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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 GSQ. At the Lady Annie operations, chemical assay data, LA-ICP-

MS and mineralogical investigations have been undertaken on spent heap leach and waste rock 

samples. The target new economy metal was Co which is used in rechargeable batteries, 

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

 

In total, 50 heap leach samples from Pads 2 to 14 and Benches 1 and 3, and 25 waste rock 

samples were collected in February 2020. These were geochemically assayed and the average 

concentration of Co and Cu (as measured by ALS- ME-MS 61) were: 

• Lady Annie heap leach Co: n = 50; average: 88 ppm (maximum: 129 ppm) 

• Lady Annie waste rock Co: n = 25; average: 119 ppm (maximum: 335 ppm) 

• Lady Annie heap leach Cu: n = 50; average: 4,564 ppm (maximum: 12,400 ppm)   

• Lady Annie waste rock Cu: n = 25; average: 9,162 ppm (maximum: 109,500 ppm) 

 

In the sampled Co-endowed heap leach materials, Co (and Cu) are iron oxide associated 

(goethite) with a maximum of 5,131 ppm Co and 8,189 ppm Cu measured (n = 10). In the waste rock, 

there appear to be several hosts for Co (and Cu) including iron oxides (maximum: Co 11,808 ppm); 

micro-inclusions of Cu-oxides (up to 455,099 ppm Cu), pyrite (maximum: Co 40,356 ppm; Cu 72,719 

ppm) and carbonates (not analysed by LA-ICP-MS). 

 

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

were examined with the heap leach material more endowed in Ag, Cd, In, Mo, Se, Sn, Zr, Ce, Gd, Hf, 

La, Nd, Pr and Sm with concentrations above crustal abundance values. Waste rock only contained 

Ag, Cd, In, Mo, Se and Te above crustal abundance values.  

 

Based on these findings, additional mineralogical studies in the heap leach materials should be 

undertaken, followed by bench-scale leach testwork to explore Co, Cu and potential REE recovery. 

For waste rock, as some material represents transition zone (i.e., oxide to sulphide) material, given its 

pyritic nature, it may present a future acid and metalliferous drainage risks. If it is to remain as a 

dumped landform (i.e., a cover introduced as part of a rehabilitation/closure plan), then additional 

investigations into mapping the entire waste repository and sampling the variability of the waste rock 

would be prudent to evaluate the reprocessing business case, otherwise, to help guide such a 

rehabilitation and closure plan which is considerate of the future geochemistry of these wastes.  
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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. Mine waste materials represent a potential 

resource to help supplement the supply of these sought-after metals and processing waste to extract 

critical metals can minimise potential environmental impacts the waste may have on the surrounding 

environment, such as the release of acid and metalliferous drainage (AMD). However, determining the 

contents and mode of occurrence of critical metals 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 recognises 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 (New Economy Minerals 

Initiative (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) 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 (2/9) focusses on waste materials sampled 

at the Lady Annie mine/operations.  

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 (old) in 
TSF  

• Fresh tailings 
deposited into  
Esperanza pit 

• Waste rock 
(uncovered) 

• Waste 
intersections in 
drill core (Pluto) 

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 
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5 Baal 
Gammon 

DNRME • Waste rock  In n=42 in waste rock 

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 mining history 

2.1 Deposit geology 

The Lady Annie Cu-Co-Au deposit and its other satellite deposits are typically interpreted as 

structurally controlled, epigenetic shear, fault or breccia-hosted deposits, of a broadly similar style to 

the Mt. Isa Copper deposit. The site is located 137 km north of Mt. Isa and is situated in the Western 

Fold Belt (Mount Oxide Structural Domain), Mt. Isa Inlier (Figure 2).  

 

Figure 2. Regional location of the Lady Annie mine district with respect to the Leichhardt River 
structural domain map from the 2010 NWQMEP GIS (in Gow, 2019). 
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The NWQ Deposit Atlas (Chapter 8; Gow, 2019) details the deposit geology with extracts and 

summaries given in the next paragraphs.  The Lady Annie project (currently owned by Austral 

Resources) incorporates mineral resources from eight different deposits, which are in three main 

clusters in the Western Succession. The Lady Annie and Lady Brenda deposits are in vicinity of the 

Lady Loretta deposit. The Mount Clarke, Flying Horse, McLeod Hill, Swagman and Lady Colleen 

deposits are in the Mount Kelly area, approximately 15 km southeast of Lady Annie (Figure 3). The 

Anthill deposit is further south, approximately 45 km south of Lady Annie. Open pit mining has taken 

place on Lady Annie, Lady Brenda, Mount Clarke and Flying Horse.  

 

Figure 3. Austral Resources projects in Queensland with the Lady Annie mine and satellite deposits 
shown (Golder, 2018). 

The mineralised bodies in the Lady Annie and satellite pits have variable geometries and are 

typically not well constrained given drilling has been shallow and focused on copper oxide 

mineralisation. The best constrained Lady Annie orebody is approximately 500-700 m length in the 

east-west direction, 250 m N-S, and approximately 30-50 m thick.  

The Lady Annie Cu oxide orebody is flat-lying to shallowly dipping, with the underlying sulphide 

mineralised system interpreted as a moderately west-dipping tabular body. The eight deposits 

comprising the Lady Annie Project are hosted by a variety of rock packages as follows (summarised 

from Golder, 2018 and in Table 2):  
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• The Lady Annie mining area is contained within the north trending Lady Loretta High Strain Zone. 

The Lady Annie deposit is hosted by fault bounded blocks of gently folded Paradise Creek and 

Upper Gunpowder Creek Formations.  

• The Lady Brenda deposit is located approximately 300m to the south-west of the Lady Annie 

deposit. Copper mineralisation at Lady Annie and Lady Brenda is hosted in dolomitic, 

carbonaceous and argillaceous sandstones and siltstones. Oxidation of these units has removed 

the dolomitic material leaving behind ferruginous silty sandstones or kaolinitic sandy siltstones. 

The primary copper sulphide mineralisation appears to be structurally controlled, being commonly 

associated with well-defined fault-related silicification.  

• The Mount Kelly mining area (Mount Clarke) is dominated by early to mid-Proterozoic siltstones 

and dolomitic siltstones of the McNamara Group. Copper mineralisation occurs within units of the 

McNamara Group and is reportedly related to the north-west-trending Mount Kelly and Spinifex 

Faults, which intersect and cut the McNamara Fault. The known mineralisation is associated with 

multiple phases of brecciation and veining along the fault zones. The copper oxide mineralisation 

appears to be shear and fault controlled.  

• The Swagman and McLeod Hill deposits occur within a few kilometres of the Mt Kelly mining area 

and have similar rock types and mineralisation styles. The mineralisation at both deposits is 

controlled by structural features such as shear zones and faults.  

• The Anthill deposit is hosted predominantly within the Esperanza Formation. The host lithology 

of the orebody is inferred to be dolomitic siltstones; however the strong weathering and oxidation 

process has resulted in the near complete loss of dolomite from the rock in the upper oxide zone. 

The mineralisation appears to be controlled by a combination of steep structural elements and 

broad dome features. The Anthill mineralisation is commonly hosted in structurally controlled 

silicified zones as well as in silicified sedimentary breccia in dolomite, which appears to have 

been a preferred permeability horizon for mineralising fluids. 

Table 2. Summary of the host rock and stratigraphic unit for the various Lady Annie project deposits 
(Gow, 2019). 

Deposit Host unit Lithology 

Lady Annie Paradise Creek and Upper 

Gunpowder Formations 

Dolomitic, carbonaceous and 

argillaceous sandstones and 

siltstones 

Lady Brenda Paradise Creek and upper 

Gunpowder Formations 

Dolomitic, carbonaceous and 

argillaceous sandstones and 

siltstones 

Mount Kelly McNamara Group  

(Paradise Creek Formation?) 

Siltstones and dolomitic siltstones 

Swagman McNamara Group  

(Paradise Creek Formation?) 

Siltstones and dolomitic siltstones 

McLeod Hill McNamara Group  

(Paradise Creek Formation?) 

Siltstones and dolomitic siltstones 

Anthill Esperanza Formation Dolomitic siltstones 

 

Salama et al. (2016) reported that thick kaolinitic saprolite and silcrete are formed over sulfide 

mineralization, particularly along faults (Figure 4). Ferruginous duricrusts marginal to fault-controlled 

sulphide mineralization are anomalous in Cu, Zn, Cd, Sb and Be, and thus can be used as useful 

medium in geochemical exploration. 
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Figure 4. Cross section across the Lady Annie deposit showing the lateral distribution of different 
regolith units, the location of primary sulphide mineralisation, and the ferruginous saprolite (Cu-oxide 

zone) above the sulphide (from Salama et al., 2016). 

 

2.2 Mine history and current operations 

Lady Annie and most of the copper deposits in the Lady Annie project have been known since the 

early-mid 1900’s based on the presence of oxide copper at surface. The Lady Annie deposit itself was 

discovered in 1919 and was worked intermittently on a small scale over the next 40 years (Hancock 

and Purvis, 1990 in Gow, 2019). Exploration drilling was carried out at Lady Annie and Mount Kelly 

from 1964 and at Anthill from 1972-2012.    

Buka Minerals Limited purchased the Lady Annie and Lady Loretta deposits in 1996, initiating 

a pre-feasibility study before being acquired by CopperCo Limited in 2004. Mining commenced at 

Mount Clarke in 2007 and Lady Annie in 2008. A process plant at Mount Kelly was commissioned in 

2007 (Golder, 2016). The Lady Annie deposits are currently owned by Austral Resources Pty Ltd. 

Production from Lady Annie in 2016 comprised 8.8 kt ore (1.5 % Cu) and 11.9 kt waste, and from Lady 

Brenda 41.9 kt (0.71 % Cu) and 315.3 kt of waste (Golder, 2018). An additional 9.7 kt of waste was 

mined from Flying Horse for the same period.    

Ore from Lady Annie and Lady Brenda is placed on ROM piles adjacent to each pit before being 

hauled by road to the Mt Kelly processing plant area where it is stockpiled on the Mount Kelly ROM 

pad. Ore processing of oxide materials is by heap leaching (using dilute sulphuric acid) followed by 

solvent extraction and electrowinning (SX-EW) to produce LME grade A copper cathode. In 2014, 17.9 

kt of copper was produced (Golder, 2016). Mining was suspended at the Lady Annie copper deposit 

in January 2016, although leaching of small amounts of stacked ore continues. The last year of signif-

icant mining was the twelve months to March 2016, when 369kT of ore was mined at an average 

grade of 0.73% Cu, and 7589 t of copper cathode was produced. 

With increased depth in the pits, transitional material is encountered and is marked by an 

increase in calcium. The effect of increased calcium is higher acid consumption rates which requires 

careful monitoring and blending and modifies the cut-off grade. As of 2016, the oxide mineral 

resources at Lady Annie were nearing depletion and the proportion of higher Ca transitional ore was 

increasing. As of 2016, there was no capacity to process sulphide ore or high Ca-Mg ores at Lady 

Annie, although these ores would be amenable to conventional concentration by flotation.      
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3. Materials and methods 

3.1 Sample collection 

At Lady Annie, there were two Co targets namely the heap leach material and the waste rock collected 

from the Lady Annie pit (likely to have originated from the transition zone between the oxide and 

sulphide zones of the Lady Annie pit). Prior to sampling, a rationale was discussed with the site team. 

Sampling at the heap leach pile involved the collection of spent heap leach materials from Bench’ s 1 

and 3 and from Pads 2 to 14 (Figure 5). At each pad, two samples were collected. These samples 

comprised a shovel-full of material (approximately 3 kg mass) placed into a labelled bag (Figure 6). 

Due to time constraints, it was not possible to undertake a field description of these spent materials. 

Following the collection of the spent heap leach, waste rock materials were collected from the main 

dump near the Lady Annie pit. A combination of grab samples (containing visible sulphides) and 

shovelled samples (to make up 1 kg mass) were selected, with an area of ‘fresh’ waste rock sampled 

(Figure 7). Here, massive chalcopyrite was observed (Figure 8).  

 

 

Figure 5. Location of heap leach materials collected at the Lady Annie heap leach site. 
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Figure 6. Collection of heap leach material at Lady Annie (Bench 3, sample LAH49). 

 

Figure 7. Location of waste rock collected at the Lady Annie operations. 
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Figure 8. Collection of ‘fresh’ waste rock at Lady Annie with massive chalcopyrite seen. 

 

Descriptions of the waste rock sampled, along with images and a summary of the assay data 

(S%, As, Co, Fe %, Cu, Ni), are given in Appendix A (Lady Annie- visual catalogue). These waste 

materials differed to those sampled at the North waste dump (cf. Capricorn Copper; Table 1- Report 

1/9) with notably less Mn and Fe oxides and an increase in carbonate content with Fe-carbonates 

(dolomite and/or siderite) commonly observed. As the exact origin of these waste rock materials was 

not known (i.e., from which deposit associated with the operations i.e., Lady Annie, Lady Brenda, 

Flying Horse; Gow, 2019) detailed comments regarding the geological formation origin (e.g., Paradise 

Creek Formation, Upper Gunpowder Formation) are not given. Much like those at Capricorn Copper, 

these metasediments are brecciated, with carbonates dominating the breccia cement. With the 

increased presence of carbonates, more copper carbonates (e.g., malachite) were observed (Figure 

9).  

 

 

Figure 9. Example of waste rock collected at Lady Annie, with iron carbonate and secondary copper 
carbonates seen in the brecciated clasts. 
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After collection of the samples, they were taken to the DNRMEs 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 noted 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).  

These samples were then transported to the Exploration Data Centre, Zillmere. Under the 

instruction of GSQ personnel, the samples were relabelled 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 blank. 

Depending on the matrix of the samples and style of mineralisation, a suite of standards were used. 

For Lady Annie, this including OREAS-162. ALS used also 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 B, C and D).  

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 material (quartz) was used to clean the crusher and pulveriser after each 

sample, to avoid contamination of the samples. 

   

3.2 Geochemical assay 

The prepared pulps were submitted to 4 different analytical streams. For ME-MS61 analysis, 0.25 g 

of pulps were digested in a combination of 4 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. 

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

3.3 X-ray diffractometry (XRD) 

On receipt of the preliminary geochemical assay data (April, 2020), 10 samples with the highest Co (9 

waste rock, 1 heap leach) were chosen for mineralogy and mineral chemistry studies. Thus, the bulk 

mineralogy 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 minutes) 

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 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.  

3.4 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 
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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 (1 heap leach, 9 waste rock).  

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

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

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

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

shown in the image (Figure 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.  

 

Figure 11. Example of MLA mount. 

The XBSE measurement mode (which uses a combination of backscattered electrons and X-

rays to identify phases present in the sample) was used to provide information of the relative 

abundance of the minerals in the sample and identify potential hosts of key elements.  Due to wide 

range of particle sizes, measurements were undertaken using two approaches: the first without setting 

a minimum particle size and setting the maximum particles measured to 30,000 (this method can be 

used for modal mineralogy but did not measure the full sample section); the second measurement 

was done to image to the full particle section and capture the coarse particles (for this measurement 

a minimum particle size was set to exclude fine particulates, this measurement should not be used for 

modal mineralogy). A site specific mineral reference library was developed for these samples. MLA 

results are given in Appendix E. 

 

3.5 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 
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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 pyrite and iron oxide grains was 29 μm, 51 μm was 

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

on BCR-2g and GSD-1G and Peru pyrite secondary standards used for Fe-oxide and pyrite 

calculations. Data reduction was performed using the LADR software package (Norris Scientific). In 

total 134 laser ablation spot analyses in iron oxides and pyrite passed quality control and filtering. All 

lasered locations are shown in Appendix F. 

 

4. Results 

4.1 Heap leach 

4.1.1 Mineralogy 

Only one sample was analysed by XRD (as it was suggested to target the 10 most endowed Co 

samples (i.e., the allocated number) which therefore included just 1 heap leach sample) so provides 

an indication only of the pile’s mineralogy. Quartz dominated (47 wt. %) followed by illite/mica (23.4 

wt. %) and amorphous phases (14.7 wt. %; Figure 12). This mineralogy is similar to that of the heap 

leach materials sampled and XRD analysed at the Pindora mine (Report 4/9; Table 1) which were 

dominated by quartz, smectite and amorphous material (n = 5). 

 

 

Figure 12. Bulk mineralogy (by XRD) of Co-endowed heap leach material (126.5 ppm Co). 
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The modal mineralogy by MLA reported a dominance of K-feldspar (31 wt. %), plagioclase (24 

wt. %) quartz (18.5 wt. %) silicate agglomerates (likely containing quartz; 10 wt. %) and iron oxides 

(8.5 wt. %) as summarised in Figure 13 and shown in Figure 14.  

 

Figure 13. Bulk mineralogy (by MLA) of Co-endowed heap leach material (126.5 ppm Co). 

 

 

Figure 14. BSE and classified mineralogy image of Co-endowed heap leach sample  
(126.5 ppm Co). 
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4.1.2 Geochemistry 

A Tukey plot for select elements measured in the spent heap leach material is shown in Figure 15 and 

generally showed small ranges (indicating the material is homogenous). The maximum Co measured 

was 129 ppm (minimum: 54 ppm) with both a calculated average and median of 88 and 87 ppm 

respectively. Arsenic ranged from 34 to 78 ppm (average and median: 56 ppm). Nickel was slightly 

less than these both and ranged from 22 to 41 ppm (average: 32 ppm, median: 31ppm). Silver was 

the lowest of the selected elements shown in Figure 15 ranging from 0.35 to 0.74 ppm (average and 

median: 0.52 ppm). Manganese and Co at other studied sites (Table 1) had been seen to correlate 

and in the heap leach materials concentrations ranged from 212 to 1,059 ppm (average: 438 ppm; 

median: 459 ppm).  

 

Figure 15. Tukey plot for select elements in heap leach materials (n= 50).  

Carbon in the heap leach materials ranged from 0.08% to 2.1% (average: 0.53 %; median: 

0.35%). Sulphur concentrations were higher and ranged from 0.03% to 1.9% (average: 0.53%, 

median: 0.5%). The maximum measured Cu was 1.24% (minimum: 476 ppm) with average of 4,564 

ppm and a median of 3,825 ppm calculated (Figure 16). Iron was the highest, as expected based on 

the mineralogy, ranged from 2.6% to 9.6% (average: 5.5%, median: 5.3%).  

 

Figure 16. Tukey plot for C, S, Fe and Cu measured in heap leach samples (n = 50) 

Correlation between Co and other elements were not obvious from bivariate plots. For example 

a weak correlation was seen between Cu and Co (R2 = 0.122; Figure 17) suggesting the majority of 

Cu has been successfully leached.  A comparison of Co and Fe showed weaker correlation (R2 = 0.06; 
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Figure 18) however in contrast, stronger correlation was calculated between Co and S (R2 = 0.2; 

Figure 19). The spatial variability of Co values was examined and showed that the highest values are 

in Bench 3 relative to Bench 1 (Figure 20). For Cu, higher values were again measured in Bench 3 

but particularly towards Pads 11 to 14 (i.e. towards the north of the pile; Figure 21). 

 

Figure 17. Bivariate plot of Co (ppm) vs. Cu (%) for spent heap leach at Lady Annie (n = 50).  

 

Figure 18. Bivariate plot of Co (ppm) vs. Fe (%) for spent heap leach at Lady Annie (n = 50).  

 

Figure 19. Bivariate plot of Co (ppm) vs. S (%) for spent heap leach at Lady Annie (n = 50).  
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Figure 20. Spatial plot of Co (ppm) across the Lady Annie spent heap leach pads. 

 

Figure 21. Spatial plot of Cu (ppm) across the Lady Annie spent heap leach pads. 
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The iron oxide chemistry was explored by LA-ICP-MS (as it was the identified host for Co) in 

the MLA analysed sample, however, whilst only 10 spots were analysed  this data is reported as it 

provides a first indication into the chemistry. A maximum of 5,131 ppm Co was measured (minimum: 

31 ppm) with an average of 1,288 ppm (median: 277 ppm; Figure 22).  For Cu a maximum of 8,189 

ppm was measured (minimum: 364 ppm) with an average of 2,765 ppm and a median of 2,014 ppm 

(Figure 22). Manganese and Co appeared to have an affinity for each other as suggested by the bulk 

chemistry, and here ranged from 92 to 2,589 ppm Mn (average: 1,028 ppm, median: 889 ppm; Figure 

22). A maximum of 3,142 ppm Ni was measured (minimum: 37 ppm) with an average of 807 ppm and 

a median of 271 ppm (Figure 22). A maximum of 3,490 ppm was reported for As (minimum: 515 ppm) 

with an average of 1,674 ppm and a median of 1,677 ppm (Figure 22). Gold was not anticipated to be 

high, which was confirmed (in the analysed minerals) with a maximum of 0.009 ppm (minimum 0.004 

ppm) and an average of 0.006 ppm (median 0.006 ppm). Interestingly, Ag was also low with a 

maximum of 2 ppm reported (minimum 0.07 ppm) with an average of 0.8 ppm (median 0.4 ppm; Figure 

22).   

 

Figure 22. Tukey plot summarising concentrations (ppm, y-axis) of Co, Cu, Mn, Ni, As, Au and Ag 
for iron oxides measured in heap leach (n= 10, NB. log-scale). 

 
A correlation matrix (Table 3) of these elements showed the strongest association of Co with 

Mn (0.94) followed by Ni (0.69) and then Cu (0.22), which is very similar to that observed in the Pindora 

heap leach material (Report 4/9: Table 1). Copper shows its strongest correlation (but is still notably 

weak) with Co and Mn (0.22; Table 3). 

Table 3. Correlation matrix for Co with Cu, Mn, Ni, As, Au and Ag in iron oxides (n=10). 
 

59Co 65Cu 55Mn 60Ni 75As 107Ag  197Au 

59Co 1 0.22 0.94 0.69 0.17 -0.45 -0.67 

65Cu 0.22 1 0.22 0.1 0.065 -0.11 -0.035 

55Mn 0.94 0.22 1 0.6 0.28 -0.71 -0.88 

60Ni 0.69 0.1 0.6 1 0.4 -0.5 -0.82 

75As 0.17 0.065 0.28 0.4 1 -0.63 -0.49 

107Ag -0.45 -0.11 -0.71 -0.5 -0.63 1 0.97 

197Au -0.67 -0.035 -0.88 -0.82 -0.49 0.97 1 
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Analysis of LA-ICP-MS patterns shows that Co is refractory in the heap leach iron oxides 

(goethite) as shown in Figures 23 and 24. In both cases, Co is pervasive throughout the analysed 

grains and appears associated with Cu, Mn and (and As at lower concentrations). This is similar to 

the chemical signature reported for iron oxides sampled at the Mt Oxide mine (see Mt. Oxide report- 

3/9; Table 1).  

 
Figure 23. LA-ICP-MS pattern for TLMLAN51 renamed as Annie_9_Mt – 6 (39 ppm Co, 1,426 ppm 

Cu, 92 ppm Mn). 

 

 
Figure 24. LA-ICP-MS pattern for TLMLAN51 renamed as Annie_9_Mt – 5 (4,600 ppm Co, 

4,166 ppm Cu, 2,498 ppm Mn). 
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4.2 Waste rock 

4.2.1 Mineralogy 

The bulk mineralogy of 9 samples (most endowed in Co; Figure 25) were measured in the waste rock 

and reported a dominance of carbonates (identified as ankerite/dolomite) ranging from 30.3 to 62.6 

wt. % (average: 47.2 wt. %, median: 48.6 wt. %) followed by quartz (range: 1.8 wt. % to 82.5 wt. %; 

average: 25.9 wt. %, median: 21.2 wt. %), malachite (range: 6.8 wt. % to 20.5 wt. %, average: 47.2 

wt. %; median: 48.6 wt. %), K-feldspar (range: 3.9 % to 15.8 wt. %; average: 8.3 wt. %; median: 6.5 

wt. %) and occasional goethite (range: 2.8 wt. % to 21.5 wt. %: average: 12.1 wt. %, median: 12 wt. 

%).   Pyrite was also measured in 4 samples and ranged from 0.6 wt. % to 28 wt. % (average: 7.7 wt. 

%; median: 1.1 wt. %).  

  

Figure 25. Bulk mineralogy (by XRD) of Co-endowed waste rock (n=9). 

The modal mineralogy by MLA (Figure 26) confirms the carbonate dominance (identified as 

ankerite/dolomite) ranging from 0.04 wt. % to 57.1 wt. % (average: 32.1 wt. %, median: 30.1 wt. %) 

followed by amphibole (range: 0.05 wt. % to 43.2 wt. %; average: 21.2 wt. %, median: 10.3 wt. %), a 

silicate agglomerate phase (range: 0.03 wt. % to 66.1 wt. %: average: 21.1 wt. %; median: 11.6 wt. 

%) and quartz (range: 0.8 % to 69.8 wt. %; average: 11.9 wt. %, median: 5.7 wt. %).  Pyrite is reported 

again in 4 samples (maximum: 37 wt. %) with malachite and chrysocolla identified in several samples 

(maximum: 5.4 wt. % and 2.8 wt. % respectively).  On examination of the grains analysed by MLA 

coarse carbonates are observed (Figure 27) with several displaying sulphide relationships with 

chalcopyrite, whilst other large carbonate grains show some intercalation of Cu-carbonates such as 

malachite. On occasion, quartz grains too show intergrowths with carbonates (Appendix E- MLA 

classification maps). Pyrite is typically observed as either intergrowths within carbonates (Appendix 

E) or as individual grains with some localised rimming (potentially iron oxide or jarosite). Based on the 

presence of pyrite, there is potential for acid and metalliferous drainage generation in these dumps, 
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however, the abundance of carbonates may be sufficient to control acid generation, but the metal 

tenor of the carbonates (e.g., high Cu, Co) may cause the release of these metals.     

 

Figure 26. Bulk mineralogy (by MLA) of Co-endowed waste rock material (n=9). 

 

Figure 27. BSE and classified mineralogy image of TLLAN073 (reported by MLA). 
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In these samples, a range of potential mineralogical hosts for cobaltare identified including 

secondary copper minerals, sulphides and iron oxides, thus the particle characteristics of all were 

evaluated. For iron oxides, identified in 5 samples, a large range of particle sizes was observed with 

a p80 ranging from ~25 to 810 µm (Figure 28). Overall, iron oxide particles are locked (49% to 90 %; 

Figure 29) and associate mineralogically with quartz, ankerite/dolomite, other iron oxides and 

occasionally cuprite, amphiboles and K-feldspar. 

 

Figure 28. Particle size distribution for iron oxides in waste rock (by MLA; n = 5). 

 

    

Figure 29. Mineral associations for iron oxide phases (MLA; n= 5). 

Pyrite, (n=2), showed a p80 ranging from ~87 to 360 µm (Figure 30). Overall, no consistent 

locking or liberated behaviour could be ascertained from just 2 samples, but where associated with 

other minerals it associated dominantly with silicate agglomerate phases, ankerite/dolomite and K-

feldspar (Figure 31). Copper sulphides (a collective term given for chalcopyrite, bornite, covellite and 

chalcocite for which trace concentrations were reported) showed a p80 range from ~25 to 155 µm 

(Figure 32) and, whilst dominantly locked (Figure 33) associated with iron oxides, the silicate 

agglomerate phase and malachite/azurite.    
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Figure 30. Particle size distribution for pyrite in waste rock (by MLA; n = 2). 

 

Figure 31. Mineral associations for pyrite (MLA; n= 2). 

 

Figure 32. Particle size distribution for Cu sulphides in waste rock (by MLA; n = 2). 
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Figure 33. Mineral associations for Cu sulphides (MLA; n= 2). 

Secondary copper phases (a collective term given for cuprite, malachite, chrysocolla for which 

trace concentrations were reported) showed a p80 range from ~25 to 155 µm (Figure 34) and, whilst 

dominantly locked (Figure 35) associated with iron oxides, the silicate agglomerate phase and 

malachite/azurite.    

 

Figure 34. Particle size distribution for secondary Cu in waste rock (by MLA; n = 2). 

 

Figure 35. Mineral associations for secondary Cu (MLA; n= 2). 
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4.2.2 Geochemistry 

Cobalt ranged from 40 to 335 ppm in the sampled waste rock (Figure 36) with an average of 119 ppm 

and a median of 85 ppm calculated. The highest Co measured was in sample 13 (Figure 37) which 

was described as a brecciated metasediment with quartz-carbonate veins and visible malachite on 

the surface with a sooty-black mineral also identified, which in the field was considered to be an iron 

oxide. Arsenic was considerably lower at Lady Annie in comparison to the Capricorn Copper mine 

(Report 1/9- Table 1) with a maximum of 495 ppm measured (average: 57 ppm; median: 32 ppm; 

Figure 36). Nickel ranged from 5 to 109 ppm (average: 20 ppm; median: 15 ppm) with similar minimum 

values measured for Zn (range: 5 to 347 ppm, average: 33 ppm, median: 11 ppm). Concentrations of 

silver were low ranging from 0.04 to 1.3 ppm (average: 0.26 ppm; Figure 36).   

 

Figure 36. Tukey plot (ppm) of select elements measured in waste rock (n = 25). 

 

Figure 37. Waste rock sample 13 collected containing the highest measured Co.  

Carbon (taken as a proxy for carbonates) ranged from 0.07 to 11.3% (average: 7.9 %, median: 

8.1 %) whilst S ranged from 0.01 % to 16.6 % (average: 1.2%, median: 0.2%; Figure 38). Copper 
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ranged from 0.01 % to 11% (average: 0.91%, median: 0.5%- the highest was for a chalcopyrite bearing 

sample) whilst Fe ranged from 1.8% to 16.6% (average: 4.8% to median: 3.3%; Figure 38).  

 

Figure 38. Tukey plot (%) of select elements measured in waste rock (n = 25). 

 

Co and Cu show weak correlation (Figure 39, R2= 0.0039). Instead, slightly stronger 

correlation between Co and Fe was observed (Figure 40; R2= 0.19) suggesting that some Co may be 

associated with Fe oxides. A more likely host are sulphides, with a bivariate plot of Co and S shown 

in Figure 41 but again, weak correlation was again calculated (R2= 0.02). It is possible that some Co 

is associated with secondary carbonates as explored in Figure 42 (R2 = 0.25). The strongest 

correlation was with Ni (Figure 43; R2= 0.45) which was also a trend noted for the sampled Capricorn 

Copper waste materials. Correlation with As was lower (Figure 44; R2 = 0.3) suggesting an absence 

(or very minor-trace content) of minerals such as cobaltite. A spatial plot of Co and Cu across the 

sampled parts of the dump are shown in Figures 45 and 46. Spatially, the highest concentrations of 

Co were located around the south-east of the dump (Figure 45) whilst Cu was highest in the fresher 

waste rock, towards the south west (Figure 46). The fresher dump material represents transition zone 

material from the base of the Lady Annie pit.  

 

Figure 39. Bivariate plot of Co (ppm) vs. Cu (%) for Lady Annie waste rock (n = 25).  
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Figure 40. Bivariate plot of Co (ppm) vs. Fe (%) for Lady Annie waste rock (n = 25).  

 

Figure 41.  Bivariate plot of Co (ppm) vs. S (%) for Lady Annie waste rock (n = 25).  

 

Figure 42. Bivariate plot of Co (ppm) vs. C (%) for Lady Annie waste rock (n = 25).  
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Figure 43. Bivariate plot of Co (ppm) vs. Ni (ppm) for Lady Annie waste rock (n = 25).  

 

Figure 44. Bivariate plot of Co (ppm) vs. As (ppm) for Lady Annie waste rock (n = 25).  

 

Figure 45. Spatial plot of Co (ppm) across the Lady Annie waste rock pile. 
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Figure 46. Spatial plot of Cu (ppm) across the Lady Annie waste rock pile. 

The iron oxide chemistry was explored by LA-ICP-MS (as a potential Co host) in the MLA 

analysed samples, with 81 spots analysed. A maximum of 11,808 ppm Co was measured (minimum: 

2 ppm) with an average of 1,751 ppm (median: 1,236 ppm; Figure 47).  For Cu a maximum of 455,099 

ppm (Cu-oxide intergrown with Fe oxide?) was measured (minimum: 24 ppm) with an average of 

18,821 ppm and a median of 4,675 ppm (Figure 47). Manganese ranged from 170 to 22,321 ppm 

(average: 2,988 ppm, median: 2,003 ppm; Figure 47). A maximum of 1,222 ppm Ni was measured 

(minimum: 1 ppm) with an average of 299 ppm and a median of 203 ppm (Figure 47). A maximum of 

7,116 ppm was reported for As (minimum: 12 ppm) with an average of 1,301 ppm and a median of 

559 ppm (Figure 47). Gold was higher than in heap leach material with a maximum of 0.3 ppm 

(minimum 0.0018 ppm) and an average of 0.06 ppm. As with the heap leach, Ag was also low with a 

maximum of 3 ppm (minimum 0.005 ppm) with an average of 0.13 ppm (median 0.02 ppm; Figure 47).   

 

Figure 47. Tukey plot summarising concentrations (ppm, y-axis) of Co, Cu, Mn, Ni, As, Au and Ag 
for iron oxides measured in waste rock (n= 81, NB. log-scale). 
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A correlation matrix (Table 4) of these elements showed the strongest association of Co with 

Au (0.6) but given the low abundance of Au in these samples, this must be considered with a degree 

of caution. Instead, Co showed strongest correlation with Mn (0.57) followed by Ni (0.5) which is very 

similar to that observed in the heap leach material sampled here and at the Pindora mine. Copper 

shows its strongest correlation (but is still notably weak) with Mn and Co (Table 4) whilst the overall 

strongest correlation was observed between Au and Ag (0.71; Table 4).  

Table 4. Correlation matrix for Co with Cu, Mn, Ni, As, Au and Ag in iron oxides (n=81). 
 

59Co 65Cu 55Mn 60Ni 75As 107Ag  197Au 

59Co 1 0.027 0.57 0.5 0.083 0.49 0.6 

65Cu 0.027 1 0.029 -0.027 0.025 0.091 0.5 

55Mn 0.57 0.029 1 -0.061 -0.15 0.13 0.39 

60Ni 0.5 -0.027 -0.061 1 0.57 0.46 0.19 

75As 0.083 0.025 -0.15 0.57 1 0.29 0.0056 

107Ag 0.49 0.091 0.13 0.46 0.29 1 0.72 

197Au 0.6 0.5 0.39 0.19 0.0056 0.72 1 

 

Analysis of LA-ICP-MS patterns shows that Co is a lattice bound element in the waste rock 

iron oxides as shown in Figure 48. Co, as with the heap leach material, is pervasive throughout the 

analysed grains and appears associated with Cu, Mn and As. Again the similarity to the chemical 

signature reported for iron oxides sampled at the Mt Oxide mine (see Mt. Oxide report in this series) 

is noted.  

 

 
Figure 48. LA-ICP-MS pattern for TLMLAN64 renamed as Annie_2_Mt – 1 (1,392 ppm Co, 18,761 

ppm Cu, 1,507 ppm Mn). 
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The chemistry of pyrite was explored by LA-ICP-MS (as a potential Co host) in the MLA 

analysed samples, with 43 spots analysed. A maximum of 40,356 ppm Co was measured (minimum: 

0.08 ppm) with an average of 5,186 ppm (median: 574 ppm; Figure 49).  For Cu a maximum of 72,719 

ppm was measured (minimum: 0.2 ppm) with an average of 3,191 ppm and a median of 46 ppm 

(Figure 49). Manganese ranged from 0.2 to 351 ppm (average: 21 ppm, median: 2 ppm; Figure 49). 

A maximum of 16,898 ppm Ni was measured (minimum: 0.5 ppm) with an average of 1,356 ppm and 

a median of 62 ppm (Figure 49). A maximum of 5,846 ppm was reported for As (minimum: 2 ppm) 

with an average of 1,157 ppm and a median of 306 ppm (Figure 49). Gold was high with a maximum 

of 1 ppm (minimum 0.002 ppm) and an average of 0.17 ppm. Silver was also higher with a maximum 

of 19 ppm (minimum 0.007 ppm) with an average of 1.3 ppm (median 0.4 ppm; Figure 49).   

 

Figure 49. Tukey plot summarising concentrations (ppm, y-axis) of Co, Cu, Mn, Ni, As, Au and Ag 
for pyrite measured in heap leach (n= 43, NB. log-scale). 

 
A correlation matrix (Table 5) of these elements showed the strongest association of Co with 

As (0.68) and Cu (0.66) though correlation with Ag was also high (0.56). Copper showed weak 

correlation with all elements (except for Co). Manganese and Ag showed strong positive correlation 

(0.96; Table 5). Gold correlated most strongly with As (0.52; Table 5).  Analysis of LA-ICP-MS patterns 

shows that Co is a lattice bound element in the waste rock pyrite as shown in Figure 50. Co, is more 

‘spiky’ than for iron oxides, potentially suggesting zoning of the pyrite. Pyrite is heterogeneous as 

shown in Figure 51 where it is distinctively Co (and Cu) poor. Analyses of the patterns confirm that Co 

associates with Ni, and to a lesser extent, As and Cu.  

Table 5. Correlation matrix for Co with Cu, Mn, Ni, As, Au and Ag in pyrite (n=43). 
 

59Co 65Cu 55Mn 60Ni 75As 107Ag  197Au 

59Co 1 0.66 0.52 0.41 0.68 0.56 0.23 

65Cu 0.66 1 0.25 0.081 0.34 0.37 -0.0088 

55Mn 0.52 0.25 1 -0.094 0.52 0.96 -0.057 

60Ni 0.41 0.081 -0.094 1 -0.02 0.015 0.19 

75As 0.68 0.34 0.52 -0.02 1 0.55 0.52 

107Ag 0.56 0.37 0.96 0.015 0.55 1 0.046 

197Au 0.23 -0.0088 -0.057 0.19 0.52 0.046 1 
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Figure 50. LA-ICP-MS pattern for TLMLAN69 renamed as Annie_1_Py – 5 (22,058 ppm Co, 429 

ppm Cu, 1 ppm Mn). 

 

 

Figure 51. LA-ICP-MS pattern for TLMLAN81 renamed as Annie_4_Py – 15 (69 ppm Co, 24 ppm 

Ni, 0.5 ppm Cu). 
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5. Summary and recommendations 

The Lady Annie Cu mine site is located c. 137 km north of Mt Isa and operated intermittently in the 

1900s. The current operations comprises of several satellite deposits, in addition to Lady Annie, and 

operates as a heap leaching operation processing oxide ore. Currently owned by Austral Resources 

Pty Ltd, the site contains mine waste features including spent heap leach materials and waste rock. A 

comparison of the waste types showed that overall, waste rock material is the more endowed in terms 

of Co and Cu tenor.   

5.1 Waste characteristics 

The mineralogy of the heap leach material was not studied in detail, but based on the analysed Co-

rich sample quartz, illite, amorphous phases and goethite dominate. The maximum Co (n= 50) 

measured was 129 ppm (average: 88 ppm), with the heap leach chemistry dominated by Cu, Pb, Mn 

and Ba (Figure 52). 

 

Figure 52. Chemical summary for heap leach materials (n=50). 

A correlation matrix for select elements in the heap leach materials (Table 6)  indicates that 

Co correlated best with Ni (as was seen for other sites studied in the Mt Isa region in this project; Table 

1) followed by Mn, S and As. Copper correlated best with Mn followed by Fe, but negatively with S. It 

is possible that the amorphous material identified by XRD may also correlate to the presence of poorly 

crystalline Mn oxides, and that these could be hosts for Co and Cu.  

Table 6. Correlation matrix for select elements in heap leach materials (n= 50). 
 

Co_ppm Ni_ppm As_ppm Ag_ppm Mn_ppm Cu_pct Fe_pct C_pct S_pct 

Co_ppm 1 0.69 0.4 0.17 0.51 0.35 0.26 0.32 0.45 

Ni_ppm 0.69 1 0.26 -0.083 0.45 0.23 0.61 -0.19 0.073 

As_ppm 0.4 0.26 1 0.17 -0.23 0.028 0.26 0.068 -0.05 

Ag_ppm 0.17 -0.083 0.17 1 0.25 0.36 0.11 -0.14 0.047 

Mn_ppm 0.51 0.45 -0.23 0.25 1 0.58 0.29 0.11 0.12 

Cu_pct 0.35 0.23 0.028 0.36 0.58 1 0.23 0.15 -0.19 

Fe_pct 0.26 0.61 0.26 0.11 0.29 0.23 1 -0.3 -0.29 

C_pct 0.32 -0.19 0.068 -0.14 0.11 0.15 -0.3 1 0.42 

S_pct 0.45 0.073 -0.05 0.047 0.12 -0.19 -0.29 0.42 1 

Further investigations of iron oxide (likely goethite) chemistry by LA-ICP-MS (Figure 53) 

indicated the dominance of (excluding Si, Al, Mg and K) Ti, Cu, As, and Co, with a maximum of 5,131 



 

Final Report, Lady Annie – Cobalt and other critical metals in tailings of major mineral deposits in north Queensland 40 
 

ppm Co (average: 1,288 ppm) and a maximum of 8,189 ppm Cu (average: 2,765 ppm). Co refractory 

in iron oxides. 

 

Figure 53. Chemical summary for iron oxide (goethite) by LA-ICPMS in heap leach (n=10). 

The mineralogy of the waste rock was more extensively studied and, in contrast for Co-rich 

samples, showed a dominance of carbonates, quartz, malachite, K-feldspar, and goethite. Chrysocolla 

was observed in several samples in minor abundances. Cobalt was more endowed in waste rock, with 

a maximum of 335 ppm reported (average 119 ppm), whilst Cu ranged from 0.01 to 11 wt. % (average: 

0.91%).  A correlation matrix of select elements showed Co to correlate most strongly with Ni (0.65: 

Table 7) and Fe (0.44). An examination of the mineral chemistry of iron oxides confirmed the high 

concentrations of Co (11,808 ppm; average: 1,751 ppm) but even greater endowment in pyrite was 

reported with a maximum of 40,356 ppm (average: 5,186 ppm) measured (Figure 55).   

Table 7. Correlation matrix for select elements in waste rock (n=25). 
 

Co_ppm C_pct S_pct Cu_pct Fe_pct Ni_ppm As_ppm Mn_ppm 

Co_ppm 1 -0.51 0.15 0.062 0.44 0.67 0.55 0.1 

C_pct -0.51 1 0.028 -0.034 -0.32 -0.75 -0.72 0.33 

S_pct 0.15 0.028 1 -0.1 0.68 -0.032 -0.13 0.082 

Cu_pct 0.062 -0.034 -0.1 1 0.39 0.11 0.026 -0.35 

Fe_pct 0.44 -0.32 0.68 0.39 1 0.49 0.38 0.024 

Ni_ppm 0.67 -0.75 -0.032 0.11 0.49 1 0.91 -0.18 

As_ppm 0.55 -0.72 -0.13 0.026 0.38 0.91 1 -0.071 

Mn_ppm 0.1 0.33 0.082 -0.35 0.024 -0.18 -0.071 1 

 

Figure 54. Chemical summary for waste rock (n=25). 
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Figure 55. Comparison of Co, Ni, Cu, Zn, and Mn concentrations (ppm) in iron oxide (n=81) and 
pyrite (n=43) grained analysed (LA-ICP-MS) in waste rock. 

5.2 Other new economy metals 

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

shown in Tables 8 to 11. Note, Au was not assayed but is listed by the Queensland Government. For 

heap leach materials, relative to crustal abundance, average concentrations of Ag, Cd, In, Mo, Se, Sn 

and Zr are elevated (in addition to Cu and Co; Table 9).  Summary statistics for rare earth elements 

(REEs) show that Ce, Gd, Hf, La, Nd, Pr and Sm are above crustal abundance (Table 9). In waste 

rock average concentrations of Ag, Cd, In, Mo, Se and Te are elevated (in addition to Cu and Co; 

Table 9) relative to crustal abundance (Table 10) but no REE enrichment above crustal abundance 

values were measured (Table 11).  

Table 8. Summary statistics for new economy metals for Lady Annie heap leach (n=50) * data from 
webelements (data from ME-MS61 analysis). 

Analyte Min Max Average SD Crustal abundance* 

Ag_ppm 0.35 0.74 0.53 0.10 0.08 

Cd_ppm 0.05 0.68 0.29 0.18 0.15 

Co_ppm 53.8 129 88 19.33 30 

Cu_ppm 476 12400 4564 3085.29 68 

In_ppm 0.183 0.455 0.29 0.06 0.16 

Mo_ppm 1.64 5.6 2.96 0.79 1.1 

Nb_ppm 3.9 11.3 6.32 1.53 17 

Ni_ppm 21.7 40.6 32 4.78 90 

Re_ppm 0.001 0.002 0.00 0.00 0.0026 

Se_ppm 1 5 2.1 1.09 0.05 

Sn_ppm 2 3.3 2.5 0.32 2.2 

Ta_ppm 0.33 0.9 0.55 0.12 1.7 

Te_ppm 0.025 0.06 0.03 0.01 0.001 

V_ppm 43 91 59 10.93 190 

W_ppm 0.8 2 1.2 0.26 1.1 

Zn_ppm 12 81 31 15.43 79 

Zr_ppm 103.5 170.5 134 15.18 130 
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Table 9. Summary statistics for new economy metals for Lady Annie heap leach (n=50) * data from 
webelements (data from ME-MS81 analysis, ** ME-MS81).  

Analyte Min Max Average SD Crustal abundance* 

Ce_ppm 57.2 100 81 10.21 60 

Dy_ppm 3.9 6.67 5 0.60 6.2 

Er_ppm 2.16 3.87 2.9 0.39 3 

Eu_ppm 1.13 1.89 1.4 0.15 1.8 

Gd_ppm 5.24 7.95 6.1 0.60 5.2 

Hf_ppm 3.5 5.8 4.6 0.53 3.3 

Ho_ppm 0.75 1.34 1 0.14 1.2 

La_ppm 29.7 52 42 4.95 34 

Lu_ppm 0.29 0.5 0.4 0.05 n.d 

Nd_ppm 26.8 45.8 36 4.11 33 

Pr_ppm 6.94 12.3 9 1.15 8.7 

Sm_ppm 5.86 9.17 7 0.70 6 

Tb_ppm 0.76 1.15 0.92 0.09 0.94 

Tm_ppm 0.29 0.54 0.42 0.06 0.45 

Sc_ppm** 6.6 11.8 9 1.05 26 

Table 10. Summary statistics for new economy metals for Lady Annie waste rock (n=25) * data from 
webelements (data from ME-MS61 analysis). 

Analyte Min Max Average SD Crustal abundance* 

Ag_ppm 0.04 1.29 0.26 0.26 0.08 

Cd_ppm 0.02 17.2 1.15 3.42 0.15 

Co_ppm 39.9 335 119 79.73 30 

Cu_ppm 117 109,500 9,162 21328.7 68 

In_ppm 0.127 1.335 0.32 0.23 0.16 

Mo_ppm 0.4 9.53 1.4 1.91 1.1 

Nb_ppm 0.1 9.9 1.87 1.98 17 

Ni_ppm 5.2 108.5 20.2 20.90 90 

Re_ppm 0.001 0.001 0.00 0.00 0.0026 

Se_ppm 0.5 16 2.6 3.26 0.05 

Sn_ppm 0.2 3.9 0.9 0.74 2.2 

Ta_ppm 0.025 0.82 0.17 0.17 1.7 

Te_ppm 0.025 0.025 0.03 0.00 0.001 

V_ppm 3 28 13 7.25 190 

W_ppm 0.1 4.8 0.73 1.06 1.1 

Zn_ppm 5 347 33 70.97 79 

Zr_ppm 5.8 129.5 53 33.64 130 
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Table 11. Summary statistics for new economy metals for Lady Annie heap leach (n=50) * data from 
webelements (data from ME-MS81 analysis, ** ME-MS81).  

Analyte Min Max Average SD Crustal abundance* 

Ce_ppm 5.5 54.3 25 12.65 60 

Dy_ppm 1.32 4.39 2.9 0.84 6.2 

Er_ppm 0.68 2.21 1.4 0.42 3 

Eu_ppm 0.43 1.28 0.9 0.20 1.8 

Gd_ppm 1.72 6.93 4.1 1.34 5.2 

Hf_ppm 0.2 4.8 1.7 1.17 3.3 

Ho_ppm 0.25 0.75 0.5 0.14 1.2 

La_ppm 2.1 29.8 12 7.25 34 

Lu_ppm 0.08 0.31 0.18 0.06 n.d 

Nd_ppm 4.2 22.4 14 4.61 33 

Pr_ppm 0.88 5.65 3.2 1.28 8.7 

Sm_ppm 1.61 8.36 5 1.62 6 

Tb_ppm 0.25 0.93 0.56 0.18 0.94 

Tm_ppm 0.07 0.33 0.20 0.06 0.45 

Sc_ppm** 1.1 6.5 3 1.65 26 

 

5.3 Recommendations 

• A better understanding of the sources of each waste type would assist in understanding the waste 

mineralogy and chemistry as the Lady Annie operations comprise of a range of deposits.  

• The heap leach mineralogy was investigated in one sample (it was recommended that the 

mineralogy campaign targeted the 10 most endowed samples). It would be prudent to study the 

mineralogy of more of these samples, particularly from different benches and pads, to examine 

mineralogical variability across this landform, particularly as the Co, Cu and REE tenor is above 

crustal abundance, suggesting reprocessing may be an economic opportunity for the site. 

• Additional investigations into the iron oxide chemistry across waste types at this site e.g., using 

electron microprobe analysis (this was out of the scope of this study) are recommended to 

speciate which iron oxide phases are the most endowed in Co (and potentially Cu too).  LA-ICP-

MS studies showed Co and Cu did co-exist in the studied iron oxides (and pyrite). 

• Additional LA-ICP-MS studies in the carbonates to measure Co tenor (and deportment) in waste 

rock materials should be considered.  

• A staged metallurgical testing approach focussed on Co and Cu recovery from different mineral 

and waste type material should be considered as the targets appear hosted in a range of 

minerals, particularly in the waste rock.  

• The waste materials are not particularly endowed in other new economy or REE metals, but 

recovery of Ni may add value, but care should be taken to manage As. As more transition zone 

material is mined, the propensity for localised acid and metalliferous drainage will increase.   

• Acid-base accounting and waste characterisation has been undertaken by the site owners, 

however, this data was not available to review. Consideration to these properties should be given 

when assessing the environmental risks, and necessity for reprocessing waste, at this site.  
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Appendix A:

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



CRICOS code 00025BPresentation Title | Date 2

Sample locations

Chalcopyrite



Field logged descriptions- waste rock

LAWR1 f/g dark metasediment, qz-cb veins (fe carbonate) with some malachite

LAWR2 Red-brown fg metasediment- clear schistosity- botryoidal malachite on surface?

LAWR3 f/g metasediment containing cb-qz veins with malachite and sooty fe-ox mm scale cpy in qz

LAWR4 f/g metasediment- redbrown- Qz-cb veins- poss Mn ox?

LAWR5 f/g metasediment containing cb-qz veins with malachite and sooty fe-ox- mm scale cpy in qz

LAWR6 f/g metasediment with qz-cb veins- very botryoidal texture- red in hollows- with mm-scale malachite

LAWR7 Red-brown fg metasediment- clear schistosity- cross cuttting (to fabric) poorly defined vein- containing dark mineral (cchl?)

LAWR8 f/g metasediment clasts, breccia in iron oxide cement 

LAWR9 f/g dark grey metasediment, qz-cb veins with green patches seen in matrix

LAWR10 f/g dark metasediment- several clasts- cb-qz veins, abundant malachite?

LAWR11 f/g dark metasediment- mm-cm scale qz veins with cpy

LAWR12 f/g  grey mediasediment, mm-cm scale qz-cb veins, botryoidal green Cu malachite

LAWR13

f/g metasediment (mud rich)- breccia with paler medisediment clasts.Qz with cpy- potentially chalcocite? Evident flecks of green cu- chrysocolla 

and/or secondary Cu carbonate

LAWR14 Metasediment, f/g with Qz-cb- containing weathered cpy and malachite with hem-oxide striated staining

LAWR15 metasediment- white surface- Qz-carb- some visible- Cu-phase- malachite

LAWR16 f/g dark metasediment, no obvious qz or cb veining- also breccia clast

LAWR17 f/g metasediment breccia, qz-cb vein, malachite/ chrysocolla

LAWR18 f/g metasediment. Breccia with re-brecciated cb-qz veins-visible malachite

LAWR19 Metasediment- well defined fabric-qz-mica interbedded with metaseds/muds, hem-red staining

LAWR20 Dark, light f/g metasediment, friable, qz-cb veins greasy lustre

LAWR21 f/g grey-black metasediment, extensively brecciated white qz-carb? Veins Cpy mm-scale flecks in Qz- hollowed out texture- fallen out?

LAWR23 Fresh waste pile: breccia- f/g metased mm-cm qz-cb veins hematite, ox staining, no obvious Cu

LAWR24 fresh waste- qz- vein with coarse cpy (and some cb). Intruded into f/g metasediment- v botryoidal additional clastss

LAWR25 fresh-waste: oxidised in the bag! Chalcopyrite-qz, cb, intruded in f/g metased- soft paler grey sooty sulphide/ fe-ox

LAWR26 fresh waste'  f/g with potentially sooty fe-ox. Qz-cb vein with coarse cpy- no evident malachite



Waste rock sample 1

S% As ppm Co ppm Fe % Cu ppm Ni ppm

1.08 55.1 121 3.76 6,570 39.1



Waste rock sample 2

S% As ppm Co ppm Fe % Cu ppm Ni ppm

0.03 55.1 121 1.81 969 151

No photo 



Waste rock sample 3

S% As ppm Co ppm Fe % Cu ppm Ni ppm

0.22 58.1 48.7 3.01 7,320 15.1



Waste rock sample 4

S% As ppm Co ppm Fe % Cu ppm Ni ppm

0.01 58.1 249 7.44 2,050 37



Waste rock sample 5

S% As ppm Co ppm Fe % Cu ppm Ni ppm

0.46 17 50.4 3.02 12,950 10.2



Waste rock sample 6

S% As ppm Co ppm Fe % Cu ppm Ni ppm

0.06 16.3 51.2 4.73 7,440 6.3



Waste rock sample 7

S% As ppm Co ppm Fe % Cu ppm Ni ppm

0.02 32 119.5 4.09 1,495 20.1



Waste rock sample 8

S% As ppm Co ppm Fe % Cu ppm Ni ppm

0.01 495 293 11.45 4,130 108.5

No photo – bag of clasts



Waste rock sample 9

S% As ppm Co ppm Fe % Cu ppm Ni ppm

0.11 30.5 82.8 3.51 812 9.6



Waste rock sample 10

S% As ppm Co ppm Fe % Cu ppm Ni ppm

0.07 38.9 75.9 2.76 9,940 11.2



Waste rock sample 11

S% As ppm Co ppm Fe % Cu ppm Ni ppm

0.24 14.1 132 1.98 1,085 7.5



Waste rock sample 12

S% As ppm Co ppm Fe % Cu ppm Ni ppm

0.35 24.4 126 2.62 6,350 11.2



Waste rock sample 13

S% As ppm Co ppm Fe % Cu ppm Ni ppm

1.27 75.6 335 2.95 7,930 30.8



Waste rock sample 14

S% As ppm Co ppm Fe % Cu ppm Ni ppm

0.3 14.8 39.9 2.42 666 5.2



Waste rock sample 15

S% As ppm Co ppm Fe % Cu ppm Ni ppm

0.01 24.9 67.6 3.01 6,840 7.2



Waste rock sample 16

S% As ppm Co ppm Fe % Cu ppm Ni ppm

0.19 40.8 56.2 3.39 5,410 16.3



Waste rock sample 17

S% As ppm Co ppm Fe % Cu ppm Ni ppm

0.3 73.4 157.5 12.6 109,500 30.9



Waste rock sample 18

S% As ppm Co ppm Fe % Cu ppm Ni ppm

0.02 115 66.7 3.38 2,660 11.7



Waste rock sample 19

S% As ppm Co ppm Fe % Cu ppm Ni ppm

0.03 33.7 134 2.39 5,680 20.3



Waste rock sample 20

S% As ppm Co ppm Fe % Cu ppm Ni ppm

0.01 95.1 213 3.87 989 18.4



Waste rock sample 21

S% As ppm Co ppm Fe % Cu ppm Ni ppm

1.83 37.8 65.9 4.9 16,650 28



Waste rock sample 23

S% As ppm Co ppm Fe % Cu ppm Ni ppm

0.38 20.2 58.4 2.25 2,250 6.4



Waste rock sample 24

S% As ppm Co ppm Fe % Cu ppm Ni ppm

6.43 11.3 84.6 7.73 349 7.2



Waste rock sample 25

S% As ppm Co ppm Fe % Cu ppm Ni ppm

16.6 20.8 189 16.6 117 20.4



Waste rock sample 26

S% As ppm Co ppm Fe % Cu ppm Ni ppm

1.02 37.8 87.9 3.26 8,940 19.2
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Waste rock: Tukey plot of select elements (n = 25)
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Waste rock: Tukey plot of select elements (n = 25)



Waste rock: Co vs. As



Waste rock: Co vs. Cu



Waste rock: Co vs. Fe



Waste rock: Co vs. S



Waste rock: Co vs. Ni



Waste rock: Co vs. C



Waste rock: Spatial distribution of Co



Waste rock: Spatial distribution of Cu



Heap leach: Tukey plot for select elements (n = 50)
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Spent heap leach material: Co vs. Cu



Spent heap leach material: Co vs. C



Spent heap leach material: Co vs. Fe



Spent heap leach material: Co vs. S



Spent heap leach material: Co vs. As



Spent heap leach material: Co vs. Ni



Spatial plot- Co in heap leach material



Spatial plot- Co in heap leach material

Class designation



Spatial plot- Cu in heap leach material



Spatial plot- Co in heap leach material

Class designation



Waste type comparison



Waste type comparison









































































































































































































































































































































































































































































































































































































Appendix E: Lady Annie MLA results

Dr Anita Parbhakar-Fox

Senior Research Fellow

WH Bryan Mining and Geology Research Centre, SMI, 

University of Queensland, Brisbane, Australia



Sample IDs- Co rich samples analysed

MLA ID DNRME ID Waste type

L016_Annie_1 TLLAN069
waste rock

L016_Annie_2 TLLAN064
waste rock

L016_Annie_3 TLLAN076
waste rock

L016_Annie_4 TLLAN081
waste rock

L016_Annie_5 TLLAN073
waste rock

L016_Annie_6 TLLAN075
waste rock

L016_Annie_7 TLLAN067
waste rock

L016_Annie_8 TLLAN040
Heap leach

L016_Annie_9 TLLAN051
Heap leach

L016_Annie_10 TLLAN068
waste rock

L016_Annie_11 TLLAN059
waste rock
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Appendix F: Lady Annie LA-ICP-MS locations

Dr Anita Parbhakar-Fox

Senior Research Fellow

WH Bryan Mining and Geology Research Centre, SMI, 

University of Queensland, Brisbane, Australia



Sample IDs- Co rich samples analysed

MLA ID DNRME ID Waste type

L016_Annie_1 TLLAN069
waste rock

L016_Annie_2 TLLAN064
waste rock

L016_Annie_3 TLLAN076
waste rock

L016_Annie_4 TLLAN081
waste rock

L016_Annie_5 TLLAN073
waste rock

L016_Annie_6 TLLAN075
waste rock

L016_Annie_7 TLLAN067
waste rock

L016_Annie_8 TLLAN040
Heap leach

L016_Annie_9 TLLAN051
Heap leach

L016_Annie_10 TLLAN068
waste rock

L016_Annie_11 TLLAN059
waste rock
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University of Queensland, Brisbane, Australia
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