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Ranked in the world's top 501, The University of Queensland (UQ) is one of Australia's leading 

research and teaching institutions. UQ strives for excellence through the creation, preservation, 

transfer and application of knowledge. For more than a century, we have educated and worked with 

outstanding people to deliver knowledge leadership for a better world. 

The Sustainable Minerals Institute (SMI) is a world-leading research2 institute committed to developing 

knowledge-based solutions to the sustainability challenges of the global resource industry, and to 

training the next generation of industry and community leaders.  

 

The Institute is transdisciplinary, and our work is independent, impartial and rigorous. Our research 

integrates the expertise of production, environmental and social science specialists to deliver 

responsible resource development. 

Demand for minerals and the secure supply of resources worldwide is increasing. At SMI we are 
training the people and developing transformative approaches and technologies to ensure 

sustainability for the future. 

SMI is made up of six research centres and a Centre of Excellence based in Chile. We have a strong 

track record across all areas of mining - in exploration, mining, mineral processing, workplace health 

and safety, mine rehabilitation, water and energy, social responsibility, and resource governance. 

Our core business is deeply rooted in the minerals industry and our researchers have experience 
working across the sector to support industry, governments, communities and civil society through 
analysis and thought leadership. 

We offer future focused professional development and customise courses to suit industry trends or 
company needs. We supervise Higher Degree by Research students and are proud that many of our 
alumni are now in influential roles in resource companies, non-government and government 
organisations around the world. 

The project management methodology to be used for this research project is SMI’s Project 

Management Framework. This is a lifecycle based approach which provides internal controls to ensure 

that deliverables are delivered to time, cost and quality specifications. Delivery is managed in 

accordance to agreed milestones, risks are managed and issues resolved promptly, status is reported 

internally as well as to the funding sponsor regularly. SMI prides itself on not just delivering technically 

excellent products that meet your specification, but also delivering this in line with international best 

practice project management, based on the Project Management Body of Knowledge.  

 

W.H.Bryan Mining & Geology Research Centre  

The W.H.Bryan Mining & Geology Research Centre has a reputation for practical innovation and 

leadership in geology applied to the entire mining value chain. With a diverse range of geoscientific 

and related expertise, the Centre is focused on delivering industrial research solutions for active and 

future mines. It does this by developing new and improved methods for mineral discovery, total deposit 

knowledge and predictive understanding of ore bodies. 

  

 

1 QS World University Rankings and the Performance Ranking of Scientific Papers for World Universities 

(2019) 

2 The University of Queensland is ranked third in the world for mining and mineral engineering, 2018 Shanghai 
Rankings by subject 
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Executive Summary 

The mine waste features at 9 sites in Queensland (Lady Annie, Capricorn Copper, Century, Osborne, 

Selwyn, Baal Gammon, Wolfram Camp, Mt Oxide, Pindora) have been sampled for new economy 

mineral exploration funded by the Geological Survey of Queensland (GSQ). At the Cu-Au Osborne 

(IOCG) mine, chemical assay data was provided by Chinova and mineralogical and mineral chemistry 

investigations were conducted on tailings (n= 41) collected from two TSF’s at the site in this study. 

The target new economy metal was Co which is used in rechargeable batteries, electroplating and 

various metal alloys, with a current value of >US $ 28,250/t (LME, 2020).  

 

In the TSF’s the following average values were measured by assay (with average values measured 

by LA-ICPMS in pyrite given in brackets):  

 

• TSF1 (n = 16):  1,211 ppm Co, 1,583 ppm Cu, 0.2 ppm Au (9,534 ppm Co in pyrite) 

• TSF-1 pyrite cell (n = 15): 1,171 ppm Co, 1,684 ppm Cu, 0.29 ppm Au (11,469 ppm Co in pyrite) 

• TSF-2 (n = 10): 866 ppm Co, 1,331 ppm Cu, 0.16 ppm Au (27,014 ppm Co in pyrite) 

 

The mineralogy of the tailings is dominated by quartz and magnetite. Consideration for 

magnetite recovery (give its abundance) should be given as part of an integrated reprocessing 

approach though the sulphur content of magnetite concentrates should be investigated. Quartz too 

could be recovered (e.g., as undertaken by companies such as Vale Quartz) and treated as a saleable 

product.  

In the sampled tailings, Co is dominantly in pyrite. Pyrite is fine grained (average p80 < 40 µm) 

in the tailings, thus, any metallurgical retreatment program should be tailored to deal with fine, partially 

weathered particles. Where pyrite was locked, it was associated with an agglomerate 

cement/amorphous phase, suggesting that the surface may be weathered. Potential Co recovery 

methods could include flotation (to concentrate sulphides) followed by bioleaching, given the refractory 

nature of Co, or other new technologies, including thermal decomposition methods. These methods 

will target Co, but as Co and Au do not correlate strongly, separate metallurgical steps may be required 

to improve Au recovery. Spatial mineral chemistry investigations (e.g., LA-ICP-MS mapping) are 

recommended to further understand the deportment of Co and Au in pyrite.   
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1. Introduction 

1.1 Project background 

Australia is well endowed in base and precious metals, but to date critical metals (e.g., Co, In, W, Ga, 

Ge) have not been the focus of the Australian mining industry, and are instead by-products of mining 

for other commodities (i.e., Cu, Pb, Zn). The 2019 Critical Metal Strategy commissioned by the 

Australian Government identified that out of 30 critical metals, Australia was the top global producer 

for just one, lithium. With increasing global pressure to utilise low-carbon technologies there is greater 

demand for critical metals to support this development with mine waste materials representing a 

potential resource to help supplement the supply of these sought after metals and minimising potential 

environmental impacts they may have on the surrounding environment, such as the release of acid 

and metalliferous drainage (AMD). However, determining their contents and mode of occurrence in 

mine waste is vital in assessing if a potential economic deposit exists and indeed, the most appropriate 

metallurgical processing pathways suited to their extraction. The Queensland State Government 

recognise there is great potential to explore for these critical or ‘new economy’ metals in mine waste 

materials produced by mines across the state and is the focus of this project. This project sits within 

Stream 1 of the GSQ’s NEMI project (https://www.dnrme.qld.gov.au/mining-resources/initiatives/new-

economy-minerals).  

 

1.2 Project aims and objectives 

The project sought to undertake first-pass characterisation assessments examining new economy 

metal (focus on Co, In, Ga, Ge and W) abundances and their modes of occurrence in mine wastes in 

north Queensland as a first step towards identifying appropriate metallurgical processing options. The 

sampled sites are listed in Table 1. This particular report focusses on tailings at the Osborne mine.  

Table 1. Sampled sites targeted in this project. 

Report  
no. 

Site Owner/Operator Waste type(s) Target 
element 

Samples 

1 Capricorn 
Copper 

Capricorn 
Copper  
Pty Ltd 

• Tailings in ‘new’  
TSF  

• Northern waste 
rock dump  

Co n=79 in ‘New TSF’  
n=20 in waste rock dump   

2 Lady Annie Austral 
Resources  
Pty Ltd 

• Heap leach 
materials   

• Waste rock  

Co n=50 in heap leach 
n=25 in waste rock 

3 Mt Oxide DNRME • Waste rock  Co n=40 in waste rock 

4 Pindora DNRME • Heap leach 
materials  

• Waste rock  

Co n=17 in heap leach 
 n=8 in waste rock 

5 Baal 
Gammon 

DNRME • Waste rock  In n=42 in waste rock 
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6 Wolfram 
Camp 

DNRME • Tailings 

• Waste rock 

• Low grade  
stock pile  

W n=27 low grade ore 
n=5 tailings  

(supplemented by Edraki 2019 study) 

7 Century New Century 
Resources 

• Tailings (in 
deposit) 

• New tailings 
being disposed 
of in-pit  

Ga, Ge n=99 in ore tailings  
(analyse existing samples) 

n=9 in concentrate 
n=10 in new tailings 

8 Osborne Chinova • Tailings (TSF 1 
and 2) 

Co n=41 in tailings  
(pyrite/magnetite chemistry study) 

9 Selwyn Chinova • Eastern Tailings Co n=20 in tailings  
(pyrite/magnetite chemistry study) 

To meet the objectives of the project several activities are being undertaken including: 

1. Compilation of the relevant available information from public and confidential sources 

2. Targeted sampling of up to 10 sites (40-80 samples per site) 

3. Multi-element geochemistry (4-acid digestion ICP-MS, lithium borate fusion ICP-MS / AES 

on all samples) 

4. Targeted mineralogical and geochemical characterisation of selected representative 

samples, to determine dominant modes of occurrence of relevant critical metals 

A general timeline for the project is shown in Figure 1, though in the case of the Osborne mine tailings, 

no fieldwork was undertaken, instead samples were recovered from the Chinova sample storage 

facility under the instruction of Damian Jungmann. No chemical assaying was undertaken, only 

mineralogical and insitu mineral chemistry analyses were performed. 

 

 

Figure 1. Flowchart showing the project timeline. 
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2. Deposit geology and mine history 

2.1 Deposit geology 

The Osborne Cu-Au (IOCG) deposit is located 195 km south east of Mount Isa in North West 

Queensland. Mineralisation is structurally controlled and epigenetic (Adshead, 1995; Rubenach et al., 

2001; Gauthier et al., 2001; King, 2001; Fisher and Kendrick, 2008). Copper and gold have been 

produced from the Osborne deposit since commissioning of the concentrator in June 1995, following 

the commencement of mining in 1994. 

 
Figure 2. Regional location of Osborne with respect to the Kuridala-Selwyn structural domain map 

from the 2010 NWQMEP GIS (in Gow, 2019). 
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The NWQ Deposit Atlas (Chapter 6; Gow, 2019) details the deposit geology with extracts and 

summaries given in the next paragraphs. The geology in the Osborne-Kulthor district has most recently 

been compiled by the 2017 Deep Mining Queensland (DMQ) study (Murphy et al., 2017). The area is 

covered by up to 60 m of Cretaceous sediments, thus the DMQ interpretation derives largely from 

Chinova’s detailed aeromagnetic data augmented with previous company interpretations from RAB 

drilling (primarily Morrison, 2002) in the immediate Osborne area and detailed mine-scale work at 

Osborne (King, 2001).  

The Osborne deposit comprises two dominant mineralised bodies located in the Western 

Domain (1S, 1SS, 2M, 2S ore lodes), and two smaller orebodies in the Eastern Domain (2N, 3E) 

shown in Figure 3. The Western and Eastern Domains are interpreted as separated by the poorly-

defined Awesome Fault. Orebodies 1 and 2 (1S, 1SS, 2M, 2S) comprise moderate to steeply dipping 

mineralised sheets, with dimensions as follows: 1 Orebody is approximately 1100m long x 350m wide 

x 20m thick; 2 Orebody is approximately 700m long x 250m wide x 20m thick; the Western Zone 3E 

orebody is a smaller flat-lying lensoid orebody and is approximately 300m long x <100m wide x 20m 

thick. 

;  

Figure 3. Geometry of the mineralised bodies in the Osborne mine (from Tullemans et al. 2001 in 

Gow, 2019). 

The Osborne deposit occurs within a complex zone of broadly N to NNE-trending (GDA 94 MGA 

54), east-dipping non-planar shears. The deposit location and geometry are typically attributed to the 

formation of dilatant sites due to the combination of: i) strong competency contrasts, and ii) the 

complex three dimensional geometries of these shear zones acting under variably-oriented stress 

fields. The orebody is hosted within feldspathic psammite ± thin layers of pelite. The feldspathic 

psammites at Osborne have been compared by Adshead (1995) to the metasedimentary sequence 

outcropping 10-20 km north of the Osborne deposit, which has been variably interpreted to belong to 

the siliciclastic-dominated Starcross Formation (Murphy et al., 2017; Hinman et al., 2018). These 

previously known as Kuridala Formation of the Mary Kathleen Group; Blake, 1987, Adshead 1995). 

Adshead (1995) reported that the host package had previously been assigned to the Stavely 

Formation (Davidson et al., 1989) and the Mount Norna Quartzite of the Soldiers Cap Group (Laing, 

1990). Mesozoic marine sediments (30-60 m thick) overlie the Proterozoic basement such that a lack 

of exposure surrounding the deposit makes detailed correlations difficult. However, the geological 

setting was reinterpreted by Murphy et al. (2017), building substantially upon Chinova’s detailed data 

and interpretations has summarised above. In the Osborne area, the Starcross Formation comprises 
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upper amphibolite-grade, migmatitic metapelitic schists, granoblastic psammites, some magnetite iron 

formations, amphibolitic metadoleritic sills and locally significant partial melting. One particular 

Starcross psammitic unit has a distinctive magnetic character and has been used to interpret the 

structural architecture of the area. It includes magnetite iron formations, formational amphibolitic sills 

of likely metadoleritic origin and weakly-magnetic, massive psammitic metasedimentary units. A 

stratigraphic summary of the deposit is given in Table 2.  

The major host rocks for the deposit are pre-metamorphic banded ironstone (magnetite-quartz-

apatite) units, and their margins, within the package of feldspathic granoblastic psammite and 

migmatitic metapelitic schists. Adshead et al. (1998) subdivides the deposit into a western and eastern 

domain partly on the basis of host rock sequence, but also on mineralisation characteristics. The 

boundary between these domains is considered to be the poorly-defined Awesome Fault. Whilst the 

mineralisation in the western domain is associated with ironstone units, with the gross distribution of 

the orebodies mirroring the shape of the ironstones (Adshead et al., 1998), the 2N and 3E orebodies 

in the eastern domain are not associated with ironstones but instead the host rocks include intensely 

silica flooded pegmatite and albite rocks in close association with schists (Tullemans et al., 2001). In 

both domains high-grade mineralisation occurs where the host lithology has been replaced by grey, 

massive, coarse-grained silica termed ‘silica flooding’ (Tullemans et al., 2001).  

Regional metamorphism in the Osborne deposit is interpreted to have reached upper 

amphibolite facies. The rocks of the Osborne deposit are dominated by ductile fabrics, including 

development of mylonites, ductile shear zones and local isoclinal folding. Most rocks show moderate 

to intense foliation development. Evidence of partial melting is common including the presence of 

migmatites and granoblastic textures. 

Table 2. Stratigraphic summary of the Osborne deposit from DMQ (2017). 

Cover unit Description 

Mesozoic sediment (mudstone and siltstone) • Sub-horizontal beds 

• Weathered to kaolinite with minor illite, alunite and 
muscovite. Quartz component is unaltered. 

Mesozoic sediment (shale) • Sub-horizontal beds; 

• Partially saturated with saline groundwater; 

• Dark grey-green smectite, muscovite and orthoclase, grading 
upwards to light grey-green kaolinitic sediment. 

Unconformity • An accumulation of rounded quartz pebbles and cobbles 
(typically 1-4 cm in diameter). 

Basement • Proterozoic metasediments, siliceous ironstone and quartzite 
are truncated in lower saprolite and weathered down to 15 m, 
and locally to 75 m depth around mineralised zones. 

• The mineralised zones can be capped by a siliceous 
ironstone gossan in the upper part, separated from the 
underlying primary sulphides by 5-10 m thick zone of 
secondary carbonates (mainly malachite overprinted by 
chrysocolla and minor atacamite). 

• The basement hosted ore consisted of massive sulphide 
within strongly deformed and silica flooded Proterozoic 
metasediments. 

Mineralisation at Osborne comprises a copper sulphide assemblage, with chalcopyrite 

dominating and bornite an accessory (to minor amounts). The other dominant sulphides are pyrite and 

pyrrhotite, with magnetite or hematite also present. There is a zonation documented by Adshead 

(1995) within the deposit from the Western to the Eastern domain in sulphide and oxide mineralogy 

and the copper/gold ratio. Other sulphides and oxides present at minor to accessory levels include 

molybdenite, scheelite, bornite and various cobalt sulphides. The majority of the ore grade copper 

mineralisation occurs as very coarse grained chalcopyrite within massive sulphide aggregates 
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replacing silica flooded rocks. The majority of gold occurs as 1-10 µm inclusions in chalcopyrite and 

as solid solutions in pyrite and/or chalcopyrite. Lesser gold occurs along chalcopyrite and pyrite grain 

boundaries (Tullemans et al., 2001).  

Uneconomic elements at consistently anomalous concentrations in the high grade copper-gold 

mineralisation include iron, cobalt, molybdenum, silver, selenium, bismuth, mercury, tellurium, tin, 

fluorine and chlorine (Adshead, 1995). There is an oxide zone present at the unconformity surface 

with the copper mineralogy including native copper, malachite, cuprite, chrysocolla and atacamite. 

Transitional ore between the two includes chalcopyrite with chalcocite, digenite, covellite and bornite 

(Tullemans et al., 2001). 

The iron sulphide mineralogy is broadly zoned throughout the deposit (Table 3). Pyrite is the 

ubiquitous Fe-sulphide in the western domain, whilst pyrrhotite is restricted to the high-grade 

mineralisation of the Eastern High Grade Zone. In terms of iron oxides, the western zone hosts 

hematite-magnetite-pyrite alteration of the banded ironstones, whilst the eastern zone typically hosts 

a magnetite-pyrite association. In terms of copper to gold ratio, hematite-magnetite-pyrite altered 

ironstone of the western domain has a relatively low Cu/Au ratio compared to the pyrrhotite-rich silica 

flooding-associated Cu-Au mineralisation of the eastern domain. Adshead (1995) attributes these 

differences in Fe-sulphide and oxide species and Cu/Au ratios to a general zonation within the deposit 

from a more oxidised western domain to a more reduced eastern domain. 

Table 3. Comparison of characteristic petrological features of the western and eastern domains, and 
the southern plunge zone. Brackets indicate the rock type/ mineral assemblage is only a minor 

component (Adshead, 1995). 

 Western Domain Eastern Domain Southern plunge zone 

Hangingwall feldspathic psammite 

sillimanite gneiss 

feldspathic psammite albite-

anthophyllite schist 

metatholeiite amphibole 

peridodite pegmatite 

feldspathic psammite 

sillimanite gneiss, pegmatite 

metathoeleiite (pelite) 

Host rocks to the Cu-

Au mineralisation 

banded ironstone quartz-

anthophyllite schist 

(pegmatite) (metatholeiite) 

feldspathic psammite 

cummingtonite schist 

pegmatite  

quartz cummingtonite schist 

actinolite-rich rocks   

banded ironstone 

(cummingtonite schist) 

(actinolite-rich rocks) 

Footwall feldspathic psammite 

sillimanite gneiss, albite-

anthophyllite  schist 

(metatholeiite) 

feldspathic psammite 

pegmatite  

metatholeiite,albite-

cummingtonite schist 

(lamprophyre) 

feldspathic psammite 

(pegmatite)  

(lamprophyre) 

Typical pre-

mineralisation 

metasomatic 

assemblages 

(calc-silicates) phlogopite  

calc-silicates 

phlogopite  

calc-silicates 

Fe sulphide gangue pyrite pyrrhotite (+ pyrite) pyrite and pyrrhotite 

2.2 Mine history and current operations 

The NWQ Deposit Atlas (Chapter 6; Gow, 2019) details the mine history with extracts and summaries 

given in the next paragraphs.  Prior to the final Feasibility Study undertaken at Osborne in 1994, the 

global Mineral Resource of the deposit was 36 Mt @ 2.0% Cu, 1.0 g/t Au (based on a cut-off grade of 

1% ECU - copper equivalent). The Feasibility Study recognised that a high strip ratio associated with 
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the overlying thick barren Mesozoic sediments required an increased cut-off grade to meet economic 

hurdles for underground mining, and the mineral resource translated to an Ore Reserve of 11.3Mt @ 

3.04% Cu and 1.28 g/t Ag using cut-off grades of 1% ECU for open pit and 2.5% ECU for underground 

(Tullemans et al., 2001). Copper and gold have been produced from the Osborne deposit (Figure 4) 

since commissioning of the concentrator in June 1995. The mine was previously operated by Placer 

Pacific, Barrick, Inova Resources and Ivanhoe Australia. As of 2001, exploration added an additional 

4.2Mt @ 2.94% Cu and 0.48 g/t Au. Chinova Resources acquired the site in 2014. The Osborne mine 

was expected to cease operation during 2019. The Osborne copper-gold flotation concentrator has a 

throughput capacity of 2 Mtpa (Chinova website). As of November 2018 the Osborne processing plant 

had produced 682,400t of copper and 695,500oz of gold (McGeough, 2018), from ore sources 

including:  

•  Osborne 23.46Mt @ 2.74% Cu, 1.01 g/t Au  

•  Kulthor 2.78Mt @ 1.66% Cu, 1.05 g/t Au  

•  Approximately 3 Mt of ore from the Trekelano and Starra 276 deposits. 

 

 

Figure 4. Aerial view of the Osborne mine (in Gow, 2019). 

 

McPhail et al. (2004) described that since 1996, Osborne generated approximately 112,000 

tonnes of tailings per month. These authors investigated the potential for tailings thickening (TSF-2) 

to reduce water loss as a result of evaporation in the process water circuit . McPhail et al. (2004) 

described the tailings mineralogy as magnetite dominated, with notable contents of pyrite and gypsum. 

Based on this, they stated that the tailings have significant potential to generate acid, though they 

noted that laboratory testing indicated a slow rate of sulphide oxidation reactions with 60% of the 

tailings studied < 75 µm. The authors developed an operational methodology for thickening the tailings 

and demonstrated the value of this approach for water management.  
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3. Materials and methods 

3.1 Sample description 

Chinova Resources Pty Ltd are considering reprocessing tailings contained in TSF-1 and TSF-2 

(Figure 5) to recover Co. Sampling and assaying of tailings (Method Code: ME-ICP41 and AA26) in 

these TSFs has been undertaken and average grades for these TSFs have been calculated:  

• TSF-1- 5.9Mt @ 0.17 Cu, 0.28 g/t Au and 856 ppm Co  

• TSF-2- 6.9 Mt @ 0.14 Cu, 0.19 g/t Au and 582 ppm Co (another c. 11 Mt undefined).  

The dams have since been capped. It was agreed with Damian Jungmann (Exploration Manager, 

Chinova Osborne) that as chemical assay data already had been collected at the site, this study would 

focus on the mineral chemistry of pyrite, pyrrhotite and magnetite to determine the Co tenor and 

deportment in these minerals. The chemical assay database was provided by Chinova from which 41 

samples (with the highest Co) were chosen (Table 4) with a sub-set used for bulk mineralogy (XRD), 

automated mineralogy (MLA) and mineral chemistry (LA-ICPMS) studies.  

 

Figure 5. Aerial photo of the Osborne mine site with both TSFs shown (Image from Chinova). 

For TSF 1, the average Co calculated for the selected samples was 1,211 ppm. For the TSF-1 

pyrite cell, the average Co concentration decreased slightly and was calculated as 1,171 ppm whilst 

for TSF-2 the average Co concentration was 866 ppm. For the whole population of selected samples, 

the average was 1,112 ppm (and is considerably higher than values measured at the other studied 

sites across all waste types; Table 1).  
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Table 4. Samples selected for mineralogical characterisation from the Osborne TSFs. 

HOLEID SAMPLEID Prospect_D FROM TO Co (ppm) 

OTA0001 CD007401 TSF 1 2 5 
1415 

OTA0002 CD007408 TSF 1 3 6 
1235 

OTA0002 CD007409 TSF 1 6 9 
1135 

OTA0003 CD007416 TSF 1 3 6 
1320 

OTA0003 CD007417 TSF 1 6 9 
1350 

OTA0004 CD007424 TSF 1 3 6 
1320 

OTA0004 CD007425 TSF 1 6 9 
1140 

OTA0005 CD007432 TSF 1 3 6 
1180 

OTA0005 CD007433 TSF 1 6 9 
1135 

OTA0006 CD007439 TSF 1 3 6 
1295 

OTA0006 CD007441 TSF 1 6 9 
1060 

OTA0007 CD007446 TSF 1 1 3 
1090 

OTA0007 CD007447 TSF 1 3 6 
1245 

OTA0007 CD007448 TSF 1 6 9 
1265 

OTA0008 CD007454 TSF 1 1 3 
1145 

OTA0008 CD007455 TSF 1 3 6 
1040 

OTA0018 CD020444 TSF 1 Py Cell 3 6 
1180 

OTA0019 CD020447 TSF 1 Py Cell 2 5 
1010 

OTA0019 CD020448 TSF 1 Py Cell 5 8 
1140 

OTA0020 CD020451 TSF 1 Py Cell 4 5 
1210 

OTA0020 CD020452 TSF 1 Py Cell 5 6 
1130 

OTA0020 CD020453 TSF 1 Py Cell 6 7 
1120 

OTA0020 CD020455 TSF 1 Py Cell 8 9 
1070 

OTA0020 CD020456 TSF 1 Py Cell 9 10 
1140 

OTA0021 CD020458 TSF 1 Py Cell 3 6 
1100 

OTA0021 CD020459 TSF 1 Py Cell 6 9 
1040 

OTA0021 CD020461 TSF 1 Py Cell 9 12 
1320 

OTA0022 CD020463 TSF 1 Py Cell 3 6 
1480 

OTA0023 CD020466 TSF 1 Py Cell 2 5 
1360 

OTA0023 CD020467 TSF 1 Py Cell 5 8 
1060 

OTA0023 CD020468 TSF 1 Py Cell 8 11 
1200 

OTR0022 CD012164 TSF-2 3 6 
868 

OTR0022 CD012165 TSF-2 6 9 
780 

OTR0023 CD012163 TSF-2 6 8 
752 

OTR0031 CD012190 TSF-2 9 12 
857 

OTR0032 CD012186 TSF-2 6 9 
752 

OTR0033 CD012220 TSF-2 6 9 
1040 

OTR0033 CD012221 TSF-2 9 12 
1160 

OTR0033 CD012223 TSF-2 12 15 
864 

OTR0034 CD012218 TSF-2 13 18 
807 

OTR0035 CD012213 TSF-2 12 15 
774 
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3.2 X-ray diffractometry (XRD) 

The bulk mineralogy of 20 tailings samples were analysed by XRD at the Queensland University of 

Technology (QUT) Central Analytical Research Facility (CARF) laboratories. Using a representative 

sub-sample of coarse reject materials recovered from ALS Global, each were accurately weighed and 

specimens prepared for XRD by the addition of a corundum (Al2O3) internal standard at 20 wt. %. The 

specimens were micronised in a McCrone mill using zirconia beads and ethanol, then dried in an oven 

overnight at 40 °C. The resultant homogenous powders were back-pressed into sample holders.  

A small portion of the crushed samples were dispersed in water. After sonication (5 min) and 

settling for 5 min, the fine fraction (nominally < 5 µm in suspension) was transferred via pipette to a 

low background plate and allowed to settle and dry (these samples have the label N in this report). 

This preparation is used to concentrate the fine (clay dominant) fraction and aids identification of the 

clays present. This means ratios of the clays and other phases present in this extract may vary from 

the bulk sample: the fine fraction result is qualitative. The air dried slides were further treated in an 

ethylene glycol atmosphere (60 °C) for several hours, then immediately re-examined.  

Step scanned X-ray diffraction patterns were collected for an hour per sample using a 

PANalytical X’Pert Pro powder diffractometer and cobalt Kα radiation operating in Bragg-Brentano 

geometry. The collected data was analysed using JADE (V2010, Materials Data Inc.), EVA (V5, 

Bruker) and X’Pert Highscore Plus (V4, PANalytical) with various reference databases (PDF4+, 

AMCSD, COD) for phase identification. Rietveld refinement was performed using TOPAS (V6, Bruker). 

The known addition of corundum facilitated the reporting of absolute phase abundances for the 

modelled phases. The sum of the absolute abundances was subtracted from 100 wt. % to obtain a 

residual (called non-diffracting/unidentified, also known as “amorphous”). The residual represents the 

unexplained portion of the pattern: it may be non-diffracting content but will also contain unidentified 

phases and the error from poorly modelled phases.  

3.3 Mineral liberation analysis (MLA) 

Automated mineralogy tools such as the mineral liberation analyser (MLA), Quantitative Evaluation of 

Minerals by SCANning electron microscopy (QEMSCAN) and the Tescan TIMA uniquely combine 

back scattered electron (BSE) image analysis, X-ray mineral identification and advanced imaging and 

pattern recognition analysis to produce classified mineralogy outputs (Parbhakar-Fox and 

Lottermoser, 2015). Primary applications of these technologies have been to collect modal mineralogy 

data through point counting methods, and to characterise target mineral phases in terms of their size, 

shape, liberations characteristics and mineral associations. It was in this context that these samples 

were studied with a focus on sulphides and magnetite, as these are most likely Co-bearing phases.  

The selected samples were analysed at the Sustainable Minerals Institute, University of 

Queensland JKMRC MLA lab. As there was wide range of particle sizes present, MLA samples were 

prepared using the vertical mounting method. For this type of mount the sample is mixed in a mould 

with graphite and epoxy, cured then sectioned and remounted in the standard 30 mm round mould as 

shown in the image (Figure 6).  Once the vertical mount has cured the surface is then ground back 

and polished to give a high quality finish prior to carbon coating. The XBSE measurement mode (which 

uses a combination of backscattered electrons and X-rays to identify phases present in the sample) 

was used to provide information of the relative abundance of the minerals in the sample and identify 

potential hosts of key elements.  Due to wide range of particle sizes, measurements were undertaken 

using two approaches: the first without setting a minimum particle size and setting the maximum 

particles measured to 30,000 (this method can be used for modal mineralogy but did not measure the 

full sample section); the second measurement was done to image to the full particle section and 

capture the coarse particles (for this measurement a minimum particle size was set to exclude fine 
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particulates, this measurement should not be used for modal mineralogy). A site specific mineral 

reference library was developed for these samples. 

 

Figure 6. Example of MLA mount. 

3.4 Laser ablation ICPMS (LA-ICP-MS) 

Laser ablation analyses were carried out at CODES Analytical Laboratories, University of Tasmania, 

using a RESOlution laser platform, equipped with a Coherent COMPex Pro 193 nm excimer laser and 

Lauren Technic S155 large format sample cell, coupled to an Agilent 7700 quadrupole ICP-MS. The 

laser operating parameters were optimized for sulfide and Fe-oxide analysis using a fluence of 2.7 

J/cm2 and 3.5 J/cm2, respectively, and 5 Hz laser repetition rate. Samples were ablated in an 

atmosphere of pure helium flowing through the sample cell at a rate of ~ 0.4 L/min and immediately 

mixed with ~ 1 L/min argon in the exit funnel before flowing on to the ICP-MS. The ICP-MS instrument 

was optimized balancing sensitivity on mid- to high-masses, production of molecular oxide 

interferences (i.e., 232Th16O+/232Th+) and doubly charged ion interferences (i.e., 140Ce++/140Ce+), 

with both interferences maintained at levels < 0.2%.  

Many element isotopes were measured to capture the trace element contents of the targeted 

minerals and to reveal minerals other than the target that might be ablated during analysis, e.g., as 

mineral inclusions or in minerals adjacent to the target. For each spot analysis, the background signal 

is recorded for 30 seconds, then the laser is turned on and the targeted mineral is ablated while the 

ICP-MS collects data for each element for ~60 seconds. During spot analysis, the material analysed 

is typically dominated by the targeted mineral. Element signals that show no changes, gradual smooth 

changes, or changes consistent with chemical zonation are interpreted to be chemically bound into 

the target mineral structure. However, lasering through evenly distributed ‘invisible’ micro-inclusions 

may also show no or gradual changes in the signal and are therefore indistinguishable from ‘true’ 

chemical substitution into the mineral structure. Both types of occurrences are referred to as refractory. 

Elements that have signals with discrete, sharp changes in the laser signal, and can sometimes reach 

level to dilute target major element signals are interpreted as being hosted in mineral inclusions or in 

minerals adjacent to the target.  

To calculate concentrations, the average of the signal over the time interval of interest is 

calibrated against reference standards STDGL3 (an in-house standard sulfide-rich glass for primary 

calibration for quantifying siderophile and chalcophile elements (after Danyushevsky et al., 2011) and 

glass GSD-1G (UGSG). Laser spot sizes used for sulphide and Fe-oxide grains were 19 μm, 51 μm 

was used for STDGL3 and GSD-1G primary standard glasses, and size-matched 19 and 29 μm spots 

were used on BCR-2g and GSD-1G and in-house secondary standards used for sulphide calculations. 

Data reduction was performed using the LADR software package (Norris Scientific). In total, 277 laser 

ablation spot analyses in pyrite, 14 in pyrrhotite and 239 laser ablation spot analyses in magnetite 

passed quality control and filtering. An evaluation of Au in pyrite was also performed. 
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4. Results 

4.1 TSF-1 

4.1.1 Tailings mineralogy 

The bulk mineralogy of 5 samples from TSF-1 were examined (Figure 7) with quartz (range: 31.9 to 

38.7 wt. %) and magnetite (28.9 wt. % to 31.4 wt. %) dominating though a high proportion of 

amorphous material was measured (16.3 wt. % to 20.2 wt. %). Pyrite ranged from 4.9 wt. % to 6 wt. 

% (average: 5.3 wt. %) whilst pyrrhotite ranged from 1 wt. % to 3.4 wt. % (average: 2.2 wt. %). Calcite 

was only measured in two samples (CD007401 and CD007409, 0.5 wt. % and 0.4 wt. % respectively) 

confirming the acid forming nature of these tailings.  The presence of jarosite in all samples (range: 

2.2 wt. % to 3.6 wt. %, average: 3 wt. %) suggests that these tailings have undergone some degree 

of oxidation already as, based on the reported mineralogy, they are in the early-mid stages of the mine 

waste paragenesis (proposed by Jambor, 2003, Table 5). Considering this, measurements of tailings 

porewater may already show elevated concentrations of Co or other metals of interest.    

 The modal mineralogy was also measured by MLA (Figure 8, n=12) and confirmed the 

dominance of magnetite (range: 32 wt. % to 43 wt. %; average: 38 wt. %), quartz (range: 22 wt. % to 

29 wt. %; average: 25 wt. %) and an agglomerate cement phase (akin to the amorphous phase 

measured by XRD) ranging from 8.3 wt. % to 29 wt. % (average: 18 wt. %). Pyrite concentrations were 

similar to those measured by XRD with a range of 4.5 wt. % to 7.64 wt. % (average: 6.4 wt. %) whilst 

pyrrhotite content was greater ranging from 1.6 wt. % to 5.9 wt. % (average: 3 wt. %). Chalcopyrite 

was identified in all samples (< 0.3 wt. %). Jarosite was also identified (range: 0.75 wt. % to 2.35 wt. 

%; average: 1.4 wt. %) but not goethite, confirming these tailings are in the early-mid stages of mine 

waste weathering (Table 5).  

 

Figure 7. Modal mineralogy (measured by XRD) for TSF 1 (n=5). 
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Figure 8. Modal mineralogy (measured by MLA) for TSF 1 (n=12). 

Table 5. Schematic representation of the progressive oxidation of a unit of mine waste containing a 

mixed assemblage of pyrite (Py) and pyrrhotite (Po). In the earliest stage of reaction, the secondary 

products are formed predominantly from the alteration of pyrrhotite, with native sulphur and 

marcasite derived exclusively from pyrrhotite. In the late stage, after consumption of the sulphides, 

pH will rise and jarosite will be unstable (Jambor, 2003). 

Early (1) Early (2) Maturing Late 

Oxidation of Fe-sulphides Acceleration Slowing Consumed 

Native sulphur (Po) - - - 

Marcasite (Po) - - - 

Fe-oxyhydroxides Fe-oxyhydroxides Goethite Goethite 

Fe-sulphates Fe2+ sulphates→ Fe2+Fe3+  - 

- Jarosite Jarosite Jarosite 

Po + Py Py>Po Py - 

The p80 for pyrite ranged between 22 µm and 44 µm (Figure 9). On examination of pyrite 

mineral associations (measured by MLA) the majority of pyrite appeared dominantly liberated 68 to 87 

% (Figure 10). Where locked, pyrite chiefly associated with the agglomerate cement, magnetite, quartz 

and pyrrhotite. For pyrrhotite, the p80 showed a greater range than pyrite (13 µm to 63 µm; Figure 

11). Pyrrhotite was less liberated than pyrite, with locking ranging from 52 % to 67 %. Mineral 

associations with magnetite, jarosite, and the agglomerate cement dominated with comparatively 

minor associations with quartz and pyrite (Figure 12). An examination of magnetite showed that like 

pyrite, it was mainly liberated (58 % to 82 %) but where it was locked, mineral associations with the 

agglomerate cement phase, quartz and jarosite dominated (Figure 13).  
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Figure 9. Pyrite particle size distribution (measured by MLA) for TSF 1 (n=9). 

 

Figure 10. Pyrite locking mineral associations (measured by MLA) for TSF 1 (n=12). 

 

Figure 11. Pyrrhotite particle size distribution (measured by MLA) for TSF 1 (n=12). 
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Figure 12. Pyrrhotite locking mineral associations (measured by MLA) for TSF 1 (n=12). 

 

Figure 13. Magnetite locking mineral associations (measured by MLA) for TSF 1 (n=12). 

 

4.1.2 Tailings mineral chemistry 

Cobalt in pyrite, pyrrhotite and magnetite (measured by LA-ICP-MS) is shown in Figure 14. Pyrite 

contained the highest Co (range: 20 ppm to 24,798 ppm; average: 9,533 ppm) followed by pyrrhotite 

(3,262 ppm to 13,702 ppm; average: 4,391 ppm) and magnetite (6 ppm to 1,089 ppm; average: 94 

ppm). Copper is shown in Figure 15, with values similar between the three studied minerals. Pyrrhotite 

contained the highest average Cu (0.1 ppm to 1,273 ppm; average: 145 ppm) followed by pyrite 

(range: 0.1 ppm to 1,204 ppm; average: 25 ppm) and magnetite (0.1 ppm to 5,649 ppm; average: 122 

ppm).  

Gold is shown in Figure 16 with low values measured. In pyrite, Au ranged from 0.003 ppm to 

0.23 ppm (average: 0.017 ppm), in pyrrhotite it ranged from 0.003 ppm to 0.12 ppm (average: 0.019 

ppm) and in magnetite it ranged from 0.003 ppm to 0.13 ppm (average: 0.007 ppm).   
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Figure 14. Co tenor (measured by LA-ICP-MS) in select minerals in TSF 1. 

 

Figure 15. Cu tenor (measured by LA-ICP-MS) in select minerals in TSF 1. 

 

Figure 16. Au tenor (measured by LA-ICP-MS) in select minerals in TSF 1. 

 



 

Final Report, Osborne – Cobalt and other critical metals in tailings of major mineral deposits in north Queensland 22 
 

4.2 TSF-1 pyrite cell 

4.2.1 Tailings mineralogy 

The bulk mineralogy of 8 samples from TSF pyrite cell (Figure 17) showed the dominance of quartz 

(range: 32.5 wt. % to 41.8 wt. %) and magnetite (29.3 wt. % to 38.9 wt. %) with a high proportion of 

amorphous material again measured (11.2 wt. % to 16.3 wt. %) though this was slightly lower than 

that for TSF-1 (Figure 17). Pyrite ranged from 4.0 wt. % to 6.9 wt. % (average: 5.3 wt. %, the same as 

for TSF-1) whilst pyrrhotite ranged from 1 wt. % to 3.3 wt. % (average: 2 wt. %). Calcite was only 

measured in one sample (CD020463, 0.5 wt. %).  Jarosite was again identified in all samples (range: 

0.7 wt. % to 3. wt. %, average: 2.2 wt. %) which is slightly less than that for TSF-1 suggesting these 

tailings are marginally less weathered.   

 

Figure 17. Modal mineralogy (measured by XRD) for TSF 1 pyrite cell (n=8). 

The modal mineralogy was also measured by MLA (Figure 18) and confirmed the dominance 

of magnetite (range: 32 wt. % to 44 wt. %; average: 39 wt. %), quartz (range: 18 wt. % to 32 wt. %; 

average: 25 wt. %) and the agglomerate cement phase (range: 11 wt. % to 28 wt. %). Pyrite 

concentrations were similar to that measured by XRD and ranged from 4.3 wt. % to 6.9 wt. % (average: 

5.7 wt. %) and pyrrhotite ranged from 1.4 wt. % to 3.8 wt. % (average: 2.9 wt. %). Trace chalcopyrite 

and cobaltite were again measured (< 0.3 wt. %) in several samples and jarosite was also similar to 

TSF-1 (range: 0.66 wt. % to 2.56 wt. %; average: 1.7 wt. %).  

The p80 for pyrite ranged between 16 µm and 32 µm (Figure 19). On examination of pyrite 

mineral associations (measured by MLA) the majority of pyrite is liberated (79 to 83 %; Figure 20). 

Where locked, pyrite is associated with the agglomerate cement, magnetite, quartz, jarosite and 

pyrrhotite. For pyrrhotite, the p80 was finer than for TSF-1 (13 µm to 27 µm; Figure 21). Pyrrhotite was 

less liberated than pyrite, with locking ranging from 54 % to 76 %. Mineral associations with magnetite, 

the agglomerate cement and jarosite dominated with comparatively minor associations with quartz 

and pyrite, similar to TSF-1 (Figure 22). An examination of magnetite showed again that like pyrite, it 

was mainly liberated (69 % to 79 %) but where it was locked, mineral associations with the 

agglomerate cement phase, quartz and jarosite dominated (Figure 23).  
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Figure 18. Modal mineralogy (measured by MLA) for TSF 1 pyrite cell (n=10). 

 

Figure 19. Pyrite particle size distribution (measured by MLA) for TSF 1 pyrite cell (n=10). 

 

Figure 20. Pyrite locking mineral associations (measured by MLA) for TSF 1 pyrite cell (n=10). 
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Figure 21. Pyrrhotite particle size distribution (measured by MLA) for TSF 1 pyrite cell (n=10). 

 

Figure 22. Pyrrhotite locking mineral associations (measured by MLA) for TSF 1 pyrite cell (n=10). 

 

Figure 23. Magnetite locking mineral associations (measured by MLA) for TSF 1 pyrite cell (n=10). 
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4.2.2 Tailings mineral chemistry 

Cobalt in pyrite, pyrrhotite and magnetite (measured by LA-ICP-MS) is shown in Figure 24. Pyrite 

contained the highest Co (range: 4 ppm to 79,361 ppm; average: 11,467 ppm) which is significantly 

higher than the values measured in TSF-1. This is followed by pyrrhotite (3,745 ppm to 5,468 ppm; 

average: 4,394 ppm) and magnetite had lower values in comparison to TSF-1 (5 ppm to 488 ppm; 

average: 96 ppm).  

Pyrrhotite contained less Cu than TSF-1 (17 ppm to 109 ppm; average: 64 ppm; Figure 25) 

with pyrite reporting 0.1 ppm to 1,359 ppm (average: 93 ppm) Cu and magnetite (5 ppm to 488 ppm; 

average: 96 ppm). Gold is shown in Figure 26 with low values measured. In pyrite, Au ranged from 

0.003 ppm to 0.94 ppm (average: 0.02 ppm), in pyrrhotite it ranged from 0.003 ppm to 0.003 ppm 

(average: 0.003 ppm) and in magnetite it ranged from 0.003 ppm to 0.04 ppm (average: 0.006 ppm).  

 
Figure 24. Co tenor (measured by LA-ICP-MS) in select minerals in TSF 1-pyrite cell. 

 

 
Figure 25. Cu tenor (measured by LA-ICP-MS) in select minerals in TSF 1-pyrite cell. 
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Figure 26. Au tenor (measured by LA-ICP-MS) in select minerals in TSF 1-pyrite cell. 

4.3 TSF-2  

4.3.1 Tailings mineralogy 

The bulk mineralogy of 7 samples from TSF-2 (Figure 27) showed, mineralogically, a great deal of 

similarity to TSF-1 with a dominance of quartz (range: 29.6 wt. % to 42.4 wt. %) and magnetite (17.6 

wt. % to 39.3 wt. %) and a high proportion of amorphous material again measured (4.6 wt. % to 27.3 

wt. %) though the minimum was lower than that for TSF-1 and the TSF-1 pyrite cell (Figure 27). Pyrite 

was lower than for TSF-1 and ranged from 2.5 wt. % to 3.7 wt. % (average: 3.2 wt. %) whilst pyrrhotite 

was only reported for 1 sample (CD-12186; 0.6 wt. %). No neutralising minerals (e.g., carbonates) 

were identified in the studied samples from this TSF. Jarosite was inconsistently measured (n=4) 

ranging from 0.4 wt. % to 2.4 wt. % (average: 1.3 wt. %).   

 

Figure 27. Modal mineralogy (measured by XRD) for TSF 2 (n=7). 
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The modal mineralogy was also measured by MLA (Figure 28) and, like TSF-1, identified 

magnetite (range: 22 wt. % to 48 wt. %; average: 40 wt. %), quartz (range: 25 wt. % to 31 wt. %; 

average: 28 wt. %) and the agglomerate cement phase (range: 5 wt. % to 18 wt. %) as the dominant 

phases. Pyrite concentrations were similar to that measured by XRD and ranged from 2.7 wt. % to 4.8 

wt. % (average: 3.5 wt. %) and pyrrhotite ranged from 0.2 wt. % to 1.5 wt. % (average: 0.7 wt. %). 

Slightly higher chalcopyrite was measured in comparison to TSF-1 (< 1 wt. %) with minor jarosite in 

all samples (range: 0.07 wt. % to 0.9 wt. %; average: 0.3 wt. %).  

 

 

Figure 28. Modal mineralogy (measured by MLA) for TSF 2 (n=8). 

 

The p80 for pyrite was coarser than for TSF-1 and ranged from 53 µm to 75 µm (Figure 29). 

On examination of pyrite mineral associations (measured by MLA) the degree of pyrite liberation was 

lower than for both TSF-1 and the TSF-1 pyrite cell (35 to 57 %; Figure 30). Where locked, pyrite is 

associated with the agglomerate cement, magnetite, pyrrhotite, jarosite and quartz. For pyrrhotite, the 

p80 was again coarser compared to the TSF-1-pyrite cell and reported a larger range (20 µm to 75 

µm; Figure 31).  

Pyrrhotite was less liberated than pyrite, with locking ranging from 53 % to 87 %. Mineral 

associations with magnetite, pyrite, the agglomerate cement and jarosite dominated with 

comparatively minor associations with quartz (Figure 32). An examination of magnetite showed it to 

be dominantly liberated (51 % to 76 %) but where it was locked, mineral associations with the 

agglomerate cement phase, quartz, jarosite and plagioclase (Figure 33).  
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Figure 29. Pyrite particle size distribution (measured by MLA) for TSF 2 (n=8). 

 

Figure 30. Pyrite locking mineral associations (measured by MLA) for TSF 2 (n=8). 

 

Figure 31. Pyrrhotite particle size distribution (measured by MLA) for TSF 2 (n=8). 

 



 

Final Report, Osborne – Cobalt and other critical metals in tailings of major mineral deposits in north Queensland 29 
 

 

Figure 32. Pyrrhotite locking mineral associations (measured by MLA) for TSF 2 (n=8). 

 

 

Figure 33. Magnetite locking mineral associations (measured by MLA) for TSF 2 (n=8). 

4.3.2 Tailings mineral chemistry 

No pyrrhotite from TSF-2 was measured by LA-ICP-MS. Cobalt in pyrite and magnetite is shown in 

Figure 34. Cobalt in pyrite ranged from 25 ppm to 27,013 ppm (average: 9,518 ppm) which is lower 

than concentrations measured in the TSF-1 pyrite-cell. Magnetite had much lower concentrations, but 

in keeping with the TSF-1 pyrite cell ranging from 0.6 ppm to 483 ppm (average: 93 ppm).  

Copper in pyrite ranged from 0.1 ppm to 892 ppm (average: 76 ppm; Figure 35) with the average 

noted to be similar to that for TSF-1 pyrite cell, and much higher than that for TSF-1 (94 ppm). In 

contrast, Cu was high in magnetite with concentrations ranging from 0.1 ppm to 11,504 ppm (average: 

171 ppm), with this average higher than that for the TSF-1 pyrite cell and TSF-1.     

Gold is shown in Figure 36 with low values measured. In pyrite, Au ranged from 0.003 ppm to 

0.23 ppm (average: 0.013 ppm and in magnetite it ranged from 0.003 ppm to 0.2 ppm (average: 0.008 

ppm).  
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Figure 34. Co tenor (measured by LA-ICP-MS) in select minerals in TSF 2. 

 

Figure 35. Cu tenor (measured by LA-ICP-MS) in select minerals in TSF 2. 

 

Figure 36. Au tenor (measured by LA-ICP-MS) in select minerals in TSF 2 
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4.4 Co, Cu and Au deportment mode 

Correlation matrices for Co, Cu, Ni, As, Au (for all the data, not by each TSF) in pyrite, pyrrhotite and 

magnetite are shown in Tables 6, 7 and 8 respectively. In pyrite, poor correlation was observed for Co 

with Cu, Ni and As with the strongest observed between Co and Au (0.45; Table 6). In contrast, for 

pyrrhotite strong correlation was observed between Co and Cu, Co and Ni, Co and Au, Ni and Cu, Cu 

and Au and Au and Ni (Table 7) though it is noteworthy that only 14 analyses were reported. For 

magnetite, the strongest correlation was observed between Au and Cu (0.91; Table 8).     

Table 6. Correlation matrix for all analysed pyrite (n= 277). 

Correlation Co_ppm Cu_ppm Ni_ppm As_ppm Au_ppm 

Co_ppm 1 0.099 -0.28 0.2 0.45 

Cu_ppm 0.099 1 0.31 -0.12 0.46 

Ni_ppm -0.28 0.31 1 -0.13 0.069 

As_ppm 0.2 -0.12 -0.13 1 -0.064 

Au_ppm 0.45 0.46 0.069 -0.064 1 

Table 7. Correlation matrix for all analysed pyrrhotite (n= 14). 
 

Co_ppm Cu_ppm Ni_ppm As_ppm Au_ppm 

Co_ppm 1 0.96 0.82 0.075 0.93 

Cu_ppm 0.96 1 0.93 -0.1 0.96 

Ni_ppm 0.82 0.93 1 -0.34 0.91 

As_ppm 0.075 -0.1 -0.34 1 -0.17 

Au_ppm 0.93 0.96 0.91 -0.17 1 

Table 8. Correlation matrix for all analysed magnetite (n= 238). 
 

Co_ppm Cu_ppm Ni_ppm As_ppm Au_ppm 

Co_ppm 1 0.26 0.35 0.17 0.2 

Cu_ppm 0.26 1 0.13 0.056 0.91 

Ni_ppm 0.35 0.13 1 0.04 0.077 

As_ppm 0.17 0.056 0.04 1 0.063 

Au_ppm 0.2 0.91 0.077 0.063 1 

To visualise this, bivariate plots of Cu against Co, Co against Au and Co against Ni are shown 

in Figures 37, 38 and 39. For pyrite, concentrations of Co were indeed the highest (Figure 37) however, 

when examined against Cu, there is a significant degree of variability suggesting either there are cores 

and rims of pyrite (note, the majority of laser ablation sites measure the rims rather than the cores). 

This potentially suggests there is enrichment of Co in the oxidising rims, as MLA data showed that 

where pyrite is locked, the agglomerate cement was the most associated, which may actually reflect 

amorphous secondary oxides these sulphides are weathering to, as is shown to occur in Table 5.  

There appears to be at least two generations, or types, of magnetite, one which is Cu high, and one 

that is Cu low (Figure 37), however, this does not influence the Co tenor. Pyrrhotite is consistently 

enriched in Cu and Co (Figure 37) although, fewer spots were measured. Correlation between Au and 

Co is poor (Figure 38) again, suggesting there may be two generations of pyrite, pyrrhotite and 

magnetite, one that is Au bearing, and the other that is not, potentially, this may be reflective of Co 

and Au deportment in secondary oxide vs. cores of grains. LA-ICP-MS mapping may help to resolve 

this. Finally, as also observed at other sites sampled in this larger study, Co and Ni show the best 

correlation in the three studied minerals (Figure 39).  
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Figure 37. Bivariate plot of Co against Cu (measured by LA-ICP-MS; n= 480). 

 

 

Figure 38. Bivariate plot of Co against Au (measured by LA-ICP-MS; n= 480). 

 

Figure 39. Bivariate plot of Co against Ni (measured by LA-ICP-MS; n= 480). 
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On examination of Co deportment mode in pyrite, it was most commonly observed as refractory 

(or present as micro-inclusions across the lattice of the measured part of the grain; Figure 40). The 

overall trace element chemistry is shown in Figure 41 and shows that Co, Ni, As and Cu dominate in 

the sampled pyrite grains, with minor Sb, Bi, Te and Ag.  

 

Figure 40. LA-ICP-MS pattern example for pyrite (TSF-1 pyrite cell- Osb-14 Py-6; 18,901 ppm Co, 
0.3 ppm Cu, 0.011 ppm Au).  

 

Figure 41. Summary of the trace element chemistry for the analysed pyrite grains (n= 277). 

As fewer analyses were performed on pyrrhotite, these observations can only be taken as 

preliminary. Much like with pyrite, Co deportment appears refractory (or present as micro-inclusions 

across the lattice of the measured part of the grain; Figure 42).  The trace element chemistry is more 

diverse (Figure 43) but as with pyrite, Co dominates, followed by Cu, Ni and Se with minor Bi, Sb and 

Ag.  For magnetite, Co deportment mode is consistent with pyrite and pyrrhotite (Figure 44) however 
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the trace element chemistry was notably different with enrichment in Cu, Cr, V and Ti (with Mg and Al, 

which are common impurities, also noted to be comparatively high).  

 

Figure 42. LA-ICP-MS pattern example for pyrrhotite (TSF-2 - Osb-22 Py-9; 5,468 ppm Co, 69 ppm 
Cu, BDL ppm Au).  

 

 

Figure 43. Summary of the trace element chemistry for the analysed pyrrhotite grains (n= 14). 
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Figure 44. LA-ICP-MS pattern for TSF-1 Osb-4 Mt-9 (178 ppm Co, 12 ppm Cu).  

 

 

 

Figure 45. Summary of the trace element chemistry for the analysed magnetite grains (n= 238). 

 

Gold deportment was also examined. Based on the assay data Chinova provided for the 

samples used in the Co study, and the LA-ICP-MS analyses on pyrite, pyrrhotite (and magnetite), Au 

concentrations range from 0.003 ppm to 0.9 ppm (Figure 46), and where present, it is likely that Au is 

present as free Au (i.e., not necessarily as a telluride complex, or electrum) and is refractory (lattice 

bound; Figure 47) or present as micro-inclusions (Figure 48). It was not within the scope of the project 

to undertake bespoke Au searches on the MLA analysed samples, however, where Au concentrations 

are high, these could be re-run in this mode to collect more particle information on these phases to 

assist with developing a metallurgical case for reprocessing these tailings.  
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Figure 46. Comparison of Au in pyrite, pyrrhotite and magnetite in all analysed samples (n= 480). 

 

Figure 47. Gold solubility in the studied minerals (n= 480). 

 

Figure 48. LA-ICP-MS pattern for TSF-1 pyrite cell Osb-14 Py-11 (0.9 ppm Au; 79,361 ppm Co).  
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5. Summary and recommendations  

The Osborne Cu-Au deposit comprises of an Eastern Domain, Western Domain and Southern plunge 

zone with pyrite and pyrrhotite common gangue minerals identified across all. Resultantly, the tailings 

mineralogy contains pyrite (and pyrrhotite) in addition to magnetite and gypsum. The mineralogy and 

chemistry of tailings from TSF-1 (n=16), TSF-1 pyrite cell (n=15) and TSF-2 (n=10) were studied to 

determine the mineralogical host of Co, and study its deportment mode. As the deposit is a Cu-Au 

operations, these elements were also examined. A summary of the observations made in this study is 

presented in Table 9. 

Table 9. Summary of the mineralogy and chemistry of sampled tailings from TSF-1, TSF-1 pyrite cell 
and TSF-2. 

 
Bulk mineralogy MLA Assay (avg.) Mineral  

Chemistry (avg.) 
Deportment  

Mode 

TSF-1 Quartz 
Magnetite 

Amorphous 
Pyrite  

Pyrrhotite 
Jarosite 

Magnetite (> liberated) 
Quartz 

Agglomerate cement 
Pyrite (> liberated) 
Pyrrhotite (>locked) 
Trace chalcopyrite 

1,211 ppm Co 
1,583 ppm Cu 

0.2 ppm Au 
  

Pyrite 
9,534 ppm Co 

94 ppm Cu 
0.017 ppm Au 

 
Pyrrhotite 

5,282 ppm Co 
145 ppm Cu 

0.019 ppm Au 
 

Magnetite 
94 ppm Co 

122 ppm Cu 
0.007 ppm Au 

 

Co- refractory 
Au- refractory 

TSF-1 pyrite cell Quartz 
Magnetite 

Amorphous 
Pyrite  

Pyrrhotite 
Jarosite 

Magnetite (> liberated) 
Quartz 

Agglomerate cement 
Pyrite (> liberated) 
Pyrrhotite (>locked) 
Trace chalcopyrite 

1,171 ppm Co 
1,684 ppm Cu 
0.29 ppm Au  

Pyrite 
11,469 ppm Co 

93 ppm Cu 
0.02 ppm Au 

 
Pyrrhotite 

4,394 ppm Co 
64 ppm Cu 

0.003 ppm Au 
 

Magnetite 
96 ppm Co 
75 ppm Cu 

0.006 ppm Au 
 

Co- refractory 
Au- refractory 

TSF-2 Quartz 
Magnetite 

Amorphous 
Pyrite  

(Pyrrhotite) 
(Jarosite) 

Magnetite (> liberated) 
Quartz 

Agglomerate cement 
Pyrite (locked≠liberated) 

Pyrrhotite (>locked) 
Minor chalcopyrite 

866 ppm Co 
1,331 ppm Cu 
0.16 ppm Au  

Pyrite 
27,014 ppm Co 

892 ppm Cu 
0.013 ppm Au 

 
Magnetite 

483 ppm Co 
11,5304 ppm Cu 

0.009 ppm Au 
 

Co- refractory 
Au- refractory 

The tailings mineralogy (XRD and MLA) confirmed an absence of carbonates (with quartz and 

magnetite dominating) indicating that the sampled tailings are potentially acid forming (when 

considering the absolute pyrite: carbonate content). General mineralogical observations indicate that 

the tailings are in the early-mid stages of weathering based on Jambor’s (2003) paragenesis. Capping 
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of these materials to control acid and metalliferous drainage at the site is indeed an appropriate 

measure to reduce geochemical environmental risks posed by these materials. Based on this study 

the following recommendations are made: 

• Magnetite, whilst not significantly Co-bearing, is abundant in the tailings, measured as either the 

dominant, or second most dominant, mineral in these studied samples. Any consideration to 

reprocessing these tailings should focus on its recovery and concentration as a potentially 

saleable product. Assaying of the magnetite concentrate to investigate its sulphur content should 

be undertaken (as S in magnetite is a penalty element at concentrations > 0.05 %; Arvidson et 

al., 2013). Further investigations to determine magnetite relationships with pyrite and pyrrhotite 

may be necessary (to determine if separation using flotation is necessary), though this study 

shows magnetite it is dominantly associated with the agglomerate cement phase (further 

investigations by EPMA may be required to understand the chemistry of this phase, this was out 

of the scope of this study). 

• The Co tenor in pyrite across all TSFs is considered high (particularly in comparison to the other 

sites sampled in this study, Table 1).  The highest concentrations were reported for TSF-1 pyrite 

cell and TSF-2. As Co is present as a refractory element in pyrite, it is recommended that 

additional mineral chemistry studies are performed, such as in-situ chemical mapping, as in the 

‘outer’ analysed part of these grains, Co is high, however, understanding if this is within the entire 

lattice or volume of pyrite is not known.  This further study should also focus on evaluating the 

spatial variability of Au in pyrite.   

• Metallurgical recovery of Co from pyrite (pyrrhotite and magnetite are much less endowed so are 

not the primary target) should be tested at bench scale using novel techniques such as 

bioleaching (Parbhakar-Fox et al., 2018) or  other new technologies such as the thermal 

decomposition method developed by Cobalt Blue. It is noted that the studied minerals are 

embedded in a matrix of amorphous or agglomerated material, so experimental work to clean 

these surfaces will be required. It should also be noted that these materials are fine-grained (p80 

< 40 µm) so technologies that can metallurgically process fine particles efficiently would be 

required. 
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