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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). For the Capricorn Copper 

mine, chemical assay data and mineralogical investigations have been undertaken on tailings and 

waste rock samples collected from two locations at the site (namely the ‘new’ tailings storage facility 

and the Northern waste rock dump). 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).  

 

From the 6 sampled tailings facies, 79 samples were collected in February 2020. In addition, 20 

waste rock samples were collected. These were geochemically assayed and the average 

concentration for the target new economy metals (as measured by ALS- ME-MS 61) for the sampled 

materials was: 

• Capricorn Copper waste rock Co: n = 20; average: 273 ppm  

• Capricorn Copper tailings Co: n = 79; average: 65 ppm 

• Capricorn Copper waste rock Cu: n = 20; average: 2,398 ppm  

• Capricorn Copper tailings Cu: n = 79; average: 2,174 ppm  

 

In the sampled tailings, Co is sulphide (pyrite) associated, with a maximum of 1,154 ppm Co 

measured in pyrite (n = 77; average: 393 ppm). In tailings pyrite, a maximum of 20,226 ppm Cu was 

measured (n=77, average: 6,869 ppm). In contrast, Co is Mn and Fe oxide hosted in waste rock. 

Mineral chemistry studies reported Co in iron oxides up to 1,305 ppm (n= 33; average: 316 ppm) with 

Cu measured up to 14,706 ppm (n= 33, average: 5,863 ppm).  

 

The content of other new economy minerals, listed by the Queensland Government, and REEs 

were not considered significant in the sampled materials when compared against crustal abundance 

values. However, As is high in all sampled mine waste and consideration for this should be given if 

reprocessing is not economically viable, as it will need to be appropriately managed at the time of 

mine closure and rehabilitation. 

 

Additional studies to determine the Co tenor and deportment at depth in the sampled tailings 

storage facility are recommended, as during the time of sampling, it was not possible to access tailings 

below 1 m depth. Further, understanding the Co mineralogy in drill core materials at each of the ore 

bodies present at the site is recommended, particularly if the site are to consider Co recovery from 

fresh ore as operations continue. Bench-scale bioleaching trials are being undertaken by a 2020 UQ 

honours student to identify indigenous bacteria and determine if these can be used to bioleach 

sulphides at the site for Co recovery. Upscaling of these experiments, based on the findings of this 

study, are also recommended.   
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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 (with a 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 (1/9) focusses on waste 

materials at the Capricorn Copper 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 dump 
waste rock 
(uncovered)  

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 New 
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 were 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.  

 

 

Figure 1. Flowchart showing the project timeline. 

Some delays in undertaking fieldwork were incurred due to heavy rainfall during the Queensland 

summer which made some mine sites inaccessible, thus the bulk of sampling occurred in mid-late 

February 2020.    
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2. Deposit geology and mine history  

2.1 Deposit geology 

The Capricorn copper mine deposits, formerly known as Gunpowder and Mount Gordon, are classed 

as ‘structurally controlled epigenetic Cu ± Au deposits’ (Hutton et al., 2012) or ‘brecciated sediment 

hosted epigenetic Cu ± Au deposits’ (Perkins and Denaro, 2011). Associated commodities include Co 

and Ag. The genetic model specifically describes the hypogene processes in Cu mineralisation, but 

notes that supergene enrichment has been significant in upgrading several deposits. The site is 

located in the Western Fold Belt (Leichhardt River Fault Trough), Mt. Isa Inlier (Figure 2).  
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Figure 2. Regional location of the Capricorn Copper (shown as Gunpowder) district with respect to 
the Leichhardt River structural domain map from the 2010 NWQMEP GIS (in Fox, 2019). 

 

The North West Queensland (NWQ) Deposit Atlas (Chapter 9; Fox, 2019) details the deposit 

geology extracts and summaries given in the next paragraphs. The deposit comprises several ore 

bodies including Mammoth and Esperanza, which are structurally controlled, occurring at the 

intersections of deposit-scale faults. The geometry of the ore lenses is largely influenced by these 

structural intersections. The Capricorn copper deposits are associated with the Mount Gordon Fault 

Zone which separates the McNamara Group (1653 ±7 to 1595 ±6 Ma), part of the Lawn Hill Platform 

to the west, from the Haslingden Group (1790 to 1740 Ma), part of the Leichhardt River Fault Trough 

to the east (Richardson and Moy, 1998; Clarke, 2003). At Gunpowder, the Lena Quartzite Member 

and metabasalt, part of the Eastern Creek Volcanics, are the oldest outcropping units which occur on 

the western side of the Esperanza Fault (Richardson and Moy,1998). To the east of the Esperanza 

Fault, the Myally Sub-group hosts the Mammoth ore bodies in quartzite rocks of the Whitworth 

Quartzite. The Surprise Creek Formation, unconformably overlying the Myally Sub-group, does not 

directly host mineralisation but is unconformably overlain by the McNamara Group which hosts 

mineralisation at Esperanza within the Esperanza Formation. The Esperanza Formation conformably 

overlies the Paradise Creek Formation and is itself overlain by the Lady Loretta Formation.  

 

Figure 3. Geological map of the Capricorn Copper (Gunpowder) district and mineralisation/ore 
bodies (Modified from Richardson and Moy, 1998 in Fox, 2019). 

The Mammoth deposit is hosted by the Whitworth Quartzite, part of the Myally Subgroup which 

overlies the Eastern Creek Volcanics and forms part of the Haslingden Group. At Gunpowder, the 

lower most mine units are pink coloured, weakly to massively bedded quartzite, which are at least 60 

m thick and overlain by a complex sequence of interbedded sandstone, arkose, siltstone and quartzite 

(Richardson and Moy, 1998). Clark (2003) subdivided the Whitworth Quartzite based on textural 

classifications related to increasing vein-fracture intensity. These are massive quartzite with minor 



 

Final Report, Capricorn Cu – Cobalt and other critical metals in tailings of major mineral deposits in north Queensland 11 
 

veining (unfractured, S0), highly veined and fractured host rock (S1 and S2) including chalcocite and 

pyrite-rich veins and brecciated host rock (B1 and B2) with breccia cement and matrix comprising 

chalcocite and pyrite (Clarke, 2003). In the mine region, the Whitworth Quartzite is unconformably 

overlain by up to 300 m of conglomerates, siltstones and sandstone of the Surprise Creek Formation 

(Richardson and Moy, 1998). Whilst the Surprise Creek Formation is largely unmineralised at 

Mammoth, the unconformity surface hosts minor mineralisation (Richardson and Moy, 1998; Clark, 

2003).  

Alteration studies by Scott (1985) at Mammoth indicate a general absence of alteration in the 

stratigraphic hanging wall to mineralised lodes. However, the occurrence of the ‘C’ orebody in the 

footwall of the ‘B’ orebody causes intensified alteration comprising muscovite, hematite, pyrite and Fe-

chlorite (Richardson and Moy, 1998). Ore zones dominated by veined and brecciated quartzite (Figure 

4) show variable alteration intensity where detrital quartz is overgrown by hematite, limonite and 

goethite and feldspars are altered to illite-chlorite proximal to mineralisation (Clark, 2003). Stage I 

alteration of Clarke (2003) is characterised by development of veined and disseminated pyrite in the 

host rock (Figure 4). Stage II alteration accompanied hypogene chalcocite, bornite and chalcopyrite 

mineralisation and replacement of Stage I pyrite. Chlorite and illite occur as vug infill and fine 

intergrowths with mineralisation (Clark, 2003).  

 

Figure 4. Alteration and mineralisation paragenesis at Mammoth (Clark, 2003 in Fox, 2019). 

At Esperanza, the deposit is dominantly hosted by siltstones of the Esperanza Formation 

which in the mine region, comprise laminated grey-green siltstone and shale with local intercalations 

of laminated chert and chert breccia. The unit is well bedded to locally massive black, carbonaceous 

to weakly dolomitic in composition. Carbonaceous units dominate in proximity to mineralisation 

(Richardson and Moy, 1998). The largest chert body is the Esperanza Chert which immediately 

overlies ore and has been subject to extensive brecciation due to faulting and has been variably 

enriched with supergene Cu-sulphides (Figure 5, Richardson and Moy, 1998). The most south-

westerly located NW-SE sections (Mine grid 3400 and 3450 mN) show the relationship between 

massive sulphide mineralisation, the overlying Esperanza Chert and the Mammoth Extended Fault. 

The Esperanza chert forms a continuous unit with a strike length of 15 km and is closely related to the 

Mammoth Extended Fault and the Esperanza Fault (Richardson and Moy, 1998). 
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Mineralisation at Esperanza occurs at the faulted contact between black carbonaceous silt-

stone and shale of the Esperanza Formation and dolomitic siltstones of the Paradise Creek Formation 

(Figure 5). Barren massive sulphide mineralisation (e.g., pyrite, marcasite) occurs within the Paradise 

Creek Formation (Sections 3400, 3450N, Figure 4). Minor mineralisation is hosted within the laminated 

shales and siltstones of the Esperanza Formation (Figure 5). Hypogene primary copper mineralisation, 

in the Inner Zone of the Esperanza deposit, is hosted by carbonaceous shale and forms a kernel 

surrounded by supergene oxidation (Richardson and Moy, 1998). Hypogene mineralisation occurs as:  

1) Chalcopyrite-pyrite veins and disseminations overprinting syngenetic, primary pyrite in shale 

laminations.  

2) Chalcopyrite-pyrite-chlorite veins up to 1-2 m wide.  

3) Massive sulphide bands (up to 70 % chalcopyrite) several metres in thickness. 

The only notable alteration mineral present in the hypogene mineralisation is green-coloured chlorite. 

Primary cobalt mineralisation is known at Esperanza and like at Mammoth, Co grades diminish in the 

supergene environment. Primary cobaltite and siegenite are associated with chlorite.  

 

Figure 5. Plan geological map of the Esperanza deposit and section line A-A’.  
(from Richardson and Moy, 1998 in Fox, 2019). 
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In the Outer Zone-Esperanza, the carbonaceous black shales surrounding the Esperanza 

deposit contain syngenetic, diagenetic pyrite that is most noticeable on the western side of the 

Esperanza orebody where supergene enrichment is less intense (Richardson and Moy, 1998). It is 

suggested that syngenetic pyrite, formed during deposition of the black shales, may represent an 

exhalative pyrite ore body (Richardson and Moy, 1998). Colloform pyrite occurs in the distal ore zone, 

interpreted to post-date syngenetic pyrite but pre-date mineralisation. This is preserved in the 

supergene zone only as relict colloform textures indicating open-space filling, intense brecciation and 

localised veining. Richardson and Moy (2008) suggest this event may correlate with early pyrite at 

Mammoth (Scott, 1985). Distal to the main mineralisation, Co grades up to 0.2 % occur associated 

with pyrite. 

 

2.2 Mine history and current activities 

The NWQ Deposit Atlas (Chapter 9; Fox, 2019) details the mine history and current mining activities 

that are summarised in this section.  Copper was first discovered in the Gunpowder region in 1882 by 

Ernest Henry at Mount Oxide, located 23 km north of the current Capricorn Copper mine (Blainey, 

1965). In 1923, the Mammoth deposit was discovered by two cameleers, the Shah brothers, in 1927 

presumably as a result of outcropping copper oxide ore and gossan (Richardson and Moy, 1998). 

Early extraction (1927 to 1940s) was from a small open pit at Mammoth Number One lens. 

Underground mining was carried out at Mammoth from 1948-1969. An open pit expansion at 

Mammoth in 1969 was carried out by Surveys and Mining Ltd in addition to an exploration decline 

(Sell and Allen, 2014). Small scale open-pit mining continued until 1969 producing up to 700 tonnes 

of copper (Hespe, 2001; Capricorn Copper, 2017). Open cut mining at Mammoth ceased in 1972 and 

the former open pit was back filled between 1999 – 2002 with historic heap leach waste and waste 

rock from the Esperanza open pit and Mammoth underground workings (Sell and Allen, 2014). 

Between c.1982 to 1997, open stope mining and decline haulage at Mammoth with surface heap 

leaching, flotation, solvent extraction and electrowinning (SX-EW) was carried out (Richardson and 

Moy, 1998).  

The Esperanza deposit was discovered in 1969 by diamond drilling of outcropping gossans 

located 1 km west of the Mammoth deposit (Richardson and Moy, 1998; Clark, 2003). Open pit mining 

at Esperanza commenced in 1997 and terminated in 2005. Ore was recovered using the established 

processing methods at the site. Copper production in 2012 under Aditya Birla Minerals Pty Ltd was 20 

kt of copper following a period of care and maintenance from 2009-2011 due to low Cu prices (Geosci-

ence Australia, 2016). The Gunpowder district returned to care and maintenance in 2013. Capricorn 

Copper Holdings acquired the site in 2015 with the aim to restart production in 2019. No data is 

currently available for recent Co and Ag production.  

Current mining utilises existing mine infrastructure and declines at Mammoth for access and 

extraction at various orebodies including Mammoth Deeps, Greenstone, Mammoth North and Pluto 

(Figure 6) using long hole open stoping with paste fill. Esperanza South has an independent decline 

and will be mined using longitudinal sub-level caving methods (www.capricorncopper.com 

/operational-strategy). 

Hespe (2001) reported resources at Esperanza of 4.0 Mt at 8.3 % Cu (as chalcocite) and 0.09 

% Co plus a sulphide resource of 0.9 Mt at 4.0 % Cu (as chalcopyrite) and for Esperanza South of 1.6 

Mt at 4.3 % Cu. The Mammoth Mine resource was 9.0 Mt at 3.8 % Cu (as chalcocite) and 5.2 Mt at 

3.1 % Cu (as chalcopyrite; Hespe, 2001). Clarke (2003) reported updated resources for Esperanza of 

8.4 Mt at 7.9 % Cu (including 0.9 Mt @ 0.19 % Co) and for Mammoth of 16.8 Mt at 3.4 % Cu. Currently, 

the total (measured, indicated and inferred) resource for the Gunpowder (Capricorn) district is 36.8 Mt 

at 2.45 % Cu and 4.9 g/t Ag. 

http://www.capricorncopper.com/
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Figure 6. Pseudosection oriented E-W (looking N) of the Gunpowder district showing the location of 
the quartzite hosted Mammoth and Greenstone lenses and the Esperanza/ Pluto and Esperanza 
South lenses, Significant intersections are highlighted. (Modified from Capricorn Copper, 2017 in Fox, 
2019). 

2.3 Waste types and characteristics 

There are two main tailings storage facilities (TSFs) at the site. The old TSF (Figure 7) is currently 

being closed (i.e., geotextile membranes and inert rock materials have been placed on this) and 

therefore is not available for sampling. However, it was stated the tailings deposited here were likely 

from the Mammoth ore body for which tailings Co values are postulated to be lower than Esperanza. 

Instead, the main target for this project is the new TSF (Figure 7; termed the ‘new TSF’ (Gunpowder) 

even though it is not currently active) where the water cover (< 1.5 m) during dry conditions can regress 

to about 1/3 of the TSF’s footprint. New, currently produced tailings are being placed in the Esperanza 

pit. Sampling of these tailings has been undertaken in a separate study being led by Earth Systems.  

 

The target tailings in the ‘New TSF’ (during dry conditions) are competent and can be safely 

investigated by foot. A report prepared by Woodward-Clyde (1998) prior to this TSFs construction 

describes the structure and predicted geochemistry of the TSF. It was estimated that 9.2 Mt of tailings 

would be produced and deposited, with 60% derived from Esperanza ore and 40% from Mammoth 

ores. Tailings derived from the process were to comprise a dry filter cake which was then re-pulped 

and neutralised (by addition of lime and limestone) prior to pumping to the tailings dam. The tailings 

were to be delivered at high solids concentration (50.2 % to 59 % solids by weight) so as to minimise 

liquid available for seepage from the tailings impoundment.  The geochemical properties of the tailings 

(Esperanza ore only) were measured by Woodward-Clyde (1998). Intrinsically the tailings have low 

acid neutralising capacity with a high total pyrite content (50-90 %; average: 70 %) with 33% quartz. 

Overall, the tailings have a positive net acid producing potential (i.e., are acid forming). Through simple 

leachate testing (shaker flask tests), potential metal contaminants were identified as Pb, Zn, Cu and 

As. Interestingly, 62.1 mg/L Co was measured after 54 hours in these leachate tests.  
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The following paragraph document the planning criteria for the TSF from the Woodward Clyde 

(1998) report, so it is assumed this design specification was followed. The TSF was constructed by 

forming an embankment at the northern end of the valley near the confluence with Conservation 

Valley. The North Waste Dump, formed within Conservation Valley, abuts the downstream face of the 

tailings dam embankment.  Due to the significant waste rock quantities available from the Esperanza 

Pit, the tailings dam embankment is constructed predominantly from compacted run-of-mine waste. A 

clay core and foundation cut-off was formed within the upstream portion of the embankment section. 

A storage spillway was formed within a saddle located at the southern end of the storage. It is unclear 

if multiple spigot points were used to deposit the tailings sub-aerially, but spigotting occurred from the 

embankment crest. The Woodward-Clyde (1998) report provides extensive details on the geotechnical 

properties of the tailings, but as these details are less relevant to the focus of this study they have 

been omitted from this report. On filling of the TSF, tailings were to be capped with 4 layers i) surface 

stabilisation layer (rock mattress as required) ii) capillary break layer (with separation mediums i.e., 

geotextile membranes); iii) clay fill layer; and iv) surface protection rock mulch layer.  

   

The report also describes that 20 Mt of waste rock was to be produced as part of mining the 

Esperanza pit with two waste rock emplacements to be formed, one located to the north of the pit area 

within Conservation Valley (North Waste Dump) and the other to the south, of the pit and extending 

between Conservation Valley and Esperenza Valley (Esperenza Waste Dump). The waste dumps 

comprise three lithologies (14% dolomitic siltstone; 37% quartzite, chert, ferruginous siltstones; 49% 

carbonaceous siltstones, siltstone shales) which were classified as acid neutralising, inert and acid 

forming respectively. The dumps were to be constructed by lining the waste dump floor using acid 

neutralising waste, encapsulating the acid forming material with inert waste and capping the dumps 

with fine-graded compacted inert waste. The North Waste dump was planned to be the first completed 

whilst the Esperanza dump would be filled as open cut mining at Esperanza progressed, with 

completion predicted around year 8 of production.  

 

 

Figure 7. Aerial image of site showing the main waste features (image from Google Earth). NB. the 
‘new TSF’ and waste rock dump to its norths are the focus of this study. 
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3. Materials and methods 

3.1 Sample collection 

The main Co target at this site was the new TSF (Figure 7; termed the ‘new TSF’ even though it is not 

currently active). At the time of sampling, the water cover (< 1.5 m) had significantly regressed and 

covered <1/3 of the TSF’s footprint. Despite this, the mine operator had health and safety concerns 

regarding accessing the tailings (it had been raining heavily on the days before sampling), and indeed, 

using an excavator. After several assessments on the day of sampling, JHA’s were undertaken by 

several members of the mine operator’s team and a risk assessment agreed upon by all parties. 

Tailings samples had to be collected by manual shovelling or using the UWITEC sampler where 

possible (i.e., near the tideline as sediments were moister making it easier to push the piston corer 

down through the sediment package; Figure 8). Because of this (i.e., no use of a mechanical excavator 

or auger), samples from <1 m only could be collected during the site visit. Additionally, the time on site 

was further restricted due to weather related delays (i.e., lightning). Over the two days on site, both 

tailings and waste rock were collected. In total, 79 samples were collected in the TSF from 27 holes 

and 20 samples from the North Waste rock dump (Figure 9).  

 

 

    

Figure 8. Collection of tailings at the ‘new tailings’ storage facility using a shovel and the UWITEC 
sampler with examples of the excavated holes, PVC pipes filled by driving in the UWITEC sampler, 
and bagged up tailings samples (thanks to Dominic Brown, GSQ and Brett Nutter, Capricorn Copper 
for their assistance). 
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Figure 9. Location of tailings and waste rock samples collected at the site. 

3.2 Sample preparation 

After collection of the samples, they were taken to the DNRME’s John Campbell Miles Mt Isa Core 

Facility where they were packaged for shipping to SMI’s Pilot Plant. On arrival in early March 2020, 

the waste rock samples were each photographed, grid references were recorded and a basic 

description of each was re-logged. Select samples were chosen for micro-XRF scanning (which 

required cutting, this was performed at the Exploration Data Centre, Zillmere by GSQ personnel). For 

the tailings, the grid references for the samples collected on site were noted and each sample was 

photographed. For the core tubes, each was carefully cut open and the tailings sediments logged (by 

honours student Ruby Fritz under BRC supervision). From these tubes, samples were collected from 

each identified facies. These samples were then transported to the Exploration Data Centre, Zillmere.  

Under the instruction of GSQ personnel, the samples were re-labelled and the data quality was 

assured by inserting certified materials (blanks and standards) and duplicate samples. In general, one 

blank and one standard were inserted in a pack of 20 samples, whereas one duplicate was inserted 

in the rate of 1/50, but where the batch has less samples this rate was reduced to include at least two 

duplicates within the batch. For rock chips and rock samples, the blank OREAS-C27c was used to 

check on contamination during the crushing and analytical process, but for pulps samples OREAS-

22e was used as a blank. Depending on the matrix of the samples and style of mineralisation, a suite 

of standards were used. For Capricorn Copper, this including OREAS-520 and OREAS-522. ALS used 

other reference materials (blanks and standards) and duplicates during the analysis of the samples 

and quality check results can be seen in the certificates (Appendices A, B and C). 
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The samples were then sent to Australian Laboratory Services (ALS) Geochemistry in Brisbane 

for analysis.  Sample preparation at ALS depended on the sample material (pulps, chips and rock). 

Wet samples were dried for at least 24 hours in oven at 60 °C. Rock chips and rock samples were 

coarse crushed to 70% passing 2 mm, then 250 g of the material were split and pulverised to 85% 

passing 75 µm. Barren quartz was used to clean the crusher and pulveriser after each sample, to 

avoid contamination of the samples. 

   

3.3 Geochemical assay 

The prepared pulps were submitted to four different analytical streams. For ME-MS61 analysis, 0.25 

g of pulps were digested in a combination of four acids namely HCl (hydrochloric acid), HNO3 (nitric 

acid), HF (hydrofluoric acid) and HClO4 (perchloric acid). The solution was then analysed using ICP-

AES/MS.  

Fused beads were prepared from 2 g of the pulps mixed with lithium borate flux, then the bead 

was dissolved in acid prior to analysis by ICP-MS (ME-MS81). The analysis of total C and S was done 

by induction furnace using 0.1 g of the pulp (ME-IR08). Pulps (~30 g for better results) were pressed 

and analysed for the determination of Si, Ti and Zr by pXRF. A total of 11 samples were analysed for 

ME-ICP06 analytical suite, which uses XRF on a fused bead from 2 g sample for major element oxides 

and LOI by TGA. This later analysis was done in the ALS Perth hub whereas the three others were 

done in Brisbane. Figure 10 below present the elements and the detection limits for each of the used 

analytical suites. 

 

 

Figure 10. Analytical suites used and their limit of detection ranges (ALS Global). 

The performance of certified materials (blank and standards) was checked in comparing the 

analysed samples with certified values. In general, most of the reference materials performed well for 

the majority of the elements, except that OREAS-C27c has shown some elevated values for Be, Bi, 

Co, Cu, In, Pb, S, Sb, Sm, W and Zn. These elevated values were observed when the blank followed 

high-grade samples in these elements, by carry-over. However, these carry-over values were still 

below the 0.1% of the values in the preceding samples which is acceptable. The other standards and 

blanks were in the acceptable ranges, despite some spikes observed in elements that are not critical 

for this project. 
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3.4 X-ray diffractometry (XRD) 

On receipt of the preliminary geochemical assay data (April, 2020), 10 samples with the highest Co 

were chosen for mineralogy and mineral chemistry studies. Thus, the bulk mineralogy of 7 tailings and 

3 waste rock 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 minutes, the fine fraction (nominally < 5 µm in suspension) was transferred via pipette to 

a low background plate and allowed to settle and dry . 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 (XRD) 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.  

 

3.5 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 iron oxides, as potentially, these were the most likely Co-

bearing phases. The 10 most Co endowed samples were again studied.  

The selected samples were analysed at the Sustainable Minerals Institute’s, 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 11).  

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 
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(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 particulates, this measurement 

should not be used for modal mineralogy). A site specific mineral reference library was developed for 

these samples. 

 

Figure 11. Example of MLA mount. 

3.6 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 and 29 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 sulphide secondary standards used for 

element concentration calculations. Data reduction was performed using the LADR software package 

(Norris Scientific). In total, 77 laser ablation spot analyses in pyrite and 33 laser ablation spot analyses 

in iron oxides passed quality control and filtering. 
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4. Results 

4.1 Sample description  

During the scoping visit in December 2019 at least 4 different secondary sulphates were observed 

(white, yellow, green and pinkish; Figure 12) on the ‘new’ TSF surface, suggesting a range of Cu, Fe 

and Co sulphates are present, as well as algae at the water-sediment interface. Where possible, these 

were sampled, though it was not possible to obtain isolated samples for all during the second site visit 

in February 2020.  Further, undertaking a detailed XRD analysis on just these phases was outside the 

scope of this study.   

 

Figure 12. Secondary efflorescent minerals observed on the old TSF surface and algae slimes. 

 

In the excavated holes, six distinct tailings facies were observed in just <1 m below the surface 

indicating the heterogeneous nature of these tailings sediments. These were defined as (Table 2): 
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Table 2. Logged Facies in the Capricorn Cu ‘New TSF’. 

Facies  Description/ Co or Cu features (geochemical data given) 

A Hardpan/crust, which, in some locations contained visible secondary sulphates (i.e., white 

and green crystals likely Fe and Cu-sulphates)- Co max. of 92 ppm (mean: 50 ppm; median: 

46 ppm) 

B Intensely weathered/red oxide (hematitic/limonitic), fine-grained, clay-dominated with Co 

max. of 133 ppm (mean: 55 ppm; median: 57 ppm) 

C Intercalated fine-grained sulphide/dark-grey laminae (<2 cm) within a red/orange –oxides. 

Max. Cu measured 0.7% (mean: 0.2 %; median: 0.19 %)  

D Sulphide/dark-grey fine-grained dominated horizon- highest measured Co with max.: 174 

ppm (mean: 104 ppm, median: 108 ppm), Cu max. of 0.59 % (highest mean: 0.33 %; 

median: 0.34 %)  

E White clay lenses (< 1 cm) intercalated in Facies B (oxide/weathered zone)  

F White salts directly overlying Facies C (typically with minimal Facies B seen in-between) 

 

Images of each hole, graphical logs of each identified facies, indication of sample locations and 

the chemical assay values for S (%), As (ppm), Co (ppm), Fe (%) and Ni (ppm) are given in Appendix 

D. Each sampled hole generally comprised a crust, or hardpan at surface, which was underlain by 

oxidised or highly weathered material. On occasion, dark-grey sulphidic bands (up to 2 cm diameter) 

were observed within this zone, with an example shown in Figure 13. For the majority of holes, at 

around 30 cm depth, the sulphide-dominated zone was penetrated. Given the time (and climatic) 

constraints during sampling, holes were terminated when the sulphide layer was encountered. Based 

on the tailings genetics information given by Woodward-Clyde (1998) it is anticipated that with 

increased depth, the pyrite content would likely have increased, thus the vertical extension of Facies 

D is anticipated.  

 

Figure 13. Examples of logged tailings sediments. A) Hole 20 (from PVC tube) and B) Hole 17 
(trench). Starred locations indicates sampled facies. 
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4.2 Bulk mineralogy 

4.2.1 Tailings 

For the selected Co-endowed tailings samples (marked T in Table 3), the mineralogy was dominated 

by quartz (range: 52.7 wt. % to 41.8 wt. %; average: 47.1 wt. %; median: 44.2 wt. %), K-feldspar (range 

23.5 wt. % to 12 wt. %; average: 17.7 wt. %; median: 17.1 wt. %), pyrite (range: 11 wt. % to 8.5 wt. %; 

average: 10 wt. %; median: 10.4 wt. %) and amorphous phases (range: 11.4 wt. % to 5.6 wt. %; 

average: 8 wt.%; median: 7.2 wt.%).   

Table 3. Bulk mineralogy measured by XRD for both tailings (T) and waste rock (R) (NB. BDL- below 
detection limit). 

 T T T T T T T W W W 

Mineral TLCCM056 TLCCM059 TLCCM072 TLCCM075 TLCCM081 TLCCM083 TLCCM088 TLCCM099 TLCCM100 TLCCM109 

Quartz 43.6 41.8 42.9 51.8 52.7 52.5 44.2 36.5 44.6 45.4 

Hematite BDL 2.1 2.2 1.7 3.6 2.4 2.1 12.3 14.3 27.8 

Pyrite 10.2 8.5 8.8 10.4 10.7 10.6 11.0 BDL BDL BDL 

Calcite 0.9 BDL BDL BDL BDL BDL BDL BDL BDL BDL 

Goethite BDL BDL BDL BDL BDL BDL BDL 20.1 21.7 BDL 

Gypsum 2.8 4.5 3.4 3.2 3.3 3.4 3.0 BDL BDL BDL 

Jarosite BDL 2.5 BDL BDL BDL BDL BDL BDL BDL BDL 

K-feldspar   23.5 19.1 23.3 14.9 12.0 13.9 17.1 BDL BDL BDL 

Kaolinite BDL BDL BDL BDL BDL BDL BDL 10.7 10.6 5.4 

Illite/mica  7.7 7.4 5.6 6.9 5.5 5.4 5.9 BDL BDL BDL 

Smectite/ 
Beidellite 

BDL BDL BDL BDL BDL BDL BDL BDL BDL 8.9 

Chlorite 5.6 6.9 5.5 1.1 5.8 5.1 5.4 BDL BDL BDL 

Amorphous 5.6 7.2 8.5 10.1 6.4 6.8 11.4 20.5 8.9 12.6 

Calcite, an acid neutralising mineral, was only identified in one sample (0.9 wt. %). The low 

abundance of goethite and jarosite in the analysed tailings suggests that they are in an early stage (2) 

of weathering as per the general mine waste paragenesis (Table 4) proposed by Jambor (2003).  

Table 4. 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 - 

Field observations did not suggest the extensive presence of AMD supporting the suggestion 

that these tailings are in early stages of weathering (based on typical field indicators, Parbhakar-Fox 

and Lottermoser, 2015). Based on the predicted mineralogy (Woodward-Clyde, 1998) the propensity 
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for AMD generation should be significant where they predicted pyrite content of ~ 70 % average. It is 

unclear if this high quantity of pyrite would be encountered at depth, or if a lesser quantity was actually 

deposited when the TSF was operational. Mineralogical examinations of Co-rich materials by Facies 

showed that Facies B was slightly more enriched in iron oxides (hematite) whilst Facies D was 

marginally more endowed in pyrite. Notably, K-feldspar was more abundant in Facies D and quartz in 

Facies B and C (Figure 14).   

 

Figure 14. Modal mineralogy for sampled tailings at ‘new TSF’ (shown by logged Facies; n = 7). 

4.2.2 Waste rock 

For the waste rock samples (marked W in Table 3; Figure 15), quartz was the dominant phase (range: 

45.4 wt. % to 36.5 wt. %; average: 42.1 wt. %; median: 44.6 wt. %) followed by goethite (range: 21.7 

wt. % to 20.1 wt. %) and hematite (range: 27.8 wt. % to 14.3 wt. %; average 18.1 wt. %; median: 14.3 

wt. %).  No sulphides were measured in these samples (nor carbonates), which was consistent with 

field (and logged) observations (Appendix D) of the general absence of both phases. In the field, Mn 

oxides were observed, however, they have not been identified in the analysed samples.    

 

Figure 15. Modal mineralogy for sampled waste rock at the North waste dump (n = 3).  
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4.3 Bulk chemistry 

A correlation matrix for the entire dataset (tailings and waste rock), kindly provided by the GSQ (Dr. 

Jacques Batumike), is shown in Figure 16. Cobalt shows strong correlation with Be, Mn, Ni and Zn 

and a weak correlation with Cd, Cu, Li and In (Figure 17). With a reported maximum value of 1,060 

ppm for Co, stronger correlation between Co and these elements is seen for values > 300 ppm (Figure 

17). Ni values are generally < 125 ppm with a maximum of 394 ppm. Cu and Zn maximums for this 

site are 0.89 % and 697 ppm, respectively. 

 

Figure 16. Correlation matrix for sampled Capricorn Copper waste (n= 99). 

 

Figure 17. Co vs Be, Mn, Ni, Zn, Cu and Cd plots for sampled Capricorn Copper waste (n= 99). 

4.3.1 Tailings 

The bulk chemical signatures of the tailings are explored in this section. In general, concentrations of 

Co increased with depth, with Facies D identified as the most endowed with a maximum concentration 

of 173.5 ppm (mean: 104 ppm, median: 108 ppm; Figure 18). Facies B was the second most endowed, 

owing largely to the presence of sulphides in this logged facies, with a maximum of 132.5 ppm (mean: 

55 ppm; median: 57 ppm). Facies A reported a low maximum of 91.5 ppm (mean: 50 ppm; median: 

46 ppm). Similar to Co, Cu (excluding far outliers) was also the most endowed in Facies D with a 

maximum of 0.59% reported (mean: 0.33%; median: 0.34 %; Figure 19) whist in Facies C the 

maximum reported was 0.7% (mean: 0.2 %; median: 0,19%; Figure 19).  A bivariate plot of Cu (ppm) 

against Co (ppm) is shown in Figure 20 with, for the whole population of data, R2 = 0.62 calculated.  

This plot supports the hypothesis that Cu and Co co-exist in these tailings with individual calculated 
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regression values for Facies B, C and D of R2=0.71, R2=0.67 and R2=0.41 respectively. Additional 

Tukey and bivariate plots of As, Fe, Zn and S are shown in Appendix D.  

 

Figure 18. Tukey plot of Co concentrations by Facies for the ‘new TSF’ (n= 79). 

 

Figure 19. Tukey plot of Cu concentrations by Facies for the Esperenza tailings, Capricorn Copper. 

 

Figure 20. Bivariate plot of Cu (ppm) vs. Co (ppm) for the ‘new’ tailings shown by logged facies. 
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The spatial distribution of Co and Cu are shown in Figures 21 and 22 (note, there is no 

distinction between the logged facies in these holes shown here- this information is given per sample 

in Appendix D).  

 

Figure 21. Spatial plot of Co (ppm) across the Esperanza ‘new’ tailings. 

 

Figure 22. Spatial plot of Cu (ppm) across the Esperanza ‘new’ tailings. 

In general, the highest concentrations of Co were measured around the periphery of the water 

covered zone (Figure 21) with the lowest concentrations towards the southern TSF wall. The highest 

concentrations of Cu were reported in the unsaturated zone (towards the southern TSF wall) and also 

towards the northern TSF wall close to the water cover beach zone (Figure 22). Notably, hotspots for 

both do not co-locate. 
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4.3.2 Waste rock 

The 20 collected waste rock samples (deriving from the Esperanza deposit) comprised of grab 

samples (representative of different waste types) of 1-3 kg mass. A full inventory of these samples is 

given in Appendix D with chemical assay values for S (%), As (ppm), Co (ppm), Fe (%) and Ni (ppm) 

shown. The Esperanza deposit is hosted by siltstones of the Esperanza Formation which comprises 

of laminated grey-green siltstone and shale with local intercalations of laminated chert and chert-

breccia (Fox, 2019). In the field, these were observed towards the North of the waste rock dump. The 

Esperanza Chert, which immediately overlies ore, has been extensively brecciated and the majority 

of waste rock identified in the field comprising of this. Fox (2019) reported that this has variably been 

enriched with supergene Cu-sulphides. In the field, chalcocite was rarely observed during the sampling 

campaign (though was reportedly sighted in the first planning visit made in December, 2019).   Instead, 

visual observations of these waste rock materials showed dominance of iron and manganese oxides 

with quartz veins and clasts occasionally observed, and an overall dominance of breccia and 

honeycomb textures seen. The highest Co values measured were in iron-oxide dominated samples 

(Figure 23) with up to 1,060 ppm measured which was the highest of all sampled Capricorn samples.  

 

Figure 23. High Co waste rock sampled in the North waste rock dump. 

A Tukey plot showing select elements (Fe, S, Cu, Co, Mn, As) is given in Figure 24. In 

comparison to the sampled tailings (mean: 5.56 %), these materials contained less S, with a maximum 

of 0.46% measured in sample 12 (mean: 0.1%; median: 0.05%) and higher Fe with a maximum of 

43.9% measured in sample 13 (waste rock mean: 21.5%; median: 23.1%; tailings mean: 7.74 %) (NB. 

Sample 9 contained > 50% Fe but a final value needs to be determined). The highest measured Cu 

was 8,850 ppm in sample 9 with Cu values notably higher in the waste rock than tailings (waste rock 

average: 2,398 ppm; waste rock median: 1,510 ppm; tailings average: 2,173 ppm).  Measured Co 

concentrations were also higher in waste rock with an average of 273 ppm calculated for waste rock 

and 65 ppm for the sampled tailings. Similarly, concentrations of Mn were higher in waste rock with a 

maximum of 6,800 ppm measured in sample 15 (average: 2,718 ppm; median: 1,855 ppm). In contrast 

Mn was low in tailings with an average of 163 ppm. In both tailings and waste rock, As is notably high 

with an average of 2,209 ppm measured in tailings and 2,163 ppm for waste rock. If reprocessing of 

tailings for new economy metal (e.g., Co and Cu) extraction is not considered economically feasible, 
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rehabilitation planning should pay particular attention to As management.  Whilst grab samples were 

collected, the spatial distribution of Co and Cu at the waste rock pile is shown in Figures 25 and 26. 

Cobalt rich samples are located towards the north whilst Cu rich samples are more dispersed.   

 

 

Figure 24. Tukey for select elements (S, Fe and Cu in %; Co, Mn and As in ppm) measured in the 
samples from North waste rock dump, Capricorn Copper (n = 20). 

 

 

Figure 25. Spatial plot of Co (ppm) across the North waste rock dump. 
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Figure 26. Spatial plot of Cu (ppm) across the North waste rock dump. 

 

4.3.3 Identifying mineralogical hosts for Co in different waste types 

Based on these data, for these waste materials, it is postulated there are different mineralogical hosts 

for Co. In tailings, Co appears associated with sulphides (Figure 27) with strong associations with As 

and Cu suggesting pyrite as the main hosts (Figures 28 and 29). In contrast, Co appears associated 

with iron and manganese oxides in the sampled waste rock (Figure 30), with XRD identifying both 

hematite and goethite in Co-rich waste. Co is associated with Ni in both waste rock and tailings (Figure 

31).   

 
Figure 27. Bivariate plot of Co (ppm) vs. S (%) for Capricorn Copper tailings and waste rock. 
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Figure 28. Bivariate plot of Co (ppm) vs. Cu (ppm) for Capricorn Copper tailings and waste rock. 

 

Figure 29. Bivariate plot of Co (ppm) vs. As (ppm) for Capricorn Copper tailings and waste rock. 

 

Figure 30. Bivariate plot of Co (ppm) vs. Fe (%) for Capricorn Copper tailings and waste rock. 
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Figure 31. Bivariate plot of Co (ppm) vs. Ni (ppm) for Capricorn Copper tailings and waste rock. 

4.4 Automated mineralogy results 

To complement these observations, the insitu mineralogy of Co-bearing phases was investigated by 

MLA on the 10 most Co-enriched samples. The corresponding MLA BSE images and classified 

mineralogy map results are given in Appendix E along with particle size distribution information. An 

example of this data is shown in Figures 32 (tailings) and 33 (waste rock). At this scale, the tailings 

(n= 7) are still notably dominated by quartz (average: 31.4 wt. %), a silicate agglomerate phase 

(average: 15 wt. %), K-feldspar (average: 15 wt. %) and pyrite (average: 8.8 wt. %) with pyrrhotite also 

observed (average 4.4 wt. %) which was not reported by XRD (Figure 34). For waste rock (n=3), 

similar to XRD results, Fe-oxides (average: 36.5 wt. %) and quartz (average: 31.4 wt. %) are the 

dominant minerals with a notable absence of pyrite (and other sulphides; Figure 35).  

 

Figure 32. Example of BSE image and classified mineralogy for tailings material (Sample 
TLCCM059).  
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Figure 33. Example of BSE image and classified mineralogy output for waste rock (sample 
TLCM100).  

 

 

 

 

Figure 34. MLA modal mineralogy for Co-rich tailings sampled from the ‘new TSF’ (n = 7). 
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Figure 35. MLA modal mineralogy of Co-rich waste rock sampled from the North dump (n = 3). 

For pyrite in tailings (i.e., likely Co host), the mineral associations were examined and showed 

that on average, 39.5 % of surfaces are free (or liberated) with 60.5% locked (Figure 36). The dominant 

pyrite mineral associations include pyrrhotite (average: 24.2 %) silicate agglomerates (average: 12 %) 

and K-feldspar (average: 8.7 %; Figure 37).  For Fe-oxides in waste rock (i.e., likely Co host; Figure 

41) on average, 42 % of surfaces were free (or liberated) with the dominant mineral associations 

recognised as quartz (average: 23 %), silicate intergrowths (15 %) and chlorite (8 %).  Notably, minor-

trace asbolane were recognised by MLA and minor associations with Fe oxides are reported. 

 

Figure 36. Pyrite locking and free surfaces for tailings shown in % (n = 7). 
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Figure 37. Iron oxide locking and free surfaces for waste rock shown in % (n = 3). 

4.5 Co tenor and deportment 

As stated, the samples analysed by XRD and MLA were the most endowed in Co and therefore, were 

also studied by LA-ICP-MS to examine Co tenor and deportment in both waste rock and tailings. 

4.5.1 Tailings 

For Co in pyrite in tailings (n = 77) a maximum of 1,154 ppm was measured (minimum: 0.2 ppm) with 

an average of 393 ppm (median: 157 ppm; Figure 38).  For Cu a maximum of 20,226 ppm was 

measured (minimum: 9 ppm) with an average of 6,869 ppm and a median of 2,656 ppm (Figure 38).  

Ni concentrations were low with a maximum of 1,172 ppm measured (minimum 0.1 ppm) with an 

average of 267 ppm and a median of 102 ppm (Figure 38). Arsenic, as stated in section 4.3, is notably 

high, and in pyrite a maximum concentration of 69,781 ppm was reported (minimum: 922 ppm) with 

an average of 25,857 ppm and a median of 23,146 ppm (Figure 38).  

 

Figure 38. Tukey plot summarising concentrations (ppm, y-axis) of Co, Cu, Ni and As in pyrite 
measured in tailings (n= 77, NB. log-scale). 
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Analysis of individual LA-ICP-MS patterns indicate there are multiple pyrite types with different 

Co deportment (and elemental associations) in each. For example, Co can be pervasive, likely lattice 

bound as micro-inclusions where it is strongly associated with Cu and As (Figure 39). In other samples, 

Co appeared present as larger inclusions (or zoned) showing a strong association with Cu (Figure 40) 

but in these samples, Co concentrations are an order of magnitude lower. In other analyses, Co is 

very low, as is Cu, with As dominating (Figure 41), this potentially reflects the different sources of 

tailings (i.e., Mammoth and Esperenza ore bodies) into the sampled TSF. Antimony appears Cu-

associated.  

 

Figure 39. LA-ICP-MS pattern for TLCCM083 renamed as CapCu_6_Py – 11 (2,678 ppm Co, 
14,653 ppm Cu, 30,620 ppm As).  

 

Figure 40. LA-ICP-MS pattern for TLCCM056 renamed as CapCu_1_Py – 3 (138 ppm Co, 181 ppm 
Cu, 6,509 ppm As).  

 



 

Final Report, Capricorn Cu – Cobalt and other critical metals in tailings of major mineral deposits in north Queensland 37 
 

 

Figure 41. LA-ICP-MS pattern for TLCCM056 renamed as CapCu_1_Py – 5 (0.2 ppm Co, 15 ppm 
Cu, 5,821 ppm As).  

This variability is reflected in a correlation matrix exploring relationships with Co (Table 5), as 

very weak correlation was observed with As, Sb and Cu with the highest calculated for Ni (0.43). As 

and Sb showed the strongest correlation (0.48). Additional data analyses to be undertaken as part of 

the associated UQ honours project will seek to reprocess these data (and integrate different parts of 

the patterns, separating out distinctively different Cu and Co zones in the traces) and then quantifying 

the different types of pyrite present (and from which facies they originate).         

Table 5. Correlation matrix for Co with Ni, As, Sb and Cu from LA-ICP-MS data (n=77). 

 Co Ni As Sb Cu 

Co 1 0.43 -0.079 0.017 0.27 

Ni 0.43 1 -0.19 -0.12 0.081 

As -0.079 -0.19 1 0.48 -0.13 

Sb 0.017 -0.12 0.48 1 0.015 

Cu 0.27 0.081 0.015 0.015 1 

4.5.2   Waste rock 

For Co in iron oxides contained in waste rock (n = 33) a maximum of 1,305 ppm was measured 

(minimum: 20 ppm) with an average of 316 ppm (median: 127 ppm; Figure 42).  For Cu a maximum 

of 14,706 ppm was measured (minimum: 1,137 ppm) with an average of 5,863 ppm and a median of 

5,088 ppm (Figure 42).  Ni concentrations were lower than for tailings, with a maximum of 579 ppm 

measured (minimum 9.8 ppm) with an average of 99 ppm and a median of 67 ppm (Figure 42). Similar 

to tailings, As was high with a maximum of 29,925 ppm (minimum 368 ppm) with an average of 10,758 

ppm and a median of 9,455 ppm (Figure 42). Asbolane was noted as a potential host for Co, therefore 

an evaluation of Mn concentrations (in Fe oxides i.e., are there intergrowths?) was examined with a 

maximum reported value of 11,877 ppm (minimum 34 ppm) and an average of 2,067 ppm (median 

160 ppm). Interestingly, Sb is still high in this waste type with a maximum of 3,454 ppm reported 

(minimum 7 ppm) with an average of 682 ppm (median 523 ppm; Figure 42).   
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Figure 42. Tukey plot summarising concentrations (ppm, y-axis) of Co, Cu, Ni, As, Mn and Sb in iron 
oxides measured in waste rock (n= 33, NB. log-scale). 

 
Analysis of LA-ICP-MS patterns show that in comparison to tailings, Co deportment in waste 

is less complicated, appearing present as a lattice bound element to iron oxides (hematite and/or 

goethite). For example, in Figure 43, Co is pervasive throughout the analysed grain and appears 

associated with both As, Cu and Sb. It is noteworthy that in the example shown in Figure 43, the Co 

concentration is relatively low in comparison to the median and average for these samples.  

 
Figure 43. LA-ICP-MS pattern for TLCCM099 renamed as CapCu_8_Mt – 4 (59 ppm Co, 

9,569 ppm Cu, 14,782 ppm As).  

High concentrations of Co are identified when Mn is high as shown in both Figures 44 and 45. 

In Figure 44 the spot for which the highest Co concentration was measured, Mn and Fe both show 

similar traces with notably higher counts per second (CPS) for Co than Cu and As, which was not the 

case in Figure 47. Similarly, in Figure 45, where Mn increases (outside of the integrated part of the 

pattern, shown in the highlighted grey part of the graph) the measured CPS of Co also increases 

relative to when it was measured in the Fe oxide dominated part of the pattern. A correlation matrix 
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(Table 6) confirms the strongest association of Co and Mn (0.9) with As and Cu also showing strong 

association (0.71) whilst Co and Ni, in contrast to tailings, show weak affinity in waste rock (0.19).     

 

 
Figure 44. LA-ICP-MS pattern for TLCCM0109 renamed as CapCu_10_Mt – 4 (1,305 ppm Co, 

11,877 ppm Mn, 2,588 ppm Cu, 958 ppm As).  

 

Figure 45. LA-ICP-MS pattern for TLCCM0109 renamed as CapCu_10_Mt – 3 (819 ppm Co,  
9,571 ppm Mn, 2,423 ppm Cu, 716 ppm As).  
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Table 6. Correlation matrix for Co with Cu, Ni, As, Mn, Sb and Fe from LA-ICP-MS data (n=33). 
 

59Co 65Cu 60Ni 75As 55Mn 121Sb 57Fe 

59Co 1 -0.61 0.19 -0.66 0.9 -0.39 -0.11 

65Cu -0.61 1 -0.11 0.71 -0.54 0.14 0.067 

60Ni 0.19 -0.11 1 -0.28 -0.08 -0.12 -0.67 

75As -0.66 0.71 -0.28 1 -0.62 0.39 0.15 

55Mn 0.9 -0.54 -0.08 -0.62 1 -0.38 0.028 

121Sb -0.39 0.14 -0.12 0.39 -0.38 1 -0.079 

57Fe -0.11 0.067 -0.67 0.15 0.028 -0.079 1 

5. Summary and recommendations  

5.1 Waste characteristics and Co endowment 

5.1.1 Tailings 

Based on the collected data, it is evident that Co is more enriched in waste rock than tailings. In the 

tailings, an average of 65 ppm was reported. As stated by Woodward-Clyde (1998) the anticipated 

mineralogy of these tailings is highly pyritic but in the sample tailings, pyrite was on average 10 wt. %. 

Thus, with increasing depth, it is predicted that the bulk pyrite content would increase, and in turn, Co 

would also increase. However, Co tenor and deportment is far from uniform in these tailings as LA-

ICP-MS data showed with at least three different pyrite types noted, resulting in the calculation of a 

low average cobalt concentration in pyrite (393 ppm Co). Co in tailings appears associated with Cu, 

As and Ni, as observed in bulk and insitu chemical analyses.  Carbonaceous pyrite may also be a 

potential Co host, this, and the abudance of cobaltite, should be investigated further.  

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

and K-feldspar dominating) showing that the sampled tailings are potentially acid forming (when 

considering the absolute pyrite: carbonate content). Low measured paste pH values (cf. Noble et al., 

2016) measured for these tailings as part of the 2020 UQ honours study (results not presented here) 

confirm this geochemical behaviour with an average paste pH of 3.43 reported. General mineralogical 

observations indicate that the tailings are in the earlier stages of weathering based on Jambor’s (2003) 

paragenesis. Considering this, it is prudent to continue investigating the Co tenor and deportment at 

depth in the short-term as if reprocessing and recovery of Co (and other new economy metals including 

Cu) is not economically feasible, capping and rehabilitating the site (as per the design guidelines given 

in Woodward-Clyde, 1998 or otherwise) should be made a priority to minimise potential for widespread 

AMD generation. If Co and Cu were to be recovered from these tailings, consideration to As 

management in future ‘new’ tailings should be undertaken as its content is high.  Given that Co 

appears to be pyrite-hosted, the most logical pathway for metallurgical recovery would be via flotation, 

with a pyrite concentrate produced and Co recovered. The method for Co recovery cannot be 

suggested based on the collected data, as the Co deportment is variable. A more extensive (vertically) 

sampling campaign would be required to examine this further (and is planned in the next GSQ NEMI 

project).  

5.1.2 Waste rock 

In waste rock, average Co content is 273 ppm, with Co showing a great affinity to Mn, with asbolane 

identified as the dominant Co host. Mineral chemistry investigations confirm that where Mn is high, 

the content of Co increases and the relative concentrations of As and Cu decrease. The abundance 

of Co in different iron oxides i.e., goethite or hematite (as identified by MLA and XRD studies) have 
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not been resolved but this will be explored further in the 2020 UQ honours study using scanning 

electron microscopy techniques and the BSE images generated by the MLA in this study.  

Co from the waste dumps is mobile, it has historically been reported to emanate from the Esperenza 

waste rock dump (maximum: 36 mg/L, median: 3.3 mg/L; release criteria: 5 mg/L; measured from 

2000 to 2004, n = 40) as reported by MBS Environmental (2004).  In this same report, seepage from 

the North Rock dump was also investigated with much higher leachate values for Co reported (up to 

59.6 mg/L). This suggests that material from this dump should also be sampled in any future site 

investigations and the Co tenor examined. Considering this, laboratory scale leaching investigations 

could be performed to determine how Co could be recovered, with such a methodology fine-tuned so 

as to target manganiferous iron oxides and Mn oxides, so as to limit As and Sb mobilisation. In AMD 

terms, the sampled waste rock is considered a low-risk/inert with an average paste pH of 5.9 (n=20) 

measured and sulphides and carbonates reported below detection limit in bulk mineralogical 

assessments.  

5.2 Other new economy metals 

The summary statistics for the other new economy metals listed by the Queensland Government are 

shown in Tables 7 and 8. Note, Au was not assayed but is listed by the Queensland Government. 

Relative to crustal abundance, only Ag, Mo and Se are slightly elevated (in addition to Cu and Co) in 

the sampled tailings.  Greater endowment was reported for the sampled waste rock, with Ag, In, Mo, 

Se, Sn, Te, W and Zn all above crustal abundance. Summary statistics for rare earth elements (REEs) 

are shown in Tables 9and 10. The elements Er, Gd and Tb were elevated in waste rock and Hf (NB. 

not an REE but sometimes defined as a critical metal) was above crustal abundance in the tailings 

(Table 9). Based on the values generated for the sampled materials, there is no significant business 

case for the recovery of additional new economy metals or REEs, if remining and processing of these 

tailings was to occur. 

Table 7. Summary statistics for new economy metals for Capricorn Copper tailings (n=79) * data 
from webelements (data from ME-MS61 analysis).  

Analyte Min Max Average SD Crustal abundance* 

Ag_ppm 1.23 11.9 4.67 1.80 0.08 

Cd_ppm 0.01 0.05 0.02 0.01 0.15 

Co_ppm 13 173.5 65 36 30 

Cu_ppm 383 7260 2174 1421 68 

In_ppm 0.048 0.146 0.09 0.02 0.16 

Mo_ppm 1.94 7.15 4.73 0.93 1.1 

Nb_ppm 3.3 6.9 5 0.71 17 

Ni_ppm 8.9 110 51 24.98 90 

Re_ppm 0.001 0.003 0.00 0.00 0.0026 

Se_ppm 0.5 1 0.54 0.14 0.05 

Sn_ppm 1.2 2.7 2.06 0.31 2.2 

Ta_ppm 0.28 0.61 0.46 0.06 1.7 

Te_ppm 0.025 0.025 0.03 0.00 0.001 

V_ppm 23 53 42 7 190 

W_ppm 0.8 1.6 1.31 0.16 1.1 

Zn_ppm 6 51 23 10 79 

Zr_ppm 82 143 106 12 130 
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Table 8. Summary statistics for new economy metals for Capricorn Copper waste rock (n=20) * data 
from webelements (data from ME-MS61 analysis).  

Analyte Min Max Average SD Crustal abundance* 

Ag_ppm 0.2 21.4 5.81 6.07 0.08 

Cd_ppm 0.02 0.46 0.11 0.11 0.15 

Co_ppm 19 1060 273 336 30 

Cu_ppm 67 8850 2398 2362 68 

In_ppm 0.041 1.4 0.41 0.35 0.16 

Mo_ppm 1.13 47 8.93 10.10 1.1 

Nb_ppm 0 11 6 3 17 

Ni_ppm 13 394 68 84 90 

Re_ppm 0.001 0.001 0.00 0.00 0.0026 

Se_ppm 0.5 8 1.45 1.68 0.05 

Sn_ppm 0.5 11.6 2.74 2.38 2.2 

Ta_ppm 0.025 0.84 0.45 0.25 1.7 

Te_ppm 0.025 0.23 0.10 0.06 0.001 

V_ppm 8 160 50 34 190 

W_ppm 0.2 3.1 1.35 0.76 1.1 

Zn_ppm 7.0 697.0 156.9 195.1 79 

Zr_ppm 11.3 169.0 91.8 44.1 130 

 

Table 9. Summary statistics for new economy metals for Capricorn Copper tailings (n=79) * data 
from webelements (data from ME-MS81 analysis, ** ME-MS61).  

Analyte Min Max Average SD Crustal abundance* 

Ce_ppm 34.2 66.8 52.8 7.4 60 

Dy_ppm 1.51 3.65 2.73 0.46 6.2 

Er_ppm 0.87 2.04 1.55 0.26 3 

Eu_ppm 0.57 1.17 0.88 0.14 1.8 

Gd_ppm 2.02 4.47 3.29 0.55 5.2 

Hf_ppm 2.9 5.60 3.78 0.47 3.3 

Ho_ppm 0.31 0.74 0.55 0.09 1.2 

La_ppm 17.6 35.00 28 3.84 34 

Lu_ppm 0.12 0.32 0.23 0.04 n.d 

Nd_ppm 14.4 27.50 21.2 3.08 33 

Pr_ppm 3.77 7.38 5.8 0.84 8.7 

Sm_ppm 2.63 5.32 4 0.59 6 

Tb_ppm 0.29 0.71 0.49 0.08 0.94 

Tm_ppm 0.12 0.33 0.24 0.05 0.45 

Sc_ppm** 2 5.5 3.53 0.77 26 
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Table 10. Summary statistics for new economy metals for Capricorn Copper waste rock (n=20) * 
data from webelements (data from ME-MS81 analysis, ** ME-MS61).  

Analyte Min Max Mean SD Crustal abundance* 

Ce_ppm 3.8 93.4 44.9 23.16 60 

Dy_ppm 2.06 14.4 5.82 3.47 6.2 

Er_ppm 1.14 7.75 3.3 1.88 3 

Eu_ppm 0.44 2.39 1.15 0.55 1.8 

Gd_ppm 2.07 13.6 5.8 3.02 5.2 

Hf_ppm 0.3 5.2 3.01 1.45 3.3 

Ho_ppm 0.4 2.87 1.17 0.70 1.2 

La_ppm 1.7 52.6 20.9 12.16 34 

Lu_ppm 0.1 0.87 0.41 0.21 n.d 

Nd_ppm 3.5 39.9 21.6 10.02 33 

Pr_ppm 0.62 10.2 5.34 2.62 8.7 

Sm_ppm 1.78 11 5.36 2.46 6 

Tb_ppm 0.37 2.48 1.00 0.58 0.94 

Tm_ppm 0.14 0.99 0.45 0.24 0.45 

Sc_ppm** 1 14.8 6.5 2.98 26 

5.3 Additional investigations 

A BSc. (Hons.) thesis was undertaken by Ruby Fritz of UQ in 2020. This project sought to determine 

the presence and role of bacteria in metal cycling in the sampled TSF. Such Fe- and S- oxidising 

bacteria are common place in sulphide-bearing TSFs. In this study, the effectiveness of Co bio-

leaching from these tailings is being trialled as a proof of concept for the reprocessing of tailings for 

Co (and Cu) recovery. A secondary aim of the study is to better define the TSF’s acid and metalliferous 

drainage potential. To date, the bioleaching testwork has involved the preparation of a composite 

tailings sample by mixing 3 weathered (Facies A) and 3 unweathered (Facies D) samples (selected 

based on available sample mass- i.e., where material could be used without the main chemical and 

mineralogical analyses being compromised). The locations of these collected samples is shown in 

Figure 46.  

 

Figure 46. Location of samples selected from the ‘new’ TSF for the BSc (Hons) study  
being undertaken by Ruby Fritz (UQ). 
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A triplicate experiment has been set up in 3 leaching columns, with an additional 3 columns 

filled with sterilised composite tailings sample as a control experiment (Figure 47). The columns are 

being fed with a standard nutrient  medium (comprising of mixed salts) in a fortnightly pulse, during 

which resulting leachate is collected from the falcon tubes (Figure 48). The fortnightly changes in 

solution chemistry will be tracked by measuring pH, conductivity and solution ICP-MS analysis will be 

performed on the leachates.  

 

Figure 47. Bioleaching column set-up. 

 

Figure 48. Leachate pooling at the bottom of the falcon tubes. 

The DNA of the indigenous bacteria was determined (at UQ) and enumeration estimated in 

concurrent experiments by means of the ‘most probable number’ method. This gave an indication of 

the bacterial consortia present and identify the strains present at the site (note, new strains may be 

identified in this environment). Pre- and post-bio-leaching composite material were analysed using 

bulk mineralogy, automated mineralogy and scanning electron microscopy. This study concluded in 

November 2020 with the results informing whether a larger continuous stirring leach tank should be 

constructed (i.e., using indigenous bacteria) with the geochemical conditions varied to encourage Co 

(and Cu) recovery (cf. Parbhakar-Fox et al., 2018). This thesis is available on request to UQ. 
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5.4 Recommendations 

• The upper 1 m of the tailings only were sampled, and as such the results do not represent the 

entire depth of the tailings deposited at the site. Whilst this study has shown that pyrite is Co-rich, 

additional sampling at depth, where it is anticipated that pyrite endowment in the tailings 

sediments will increase, should be undertaken. A new project, commissioned by the GSQ (2020-

2024) has the opportunity to undertake this sampling, however, additional site  support would be 

required to enable this sampling (i.e, health and safety approvals, access to site infrastructure). 

• The waste rock materials contain Co above crustal abundance, with Co strongly associated with 

Mn oxides and manganiferous Fe oxides. Considering this, additional sampling targeting more of 

these minerals, as well as other waste rock materials (i.e., the North Rock dump) should be 

undertaken, and these materials used in bench-scale leach tests to determine if Co can be 

recovered.  

• Mesoscale microXRF element mapping (not shown in this report) performed at UQ indicates that 

Co is associated with a mm-scale carbonaceous pyrite phase which appears to rim pyrite. A 

detailed pyrite mineral chemistry study performed on drill core materials, with the pyrite 

paragenesis resolved, will improve the understanding of Co deportment in the different ore 

bodies. 

• Additional reports (e.g., Munro-Smith, 2006) and anecdotal information suggest that other Co-

bearing phases may be present. Detailed microscopy and EPMA studies to determine the 

element chemistry of these phases should be undertaken, particularly as if Co is endowed in 

carbonaceous pyrite, this may have metallurgical processing implications (that impact on 

recovery).  

• Arsenic is elevated in both sampled waste types. In terms of long-term site management, this 

may become environmentally significant at the time of mine closure and rehabilitation. The AMD 

risks, and indeed metal leaching potential, of these materials should be established for the 

tailings. 

• The Co tenor of new tailings being produced during current operations should be defined to track 

the future Co recovery potential of tailings being deposited into the Esperanza open pit (NB. 28 

samples are currently with ALS Global to examine this, the data was not returned at the time of 

reporting).  
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Appendix D

Capricorn Copper mine- Co in waste 
Dr Anita Parbhakar-Fox , Senior Research Fellow, BRC, SMI, UQ



Capricorn Copper- tailings and waste rock



Hole 1

30

0 Facies A: 

Hardpan

Facies C: 

Sulphide lens in 

oxide

Facies B: 

Weathered/Oxide

= sampled

Cu* S% As* Co* Fe % Ni*

2,670 5.54 2,020 62.1 9.19 49

Cu* S% As* Co* Fe% Ni*

2,340 5.55 2,290 82.3 9.52 71

* = ppm

c
m

 (
d

e
p

th
)

20

10



Hole 2

30

0 Facies A: 

Hardpan

Facies B: 

Weathered/Oxide

Cu* S% As* Co* Fe % Ni*

1,350 2.88 1,410 45.8 6.64 39.4

c
m

 (
d

e
p

th
)

20

10

Cu* S% As* Co* Fe% Ni*

7,260 6.53 2,390 103 8.31 79.3

= sampled * = ppm

Facies D: 

Sulphide



Hole 3

30

0

Facies A: 

Hardpan

Facies B: 

Weathered

/Oxide

Cu* S% As* Co* Fe % Ni*

2,130 13.4 5,230 54.6 14.8 55.4

Cu* S% As* Co* Fe% Ni*

3,050 4.08 1,585 103.5 6.25 72.5
c
m

 (
d

e
p

th
)

20

10

Cu* S% As* Co* Fe% Ni*

1,030 14.4 5,470 33.7 15.65 41.6
Facies C: 

Sulphide 

lens in oxide

Facies C: 

Sulphide lens in 

oxide

Facies B: 

Weathered/Oxide

= sampled * = ppm



Hole 4

= sampled * = ppm

0
Facies A: 

Hardpan

Facies D: 

Sulphide

Facies B: 

Weathered/

Oxide

Cu* S% As* Co* Fe % Ni*

996 3.56 1,760 38.3 6.64 31.2

Cu* S% As* Co* Fe% Ni*

3,380 7.13 3,310 75 10.7 71.6

c
m

 (
d

e
p

th
)

Cu* S% As* Co* Fe% Ni*

2,490 5.21 1,760 62.7 8.07 55.4

30

20

10



Hole 5

0

Facies A: 

Hardpan

Facies D: 

Sulphide

Facies B: 

Weathered/

Oxide

Cu* S% As* Co* Fe % Ni*

2,450 7.3 2,580 81.7 7.76 64.4

Cu* S% As* Co* Fe% Ni*

2,190 4.02 2,070 76.3 8.45 69.4

c
m

 (
d

e
p

th
)

Cu* S% As* Co* Fe% Ni*

1,430 7.39 2,550 55.9 8.81 49.6

= sampled * = ppm

Facies C: 

Sulphide lens 

in oxide

30

20

10

Cu* S% As* Co* Fe% Ni*

1,370 3.82 1,590 49.6 6.15 50.7

Cu* S% As* Co* Fe% Ni*

1,520 4.31 1,870 50.7 6 48.8

Facies E: 

white clay



Hole 6

0

Facies A: 

Hardpan

Facies D: 

Sulphide

Facies B: 

Weathered

/Oxide

Cu* S% As* Co* Fe % Ni*

2,910 6.54 2,560 84.1 10.15 59.2

c
m

 (
d

e
p

th
)

Cu* S% As* Co* Fe% Ni*

2,090 5.21 1,405 66.4 6.58 60.3

= sampled * = ppm

Facies C: 

Sulphide 

lens in oxide

20

10

30

Thundered off- was not able to sample Facies D



Hole 7

0

Facies F: 

Salts

Cu* S% As* Co* Fe % Ni*

1,280 13.85 4,170 40.3 13.25 40.7

c
m

 (
d

e
p

th
)

Cu* S% As* Co* Fe% Ni*

3,210 6.97 2,770 73.4 9.43 61.6

Facies C: 

Sulphide lens 

in oxide

= sampled * = ppm

20

10

30

Facies B: 

Weathered/

Oxide

Facies C: 

Sulphide lens 

in oxide

Cu* S% As* Co* Fe % Ni*

1,220 14.4 4,040 33.1 15.3 35.1



Hole 8

= sampled * = ppm

Facies A: 

Hardpan

Facies D: 

Sulphide

Facies B: 

Weathered/

Oxide

Cu* S% As* Co* Fe % Ni*

1,870 4.68 1,810 58.9 6.61 45.3

c
m

 (
d

e
p

th
)

Cu* S% As* Co* Fe% Ni*

1,170 3.74 1,845 47.6 6.83 39.9

20

10

30

Cu* S% As* Co* Fe% Ni*

3,500 6.88 2,550 106 8.84 86.2

0



Hole 9

Facies A: 

Hardpan

Facies B: 

Weathered/

Oxide

Cu* S% As* Co* Fe % Ni*

1,170 4.95 1,365 36.4 7.53 32.6

c
m

 (
d

e
p

th
)

Cu* S% As* Co* Fe% Ni*

2,720 5.19 2,130 46.6 8.36 47.5
20

10

30
Cu* S% As* Co* Fe% Ni*

395 1.62 1,150 17.8 6.85 25.1

= sampled * = ppm

Facies C: 

Sulphide 

lens in oxide

Facies B: 

Weathered/

Oxide

0



Hole 10

Facies A: 

Hardpan

Facies E: 

Pale white/ 

yellow clay

Cu* S% As* Co* Fe % Ni*

955 3.21 1,200 45.9 5.12 27.2

c
m

 (
d

e
p

th
)

Cu* S% As* Co* Fe% Ni*

1,380 3.94 1,390 65 6.03 33.8

20

10

30 Cu* S% As* Co* Fe% Ni*

3,340 6.21 2,530 112 7.16 80.9

= sampled * = ppm

Facies B: 

Weathered

/Oxide

Facies D: 

Sulphide

Cu* S% As* Co* Fe% Ni*

1,370 5.01 2,720 62.7 6.08 51.9

0



Hole 11

= sampled * = ppm

Facies A: 

Hardpan

Facies E: 

Pale white/ 

yellow clay

Cu* S% As* Co* Fe % Ni*

2,230 5.42 2,040 86.1 9.2 66.9

c
m

 (
d

e
p

th
)

Cu* S% As* Co* Fe% Ni*

1,590 4.32 1,755 62.1 8.76 48.7

20

10

30

Cu* S% As* Co* Fe% Ni*

4,600 6.22 2,210 111.5 7.99 88.1

Facies B: 

Weathered/

Oxide

Facies D: 

Sulphide

Cu* S% As* Co* Fe% Ni*

1,020 3.82 1,345 41.6 6.25 34.6

Facies B: 

Weathered/

Oxide

0



Hole 12

= sampled * = ppm

Facies A: 

Hardpan
Cu* S% As* Co* Fe % Ni*

507 2.32 888 18.3 5.03 18

c
m

 (
d

e
p

th
)

Cu* S% As* Co* Fe% Ni*

1,240 4.95 1,940 48.1 6.7 38.9

Cu* S% As* Co* Fe% Ni*

3,350 6.82 3,300 80.1 8.41 68.1

Facies B: 

Weathered/

Oxide

Facies D: 

Sulphide

20

10

30

0

Facies C: 

Sulphide lens 

in oxide

Facies B: 

Weathered/

Oxide



Hole 13

= sampled * = ppm

Facies A: 

Hardpan

Cu* S% As* Co* Fe % Ni*

2,910 4.13 909 91.5 5.1 62.2

c
m

 (
d

e
p

th
)

Cu* S% As* Co* Fe% Ni*

1,760 2.79 1,245 57.2 6.69 56.7

Cu* S% As* Co* Fe% Ni*

1,060 3.31 1,490 53.7 6.98 52.9

0

Facies B: 

Weathered/

Oxide

Facies C: 

Sulphide lens 

in oxide

20

10

30

Facies E: 

Pale white/ 

yellow clay



Facies D: 

Sulphide

Hole 14

= sampled * = ppm

Cu* S% As* Co* Fe % Ni*

754 6.09 723 20.8 4.2 8.39

c
m

 (
d

e
p

th
)

Cu* S% As* Co* Fe% Ni*

543 2.15 1,160 17.7 6.03 19.5

Cu* S% As* Co* Fe% Ni*

998 8.85 4,080 55.5 10.6 64.9

0

Facies B: 

Weathered/

Oxide

20

10

30

Facies F: 

Salts

Cu* S% As* Co* Fe% Ni*

2,490 4.59 2,340 86.1 7.2 73.3



Hole 15

= sampled * = ppm

Facies D: 

Sulphide

Cu* S% As* Co* Fe % Ni*

3,280 8.3 1,180 33.9 6.96 18.4

c
m

 (
d

e
p

th
)

Cu* S% As* Co* Fe% Ni*

1,105 4.43 1,200 17.5 7.6 19.2

Cu* S% As* Co* Fe% Ni*

2,740 5.44 2,820 91.2 7.72 74.4

0

Facies B: 

Weathered/

Oxide

20

10

30

Facies A: 

Hardpan



Hole 16

Facies D: 

Sulphide

Cu* S% As* Co* Fe % Ni*

2,920 7.05 1,915 46.2 8.41 21.9

c
m

 (
d

e
p

th
)

Cu* S% As* Co* Fe% Ni*

473 4.36 2,600 35.8 6.43 38.7

0

Facies B: 

Weathered/

Oxide

20

10

30

Facies A: 

Hardpan

Cu* S% As* Co* Fe% Ni*

4,300 6.16 2,490 132.5 7.18 98.9

= sampled * = ppm

Facies C: 

Sulphide 

lens in oxide



Hole 17

= sampled * = ppm

Facies D: 

Sulphide

Cu* S% As* Co* Fe % Ni*

2,590 9.57 1,300 29.1 6.6 15.6

c
m

 (
d

e
p

th
)

Cu* S% As* Co* Fe% Ni*

1,080 3.33 667 17.6 6.92 14.8

Cu* S% As* Co* Fe% Ni*

3,170 5.86 3,350 168 8.18 110

0

Facies B: 

Weathered/

Oxide

Facies A: 

Hardpan

20

10

30

Facies C: 

Sulphide lens in 

oxide



Hole 18

Cu* S% As* Co* Fe % Ni*

960 4.89 3,050 65.2 7 40.1

Cu* S% As* Co* Fe % Ni*

2,160 5.15 2,420 97.2 7.45 78.5

Sample 60

Sample 61

Cu* S% As* Co* Fe % Ni*

3,450 5.07 1,935 107.5 6.51 77.8

Sample 62

c
m

 (
d

e
p

th
)

7.5

Facies A: 

Hardpan

27.5

50 Facies D: 

Sulphide

Facies B: 

Weathered/

Oxide

Facies C: 

Sulphide lens in 

oxide

Facies B: 

Weathered/Oxide



Hole 19

Cu* S% As* Co* Fe % Ni*

446 3.32 2,990 38.7 6.52 24.2

Cu* S% As* Co* Fe % Ni*

2,280 4.08 1,815 88.9 6.54 69.8

Sample 64

Cu* S% As* Co* Fe % Ni*

3,240 5.49 2,220 65.1 6.79 64.5

Sample 65

Sample 63

c
m

 (
d

e
p

th
)

9

34

65 Facies D: 

Sulphide

Facies B: 

Weathered/

Oxide

Facies B: 

Weathered/Oxide



Hole 20

Cu* S% As* Co* Fe % Ni*

1,190 3.54 1,590 27.1 6.29 19.9

Cu* S% As* Co* Fe % Ni*

2,510 3.1 1,575 66.8 6.69 59.7

Sample 67

Cu* S% As* Co* Fe % Ni*

3,900 5.75 2,330 114.5 7.33 87.4

Sample 68

Sample 66

c
m

 (
d

e
p

th
)

10

26.5

47.5

Facies F: 

Salts

Facies D: 

Sulphide

Facies A: 

Hardpan

Facies C: 

Sulphide lens in 

oxide

Facies B: 

Weathered/Oxide



Hole 21

Cu* S% As* Co* Fe % Ni*

754 2.24 1,640 36.5 6.06 32.4

Sample 69

Cu* S% As* Co* Fe % Ni*

4,020 6.53 2,860 107 7.96 84.6

Sample 70

c
m

 (
d

e
p

th
)

18.5

50

Facies A: 

Hardpan

Facies C: 

Sulphide lens in 

oxide

Facies B: 

Weathered/Oxide



Hole 22

= sampled * = ppm

Facies D: 

Sulphide

Cu* S% As* Co* Fe % Ni*

1,130 5.18 1,295 18.2 6.36 11.5

Cu* S% As* Co* Fe% Ni*

950 3.23 1,940 13 6.18 12.2

Cu* S% As* Co* Fe% Ni*

1,100 4.97 2,680 55.6 7.24 50.4

0

Facies B: 

Weathered

/Oxide

Facies A: 

Hardpan

20

10

30



Hole 23

Cu* S% As* Co* Fe % Ni*

383 2.66 1,445 57.5 6.78 37.6

Cu* S% As* Co* Fe% Ni*

1,120 4.17 2,420 42.1 7.74 28.1

Cu* S% As* Co* Fe% Ni*

5,900 7.26 2,870 115 8.78 85.4

Sample 71

Sample 72

Sample 73

c
m

 (
d

e
p

th
)

11.5

29

52.5

Facies F: 

Salts

Facies D: 

Sulphide

Facies B: 

Weathered/Oxide

Facies E: 

Pale white/ 

yellow clay



Hole 24

Cu* S% As* Co* Fe % Ni*

1,020 6.35 2,560 33.5 7.74 28.1

Cu* S% As* Co* Fe% Ni*

2,550 6.7 3,570 69.7 8.74 55.4

Cu* S% As* Co* Fe% Ni*

5,770 7.24 2,530 132.5 8.94 89.5

Sample 74

Sample 75

Sample 76

c
m

 (
d

e
p

th
)

21

47

c
m

 (
d

e
p

th
)

63.5
Facies B: 

Weathered

/Oxide Facies B: 

Weathered

/Oxide

Facies C: 

Sulphide 

lens in oxide



Hole 25

Cu* S% As* Co* Fe % Ni*

718 3.99 1,690 24.9 7.06 21.3

Cu* S% As* Co* Fe% Ni*

4,880 6.96 2,460 138.5 8.52 87.9

Sample 77

Sample 78
c
m

 (
d

e
p

th
)

10

55 Facies D: 

Sulphide

Facies B: 

Weathered/Oxide



Hole 26

Cu* S% As* Co* Fe % Ni*

612 3.85 1,815 21.1 6.72 19.5

Cu* S% As* Co* Fe% Ni*

4,130 5.51 2,570 102 6.72 74.2

Sample 79

Sample 80
c
m

 (
d

e
p

th
)

76.5

26.5 Facies B: 

Weathered/Oxide

Facies B: 

Weathered/Oxide

Facies C: 

Sulphide lens in 

oxide



Hole 27

Cu* S% As* Co* Fe % Ni*

963 3.84 2,040 24.9 7.31 19.5

Cu* S% As* Co* Fe% Ni*

4,160 6.92 2,780 173.5 8.63 109

Sample 81

Sample 82

c
m

 (
d

e
p

th
)

15.5

52.5

Facies F: 

Salts

Facies D: 

Sulphide

Facies B: 

Weathered/Oxide

Facies E: 

Pale white/ 

yellow clay
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Cu (ppm) vs. Co (ppm)



Fe vs. Facies



Fe (%) vs. Co (ppm)



S vs. Facies



S (%) vs. Co (ppm)



S (%) vs. Fe (%)



As vs. Facies



As (ppm) vs. Co (ppm)



Ni vs. Facies



Spatial distribution plots



Waste Rock Pile

Waste rock at the 

Esperanza dump 

– dominated by 

Mn and Fe oxides 

with abundant 

brecciated clasts 

(with quartz) 

observed and 

locally, 

honeycomb 

textures



14 cm

Waste rock sample 1

Cu* S% As* Co* Fe % Ni*

442 0.04 142.5 445 4.6 14.7



Waste rock sample 2

Cu* S% As* Co* Fe % Ni*

1,185 0.24 2,300 65.9 32.6 35.6

18 cm



Waste rock sample 3

Cu* S% As* Co* Fe % Ni*

4,000 0.11 5330 280 31.8 94.2

12 cm



Waste rock sample 4

Cu* S% As* Co* Fe % Ni*

800 0.03 2,530 18.8 30.6 22.6

18 cm



Waste rock sample 5

Cu* S% As* Co* Fe % Ni*

851 0.03 221 124.5 9.7 36.2

8 cm



Waste rock sample 6

Cu* S% As* Co* Fe % Ni*

712 0.06 1,485 46.2 15.35 29.4

12 cm



Waste rock sample 7

Cu* S% As* Co* Fe % Ni*

1,230 0.08 1,580 272 26.3 49.8

5 cm



Waste rock sample 8

Cu* S% As* Co* Fe % Ni*

7,670 0.05 7,380 159 38.1 96

18 cm



Waste rock sample 9

Cu* S% As* Co* Fe % Ni*

8,850 0.03 7,780 214 >50 69.3

16 cm



Waste rock sample 10

Cu* S% As* Co* Fe % Ni*

3,010 0.04 2,550 1,060 23.1 78.6

4 cm



Waste rock sample 11

Cu* S% As* Co* Fe % Ni*

3,860 0.05 2,490 1,025 25.5 156

8 cm



Waste rock sample 12

Cu* S% As* Co* Fe % Ni*

1,360 0.46 1,050 148.5 17.6 51.3

3 cm



Waste rock sample 13

Cu* S% As* Co* Fe % Ni*

4,000 0.16 3,060 54.9 43.9 32.7

20 cm



Waste rock sample 14

Cu* S% As* Co* Fe % Ni*

401 0.05 509 26.4 4.69 13.3

17 cm



Waste rock sample 15

Cu* S% As* Co* Fe % Ni*

66.7 0.02 40.1 84 8.99 31

16 cm



Waste rock sample 16

Cu* S% As* Co* Fe % Ni*

549 0.03 1,405 24.4 19 24.9

18 cm



Waste rock sample 17

Cu* S% As* Co* Fe % Ni*

2310 <0.01 27.3 113.5 5.83 58.2

12 cm



Waste rock sample 18

Cu* S% As* Co* Fe % Ni*

1,660 0.02 3,160 269 42.1 48.7

19 cm



Waste rock sample 19

Cu* S% As* Co* Fe % Ni*

2,510 0.43 111.5 80.7 5.03 16.2

15 cm



Waste rock sample 20

Cu* S% As* Co* Fe % Ni*

2,500 0.01 109.5 944 24.8 394

16 cm



Co and Co distribution across the waste rock pile
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Tukey plots of waste rock chemistry (n = 20)
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Tukey plots of waste rock chemistry (n = 20)



R2= 0.18

Bivariate plot Mn vs. Co (n = 20)



Bivariate plot Fe vs. Co (n = 20)



R2= 0.05

Bivariate plot S vs. Co (n = 20)



R2= 0.034

Bivariate plot Cu vs. Co (n = 20)



Cobalt in waste rock and tailings- identifying hosts



Cobalt in waste rock and tailings- identifying hosts



Cobalt in waste rock and tailings- identifying hosts



Cobalt in waste rock and tailings- identifying hosts



Cobalt in waste rock and tailings- identifying hosts



Cobalt in waste rock and tailings- identifying hosts



Cu and S in waste rock and tailings



Cu and Fe in waste rock and tailings



Fe and S in waste rock and tailings



Appendix E:

Capricorn Copper mine- MLA results
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Capricorn Tailings Samples – Pyrite Grain Size
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Capricorn Tailings Samples – Pyrite Grain Size
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Capricorn Tailings Samples – Pyrrhotite Locking and Free Surfaces



Capricorn Tailings Samples – Pyrrhotite Locking and Free Surfaces - Picture
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Capricorn Tailings Samples – Pyrrhotite Grain Size



Capricorn Tailings Samples – Pyrrhotite Grain Size
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Appendix F

Capricorn Copper mine- LA-ICP-MS locations
Dr Anita Parbhakar-Fox , Senior Research Fellow, BRC, SMI, UQ
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