinson 

et al., 2015; 2020; Cooke et al., 2020). 

 

  

       

       

                      

Figure 5.3. Hand samples of epidote-chlorite-altered Pickwick metabasalt from various depths in drill hole 

SD629, Esperanza South deposit. Left photo: Epidote vein cutting sample of Pickwick metabasalt 

(MS_CAP166, 320.8m). Top photo: Faulted epidote vein truncated by zone of micro-breccia (MS_CAP169, 

326.2 m). Bottom photo: Small epidote vein adjacent to amygdales filled with epidote and/or chlorite 

(MS_CAP174, 370m). 
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5.5.2 Carbonate geochemistry 

Figure 5.5 showcases the mineralogy and textures of sample MS_CAP199, a carbonaceous 

siltstone of the Esperanza Formation that contains a well-developed carbonate-quartz-

chlorite-K-feldspar vein. SEM petrographic analysis of the vein reveals that the carbonate is 

siderite, and LA-ICPMS spot analyses of this siderite show that it is also Mn-bearing (up to 6 

wt. % Mn). A key mineralogical feature of this sample is the presence of hematite crystals 

that are restricted to siderite-containing portions of the vein. No other mineral in the sample is 

intergrown with hematite. Spider plots of rare earth element concentrations in carbonate are 

shown in Figures 5.6. Of note are the flatter REE profiles in samples close to ore compared to 

those further away from the ore zone (Fig. 5.7). Cloutier et al. (2020) recorded a similar 

pattern in proximal vs. distal carbonate-bearing samples from the Lady Annie deposit. 

Figure 5.4. Antimony vs. As concentrations in epidote from drill hole SD629. 



166 
 

 

 

                   

                    

  

  

   

   

  

   
   

   
   

  

   

Figure 5.5. Detailed petrography of sample MS_CAP199, which contains a large siderite-quartz-K-feldspar 

vein cutting carbonaceous siltstone. Boxes 1 and 2 illustrate the hematite grains associated with siderite in 

the vein. 
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Figure 5.6. Rare earth element plots of carbonate-bearing samples in SD629. Top: all data. Middle: Mean 

of all data (dashed bold lines). Bottom: Median of all data (solid bold lines). 
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5.5.3 Pyrite geochemistry 

There is a diversity of pyrite textures present in drill hole SD629, controlled primarily by host 

rock differences and proximity to the ore zone. Pyrite in the Eastern Creek Volcanics is 

medium- to coarse-grained, subhedral to euhedral, and commonly intergrown with chlorite, 

epidote, quartz, and K-feldspar (Fig. 5.8). In contrast, pyrite from the Esperanza Formation is 

fine- to coarse-grained, euhedral to colloform, and typically intergrown with and/or replaced 

by carbonate, chalcopyrite and bornite (Fig. 5.8). LA-ICPMS trace element imaging of pyrite 

from both units demonstrates that both types are also distinct from each other in terms of 

trace element profiles. For instance, pyrite from the Eastern Creek Volcanics contains a 

mottled, inclusion-rich core with enrichments in Au, Ag, Te, and Bi that is overgrown by a 

euhedral inclusion-free rim containing high Co, As, and Se (Fig. 5.9). Interestingly, Ni 

displays antithetic relationships with Co, As, and Se in both the core and rim zones. These 

patterns may indicate differences in source material, fluid chemistry, or both. On the other 

hand, pyrite from the Esperanza Formation is marked by comparatively higher As, Ag, Tl, 

Sb, and Pb than pyrite in the Eastern Creek Volcanics, though other elements such as Co are 

also present in the Esperanza Formation pyrites (Fig. 5.10). The pyrite in Figure 11 shows the 

As-Tl-Sb-Pb-Ag relationship particularly well, in that these elements are concentrated in 

growth zones, which likely reflect the operation of oscillatory precipitation mechanisms. 

Figure 5.7. Rare earth element plots of ore zone carbonate-bearing samples in SD629, split by drill hole 

depth. Note the flatter profile with slightly negative Eu anomalies. 
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 Pyrite from Mammoth Deeps contains a similar trace element profile to that in the 

Esperanza South ore zone pyrites, but the former exhibit a more pronounced and complex 

zonation pattern in the elements As-Sb-Tl-Pb-Bi ± Mo ± Hg (Fig. 5.11). This pattern is 

consistent across all samples in drill hole UM1585. On the other hand, Co and Ni are not 

correlated with the above elements. Copper concentrations are dominated by the presence of 

chalcopyrite and/or bornite sitting in fractures that cut pyrite. 

 

 

   

  

   

  

   

   

Figure 5.8. Esperanza South pyrite textures. Top: Pyrite in quartz-chlorite vein cutting metabasalt (sample 

MS_CAP168). Bottom: Ore zone pyrite-chalcopyrite, intergrown with siderite and quartz (sample 

MS_CAP217). 
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5.5.4 Hematite geochemistry   

Figure 5.12 illustrates the stratigraphic column of the Esperanza Formation at the Esperanza 

South deposit. The location of highest Cu grade in this deposit is at the boundary of a 

Figure 5.9. Trace element images of vein-hosted pyrite in Pickwick metabasalt, drill hole SD629 (sample 

MS_CAP168B). Note the high Co content (> 3 wt. %). 

Figure 5.10. Trace element images of ore zone pyrite in altered carbonaceous siltstone of the Esperanza 

Formation, drill hole SD629 (sample MS_CAP217B). 

Figure 5.11. Trace element images of ore zone pyrite in Mammoth Quartzite-hosted pyrite-bornite vein, drill 

hole UM1585, Mammoth Deeps (sample MS_CAP279). 



171 
 

hematite-rich breccia zone and an apparent stromatolite horizon. Figure 5.13 displays detailed 

SEM petrographic textures of the hematite breccia sample, in particular the composition of 

the breccia matrix (siderite) as well as of the rock fragments (chert altering to hematite and 

goethite). Figure 5.13 also shows that hematite crystals define the boundaries between the 

rock fragments and the siderite matrix, manifesting as fringes of needle-shaped micro-crystals 

growing into the matrix. Figure 5.14 is an enlargement of one composite grain of hematite 

intergrown with goethite that was imaged for trace element analysis; three generations of 

hematite have been visually identified. The results of LA-ICPMS trace element imaging of 

this composite grain are also shown in Figure 5.14; more than 20 elements are enriched at the 

ppm level in the various hematite generations, including Cu, As, Ti, P, Zr, Th, and U. Figure 

5.15 illustrates one key finding of the trace element imaging – namely, the presence of Cu-

Ag, Cu-Sb-Pb, and Cu-Sb-Pb-As-Ag-Bi-S sulfide and sulfosalt nano-inclusions associated 

with the fine-grained hematite in the colloform- or ‘ooid’-textured areas. 

 

Figure 5.12. Stratigraphic column of the Esperanza South ore zone, noting the position of the hematite 

horizon (yellow star). From Capricorn Copper (2017). 
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Figure 5.13. Back-scattered electron (BSE) mosaic of hematite-siderite sample in the Esperanza South ore 

zone. Not the presence of fine-grained hematite needles in image ‘A’. Mosaic image is 25 mm in diameter. 
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Figure 5.14. Top: Composite hematite-goethite grain from drill hole SD629, showcasing at least three 

generations of hematite (sample MS_CAP204). Bottom: LA-ICPMS trace element image of the grain.  
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5.6 Discussion 

5.6.1 Hydrothermal pyrite development in the Gunpowder district  

Pyrite from the ore zones of both the Mammoth and Esperanza South deposits contains a 

common trace element signature defined primarily by high As (1-2 wt. %), Sb (> 1,000 ppm), 

Pb (up to 1 wt. %), and Tl (up to 1,000 ppm). Numerous other elements (e.g., Co, Ni, and Ag) 

are also present in ore zone pyrite from both deposits, but their distribution within pyrite is 

not well correlated with the As-Sb-Tl-Pb signature of the growth zones (Figs. 5.10-11). Apart 

from pyrite, elements such as Co, Ni, and Ag also appear to be deported in other sulfide or 

sulfosalt phases such as galena (Ag) and cobaltite (Co, Ni), both of which are present in 

pyrite as inclusions (Fig. 5.10). These characteristics indicate that pyrite at Mammoth and 

Esperanza South precipitated initially from a low- to moderate-temperature, near-neutral 

hydrothermal fluid that was relatively Cu-poor (Maslennikov et al., 2009). This generation of 

pyrite was then brecciated and partially replaced by Cu sulfides during the main stage of 

mineralization. 

 As for the pyrite hosted in the Eastern Creek Volcanics at Esperanza South (e.g., Fig. 

5.9), it is unclear whether this generation of pyrite is at all connected to Cu mineralization at 

this deposit. The association of quartz, chlorite, actinolite, and K-feldspar – together with 

weight-percent levels of Co in pyrite – point to a different regime altogether, one that bears 

strong resemblance to the ‘red rock’ style of alteration that typifies Cu-Au systems in the 

Figure 5.15. Enlargement of selected hematite trace element images from Figure 5.14, highlighting the 

presence of Cu-Sb-Pb-bearing sulfide and/or sulfosalt inclusions in the ooid-like structures that also host 

the earliest hematite generation.  
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Cloncurry district (e.g., Ernest Henry). Further investigation of pyrite in this unit at 

Esperanza South and surrounding systems is therefore warranted. 

 

5.6.2 Hydrothermal hematite and its significance for Cu mineralization at Esperanza South 

This study has identified the presence of hydrothermal specular hematite in the ore zone at 

Esperanza South. The unit which hosts the specular hematite at Esperanza South is unusual in 

that it resembles superficially a gossan but occurs in the middle of the ore zone next to fresh, 

unweathered carbonaceous siltstone and dolomite. It also exhibits well-developed matrix-

supported breccia textures and contains fragments of euhedral quartz grains. As shown in 

Figs. 5.14-15, various Cu-bearing inclusions (likely Cu-Sb-Pb sulfosalts) are present in 

association with the most Cu-rich generation of hematite (Hem1). This, together with the fact 

that the zone of highest Cu grades (chalcocite-bornite mineralization instead of chalcopyrite) 

occur immediately adjacent to this unit, implies that there is a genetic link between this 

generation of hematite and high-grade Cu mineralization at Esperanza South.  

 However, goethite (FeO[OH]) is also present in this horizon, which is not typically 

found in hypogene hydrothermal environments but is common in supergene oxidation 

profiles. What is more, specular hematite (i.e., Hem3 in Fig. 5.13) overgrows goethite 

throughout this sample, and siderite – the main matrix material that cements the hematite-

goethite intergrowths – also contains specular hematite (Hem3; see sample MS_CAP199 for 

comparison [Fig. 5.5]). These relationships indicate that physicochemical conditions at the 

site of deposition fluctuated repeatedly during the formation of this unit, leading to either 

goethite or hematite precipitation at different times before switching to siderite formation 

during brecciation. The oxidized nature of the hematite-goethite assemblage also likely 

favored the precipitation of chalcocite and bornite over chalcopyrite during the main stage of 

mineralization. 

 On the other hand, if the goethite (and hematite) are products of supergene oxidation, 

then this most likely occurred during or shortly after deposition of the host Esperanza 

Formation, a time when oxygen concentrations of the atmosphere-ocean system were 

supposedly far lower than the present, which would hinder the development of goethite (but 

see Steadman et al., 2020, for a different interpretation of the deep time oxygenation record). 

In either scenario, this unit requires further investigation to fully determine its relationship to 

Cu ore at Esperanza South and how widespread this unit is in the broader Gunpowder district. 
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5.7 Conclusions 

LA-ICPMS trace element analyses of epidote, carbonate, pyrite, and hematite from two drill 

hole proximal to Cu mineralization at the Esperanza South and Mammoth Deeps deposit have 

provided a solid foundation for further fingerprint- and footprint-style studies in the 

Capricorn region and beyond. Epidote shows consistent trace element variability with 

distance from the Cu ore horizon in drill hole SD629. In addition, certain trace elements used 

as pathfinders or proximity indicators in porphyry districts display similar patterns of 

behavior at Esperanza South (e.g., low Sb and As in epidote throughout the hole). Chlorite 

chemistry also shows patterns correlated with depth (i.e., proximity to mineralization) in drill 

hole SD629. Carbonate minerals display consistent geochemical variation with distance from 

the ore horizon, in that Ca- and Ca-Mg species predominate higher in the hole, whereas 

Fe±Mn carbonates predominate closer to and within the ore horizon. Pyrite geochemistry in 

the Esperanza South and Mammoth Deeps is characterized by high Sb, Tl, Pb, Bi, and As, 

whereas pyrite in the structurally overlying Eastern Creek Volcanics at Esperanza South 

displays a two-stage development, including the presence of weight-percent Co in the second 

stage of pyrite growth. Such features are more typical of hydrothermal pyrite associated with 

high-salinity IOCG-type fluids. Hematite spatially associated with the ore horizon at 

Esperanza South is enriched in a plethora of trace elements, including Cu, Sb, Pb, and As. 

Multiple generations of hematite – each with its own trace element signature – have been 

identified in this zone. Further work is recommended on all minerals in this study in order to 

elucidate key relationships between their petrography, trace element profiles, and Cu 

mineralization in the Capricorn-Gunpowder district. 
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6. Lady Loretta Pyrite Pilot Study 
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6.1 Executive Summary 

• Pyrite in the Lady Loretta Formation, Lawn Hill Platform, Western Fold Belt, 

northwest Queensland, exhibits a multistage paragenesis, with each generation 

marked by a unique trace element signature 

• The earliest generation of pyrite contains the greatest amount of trace elements, 

especially Tl (> 1,000 ppm), As (up to 1 wt. %), and Pb (up to 1 wt. %) 

• Multiple elements in pyrite (including Tl, Co, Zn, and Ni) exhibit correlations with 

distance to the ore zone at the Lady Loretta Zn-Pb-Ag mine 

• Spatial variations in low-level trace element chemistry of pyrite provides a robust 

exploration tool for Lady Loretta-style Zn-Pb-Ag massive sulfide deposits 

 

 

6.2 Abstract 

Thirty-one pyrite-bearing samples from within the Lady Loretta Zn-Pb-Ag deposit as well as 

up to 5 km away were analyzed for low-level trace element characterization via LA-ICPMS 

at CODES, University of Tasmania. All samples contain multiple generations of pyrite, 

defined primarily by texture. The first generation of pyrite (Pyrite 1a) is typified by fine-

grained micro-euhedra, either as disseminated single crystals or as amalgamations of euhedra 

cemented by a later stage of pyrite (Pyrite 1b). Pyrite 2 is marked by slightly larger grain size 

and intense oscillatory zonation; pyrite of this generation is everywhere disseminated. Pyrite 

3 is coarse-grained, anhedral, and mottled, and is commonly associated with minor sphalerite 

and galena, as well as barite. Pyrite 4 is the latest generation of pyrite at Lady Loretta; it is 

defined by coarse-grained euhedra intergrown with sphalerite ore. Most pyrite at Lady 

Loretta is enriched above background in a host of trace elements. Samples from within the 

deposit contain the highest Pb, Co, Tl, and Ni, whereas distal samples contain the lowest Zn. 

Key pyrite trace element ratios that indicate proximity to ore at the world-class HYC Zn-Pb-

Ag massive sulfide deposit, Northern Territory, also indicate proximity to Zn-Pb 

mineralization at Lady Loretta. This is strong evidence that pyrite chemistry can be used to 
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successfully explore for Zn-Pb-Ag targets at Lady Loretta and other Mesoproterozoic 

sedimentary basins of northern Australia.   

 

 

6.3 Introduction 

The Lady Loretta Zn-Pb-Ag deposit (13.6 Mt @ 17.1 % Zn, 5.9 % Pb, 97 g/t Ag; Large and 

McGoldrick, 1998) is a small tonnage, high-grade sedimentary exhalative (SEDEX) massive 

sulfide system located in the Western Fold Belt of the Mt. Isa Inlier, northwest Queensland 

(Fig. 6.1a-b). It is hosted in the Lady Loretta Formation, a mixed sequence of carbonaceous 

siltstone and shale with minor barite and chert horizons. The deposit experienced multiple 

episodes of deformation but was metamorphosed only to the lower greenschist facies, typical 

of most of the Western Fold Belt. 

 The Lady Loretta Formation is characterized by strongly pyritic intervals, especially 

near the ore horizon (Fig. 6.2). Furthermore, these zones of intense pyrite mineralization are 

laterally extensive: individual pyrite horizons can be traced for kilometers along strike from 

Zn-Pb-Ag mineralization in the deposit. Because the overall appearance and composition of 

these horizons does not seem to change with distance from mineralization, traditional 

techniques such as whole-rock x-ray fluorescence (XRF) are insufficiently sensitive on their 

own to potential shifts in low-level trace element chemistry of single mineral phases, like 

pyrite. Thus, there is a need for complimentary techniques such as laser ablation inductively 

coupled plasma mass spectrometry (LA-ICPMS) to be utilized in exploration programs for 

Lady Loretta-style base metal targets. 
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Figure 6.1 A) Location of Lady Loretta in northwest Queensland. Note the locations of drill holes LA64 and 

LA67, approximately 5 km NE of the mine. B) Geologic map of the Lawn Hill Platform in the vicinity of 

Lady Loretta. Note the concentration of highest-grade Zn-Pb-Ag ore in the Small Syncline, adjacent to the 

Carlton Fault. 
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6.4 Sampling and Analytical Methods 

Thirty-one pyrite-bearing samples were selected from an existing sample collection housed at 

CODES, University of Tasmania. These were prepared for analysis using in-house lapidary 

equipment. Petrographic characterization of all samples was completed using optical and 

scanning electron microscopy. Low-level trace element analyses were collected using LA-

ICPMS spot techniques at CODES. Instrumentation consisted of a RESOlution laser ablation 

platform, with a Coherent COMPex Pro 193 laser and a Lauren Technic S155 large format 

ablation cell mated to an Agilent 7700 series ICPMS equipped with x-lenses. Further laser 

ablation protocols for spot analyses may be found in Mukherjee and Large (2020).   

 

 

6.5 Results 

6.5.1 Pyrite petrography 

      

  
  
   

  

         

                 
        
  
   
   
   

     
   

  

      

   

   
   

  
   

                    

                    

       

          

                   
         

                            
             

Figure 6.2 Stratigraphy of the Lady Loretta Formation in the vicinity of the Lady Loretta Zn-Pb-Ag deposit. 

The column at right also shows the stratigraphic position of samples analyzed during this study. Note the 

juxtaposition of the Ore Sequence and the underlying siderite-pyrite unit. 
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Detailed scanning electron microscopy has revealed a multistage pyrite paragenesis in the 

Lady Loretta Formation. The earliest generation of pyrite (Py1a) is typified by micro-euhedra 

approximately 2-5 μm in diameter (Fig. 6.3a). These are present as disseminated single 

grains, clumps of 5-10 grains, or masses of over 100 grains partially to completely cemented 

by more pyrite (Py1b; Fig. 6.3b). The second generation of pyrite (Py2) is distinguished from  

Py1a-b by its larger size (generally > 30 μm diameter) and generally well-developed 

oscillatory zonation (Fig. 6.3c). Pyrite 2 has also overgrown Py1a-b in places (Fig. 6.3d). 

     

      

      

            

   

     

   
      

   

          

   

     

     

      

   

          

   

  

    

    

    

Figure 6.3 Pyrite textures from Lady Loretta. A) Disseminated Py1a crystals. B) Py1a crystals partially 

cemented by Py1b pyrite. C) Disseminated Py2 crystals. Note the intense oscillatory zonation in the grains. 

D) Intergrown Py1a and b, with small Py2 euhedra overgrowing both earlier generations. E) Pyrite 3 (Py3) 

and possible marcasite (mrc), intergrown with barite (brt) and chalcopyrite (cpy, top right). F) Pyrite 4 

(Py4) intergrown with sphalerite and galena. Minor carbonate (crb) is also present in the matrix.  
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 The third generation of pyrite (Py3) at Lady Loretta is the first generation associated 

with ore-related sulfides (Fig. 6.3e). This pyrite type is generally coarse-grained, anhedral to 

subhedral, and pitted in appearance. Similar textures have been reported in mixtures of pyrite 

and marcasite from other sediment-hosted base metal systems (e.g., Black Butte, Montana; 

Graham et al., 2012; White et al., 2014), which suggests these two minerals may be present 

together in this paragenetic stage. Numerous inclusions of chalcopyrite are present in some 

examples of Py3, and barite is intergrown with both Py3 and chalcopyrite (Fig. 6.3e). Pyrite 3 

also contains a mottled internal texture, in contrast with the oscillatory zonation present in 

Py2. 

 The fourth generation of pyrite at Lady Loretta is found only in association with 

sphalerite ore. It is euhedral, coarse-grained, and contains inclusions of sphalerite and minor 

galena (Fig. 6.3f). No internal zonation is evident in Py4.  

 

6.5.2 LA-ICPMS pyrite trace element chemistry 

A total of 655 LA-ICPMS spot analyses were collected across all 31 samples. Results are 

grouped according to paragenetic stage and shown relative to the position of the ore horizon, 

both within the mine and distal to it (i.e., drill holes LA64 and LA67; Fig. 6.4a-h). Most 

analyses were concentrated on Py1a-b, as these are the most abundant pyrite types in all 

samples.  

Pyrite 1a-b is enriched above background in Co (up to 300 ppm), Ni (up to 200 ppm), 

As (up to 4,000 ppm), Mo (up to 200 ppm), Tl (up to 3,000 ppm), and Pb (up to 3,000 ppm, 

not counting galena inclusions). Pyrite 2 contains more Ni than Py1a-b (up to 500 ppm; Fig. 

6b) but has relatively similar levels of Co, As, Tl, and Pb. However, Mo concentrations in 

Py2 are relatively lower than those in Py1a-b (max. 50 ppm; Fig. 6g). Pyrite 3 is similar 

overall to Py2 in its trace element profile (i.e., higher Co, Ni, As, and Tl than Py1a-b) but has 

higher Pb than Py2 (~ 1 wt. % vs. 0.2 wt. %; Fig. 6d). Pyrite 4 contains the highest (and 

lowest) As in the dataset, together with orders of magnitude variation in Co, Ni, Tl, Zn, and 

Pb. Zinc and Ba enrichments across all pyrite generations are due primarily to inclusions of 

sphalerite and barite, respectively.  
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Figure 6.4 Depth profiles of trace elements in pyrite from the Lady Loretta Formation, relative to the ore 

horizon at the Lady Loretta deposit. A) Co. B) Ni. C) Zn. D) Pb.  
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Figure 6.4 (cont.) Depth profiles of trace elements in pyrite from the Lady Loretta Formation, relative to 

the ore horizon at the Lady Loretta deposit. E) As. F) Tl. G) Mo. H) Ba.  
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6.5.3 Trace element vectoring using pyrite chemistry 

Mukherjee and Large (2017) studied pyrite trace element chemistry in samples from the 

world-class HYC Zn-Pb-Ag deposit and from several locations at various distances from the 

HYC ore zone. They demonstrated that trace element concentrations in pyrite vary as a 

function of distance from the HYC deposit, which enabled them to develop geochemical 

vectors toward Zn-Pb ore. 

 Figure 6.5 illustrates Tl/Co and Zn/Ni relationships in pyrite from the HYC study of 

Mukherjee and Large (2017) as well as from the present study on Lady Loretta. Ore pyrite 

from HYC has Tl/Co ratios between 5-10, whereas the Zn/Ni ratios fall between 1,000-

10,000 (Fig. 6.5a). In contrast, pyrite from the ore horizon at Lady Loretta (and the siderite-

pyrite unit that immediately underlies the ore horizon; Fig. 6.2) exhibit more variable Zn/Ni 

and Tl/Co ratios, which are largely controlled by pyrite type (Fig. 6.5b). For example, Py4 

from the ore horizon and the siderite-pyrite unit contains much lower Tl/Co ratios than Py1a-

b from the same, leading to a negative trend between Tl/Co and Zn/Ni in Py4 analyses. 

Excluding the anomalously low Tl/Co in Py4 analyses, the rest of the data from Lady Loretta 

aligns well with that from the HYC pyrite study of Mukherjee and Large (2017). 

 

 

6.6 Discussion 

6.6.1 Pyrite trace element vectoring at Lady Loretta 

The similar Tl/Co and Zn/Ni profiles between Lady Loretta pyrite and HYC pyrite is 

encouraging for explorers in the Lawn Hill Platform, as this technique can be used potentially 

to discover new Zn-Pb targets in this district. However, one caveat is that this study was 

constrained to a small number of samples from a geographically restricted area (maximum 5 

km distance away from the Lady Loretta deposit [drill hole LA67; Fig. 6.1b]. In contrast, the 

study of Mukherjee and Large (2017) had more samples taken at greater distances (up to 60 

km south of HYC). Nonetheless, the overall patterns in trace element concentrations are 

comparable between the two studies, indicating that this approach is valid for Zn-Pb 

exploration in areas with geological similarities to HYC (i.e., fine-grained, laterally extensive 

pyritic shales).  
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Figure 6.5 A) Tl/Co vs. Zn/Ni in pyrite from the HYC district, McArthur River basin, Northern Territory 

(reproduced and modified from Mukherjee and Large [2017]). B) Tl/Co vs. Zn/Ni in pyrite from the Lady 

Loretta Formation, with the ‘HYC ore pyrite’ field plotted for comparison.  
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6.6.2 Pyrite textures at Lady Loretta: a Paleoproterozoic ‘fingerprint’? 

The pyrite textures documented in the Lady Loretta Formation are similar to pyrite textures in 

other districts of approximately the same age (i.e., ~1600 Ma). For example, the Urquhart 

Shale (host to the world-class Mt. Isa and George Fisher deposits) contains early pyrite that is 

virtually identical to Py1a-b of the Lady Loretta Formation (Rieger et al., 2020). Likewise, 

the Barney Creek Formation – host to the Teena and HYC deposits in the McArthur River 

basin, Northern Territory – also contains early pyrite microcrystals cemented by a somewhat 

later generation of pyrite (Magnall et al., 2020). These textural similarities are the likely 

result of processes that operated on a regional scale within the Mt. Isa and McArthur River 

sedimentary basins, and other Mesoproterozoic basins may also contain pyrite with similar 

parageneses. 

 

 

6.7 Conclusions 

Low-level trace element analysis of pyrite from the Lady Loretta Zn-Pb-Ag deposit has 

demonstrated that trace element patterns vary as a function of distance from the ore zone. 

Furthermore, these variations are linked closely with the earliest generation of pyrite in the 

host Lady Loretta Formation. Comparison of these data to a similar trace element-focused 

study of the HYC deposit and surrounding sites by Mukherjee and Large (2017) indicate that 

pyrite-based trace element vectoring is a tool that explorers can use to help identify Zn-Pb-Ag 

massive sulfide targets in the Lawn Hill Platform. 
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7.1 IOCG mineral trace element synthesis 

7.1.1 Pyrite 

The most abundant trace elements in pyrite from the Cloncurry district are Co, Ni, As, and Se 

(Hohl, 2021; Cloutier, 2021a; Steadman, 2021a). All four of these elements are dissolved in 

the structure of the pyrite crystals, where they substitute for Fe and/or S. Furthermore, these 

elements are strongly zoned within pyrite – no two zones are identical in their Co-Ni-As-Se 

contents, and some zones have been partially dissolved and reprecipitated with new trace 

element chemistries.  

The common presence of Co, Ni, As, and Se in the Cloncurry pyrites reflects the 

physicochemical conditions of the fluid(s) from which they precipitated and the source(s) of 

the fluid(s). These fluids were generally moderate to high temperature (> 350°C), near-

neutral pH, and high salinity – the latter characteristic manifesting primarily as high Co (≥ 1 

wt. %; Steadman et al., 2021). As for fluid source, the persistent high Co indicates at least 

some involvement of sedimentary brines (Davey et al., 2020); a sedimentary rock-derived 

fluid source is also supported by the presence of appreciable As in most samples (> 1,000 

ppm; Pitcairn et al., 2021). Figure 7.1 summarizes the relationship of Co to Ni in pyrite from 

the Cloncurry district. The variable but generally low Ni contents (i.e., ≤ 1 wt. %) suggest 

that mafic-ultramafic rocks are either volumetrically minor in the source region or that fluid 

conditions favored strongly the incorporation of Co and As over Ni in pyrite.  
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Most of the pyrites analyzed from the Cloncurry district lack solid-solution 

deportment of the economic metals Cu, Au, and Ag. These elements are present almost 

exclusively as inclusions of Cu sulfides, electrum/native Au, and/or Au-Ag (±Bi, Pb, or Ni) 

tellurides, either within pyrite grains or along fractures that cut through pyrite grains. 

Chalcopyrite has commonly replaced pyrite in samples from all study sites across the 

Cloncurry district, and the high degree of spatial correlation between chalcopyrite and Au-Ag 

minerals is strong evidence that they co-precipitated from the same fluid at the same time or 

from different fluids but during the same event. The replacement of pyrite by chalcopyrite is 

a common texture in other IOCG systems globally as well as in porphyry systems (Steadman 

et al., 2021a), although in the latter ore deposit type Cu can also be dissolved in the pyrite 

structure (Reich et al., 2013). 

The use of pyrite trace element chemistry as a vectoring tool for Cu-Au exploration in 

the Cloncurry district may be limited because most pyrites in the district bear significant 

geochemical similarities to one another. However, pyrite from the Ernest Henry deposit 

stands apart from all other pyrites in this study in terms of its Co and As concentrations, 

especially in and immediately proximal (i.e., < 50 m) to the ore zone. The concentrations of 

these two elements in pyrites from the Ernest Henry ore zone and immediate halo are high 

enough to be reliably measured by cruder detection methods such as hand-held pXRF, which 

          

          

Figure 7.1 Cobalt-Ni relationships in pyrite from the Cloncurry district (n = 1160). Note the high Co-low 

Ni trend in the data. Also note the second population at higher Ni but lower Co. These trends suggest that 

Co and Ni are generally antithetic in pyrite throughout the Eastern Fold Belt. 
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can be done in the field on drill core or rock chips. They provide encouragement that pyrite 

chemistry may aid exploration Ernest Henry-style IOCG deposits in the Cloncurry district. 

 

7.1.2 Magnetite 

Hydrothermal magnetite in the Cloncurry district is commonly enriched in V, Mn, Al, Ga, 

Co, Ni, Ti, Mg, Ca, Zn, Sn, and Cr. The most abundant of these elements are V, Mn, Al, Ti, 

Ga, Cr, Co, and Ni. Principal component analysis of trace elements in magnetite across the 

Cloncurry district shows that chemical discrimination of ore-proximal and ore-distal 

magnetites is difficult to achieve due to overlapping geological processes that affected all 

study areas (e.g., changes in fluid source(s), fO2, and/or temperature; Hohl, 2021). However, 

this work also suggests that the elements Co, Zn, Ga, V, and Al may be linked to unique 

hydrothermal fluid sources (i.e., mafic vs. felsic-intermediate), with Zn and Co being the 

most effective discriminators in this regard. Figure 7.2 summarizes Al, Ti, and V relationship 

in magnetite across all Cloncurry district study sites. Al/Ti ratios below 1 and V/Ti ratios 

below ~0.2 are assumed to represent magmatic magnetite, whereas Al/Ti > 1 and V/Ti > 0.2 

represents hydrothermal magnetite. Most of the data fall outside the magmatic magnetite 

field. 

 

 Previous research on the use of magnetite geochemistry as a vector toward Cu-Au 

mineralization in the Cloncurry district focused on Mn, V, and Ti, with higher abundances of 

each element indicating proximity to potential ore zones (Rusk et al., 2010). Manganese 

                

Figure 7.2. Al/Ti vs. V/Ti in magnetite from all study sites in the Cloncurry district (n = 1582). 
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concentrations of 1 wt. % and above in ore-stage magnetite were reported from Ernest Henry 

by Rusk et al. (2010), though the present study failed to reproduce these values. This may 

reflect zonation in Mn content in magnetite from Ernest Henry, wherein magnetite taken from 

one part of the deposit will have lower or higher Mn contents than magnetite from another 

part of the same system. 

 The identification of significant concentrations of W (as inclusions of scheelite and/or 

wolframite) in ore-stage magnetite from both Ernest Henry and Starra is another potential 

avenue for magnetite’s use as a geochemical vectoring tool. However, further research 

(including high-resolution petrography and trace element analysis) is needed to determine the 

frequency of this feature and its spatial distribution across multiple sites in the Cloncurry 

district. 

  

7.1.3 Hematite 

The trace element signature of hydrothermal hematite in the Cloncurry district is typified by 

high Ti, W, V, Al, Sn, Ga, Mn, Sc, and Cr. Along with pyrite and magnetite, hematite’s 

ability to incorporate numerous elements in trace amounts makes it an attractive potential 

geochemical pathfinder. However, hematite’s versatility as a geochemical vector toward Cu-

Au mineralization in the Cloncurry district is limited due to it being far less widespread than 

either magnetite or pyrite, except at Starra. An additional limitation is that much of the 

hematite present at or near the surface across the district is a product of weathering and is 

therefore unrelated to the processes that formed hypogene Cu-Au mineralization. On the 

other hand, iron hydroxides such as goethite that have replaced primary magnetite or hematite 

may be of use as an indicator of hypogene mineralization at depth. This is a potential avenue 

for future research.  

 

7.1.4 Silicates 

Epidote: Epidote from the Cloncurry district contain numerous trace elements (e.g., As, Sb, 

Sn, Bi, V, and Mn), and many of them exhibit negative, positive, or mixed correlations with 

distance to the ore shells at SWAN and Ernest Henry. For instance, both Sb and As increase 

with distance away from the ore shell at Ernest Henry. At SWAN, multiple elements contain 

‘shoulder’ or ‘dip’ features related to distance from the ore shell, in that an initial increase or 

decrease in concentration of a given element is followed by the opposite trend. Such trends 

are useful for vectoring toward potential zones of Cu-Au mineralization in both the SWAN 

and Ernest Henry areas. 



194 
 

Unlike magnetite and pyrite, no previous mineral chemistry research in the Cloncurry 

district has focused on the trace element chemistry of epidote group minerals, so comparisons 

to other similar datasets are not possible. However, there is an abundance of epidote trace 

element data from porphyry systems (e.g., Cooke et al., 2020, and references therein). 

Epidote from porphyry systems shows distinct trends in trace element chemistry correlated 

with distance from the causative intrusion(s), especially Sb and As. These elements are 

generally highest in epidote that is distal from a porphyry center, whereas the reverse is true 

for proximal epidote. Furthermore, the highest Sb and As values (i.e., those in excess of 500 

ppm in either element) are characteristic of the largest porphyry systems (Cooke et al., 2014). 

Figure 7.3 illustrates Sb vs. As trends in epidote samples from SWAN, Starra, and Ernest 

Henry (along with Esperanza South in the Western Fold Belt). In this respect, the maximum 

As values of > 500 ppm (and Sb > 100 ppm) in epidote from Ernest Henry and SWAN 

indicate that these areas are well-endowed in Cu-Au mineralization, both known and 

unknown. 

 

The limited epidote data from drill hole SD629 at Esperanza South preclude the 

ability to comment on the vectoring potential of this mineral there, but the concentrations of 

Sb and As are low in epidote from this hole (i.e., < 50 ppm), which intersects the ore body at 

depth. Such values are consistent with the proximal location of the samples relative to the Cu 

mineralization at Esperanza South.  

Figure 7.3. Sb vs. As in epidote from Ernest Henry, Starra, SWAN, and Esperanza South (n = 847). 
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Chlorite: Like epidote, chlorite across the Cloncurry district also contains ppm-level 

enrichments in a host of trace elements, especially Mn, Zn, Ni, Co, Ti, Sr, and V. 

Furthermore, chlorite group mineral trace element chemistry has never been evaluated in the 

Cloncurry district, so comparative data for this mineral in this district do not yet exist. On the 

other hand, there is a plethora of data on chlorite from porphyry systems, and in particular the 

use of the Ti/Sr ratio as a proximity indicator is well established (e.g., Wilkinson et al., 2015). 

Based on data generated from Ernest Henry and SWAN during this study, the Ti/Sr ratio 

varies systematically with distance from both systems. At Ernest Henry, the ratio starts high 

in the ore zone (Ti/Sr > 100) and increases continually for ~500 m outside it before 

decreasing continuously to a low of ~2 at 4 km. At SWAN, the ratio also starts high in the ore 

zone (Ti/Sr ~50) and increases continually out to 500 m before falling to ~10 at 1.5 km 

distance from the ore zone. Figure 7.4 shows Ti/Sr relationships with Zn across all sites 

(including Esperanza South), and Figure 7.5 compares Zn and Mn concentrations in chlorite 

in all study areas. The Ti/Sr ratio is considered a proxy for fluid temperatures (Wilkinson et 

al., 2015), and appears to be mapping thermal gradients around Ernest Henry, SWAN, and 

Starra, showing potential for exploration applications. The Ti/Sr ratios of Starra chlorites are 

particularly high and worth following up. Figure 7.4 also indicates that there is a negative 

correlation between the Ti/Sr ratio and Zn. In addition, the Zn vs. Mn diagram in Figure 7.5 

demonstrates that all chlorite at all study sites is relatively low in Zn compared to porphyry 

deposits, whereas some chlorite from both SWAN and Ernest Henry exhibit very high Mn 

levels (> 2 wt. %), exceeding the Mn concentrations of some giant porphyry Cu-Mo systems 

like El Teniente (Wilkinson et al., 2020) and Resolution (Cooke et al., 2020). 
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Amphibole and pyroxene: Like the other silicate minerals, amphibole (actinolite) and 

pyroxene (diopside) data also exhibit trends in trace element chemistry correlated with 

distance from the ore zone at both Ernest Henry and SWAN. Titanium, Yb, Sn, Mn, and V in 

clinopyroxene have the clearest patterns of enrichment/depletion at SWAN (Cloutier, 2021a). 

Figure 7.4. Ti/Sr vs. Zn in chlorite from all study sites in this project (n = 1105). Note the very high Ti/Sr 

values in chlorite from Starra. 

Figure 7.5. Zn vs. Mn in chlorite from all study sites in this project (n = 1105). 
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For actinolite, Fe, Mg, and Mn are the most diagnostic elements in amphibole from Ernest 

Henry, whereas Sr in actinolite is also well correlated with distance from the ore shell at 

SWAN.  

Titanite: As detailed in chapter 3, titanite at Ernest Henry is generally highest in Fe 

and lowest in Pb and U proximal to the ore zone (i.e., within 500 m). No titanite trace 

element data were collected at SWAN or Starra as part of this study. However, future studies 

of trace element systematics in the Cloncurry district should focus on titanite due to its 

ubiquitous presence across multiple hydrothermal and metamorphic paragenetic stages at 

numerous deposits and prospects. 

 

7.1.5 Carbonates 

Of the three main study sites in the Cloncurry district, the most carbonate trace element data 

were collected from calcite-bearing samples at SWAN. Calcite at SWAN does not correlate 

well with distance from the ore zone, apart from the rare earth element La (see chapter 2). In 

terms of Mn, Fe, and Mg, there is a positive correlation between Mn/Fe and Mn/Mg ratios in 

carbonate samples across all study sites in the Cloncurry district (Fig. 7.6). The highest ratios 

likely correspond to samples containing Mn-rich calcite, whereas those with the lower Mn/Fe 

and Mn/Mg ratios are probably dolomite. Carbonate samples from SWAN contain the highest 

Mn/Mg and Mn/Fe ratios, whereas carbonate samples from Starra, Osborne, and Canteen 

exhibit the lowest Mn/Mg and Mn/Fe ratios, although in the case of Starra there is wide 

variability in ratios (i.e., over three orders of magnitude). Future research projects focused on 

trace element chemistry in the Cloncurry district should target the carbonate minerals present 

in the areas of interest. 



198 
 

 

 

7.1.6 Apatite 

As discussed in section 3, Ernest Henry ore zone apatite is anomalously high in As (up to 5 

wt. %), but the concentration of this elements falls rapidly outside the ore shell, such that 

apatite samples ~300 m away contain over an order of magnitude less As. No other study 

area in the Cloncurry district contained apatite with such high As values, even in ore 

proximal samples. However, other elements in apatite can also be used as potential vectors to 

mineralization, such as Na and V at SWAN and Cl and Mn at Ernest Henry (Cloutier, 2021a; 

Steadman, 2021a). Figure 7.7 illustrates As/Sr and Mn/Sr relationships in apatite samples 

from the Cloncurry district. There is over two orders of magnitude variation in the data, and 

in some samples (particularly those from Ernest Henry but also some from SWAN and 

Maronan) there is a positive correlation between the two ratios, indicating coincident As and 

Mn enrichment at the expense of Sr in apatite from these deposit. On the other hand, most 

apatite from SWAN and Osborne exhibit very low As/Sr and Mn/Sr ratios, respectively. 

These features represent a potentially useful aspect of apatite trace element chemistry that 

should be further explored in future research projects. 

Figure 7.6. Mn/Mg vs. Mn/Fe in carbonate minerals from all study sites in the Cloncurry district (n = 843). 
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7.2 Sediment-hosted base metal mineral trace element synthesis 

7.2.1 Pyrite 

Some pyrite in the Lady Annie and Gunpowder areas exhibits broad similarities in trace 

element chemistry to that seen in the Cloncurry district (e.g., high Co in Lady Annie ore zone 

pyrite and pyrite in the Eastern Creek Volcanics at Esperanza South), but ore zone pyrite at 

both Esperanza South and Mammoth are distinct from Cloncurry pyrites in that the 

concentrations of Co and Ni in the former are significantly lower and the concentrations of 

Sb and Tl are the reverse in the same (Cloutier, 2021b; Steadman, 2021b). Furthermore, the 

strong As-Sb-Tl-Pb signature of Mammoth pyrite (and Esperanza South pyrite, but there it is 

less pronounced) is not duplicated in any of the Cloncurry study areas. 

 Pyrite at Lady Loretta is distinct from Cloncurry district pyrite in both texture and 

chemistry, but there is a degree of overlap in both these characteristics with pyrite from the 

Gunpowder area deposits. For example, Co and Ni concentrations in early-stage proximal 

pyrite from Lady Loretta do not exceed 1,000 ppm, akin to proximal pyrite from both 

Esperanza South and Mammoth. However, the very fine-grained nature and intricate zonation 

of Py1a-b at Lady Loretta is not duplicated at Lady Annie or any of the Gunpowder deposits 

(Steadman et al., 2021b). Later generations of pyrite at Lady Loretta (i.e., Py3 and Py4) are 

Figure 7.7. As/Sr vs. Mn/Sr in apatite from all study sites in the Cloncurry district (n = 952). 
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associated exclusively with Zn-Pb±Cu±Ba mineralization, and their chemical signature (e.g., 

low Tl and high As compared to Py1a-b; strongly zoned Co and Ni; etc.) reflects a 

hydrothermal regime that may have been synchronous with the formation of the Gunpowder 

and Lady Annie systems. 

 

7.2.2 Carbonates 

Dolomite from the Lady Annie deposit contains unique REE signatures that define proximal 

and distal populations (Cloutier, 2021b). On the other hand, carbonates at Esperanza South 

show pronounced variation in their major element chemistry depending on their location 

relative to the ore zone, whereby distal calcite and dolomite grade into ankerite and finally 

siderite proximal to and within the ore (see chapter 5). Mn/Mg and Mn/Fe ratios also 

distinguish carbonate samples from Lady Annie and Esperanza South, with samples from the 

latter deposit containing significantly more Mn than those from the former deposit (Fig. 7.8).  

 

 

7.3.3 Hematite 

Hematite from Esperanza South formed evidently over multiple hydrothermal events, at least 

one of which is potentially tied to Cu mineralization. This makes hematite a much more 

significant mineral to study in terms of paragenetic evolution at this deposit (and possibly in 

Figure 7.8. Mn/Mg vs. Mn/Fe in carbonate minerals from Lady Annie and Esperanza South (n = 652). 
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the vectoring space as well), and further mineral chemistry research in the Gunpowder area 

should include a focus on hematite as well as other minerals like pyrite and carbonates. 

 

 

7.3 Conclusions and Recommendations 

Trace element chemical analysis of hydrothermal minerals via LA-ICPMS techniques is a 

powerful tool in the explorer’s toolbox. Even in districts that have experienced multiple 

episodes of deformation and/or metamorphism, the geochemical signature of key minerals 

can be preserved across a wide area. Studies of numerous sulfide, oxide, silicate, carbonate, 

and phosphate mineral species in the Cloncurry district, Eastern Fold Belt, Mt. Isa Inlier, NW 

Queensland, demonstrate that this approach is valid for use in the exploration for Starra-, 

SWAN-, and Ernest Henry-style Cu-Au targets. Future LA-ICPMS trace element studies in 

this district should target the ubiquitous sulfide- and oxide-bearing assemblages in the first 

instance, but we also recommend an equal (if not greater) focus on the silicate minerals, 

especially chlorite, epidote, actinolite, and diopside but also titanite. As for the phosphate 

minerals, apatite’s weight-percent As content within the Ernest Henry ore zone remains the 

most promising geochemical proximity indicator of this mineral. Future research should seek 

to develop a database of this signature in apatite from other deposits and prospects in the 

Cloncurry district.  

 The LA-ICPMS methods which formed the foundation of our work in the Cloncurry 

IOCG district also proved reliable in the sediment-hosted base metal systems of the Western 

Fold Belt at the Lady Annie and Lady Loretta deposits as well as the deposits of the 

Capricorn Copper (Gunpowder) district. Our data indicate that the main pulse of Cu 

mineralization in the Lady Annie and Gunpowder areas is chemically distinct from that in the 

Eastern Fold Belt, but there is evidence also of a different (later?) Cu event, one that bears 

much greater resemblance to the Cloncurry signal (e.g., weight-percent Co in pyrite). Future 

LA-ICPMS trace element research in these districts should center on sulfide and carbonate 

assemblages, with a minor focus on the applicability of hematite and goethite as ore 

proximity indicators. 
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