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Abstract

Transitioning to a decarbonised and circudgonomy is paramount for climate
change mitigation and sustainable development. Inésisarch report &ssess the
global production trends of cobalt, an enetgansition metal (ETM), and its supply
sustainability. Accurate production forecasting of ETMs is essential to understand
the dynamics of energy supply security and adequately plan for a chandessdm

fuel energy to renewable energy production. Evaluations of market concentrations
point out that cobalt is a higlisk market charactesed by production fluctuations

and supplychain complexities. Using an Auto Regressive Integrated Moving
Average (ARIMA) model to forecast production, a linear increase in world
production is predicted for the short term, while a Hubbert model predicts a world
production deline beginning in the late 2010s. These predictions, coupled with
geopolitical, socieenvironmental, economic, and technological influences on the
market reinforce the concern around cobalt supply sustainalitigyrelationship
between geology and metallurgy must be reinforced as one of the most important
criterion in ensuring cobalt supply sustability. High-tech extractive metallurgy

and mineral processing are essential for supplying critical raw materials (CRMs)
for our modern society. The ability to effectively extract, process and beneficiate
CRMs is dependent on understanding the mineiedbgharacteristics of ore
depositsAlthough alternative avenues for sourcing cobalt such as secondary urban
mining and stockpiling exist, they are unlikely to become major suppliers in the
short term and therefore, accurate primary production foregastimportant for
ensuring energy supply security and policymaking. Increasing internatiberast

on critical raw materials in policy spheres also heighten the necessity to anticipate
the future of cobalt supply as governmental entities acknowledgenthalance of
CRMs in international trade. Welesearched and wallesigned policies that
incorporate environmental sustainability and 4giscriminatory economic growth

can facilitate an equitable shift to a greener and more circular economy. At the
forefront of this shift should be ethical environmental and resource governance that
recognses the inequalities in soegconomic development and enettggnsition,

and mandates for a just transition towards a low carbaonefut
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Chapter 1

1. Introduction

The overall trend in the supply of rawaterials has beea societalkultural shift
towards supply-chain robustness, locaid sufficiency, reducing geopolitical
tensionand increasing supply sustainabili@verland, 2019)The sustainability of
raw materials has beamder consideratiosinceits modern definition that was
created in 198World Commission on Environment and Development, 1987
long-term supplyof raw materialshasnever beertertainand periodicallysupply
issuesrekindle especially asthe problem of raw material sustainability is
exacerbated by the increasing human population and development dé@ealnds

et al., 2017)The COVID-19 pandemic has highlighted the vulnerability of a global
supply and demand system that is highly optimiedsupply-chain efficiency
instead of resiliencand redundancy. Thpandemic is the latest signal in a decade
long trend that reled policy makers and academics to examine the supply of raw

materials

Strategic or gtical raw materials (CRMs) are gaining popularity the policy
sphere as various governmental entities realise that the international trade is
becoming increasingly unbalanced, fragile and important for geopplaius
correspondinglyhave taken steps to define assessment frameworks and produce
periodically updated list®.g, European Commission, 2011, 2014, 2017 and 2020
Overland, 2019Humphries 2019. CRMs are nossubstitutable raw materials in

the present contexith which mostconsumer countries are dependent on imports,
and whose supply is dominated by one or a few produddasofal Research
Council, 2008Overland, 2019)Aside from their usage in many sect@@®Msare

a pivotal contributon to socioceconomicdevelopment within the contemporary
transition to a circular green economy (Mathieux et al., 2@bd) the need to
enhancethe circularity of materials in response to climate change and finite
resource depletion (Elshkaki et al., 2016, Ali et al., 201 7tdon et al., 2018)

All energytransition metals (ETMs)many of which are alreadZRMs, are



anticipated to face market pressures due to the intensificatibwe pfoduction of
low-carbon technologie<hurch and Crawford, 2018¢ébre et al., 2020)

Although potential preand postconsumer recycling is increasing défficiency
(United Nations Environment Programme et 2009), the latency of suppbhain
responseso the loomingand unpredictablsupply riskmay createundesirable
dynamicgn thecomplexsupply and demand systeRar instance, tigationssuch
asnew resoures through urban mining, research and developmentistitutesn
various applicationsor stockpiling during overproduction periods (Campbell,
2020)may occurasynchonously with marketdemand Availability of ETMs will
require forecastingof ETM production tounderstand and adequately plan for
energysupply security and sourcing from alternative avenues. Developing and
implementing green energy policies faconomic growth and sustainable
development is reliant on recogmg the importance ofand acting on
environmental, social and governan&SQG factors withinthe minerd industy,
adopting rigorous environmental governancealign with climate changection
(Lebre et al 2019)and complying @ Sustainable Development Goals (SDGS)
obligations

Mineral extraction, processing, and beneficiation of@uores in the DRC is
driven by the pressure to satisfy the exponential demand eh@CGo metals as

this is key to increasing government revenues accruing from mining royalties
(Shengo et al., 2019). This exponential demand necessitates continuous adaption of
mining constraints, increasing legrade ores, and environmental restraints
(Shengoet al., 2019). The commercial processing industry of KatédbBgC) is

faced with the challenge of increasing mineralogical complexities e€&ores
towards mixed ores as mining depths continue to increase due to the depletion of
highergrade ores neawudace. This implies that suitable physical separation and
flotation methods are require meet market demand (Shengo et al., 2019;
Crundwell, 2020)

Conventional bneficiation of CeCo ores in the DRC is conducted through gravity
separatiorand/orfroth flotation (Shengo et al., 2019). Gravity separation uses the

effects of mass, volume, and shape of a particle to separate mineral constituents in



either a static or dynamic liquid medium (Shengo et al., 2019). This recovery
method is constrained to peencentration stages in which its objective is to
remove waste streams from the circuit upon adequate depletion or to extract the rich
concentrate and subsequent treatment of discharge. More specifically, gravity
separation techniques deployed to benefictat€o ores in Katanga include spiral

and shaking table concentration, and heavy/dense media separation (HMS) (Shengo
et al., 2019). The purpose of the former technique is to attain the maximum grade
of metallic ore with minimal mass recovery. Spiral ahdksng table concentration

is generally accepted to be better suited for coarser particles as the force of gravity
is more effective on coarser particles than finer particles. Heavy media separation
is a technique involving the treatment of crushed aneesed ore that is then fed

as a pulp into a pseudigiuid medium of a specified density (Woollacott and Eric,
1994; Shengo et al., 2019). This allows for hagnsity, valuable minerals to sink
while low-density, gangue materials floathe extraction teatique is usually
applied to particles with a diameter size differential of 0.5 to 40 mm (coarse patrticle
size) as the efficiency of separation decreases with size due to nonlinear decreases
in the settling rate of particles in suspension (Wills and Nagiain, 2006; Shengo

et al., 2019)

Cois an ETM and isan elementin the cathodewithin rechargeable batteries
especiallyCo-bearing lithium batterieDeCarlo and Matthews, 20},9vhich are

used in energy storage units, power tools, hyandelectric vehicle§ functions

that promote the implementation of sustainable energy applicatms the
advancement of information and technology (ICT) (Hofmanhal., 2018)Recent
evaluations of market concentrations of critical metals suggesCthiat a high

risk market that is prone to supply shortages in the international mineral market
(Shedd et al., 2017; European Commissifi?0). Factors such as a low recycling
rate and overall low availability of minerals to recycle (Ali et al., 2017) ower th
next two to three decades may cause supply challenges with critical metals,
especially byproduct metals such &o. Despite thisthe use ofCo is sharply
rising, as for exampleCoin transportation alonecreased 8% from the first half

of 2018(~3800 metric tonnes)o the same perioth 2019 (7200 metric tonngs

(Adamas Intelligence2019) It is unclear if the supply o€o can sustain such



demands in the futurand what mitigations are appropriates theCo supplyis
affected by a range of economic, geopolitical, environmental sustainability and
technological factorsWilburn, 2012 Sykes et al., 2016)

Consistent with other ETMSCo supply vulnerability can be reducedthrough
secondary urban minirgnd substituon (Sykes et al., 201&horbani et al., 203.
Whether or not these approaches would address pot€at&lpply gag depend

on the exacmarket andpolitical conditions, and hence forecasting the supply of
Cois key to understanding the practicality of any secondary sources to aubenent
primary Co supply. In general, mitigating potential suppthain disruptions to
ensureCo supply sustainability for viable development requires both resource and
environmenthgovernance, which relies on accurate forecasts (Ali et al., 2017). In
particular, @curate forecasting enables informed investment planning decisions and
green energy policies foa low-carbon future and climate change mitigation
strategies (Berk and Egbr, 2016)

In this study) examine the supply @oby means o$hort and longtermforecasts

for the worldusing production datiiom the British Geological SurveyBGS) of

14 countrie$ (i.e., Australia, Botswana, Brazil, Canada, China, Cub&C,
Finland,Morocco, New Caledonia, Russia, South Africa, Zambia, and Zimbabwe)
for the period 1992020.

| employedtwo approaches that use tiaito Regressive Integrated Moving
Average ARIMA ) methodfor shortterm forecastanda Hubberttype singlepeak
parametrianodelfor long-term forecastdn addition to forecasting,alsoexplore

the underlying ESG factors that underpinchallengesof production.The world
ARIMA -based forecast suggests a linear increase in production while the Hubbert
based forecast, more unreliably, assumes a productionip&&k5 Despite the
varying objective accuracy of two types of forecasts, the general trends reflected by
the forecasts are useful for scenario planning and policymaking as decadal

behaviour is more relevant than monthly or yearly variability.

1 Cobalt producing countries exceed 14, however, the selected countries provided the most consistent and
reliable data throughout the analysis period. Years before the-229B analysis period contain data
discrepancies.



1.1 Purposeof research

This study is a multidimensional examination@j deportment and optimisation

of recovery that extends beyond extraction and recovery to include issues
surrounding foreign investment policy, economic analyses, and sustainable and
ethical supply chains. Asf 2015, and the foreseeable future, IHRC Co market

is classified as highisk, which is susceptible to supply chain disruptions as based

on the HerfindakHirschman Index. Given this projection, it is vital that
examination of the socieconomic andrevironmental policy framework related to
Co-production and beneficiation is conducted eamrdabove questionin@Cod s

global supply security. Results of this study are expected to provide crucial insights
through rigorous data analyses on the adaptivenpbte a | of t he DRCO6s
worl dés Co supply and ac tsafeguarding @nerffyoundat

supply security and informing policymaking.

1.2 Problem Statement

The confinement and increase@d-productionin the DRC due to a technological
revolution, transition to environmentally friendly energy production, and the
inherent fragility in the current global supply chain that is configured for high
efficiency, highlights concerns for global Co supply securiéyn observed
compound annual growth rate increase of 12 % from 2000 to 2015 necessitates an
investigation ofCo-productionprocesses in conjunction with an examination of its
supply sustainability (Shedd et al., 2017). A detailed Co deportment study,
therefore, assesses the physiochemical and mineralogical characteristics to allow

for effective and cosefficient extraction and processing (Coetzee et al., 2011).

1.3 Aim of this research
The aim ofthisresearch is to conduct a Co deportment study e&€uores from

the DRC which focuses on predictive mineralogy to aid optimisation of Co
metallurgical recoveryA concurrent and equally I mpor:t

supply sustainability and its impligahs for green energy policies.



1.4 Objectives
1 To investigate the liberation and composition of Co bearing minerals and

their potential impact on subsequent mineral processing.
1 To analyse potential demand and supply based on mineral resource data
To examine the supply chain in accordance with UN Guiding Principles on

Business and Human Rights

15 Key Questions
1 Can this mineralogical informatiobe usedto predict the processing

behaviour of Co?
1 What are the socieconomic andenvironmental impacts associated with
optimised Co recovery, production, and beneficiation? Are there potential

alternatives?



Chapter 2

2. Literature Review

2.1The role of mineralogy in CuCo ores
Primary coppercobalt (CuCo) mineral associations occur homogenously in

mineralised zones and variations are a resultant of the effect of oxidation and
supergene enrichment (GRD Minproc, Technical Report, 2007). Mineral
assemblages are, therefore, categorised based on the dedperatidminto oxide,
mixed, and sulphide ore zones (Kalenga, 2014; Shengo et al., 201&)
influences the amount of available Co for extractibhe mineralogy of Co as
influenced by its host deposits (oxidised versus mixed versus sulphide ores) has
implications for the mineral processing procedures (Kalenga, 20td)principal
sulphide ore minerals mainly found in dolomites of the DRC are ore minerals
chalcopyrite (CuFef, bornite (CgFeS) and carrollite (CuCgss) (Johnson, 2014)
Cobalt can alsmccur in the form of linnaeite (G84) or as cobaltiferous pyrite
(CoS2), if it occurs in solid solution with pyrite (Crundwell et al., 2020). The main
oxide€’ mineralsare malachite, Cu(OH)CuUCQ, and(true) heterogenite, CoOOH
(Vanbrabant et al., 201&rundwell et al., 2020)This mineralogical association

in turn, affects the recovery efficiency as this is determined by the mineralogical
complexity of the ores (Santoro et al ., 2
there are two key factorsahexplain an incomplete recovery which include mineral
liberation issues and the presence ofrexoverable elemental Co within the
structure of the refractory phases.

2.2 Definition and significanceof critical raw materials

The definition of CRMshas been refinedover time sincets introduction in

literature inthe 2000s.The European Commision (2010) defined CRMs as a raw

material in which its supptghortage risk (based on the level of concentration of
production, and pdical-economic stability) and impact on its economy are
considerably higher than that of other raw materiBl® mme r et et al . 6s

highlight that CRMs are of higkconomical and technical importance and that

2Crundwel |l et al. (2020) highl i gulphigeconsidermmg o6oxi ded
that on the Central African Copperbelt, the minerals are mostly carbonates and hydroxides and not
true oxides.



avalablity concenrs are influenced by gepbal and geopolitical factorsA
commonality to CRM definitios is that deposits hosting these materials are
quantitatively limited with an uneven geographical distribution (htoh et al,
2018)and unlike fossil fuel materials, they can be recycledhe EU definition,
criticality is dependent on supply risk ancb@omic importance (Fid) (Lusty and
Gunn, 2015European Commissio202Q Blengini et al., 2017)As of 2018, upon
recognizing the risk of potential supply of metals vital for economic and social
security, the United States released a list of 35 aritaov materiafs which include

Co and lithium (Humphries, 2019)The d.ithium Triangled a cluster of lithium
reserves located between Childrgentina and Bolivia, is an example of
geopoliticalcompetitioncaused by the criticality of metals. Known asdheangle
State§ these three countries account for at least 60 % of global lithium brine
reserves. Criticality for t his met al
monopoly given its growing interest lithium projects with the Triangle (Heredia

et al., 2020).

The supply of CRMs can also be curtailed due to political instability, which
discourages mining policies, restricts trade, deters foreign investment, and reduces
governance capacity. (UNEP, 2Q07#sserant and Pauliuk, 2016). Specifically, the
relevance in research, science, and engineering (Graedel and Beck, 2016) especially
with the increased action towards implementing greener and cleaner technologies
contributes to the designation of crititgafor raw materials (Hofmann et al., 2018).
Graedel and Beck (2016) explained that the criticality appfoaxiends further

from mineral resource availability into the resource supply chain. This approach

incorporates macrscale supply and demand dymias.

3 Aluminium, antimony, arsenidarite, beryllium, bismuth, caesium, chromium, cobalt, fluorspar, gallium,
germanium, graphite, hafnium, helium, indium, lithium, magnesium (composite), niobium, PGMs, potash,
rubidium, scandium, tantalum, tellurium, tin, titanium (concentrate), tungstemium, vanadium, and

zirconium.

4 Refers to approaches to deal with declining ore grades and subsequent technological challenges faced when
extracting minerals in extreme environments.
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Figure 2.1 Critical versus noitritical classification of mineral resources based on
supply riskeconomic importance relationsHygata from European Commission,
2020).

2.3 Theoretical background of world cobalt resources and reserves

Supply shortages and crises are characteristic d@thmarket (Campbell, 2020).
When assessing possible suppiyential a geopotential can be ascertained through
geophysical andyeological interpretation with the aid of modern exploration
methods Fromthis, reserve$ the percentage of total resources that are economic
to extract given the available technology and energy, as well as environmentally
and socially acceptable conditions (Scholz and Wellmei3)20¢an beestimated
These estimations aratleer probable or proven with increasing geoscientific
knowledge and confidengcas well agheapplication of modifying factors from the
initial resource determination (SAMREQ@016). Resourcesexhibit economic
uncertainty but have prospects for economic extraction (SAMREIS; Ali et al.,
2017).



T he wdaerrdstdaireservesf Co are estimated approximatéy 25 million
metrictonnes with a considerable majority of these resources locatedinmeset:d
hosted stratiforncopper depositm the Democratic Republic of Congo &) and
Zambig magmatic nicketopper siphide deposits hosted in mafic and ultramafic
rocks in Australia, Canada, Russia, and the United Staad nickelbearing
laterite depsitsin Australia(Selley et al., 201,8Twite et al., 2019United States
Geological Survey202Q Horn et al., 2021 The inferred amount @owithin each
deposit typas 60 %, 23 ¥Yand15 % respectively. Theespectiveaverage gradef

the deposit typess 0.171 0.4 %, 0.1%, and 0.05 0.15 %(Hitzmanet al.,2017,
Slack et al.2017,Cobalt Institute, 2P1). OceanicCo resource$old the potential

to supplement depleting terrestrial reserves as resournemiganese nodules and
oceanic crust of the Atlantic, Indian, and Pacific Oceans amount to 120 million

metrictonnes United States Geological Surye020).

24 World cobaltdemand andsupply

Theimportanceof aminerab supply is determined by its economic importatce

a geographical locationand its supply potential based ometallurgica)
environmental, geopolitical, and social factdRe®$yid and Adachi, 20B; Sykes et
al., 2016; Hofman et al. 2018. Krishnamurthy and Gupta (28) constrained the
geol ogi cal influences of supply potenti a
accounts for theelative crustal abundance addancefor a mineral of interesto
concentraténto a distinct depositiowever Gupplyorefers to the easd extraction

of the ore from the ground (minegnd the ease of extraction of the mineral from
the ore (process) factorsthatcontrolthe potential of supplying the mineral to the
market Krishnamurthy an@Gupta 2015; Sykes et al., 2016)n thechainmodel of
the supplyside of resources, the slowest step is the-lnaiéing factor, or a
bottleneckin the supply chainAlthough resource availability is affected by
numerougonsiderations (Lusty and Gunn, 1) Sykes et al., 20)6the supplyof
CRMsi is largelydriven by geographical concentration of production (Lusty and
Gunn, 2015) at both country and company scales (Shedd et al.,)20hé
geographic concentration @roduction affects criticalityin the form of trade
barriers and agreements; ea®e systematic supply chain approach; import

10



dependency and raw materials supply; and raw material recycling and efficiency
(Blengini et al., 2017)Any of these factors can potentially become a-liatéing

factor.

Increasing global demand foninerals is perpetuated by resource consumption
associated with population growth, together with a progressively diverse range of
applications for new technologiesusty and Gunn, 2@ Nurmi, 2017)and
climate change mitigation through decarbonisatiorecdnomies (Ebre et al.,
2019) World demand and supply patterns wkely changeaglobally asthe Global
South countriesndergo intensivendustrialization UNEP, 2013Haraguchi et al.,
2017) while Global North countriesncorporate more modern, metatensive
technologies that are kefpr a transitionto green technologiesUNEP, 2013;
Rissmaret al., 202]. As the consumption of resources increases in alignment to
changes in the global economic athe political landscapethe supplydemand
imbalances of rawnaterialscouldworsen whichmaylead to price volatilitiegand
createprecariousmarket strategiefor thetechnological industryHofmam et al.,
2018). The domino effect of thisould eventually pose uncertainties for the
transition to a lowcarbon future through clean technologies that are heavily reliant
on CRMs.

In the case ofCo, the supplydemand balances strongly influenced by world
production United States Geological Surye2020) from # countries Since

197Gs, the Co market has been riddled with supply shortagsative to demand
(Campbell, 2020). Growing concern has arisen because of the increasing demand
for Co in rechargeable lithiuAon batteries which are ubiquitousni modern
consumer productéDeCarlo and Makews, 2019)A forecast byStatista(2021)
predicts that the global demand foo for use in batteries will amount to 1,000

metric tonnes in 2025The way Co market adjustments play out in response to
increased demand will determine whether production, and subsequently, supply, is
able tofulfill demand and address supply risk challenges. Supply risk challenges
for Co are alegitimate concern especially withthe previous occurrence of the
Gcobaltcrisisa In 1978,the Co crisisexhibiteda similar production situation dhe
2000swith the DRC dominating productigqilonso et al., 2007)This supply risk

of 1978 occurred with an even distribution @b consumption for end uses
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(Campbell, 202D A significant risk for supply sustainability exists given the
implications ofthe byproduct natureo€o6 s pr i mary production b
on that of copper and nickeStedd et al., 201 Camgbell, 2020). In thenstance

thatCobs consumption rate i s hi ghkoeldbed han c o]
concern (Shedd et al., 2017).

2.5 Cobalt production in the Democratic Republic of Congo

Thew o r | Cdb thise production has been focused in the DRC since the 1960s
(Garside, 2021)'he peak production was recorded in 2018 (109,402 metric tonnes)

(Brown, 2020). Throughout these 50 years, Co production in the DRC has grown

by a compound annual growth rate (CAGR) of 3.9 %. The lowest production was

recorded in 1993 at @92 metric tonng

The total Co production from 1970 to 2020 was recorded to3&5 %41 metric
tonnes(Brown, 2020) This production concentration in the DRC is provided
through artisanal ahsmaltscale mining (ASM) and largecale mining (LSM).
Between the two minintypes, LSMin the DRC is responsible fonajority of Co
production in the Central African Copperbé€ACB) (Crundwell et al.., 2020As

of 2020,Chineseownership of Co mines isidespreadn the country, with théen

top producers outside of Glencore¢luding companieghat areowned by China
Molybdenum, Zheijiang Huayou Cobalt, China Nonferrous Mining Group,
Jinchuan Group, ahWanbao MiningUnder this ownership, 6800 metric tonnes

of Co were produced as hydroxide being the main product (Crunelnatl] 2020).

The Roan Tailings mine owned by Eurasia Resources Group is listed as the top
producer of cobalt in the CACB, producing @G0 metric tonnes of Co, while
Glencoreowned Mutanda and Kamoto mines are second and third, respectively
(Crundwell etal., 2020) Artisanal and smaicale mining ongoing in the DRC are
listed as the 17top producer in the CACB as of 2020 (Crundwell et al., 2020)

contributing 6500 metric tonnes of Co.

2.6 Constraints in global transition to renewableresources
I have highlighted the importance of climate change mitigation through
decarboniseéconomieshowever,| cannot be naive to the potential constraints in

the global transition to renewable resources. Graedel d B €2016)6 s
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methodology encompsass geological availability, accessibility and criticality.
Criticality becomes relevant in the discourse around climate chahgehleadsto

the restructuring of the mineral resource landscape. Ttiweedimensional
methodology defiasmetal criticality on the basis o) supply risk (likelihood to
supply chain disruption 2) vulnerability to supply restrictions (severity of
consequences on societal needs due to disrQptod 3) environmental impacts
(environmental impacts in metalipply chains)Similar methodologies are used
throughout the world, for example, the Eur opean Urmssessmere ( EU)
methodology, supply risk and economic importance are used and there is no explicit
environmental impact dimension (European Commigsi920).Therefore,any
transition to renewable resourceessitates active planning from the international

community considering the dependence on CRMiset al., 2017)andETMs.

Outside of the physicdhctors that present constraintstie global transition to
renewable resources, from an economic perspective, the political will to fully and
equitably participate in climate change mitigatiomdg always demonstrateds
renewable energy sources receive six times less in subsidies thariuelon a
global scale (Hostettler, 2015), the commerciadiion of renewable energy
production especially in countries heavily dependent on fossil fuel energy
production, remains a challeng&dhe impediments to commercialtion of
renewable energyra often technical, financial, amdarket relatedKochtcheeva,

2016 Kariuki, 2018. Successful deployment of renewable technologies is
dependent on the capacity to construct, maintain and monitor energy infrasfructure
which requires skilledechnical pofessionalsmanufacturing capacityandpolicy
supportat national and global levels (MacLeod and Rosei, 28g&htcheeva,
2016). Deploying renewable energy also faces sagitural,ecological angbolicy
barriers (Kochtcheeva, 2016). Renewaldmergy policy implementation is the
underpinning driver for a greener and circular econany the relationship
betwe@ economic development, so@gonomic structure, and environmental
protection of national development plans will determine the choice in policy
implementation Thiam 2011 Berg, 2013 Kochtcheeva201§. The extent to
which renewable energy is incorpgad i nt o a countryds devel

will influence its contribution to the global responsibility of climate change

13



mitigation. Managing soctenvironmental risks that accompany extraction should
also be a priority in addressing climate changib(eet al., 2020). A just transition
towards a lowcarbon future must be cognizant of, and plan for the increased
vulnerability of developing countries to environmental consequences of ETM

extractions

2.7 Sustainable extraction of mineral resources and recyclability

High-tech extractive metallurgy and mineral processing are essential for supplying
CRMs forour modern societyGhorbani, 2018Ghorbani et al.2027). Given that

most hightech metals and CRMare extracted as khyroducts, extraction from
secondary sources is essentil et al., 2017;Ghorbani, 2018; Ghorbani et al.,
20217). Hence technological advancemetouldfacilitate improved extraction and
processing efficiency. These actions aligithwa sustainable supply of raw
materials for a greener economy. Enhanced circularity of CRMs and precise
extraction and processing are approaches towards sustainability (Overland et al.,
2019. In the context ofCo, enhancing not only extraction/processkftficiency,

but promoting increased recyclabilfigllows theUnited Nations (UN)Sustainable
Development Goal@JN, 2020)that are applicable to CRMs. Affordable and clean
energy decent work and economic growtlinnovation and infrastructure
sustainable cities and communiti@gsponsible consumption and production
climate actionareall Sustainable Developmento@ls (SDG. 7, 8,9, 11,12, and
13)that are dependent on the sustainable extraction and subsequent implementation
of renewable energies through CR{&Ghorbani, 2018; Ghorbani et al., 202As
high-tech mineralsare indispensabldor incorporating clean technologieghile
promotinga circular economy, urban minbave turned into potential reservoirs

for secondary higrtech metal recovergndan avenue fodeveloping pioneering
technologies with optimised extractiqduo et al., 201P The development of
renewable energy sourcasingCRMs and higktechrequiresa sufficient supply

of materials of interesas this secondary production method will enable recycling

to aid in supply sustainabilityAli et al., 2017) Creating maps and mineral
inventories that use the recycling potential of metals can enhance production and
increase the recyclability of metdsli et al.,2017). Such a produébcus approach
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requires international standards for recyclabilitgtsure that recycling efficiency
is enhancedas well as a strengthened relationship between public and private
sectors in order to maxize on the recyling potential and create credible maps

and inventories (Ali et al., 2017)

2.8 Environmental, social and governance (ESG) risks in mineral extraction
industries

As consumer demand continues to rise amidst population grawtthincreasing
levels of human development, and decarbation the ESG risks are also
increasingly becoming a concern in mineral extractive industries tékat a
progressive stanaen devebpmental changes in societyéfire et al., 2019)ESG
indicators are a combination @raedeland Beck g2016) methodology on
criticality that overlaps waste, water, biodiversity (environment); land use,
indigenous peoples and social vulnerability (social) with political fragility and
approval and permitting (governance) indicators. Since the generatemesfable
energy technologieandthe creation oénergy storage systems require higher metal
content than its fossil fuel counterpart$NEP, 2013;Lebre et al., 2019), ESG
indicators are crucial for safeguarding against mumglgted socieenvironmental
risks. ESG factors are becoming more acknowledged in investor communities
following the financial consequences relatedESG failures (Ebre et al., 2019)
However,it is important to reiterate that financial motives should not be the only
motivating principle in changing the dynamics within the mineral extractives
industry. Managing the drawbacks that coincide with ETM seomironmental
risks sit at the core of a transition to a foarbon society that respects human rights
and safeguards the environméLébre et al., 201,92020) Findings by lebre et al.
(2020) show tha€ois an energy transition metah which 70 % of its resources
are in highrisk contexts tbs reflecting six or more ESG risks (Fi@.2).
Furthermore, 90 % ofo resources are within high social and governance risks
(Lebre et al., 2020ESG indicators are critical to mine projeatsd the production

of commodities These indicators should beluded in future scenario planning in

the move towards a low carbortdee (Lébre et al., 2020).
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scores based on resource tonnage. C: Prediced peak demand expected from low
carbon technologies as a paf current global production (dashed line). D:
Estimated annual mined ore from predicted demand (modified fehrelet al.,

2020).

As Cois almost entirely used imghenergy technologies, high ESG scores translate
into heightened mitigation compledds with managing future impact scenarios
(Lébre et al., 2019Valenta et al., 2019)To address these complexities, major
innovations are required in the development of resource projects that will ensure
that the responsibility for solutions extends beybgovernments and individual
companies (Ebre et al., 2019). This highlights the importance for future planning
scenarios. The eevolutionand developmenf energytechnologies enabldbe
examination of the implications in a techndogicaly-changing paradigm
(Rockefeller Foundation, 2010)A Scenario Frameworkthat examines
technological, adaptability, economical and political aspects of modern societies
(Rockefeller Foundation, 20) identifiestwo critical uncertainties political and
economic alignmentand adaptive capacity that predetermine contextual
environment of scenarios includirgonomic, environmental, technological, and
sociopolitical trends. These twaritical uncertainties define the relationship

between technology anidternational development according to four scenarios
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(Lock Step, Clever Together, Hack Attack, Smart Scrambia) are divergent,
plausible, and challenging (Rockefeller Foundation, 2010). Global political and
economic alignment addresses the intersestad capital, goods, people and ideas
and the effectiveness of political structures in dealing with prospective global
challengegRockefeller Foundation, 2010). Considering the political influences of
ETM extraction andhe global market, understandingow to foster improved
global institutions, and international probleawolving networks (Rockefeller
Foundation, 2010) is key to development within a precariouschmyon economy.

In addition adaptive capacity is relevant in the discourse around using EFNs
decarbonised economy and overall climate change mitiga®it is concerned
with assessing how different societies effectively adapt to change (Rockefeller
Foundation, 2010)In whichever waythe future pans out, the intersection of

governance, @icy, and energy technology is critical facilitating development
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Chapter 3

3. Methods and Results
3.1 Tescan Integrated Mineral Analyser

Six ore blocksamplesut of the 19 samples weselected forlie Tescarintegrated
Mineral Analyser (TIMA) The TIMA was used for quaative mineralogical
analysis in which phase maps, backscatter electron (BSE) images, and elemental
maps were produced. The phase and elemental mapsyemeeatedia energy
dispersive xray spectroscopy (EDS) using the VEGA3 X64 instrument and
TESCAN TIMA 1.70 software. The instrumentation is held in the School of
Geosciences WAMLAB at the University of the Witwatersrand, Johannesburg. The
beam conditions on the VEGA3 X64 TESCAN SEM for gitative analysis were

set at beam intensity of 17.68 nA, 25kV accelerating voltage, <1 pA adsorption
current, and 43 pA emission current at a speed of 3 ps/pxl. Heating was 47 % with
a gun pressure of 1x&0°and 5.%10° Pa column pressure. The scanningde

was set at resolution mode with a filament live time of 431 hours. The working
distance was 15m with a spot size of 590.00 nm and a 597.2 um field of view
and produced highesolution maps. The depth of focus was 241.000 Tine

TIMA method is seleed as a verification method for the qualitative assessment

which, through petrography, provides data on mineraég@ssociation.

3.2 Mineral resource production forecast

Ongoing finiteresource consumption necessitates resource forecasting to
determine the course of its future supply. Forecasting allows for strategic planning
such as scenario plannirend therefore management of remaining resources
(Nanzad et al., 2017). Forecasti@g production is vital for developing alternative
and renewde energy policies that attempts to derive more sustainable
development and minirse climate changet is possible to examine the future
supply and demand ofCo semiquantitatively through forecastingThe
autoregressive integrated moving averafRIMA) andthe parametric Hubbert
model are twanethoddor time seriegorecasts on shortterm andong-term basis.

Although longterm forecasting of complex system behaviour is impossible,-short
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term forecasts leveraging the statistical structure eftttmeseries signal (e,g.
through ARIMA) is possible and loAgrm, qualitative forecasts of the overall
trend is possible through the Hubbert model, which makes specific assumptions
such as the existence of a single production peak of a resbhecsos up-to-date
historical production data o#1Co-producing countries frorBrown et al. (2020)

was used.In a few cases where production data for certain countries was
unavailable for certain years a linear, nearesheighbour interpolationbased

imputationwasused

3.2.1 Autoregressive Integrated Moving Average model

The ARIMA methodprovides seasonal patterns and a stable estimation of time
varying trends. The model has been used as a tool for mineral production forecast
on a shortermperiod through inspecting differences between reported production
values instead of actual valué¥adhavet al.,2017) The ARIMA method can
forecasta single commodity undgroductionprovided thathat time seriesignal
contairs self-identicalpatternsn time, which then continue into the future (Mgaya,
2019 Fattah et al., 2018).

One approach to building an ARIMA model iBet BoxJenkins time series
approachThe ARIMA modelcontains parametes d, andg, whereinp denotes
the number of autoregressive termighe number of differences; aggthe number

of moving average@-attah et al., 2018)-he model comprises three processes as
expressed by Fattah et al. (2048) Mgaya (2019)

a) The aitoregressivg/AR) proces, which usesa 1torder autoregressive
model work under the assumption thia dependent variahle, given by
the equation:
W | W o+ (1)
is a linear function of the previous
selfregression coefficiento  is a linear combination of previous
observations i.e., lagged dependent variable, Bngepresentingan

unexplainable random shock.
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b) Anintegraed (I) processwhich representie cumulative effect of selected
processes/activitiethat may affect theime seriesbehaviour Short-term
fluctuations have less of an effect on a ktegn basis (Fattah et al., 2018).
From a statistical perspective, a central characteristic is the stationaxity of
series of differences. Since integrated processes are the prototype of
nonstationargeries, a differentiation of equation (1) assumes that there is a
constant difference between two successive values ofhichis expressed
as:

W=w +-, (2)
where the random perturbation, is a white noisandw represents a

lagged original series.

c) A moving average (MA)rocessthat includes past and present forecast
errors (previous observations of white noise processes) within the future
observation forecasts defined by the equation:
wW=- -— (3)

In which - and - are the forecast and the lagged forecast esror
respectively. Equation (3xpresses the number of previous perturbations
embedded in the current valu€he combination of the three“brder
equationsbuilds a time serieamodel of the original signalwhich can be
used to predict future nation@b production

The BoxJenkinstime seriesapproachfor developng an ARIMA model is built
through threstages, whicinclude model identification, parameter estimation, and
diagnostic checking steps tihet al., 2018 This principle, founded on the input

of Yule (1926) and Wold (1938), was adopted to develop a pragmatic approach in
building ARIMA models. Themain taskin identifyinga suitable ARIMA modeis

t o make us eutardrreldtion@ropdréesvhich san be assessed by the
autocorrelation functionACF) and the partial autocorrelation function (PACF)
(Fattah et al., 2018ACF is also used to assess the stationarity of the whteh
measures the change in utsconditional joint probability distributionnder time
translation This isarequiremenfor ARIMA modelling Datathat is norstationay

may generatefalse relationship (Mgaya 2019. The ACF is applied t@assess
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stationarity, and a positive ACF signifies a very slow linear decay patteaning

that data are nonstationgiyau,2014; Mgaya 2019. Non-stationarity is corrected

by data differencing if caused by the mean or by model transformation if caused by
variance (Nau, 201 Mgaya, 2019). Following this procedutiee initial values for
orders of seasonality (number of a@gressive termsp) and norseasonality
(number of moving averages), are determinethrough the PACF anadys. These
procedures are automated to identify tRBRIMA model Once themodel is
selected, its parameters can be determined thrtheymethod of least squares
(Mgaya, 2019)In practice, the model identification and parameter estimaaon

be automated through a grgkarchover (p, d, groupled with crossalidationby

minimis ng an objective functihthedatahat gauges

3.2.2 Hubbert model

Hubbertds forecasting study of oil produ
that modelled production peak using historic data (Wang et al.; Z0tbh, 2018).

It predicted successfullfpat oil production would reach its peak in the early 1970s
(Nanzad et al., 2017). Thdéubbertmodel has since then been incorporated into the
mineral resource industry for production forecasts of exhaustibléugbminerals

(Calvo et al., 2017)Theseforecasts, influenced by the hypothesis of geological
constraint, are expressed through a-beliped symmetrical curve showing annual
production reaching a peak when half of the reserves have been produced (Giraud,
2012 Berk and Ediger, 2018)The Hubber model in its simplest form is a
parametric model that assumes a siqgakproductionbehaviourfor a resource

and is suitable forstorder, qualitativeprojections (Saraiva et al., 2014; Berk and
Ediger, 2016; Wang et al.,, 2017The Hubbert modelmakes three basic
assumptions: (1p pure logistic curverepresentscumulative discovery; (2an
constant mineral exploration effort over time; and (3) a constant time lag between
discovery and productioinhence the discovery rate is derd from a pure logistic

curve of cumulative discoveries over (Giraud, 2012; Berk and Ediger, 20i®).
Hubbertmodelneeds to be applied with caution in the case of immature regions

where production has not passed peak production (Nanzad et al., 2017).
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Mathematically, the Hubbert model @ example of aymmetricsinglepeak
parametridunction, whose familyncludes the Gaussian and Laplace functions. In
comparison to many singfgeak models, the Hubbert model exhibits a gentler rise
and fall in the pe and posipeak regions thaare suited for resource supply
forecasting.The Hubbert model featuregeoduction ratehat iszeroat zero time
and when the resource is exhaustedecomesindesirabldor further extraction
(Calvo et al., 2017Berk and Ediger, 2@). Since the model is parametric, it pre
supposes théehaviourof the dataand therefore does not considagnificant
temporal changesof economic, technological, and political factors in mineral
exploration, discovgr, and production (Wang and Feng, 80Hu b ber t 6 s cur v e
defined by three parameter) the amount of ultimately recoverable reserves

(URR), 2) date of production peak, and 3) a shape parameter.

The Hubbert curve represents cumulapveduction from an ultimately
recoverable reserve over time which follows a logistic growth c{¥eng et al.,
2017)

o —, 4)
A R— (5)
Q S— (6)

U OO — Wup —, @)
- Op — ®» — & ao. (8)

Here PO denotes productignfiQo refers to cumulative productiorfiNrO to
recoverable reserve@moto the time of peakroduction andimo = =|=/NR, which
represergthe production decay rate. The intrinsic growth rates the prediction
parameter in the Hubbert model. Based on equationfif®) increaseswith an
increase i, given that other variables remaionstant. The time of the peak

and width of the Hubbert curve is determinedpyhe smaller the value, théder
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and shorter the curve is and the later the peak is reached and vice versa (Wang et
al., 2017).

Chapter 4

4. Results

4.1 Qualitative mineralogy
Nineteen polished ore samples from the School of Geosciences mineral collection

(University of the Witwatersrand) were collected for the sty a petrographical

study was conductedrhese samples were originally sourced from Kinservere,

DRC.The DRC represents the Congolese Copperbelt portion of the Central African
Copperbelt, whi c h, i s -Hodteel stratiforml @@os bi gge
province (Sillitoe et al. 2017; Twite et al., 2019). Samples from this region were

selected to establishé ore composition of the ore to provide geological basis to

the study, particularly as the DRC is one of the main focuses of the research.

Sulphide CuCo ores from Kinservere are mainly hosted in quartzose and dolomitic
rock of a coarsgrained texturePetrographic examination conducted through
reflected microscopy revealed that the study samples are characterised by the
presence of chalcopyrite as the main ore mineral. Its morphology is often anhedral
and displays a mediuatensity fracture texture (Fig.1B) when it is replaced by a
carbonaceous minerdl often being ankerite (Fig4.1D). It also occurs in
association with carrollite and both minerals usually show pitted textures (Fig
4.1B). It is common for chalcopyrite to alter to bornite and caee(lrig4.1C).
Carrollite is the chief Ctearing mineral in the sample set and its mineralisation
shows a disseminated texture when it occurs cogenetically with chalcopyrite and
quartz. The dominant texture observed was a massive sulphide texturenetth a
texture observed in a few instances. It is characteristic of carrollite to mineralise as
a massive sulphide with highacture density (Fig4.1E), however, in some
instances it occurs as perpendicular veins to bedding. Minimal pyritic
mineralisation vas observed but it tends to form rims around quartz and
chalcopyrite (Fig4.1A). Bornite was observed to either occur in relation to
chalcopyrite and covellite as inclusions within the quarzitic or dolomitic matrix or

as concentric bands adjacent to pyrite | t is often distinguis
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by

weaveo t eldR).uNumerogsFsangples showed evidence of an iron oxide
indicated by the platy blugrey mineral (most likely haematite) which infills the
chalcopyrite fractures. Small inclusions of covelldire common within GCo ores

and are spatially distributed within the quartz matrix and occur angular grains.

Cv and Bn
concentric
/" banding
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Figure 4.1 Photomicrographs of samples showing mineralisation features of the
samplesA: pyrite rims around chalcopyrite and quartz. B: chalcopyateollite
disseminated texture. C: chalcopyrite alteration. D: chalcopyrite replacement
texture. E: intensely fractured carrollite. F: bornite with baskeve texture. G:
covellite and barite concentric banding. H: covellite inclusion in quartz matrix.
Cpy = chalcopyrite, Carr = carrollite, Py = pyrite, Cc = chalcocite, Bn = bornite,
Qtz = quartz, Cv = covellite. Scale represents 100 pm.

4.2 Process Mineralogy
The TIMA, alongside petrography, allows for an understanding of the geological

characteristics of known mineral reservésgether with data from literature, this
can then be use as a foundation for production trérfds TIMA, hencedetected

the main primary phaseo be chalcopyrite, ankerite, and quartz which agrees with
what was revealed by the reflected microscopy. The distribution of these three
minerals producea disseminated texture which is observed to be the main sulphide
texture. Overall, chalcopyrite e most dominant minerabhile ankerite and
quartz distributed in almost equal proportioriBhe chief Cebearing mineral is
carrollite Other ore minerals include pyrite, bornite, pyrrhotite and chalcocite. The
primary phase maghow mineralisation gdyrite, pyrrhotite, chalcopyrite, bornite,
covellite, and chalcocite whicbccurs amongst an array gangue minerals.

Common gangue minerals include apatite, fredrikssonite, ludwidg&e* 'BOs),

pertsevitg Mg2(BOz)(OH))and (unspecifieddluminosilicates.

Panorama Primary phases

Ankente Chalcopyrite W Carvollite W Alurmssilicootes W Hematie/Magnetite
| aes Bormite  Petsevite H Chicate - Cinochiore  Chalcopyrtesis B Coveline
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TESCAN TBAA
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Figure 4.2 Primary phase maps showing the common minerals and disseminated
sampletextureasdetected by the TIMADescriptions for each sample is provided

in Appendix Al of the research report.

4.2.2 Elementalcomposition
Table 4.1 Enrichment oklements in specific minerals

Sample | Arsenic | Cobalt | Copper | Iron | Magnesium | Nickel | Antimony | Sulphur | Aluminium | Phosphorous
NRO1 X X X X

NRO3 X X X X X

NRO4 X X X X X
NRO6 X X X

NROS8 X X X X X X X

NR022 X X X

NRO64 X X
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Figure 4.3 Elemental maps showing the distribution of the four most enriched
elements (cobalt, sulph copper, andickel) in the sampleg-ull set of elemental
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maps and elemendistribution descriptions provided in Appendix Bl of this
research report.

4.3 World cobalt production trends

The production capacity offo is affected by the availability of reserves,
technologies available for tlakscovery, exploration, mining, and processofgre

the demand marketas well as numerous othesociceconomic antbr
environmental factors (Rosyid and Adachi, 201Bhe world Co production
presented irFig. 4.4 demonstratethe differential contribution of 14 countriego
theworld 6 s s u p p | Tihe idfldience of kesetveégpvernmental regulations

on production, macroeconomics, amongst other reasons are responsible for the
variances observedisserant and Pauliuk, 20[L6-or the purpose of alyais and
subsequent implications, production comparison is divided into production from
southernandGlobal North countries Fig. 4.4 shows that 1Global South countries

are responsible for a vast major{80 %; 1,738,630 of 2,10866 metric tonne)f
world Co production The threeGlobal North countrieproduced the remaining
365936 metric tonnes (Fig4.4). Throughout this period, theorld compounded
growth rate of production has increased at an geeof 686 % per annum. Of the

14 countries Botswana, Brazil, Canada, and Zambia have experienced a negative
compounded growth ratel(75 %, -26.4 %, -2.84 % and-5.33 %, respectively).
China displays a significantly high positive compounded growth rate in
comparison to the other producers dt28 %. China is a point of interest
considering its high compounded growth ratel productionpeakin 2015 while
productiondeclines were observed in ZD@0B, 2006, 2009, 2016, 20Ehd 2@0

(Fig. 4.4). The DRC, although being the largest producerCuf has experienced

the second largest compounded growth rate @51%. Production in the DRC has
increased sharply but uedventits highestproduction decline in 2@l dropping

by 14,707 metrictonnescompared to the previous year of production.

Key producers during the last two decades are countries from bd@lotbed North

and Global SouthThe DRC, Canada, China, Australia, and New Caledonia rank as

5 Global South versus Global North is synchronous with the econoatigrity of countries of scalled
Developing versus Developed countries in which Global South countries are chseddigriependency on
export revenues accrued from raw materials.
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the top 5 keyCo producers, producing ~79 % of the world tofad production
(1,666,412 out 0f2,106,166 metric tonnes) from 1998020.The majority of this
production is by the DRC as it has produced 58 Z2@373 metric tonnes) dafo

during the 22year analysis period. Canada, China, Australia, and New Caledonia
follow with a 609 %, 524 %, 48 %, and 4.7 % contribution, respectiveBrucial
uncertainties arise where certain countries experience an explosion or implosion in
production over a short peripghich has implications for the validity of production
forecasting Countries like South fica, Zimbabwe, Finland Brazil and Botswana
thatshow these drastic production peaks and dgn be expected to express issues
with objective accuracy of forecasts, especiallthe future

The mineral behavioural theory (Humphreys, 1982) catsgsricommodity
development into four phases based on compounded annual gromttamaddy,

the youth mature, gerontic, and declining phagekina,DRC, Finland,Morocco,
South Africa, and Zimbabwe are in a youth phase of mineral development. This
phasefeaturesa minimum compounded annual growth rate of 6 % per annum
indicating thatcommodity producton is roughly limited andheavily driven by
rapidly increasingconsumption. A mature phasxhibitsa compounded annual
growth rate between 2 % and 5 % per anyaignifying that the commodity is more
integrated int@re-existing economic processesustralia, and Russia fall into this
phaseThe negative compounded annual growth rate of Botswana, Brazil, Canada,
and Zambiarerepresentative of the declining phase that follows the gerontic phase
(experiencdluctuations in growth rate). The declng phase is an erratic phase of
production decline with a possible supply shortagkee production forecast
suggestghat the peak of world production occurred in 204bich isthe same year
Cowasclassified as a highisk marketas per HerfindakHirschmann Inde% This
implies that a supply risk can be anticipated to intensify given the market
concentration (irheDRC).

6 The HerfindahiHirschman Index characterizes market concentration as eitheidiowr highrisk based on
susceptibility to supply chain disruptions.

31



180000
160000
140000
120000
100000
80000
60000
40000
20000
0

Production({tonnes)

1970
1972

H Albania

B China

B Madagascar
m Russia

W Zambia

1974
1976

[va] o () =t w [+s] o (o] =t (V=] [v2] o (o] =t (V=] [v2] o (o]
=~ [v2] [v2] [v2] [v2] [v2] [=a] [=a] [=a] [=a] [=a] =] =] =] =] =] - -
[=3] [=3] [=3] [=3] [=3] [=3] [=2] [=2] [=2] [=2] [=2] o o o o o o o
L | L | L | L | L | L | L | L | L | L | L | (o] (o] (o] (o] (o] (o] (o]
Time (Years)
Australia Botswana Brazil H Canada
W Cuba B DRC M Finland N Indonesia
W Morocco New Caledonia Papua New Guinea = Philippines
South Africa USA m Uganda m Vietnam
Zimbabwe

Figure 4.4 World Co production from 1970 to 2020\ full dataset for world

production by country is provided AppendixC1 to thisresearch repofBrown

et al., 2020)

4.4 Forecasting cobalt production
44.1 ARIMA modelforecasting results

The production behaviour @obased on an annual indfsgm the 22year analysis

2014

period, shows that the lowest productiom the DRC occurred in 1998 and the

highest production occurred2018(Fig. 4.5E). Using the DRC as a time reference,

its lowest production coincided with lowegtoductions in Chinand Morocco
(Fig. 4.5C, F). Botswana, Brazil, Cubajew Caledonia, South Africa, Zambia,
ZimbabwéFig. 4.5A, B, D, G, H, |, J) Australia, Canada, and Rusdigig. 4 4A,
B, D) experienced their lowest productions after the DRxZept forSouthAfrica

(Fig. 4.4H) andRussia(Fig. 4.6D), all the other countries recorded their highest

productions before 2@&1L

The poductiontrend is decreasinfpr Australia (Fig. 4.6A), while China, Cuba,
DRC, Morocco, New Caledonia, South Africa, Zimbalie&. 4.6C, D, E, F, G,
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H, J) Canada, and Russkig. 4.6B, D) showed an increasing trenBotswana,
Brazil (Fig. 4.5A, B), and Finland (Fig4.6C) arepredicted to maintain a relatively
constant production raténterestingly, Zambia (Figl.5l) increases exponentially
into a constant rate in 282A 95 % confidence interval is shown for each forecast
andthe greater the forecast into the future, thrggbr the intervalForecastsnto
negative productionan be ignor@ because ARIMA modelling does not make any
physical assumptions of the nature of the time series, but only its statistical
characteristicsThe shape of the confidence interval depends on the linearity of the
forecasted region. For ndimear forecasts, such as that of Australia, the uncertainty
in the forecast generally grows with time, whereas for linear foreaasish the
majority of thecountries depictthe uncertainty range is constaMorld production
forecast shows that the supply@b would likely continueto increasdinearly in

the short termand is dominated by thbehaviouro f the DRCOSs
frequency(Fig. 4.6E).
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Figure. 4.5 ARIMA forecasts forGlobal South countriesGreen lines represent
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4.4.2. Hubbert model forecasting results

The Hubbertmodetbased forecastior the DRC and the world (Fig. 4.7) are
displayed asonventional singlpeaksymmetric bell curvesvhich arebestfits for

the Hubbertmodek and our dataset of productionThis comparison reveals data
points are distributed in increasing and declining trends above and below the
Hubbert curveBoth theapicesof the DRCand the worldogistic curves areplaced
where thecumulative production is 50 % of the total reservédeese apicedo not
coincide withthe respective 2017 and 20@&ak productiorasthereported peak
exceed that of the predictioHowever, as the Hubbert model is very sensitive to
the location of thepeak, and the amount of data in the peak region is sjihese,
evidence of a peak is weak and therefavlether the peak has actually been

reached requires additional davedeterminel f t he peak i n the
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wasreached in 204, then theDRC productionpeakis ~86,625metric tonnes and

t hat of

t H127,6%vroetrit tdnhesAssuming that the Hubbert models

are correct, thea predicted2080 production levelwould be similar to that of the
late 19%0s for boththe DRC and worldoroduction In contrast, Calvo et a{2017)

estimate a peakproductionoccurringin 2142 which suppors the conjecturethat

cobalt has resources that will last for more than 100 y&hescritical uncertaimyt

in the interpretation of the Hubbeartodel forecastss whether or not th® RC 6 s

production peaked in 201
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Figure. 4.7 Hubbert model fits for the DRC (blue) and the world (redine).
Blue andred shaded areas correspond to the 95 % confidence band for the DRC

and the world, respectively.

According to Berk and EdigefQ16),the Hubbert curves can be classified into

three categories that signify a relationship between production, remainitog up

date reserves, and historic peaks (Berk and Ediger, ZDi®Definitely Declining




Phase (DDP) represents mineral production that has surpassed its historic peak

hence revealing that cumulative production is much higher than remaining reserves.

In contras, the Definitely Increasing Phase (DIP) portrays cumulative production

that is significantly less than remaining reserves meaning that production is yet to

reach its peak. Lastly, the Plateau Phase (PP) presents difficulty in defining future
production. hi s phasedés cumul ative production e
similar to each other (Berk and Ediger, 2016). AccordinghtoUnited States

Geological Survey2020) world cobalt productions in its DIP given the vast

remaining reserves (00000 metric tonnes) compared to its cumulative

production (1400 metric tonnes). This presents a contrast to what is suggested

by the Hubbert model fi{Table 4.2), which shows a historic peak in 2015,

therefore, signifying thahe DRC and therefore theorld cobalt production is in a

DDP. Extending Rutledgeds (2011) ter mi nc¢
production, the DRC and world can be referred to as mature regions indicating that
production is declining as opposed to active regiatgere productions tending

towards its peak.

Table 4.2
Production data for the DRC and world based on Hubbert model.
Inflection | Peak year Peak production
Indicators point (metric tonnes)
DRC vs. World
DRC 50 % 2015 86,625.00
World 50 % 2015 127,694.99

37



Chapter 5

5. Discussions

5.1 Mineralogical effects on recovery of cobalt
Mineralogical characterisation can define deposits and be linked to corresponsing

metallurgical responses (Grammatikopoulos and Downing, 2020). Accurate
mineralogical identification is, therefore, critical for process mineralogy,
geometallurgy, and ore beficiation because 1) metals have a variety of host
minerals, 2) recovery methods are not standardised across minerals and, 3) certain
elementsnay be deleterious (Grammatikopoulos and Downing, 2020).

5.1.1 Mineralogical limitations onseparation
The main attributes important in optimising hydrometallurgical flow sheets include

bulk modal mineralogy, element deportment on target minerals, mineral texture,
grain size and association. These attributes affect the process mineralogy as they
influence separation potential, size and liberation optimisation, and deleterious
minerals and elements (Bradshaw, 20T4e mineralogical limit tseparation can

be determined using TIMA for mineralogical characterisa{Bradshaw, 2014;
Kormos, 2014).

The study samplesd modal abundance is do
being the most abundant sulphide minaradcarrollite being the target mineral as

it the main Cebearing mineral. Quartz, ankerite and aluminosilicates are the main

gangue rmerals. The textural characterisation of the samples is predominantly
disseminated while massive sulphide textures are also common. In a few instances,

a nettexture is observed. These two indicatbnsiodal abundance and texture

can deter miemernthe dfenthe ore which refer
through identifying which recovery process is most suitable for the minerals
incolvedbased on mineral deportmg@radshaw, 2014). The mineral association

(ore versus gangue minerals) displayedhgyprimary phase maps hsiatt how the

composition of the ore is a determinant of the (theoretical) grade recovery as modal
abundance influences effective recovery. Considering that the sample lithologies

are mostly quartzose sandstone and that the soimprised of disseminted,
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massive and ndextured sulphides, recovery of target minerals will vary. A high
recovery of the mineral of interest will also increase the recovery of gangue
minerals which reduces the grade of the concentrate (Cropp €1d8;,Bradshaw,

2014) This means that the nt#xtured ores will produce the lowest grades while
the massive sulphide ores will have the highest grade as the degree of liberation is
determined by the ore mineralogy and texture (Bradshaw, 2014).

In relation, the mineral grain size also has an effect on the recovery. Since coarse
particles may contain multiple grains of ore versus gangue mirjeeal€omposite
graing coarser samples will increase the recovery however, will lower the grade of
the concentite due to recovery of gangue minerals. Liberated mineral grains are
more associated with fine particles but they pose a lower chance of recovery
because of the reduced probability of partisl#oble collision necessary for
enhancing recovery during flotah stages (Bradshaw, 2014). The study samples
are mainly coarsgrained and hence the former scenario is the most feasible
explanation for recovery and grade. However, considering the presence-of fine
grained aluminosilicates and clays, understandingnthreeral association in its
entirety is vital for preempting challenges during ore beneciation
(Grammatikopoulos and Downing, 2020) as these constituents are detrimental to
the flotation processEnhancing the recovery of Co from fugeained particles
would require incredag the agitating rat@as itbooststhe possibility of effective
collision between the solid (mineral) and liquid (lixiviant/reagent) hence increasing

the rate of leaching reaction (Pretorius, 2019).

5.1.2 Size and liberation optimisation
In mineral processing, the liberation of valuabimerals from gangue imeral is

vital in attaining high recoveries from downstream processes such as gravity
concentration and froth flotation. Quantification of mineral liberation is reliant on
the parent rock ore texture in conjunction with propertiesoaiminuted particles
(Zhang and Subasinghe, 2013). Leaching lydrometallurgical process aimed at
effectively and economically extracting valuable minerals from Staurman et

al., 2014; Pretorius, 2019Mineralogical texture is a limiting factor isize and

liberation optimisation. This affects mineral processing as insufficient liberation
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leads to poor performance. The relationship between ore texture and size of
liberation of ore minerals is crucial to the flotation circuit design (Bradshaw, 2014)

Other pominent &ctors affecting leach efficiendgcludeacid concentratiorpH

and temperaturéSibanda and Ndlovu, 2014Jonsidering that the samples consist

of significant amount of chalcopyrite, theagent ands concentration required to
optimise recovery is one that can extract &@n with the presence of the copper
within the chalcopyrite. Seo et al., (2013) highlight sulphuric acid in conjunction
with hydrogen peroxide or tartaric acid as effective reducing agéfiitsn using
inorganc acids, the recovery of Co (and Cu) is dependent onatheentratiorof

the sulphuric acidandthe reducing agenas well agemperature (Seo et al., 2013;
Sibanda and Ndlovu, 2014). The use of sulphuric acid for extraction-GfoGires
provides higheCu extraction percentages than Co, which is at its maximum at a
sulphuric concentration of 0.8 M, then declinEke use of tartaric acithowever,
results in higher Co extraction than Cu (~ 40 % and 5 %, respectively) as Co has a
quicker reaction rate ken interacting with an organic acid than Cu. The addition

of a reducing agent, in this case, has a noteworthy effect on Co versus on Cu and
increase the extraction efficiency from 40 % to 80 % Co (5 % to 10 % Cu).
Similarly, temperature enhances extractadficiency to ~ 60 % CoStuurman et

al., 2014).

5.1.3 Deleterious minerals and elements
Different types and compositions of ores increase the likelihood of them containing

deleterious minerals or elements to the flotation process (Cropp et al., 2013;
Bradshaw, 2014). For this study, these minerals or elements were identified in both
the ore and gangue mineral phases. The presence of aluminosilicates and clay
minerals present possible problems to flotation and leaching because of their
tendency to swellThe presence of arsenic detected in the samples is another
potential issue for mineral processing as its separation is dependent on the texture
and mineral deportment meaning that it could mix within the concentrate. The
nickel detected ircarrollite and chalcopyrite may also affect mineral processing
especially considering that nickel and Co commonly occur geducts. If these
deleterious elements do not occur as isolated minerals, which is the ¢h&e in

study, it means that they are a part of ¢chestal lattice of minerals which a&ffts
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the concentrate. This situation may affect the economics of the deposit and the final
grades (Grammatikopoulos and Downing, 2020).

5.2 Validity of ARIMA forecasts

The goss validation technique was used to examine ARIMA production forecast
objective accuracgndreliability by comparingorecasts made usiqge-2010data

with actual post2010 cobalt production datdhis is an oubf-sample testing
technique such that ARIA models are trained using only pg®10data and the
remainder is used for testing of model accurBoth Morocco and China represent
cases where ARIMAorecastsarelargely reliableto within 95 % confidence for
predictions between 2010 and 2qF%y. 5.1A, C), in the sense that the forecasted
rangedypically encapsulatéhe actual production data (p2@10 testing setMore
specifically,the data foIChinais predictalbe from 2010to 2018 and unpredictbdb
from 2018 onwardsThis is clearly due to the sudden drop in production after 2018,
which is a trend that isot exhibited by the data in the training interva@htaup to
2010) Thisfinding can be extended forecasts otheworld supplyafter 2020 Fig.

4 5E), providedthere are no sharp peaks or dips within the next 10 .yHaesefore,
for the wor CodléegpecsthepARIMA foredaswill be relatively
accurate as the 95 % confidence interval has a high likelihood of covering all
reasonablecenarios on the supply sidehe effect of aggregating the production
of various countries into a single forecast for the world is more reliable for two
reasons: (1) fluctueons in the production of various producers are dampened,
because they tend to occur at different times, and (2) the production of the dominant
producer (DRC) dominates the world production (Fid). However, ARIMA
forecasts are@nlikely to beas relialte at a country scali generaland especially

for smaller producers ofCo that feature relatively large and unpredictable
fluctuations in their production behavigue.g, South Africaand Finland (Fig
5.1B, D).
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Figure 5.1 ARIMA cross validation forecasts of selected countries showing
objective accuracy (A and C) and inaccuracy (B and D). A complete set of graphs
is given in the Appendix D1 of this research report.

5.3 Importance of production forecasting on cobaltsupply

The ARIMA- and Hubbert moddbased forecasts paint a divergent picture of the
future of Co production. The critical uncertainty of the Hubbert meloted
forecasts rests on whether or not cobalt production has peaked. The slope of the bell
curve of the Hubbert modedrelatively constant near the fulidth-half-maximum
(FWHM) region and shatp changes near the peak, which renders the model
insensitive to peakingehaviourthat is exhibited by only a few data points, which

are practicallyindistinguishable from noise. As our data does not contain a clear
peak structure, the assumption of thkiseence of production peaki 2015(world)

and 2017(DRCjs weak and therefore the Hubbert medated forecasts are more
likely to be wrong. There are other issues with the Hubbert model, for example, the
concept of globgbeak oil (Hubbert, 1956) didat transpire as predicted. Although

the Hubbert model did qualitatively predict the exhaustion of conventional crude
and on a regional basis, it was unable to account for the development-of non
conventional crude on a global scale. Similarly, peaking phenon for other
materials such as phosphate (Edixhogeal, 2014) and gold have not occurred to
date. Nevertheless, the Hubbert model and its derivatives are useful to forecast the

supply of commodities, which can become depleted and may eahilsblated
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peaklike production behaviour. The assumptions behind the Hubbert model are
generally not true or not explicitly demonstrable. Exploration for critical materials
is hardly fixed in effort over time. Discovery to production lags is also variable.
Therefore, the discovery rate l&ely to be influenced bynarketconditionsand
geopolitical tension Moreover, t h e Hu b b e rassumptiond efdil 6ts
acknowledge the possibility of an accelerated exploration pace, and the reduction
of time lagbetween discovery and production given an increasing mineral price
trend (Giraud, 2012; Berk and Ediger, 2016). Such a conceptual model has its
shortcomings in forecasting global production considering that the production of
resources is clearly affecteg price variations (Wang et al., 2017).

The ARIMA-basedforecasts are more accurdte comparison to the Hubbert
modetbased forecasend in part due to their shortarm naturebut also because
they do not assume the structure of the production cerge & peak or plateau)

and their validity is not contingent on a few critical data points. However, all of our
ARIMA -based forecasts are relatively simple and are unable to replicate intrinsic
variabilities in the parent data, suchisslatedproductiondips or humps. This is

due to the relatively short duration and low resolution of our dataset, which is only
sampled on a yearly basiBowever, this is not a problem for the forecastshaeyg
should reflect general trendsthe samé&equencyof thed a t sandpsngfrequency

and forstrategic planning purposes, suchsasnario planning angolicymaking

the decadabehaviouris more relevantompared to yearly or monthly variability.

By visual inspection, the forecasts for each country is satisjaetadlin some
cases,realistic, and the ability of the ARIMA method to calculate confidence
intervals is highly useful for scenario plannibg providing a quantitative measure

of the likelihood of outcomedQur forecasts suggest that throughout the entir
confidence interval, thevorld cobalt production in the next decade wilbst likely

increase linearly.

5.4 Uncertainties for cobalt market future

The rising demand for metals and associated concerns regarding terrestrial metal
availability has opened untraditional sources ¢onsiderationsuch addeepsea
mining as an avenue for metal supply diversification (Petersen et al., 2016). The

assumption that the demand for metals will increase and consequently, production
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will peak then decline is a key driver in the growing interest for relying on-deep
sea mming as a trajectory for global sustainable development (R0h7). This is
anticipated to unfold througimondiscriminatory terms amongst all countries

involved by the means of equitable distribution of economic ber{iiits, 2017).

Deepsea mining, pdicularly excavation of manganese nodules &wl-rich
ferromanganese crusts could lead to key uncertainties reganeisgpply ofCo.
The~38 million kn? extent of manganese nodules and 1.7 millior kmcobalt

rich crustsmay potentially have amonumental impact on globatobalt markets
(Petersen et al., 2016). Excavation from the Cla@tpperton ZondCC2), which

hosts the greatest concentration of matdl nodules, can potentiallyoostthe

future production oftobaltdue to an evegrowing demand for critical/strategic
metals (Petersen et al., 2016; Mukhopadhyay et al., 2019). Deep sea mining is
capableof producing more than,300 metric tonnesannually (Glasby, 2000
Mukhopadhyay et al., 2019). Cobalt production could also increase indirectly
because of an increase in the demand for manganese to cater to the production of
steel. This may secondhandedidad to increased beneficiation 6b as a by
product hence inserting more supply into the markeiwever since technology
regarding deeggea mining is in infancy (Dehaine et al., 2Q2hjs may prove

otherwise

Despite this attraction towards desgamining and its effect onobalt production,
nortgovernmental organisations and scientists have expressed apprehension
because of the limited knowledge about environmental implicationgrantically
nonexsistanregulatory frameworks (Petersen et al1@;Hoagland et al., 2010)
Furthermore, deepea mining remains@uestionableopic as critics believe that it

will intensify unsustainable production and consumption patterns, widen the
inequality gap irspatial and temporal dimensions, and divest from metals recycling
(Kim, 2017). Not only will recycling be divested, lmgepseamining will dissuade

the goal of achieving a circular economy as it seeks to increase primary mineral
supplywith potentiallylong-termecological risksEven froma social perspective,

the costbenefit analysis remains questionable on a-tasase basis (Wakefield

and Myers, 2018).
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Conclusion

6. Concluding Remarks

The global mineral resource supply chain has proven to be vulnerable due to the
prioritisation of efficiency over resilience and redundancy. Degpiefocus to
ensure sufficiency and robustness, maintaining supply sustainability remains a
moving target bcause of evancreasing human population and development
demands. More so f@RMsi which are crucial for contributing to socioeconomic
development in the context of a sustainable and circular green ecdrtbeyeed

to ensure supply sustainabilitpigal. Through assessi@od s supply sustai
using production forecastsupply risk is mininzed by addressing unpredictability

in the complex supply and demand systé&wmcurate mineralogical identification

and characterisatiaacritical for production as ppcess mineralogy, geometallurgy,

and ore beneficiationare influencial metallurgical factors that enable the
optimisation of mineral recovery to meet thmarketdemand. The relationship
between geology and metallurgy is, therefore, one afibs important criteain
ensuring cobalt supply sustainability. Hitgth extractive metallurgy and mineral
processing are essential for supplying critical raw materials (CRMs) for our modern
society. The ability to effectively extract, process and beiag¢ CRMSs is
dependent on understanding the mineralogical characteristics of ore deposits.
Cobalt market adjustments in response to this complexity are, therefore,
determinants for ensuringa supplydemand balance. Accurate production
forecasting is inded indispensable for not onfgitigating potential suppkghain
disruptions, but also fatrategigplanningandtheimplementation of green energy
policies that are cognizant BEGfactorswithin the minerals industryn alignment

with climate change mitigation. Forecasting cobalt production using the Hubbert
model allude to the looming peakke production behaviour while more
importantly, the ARIMA forecastdjighlight how fluctuations in production and
subsequenténds necessitate scenario planning and the implementation of policies

thatadvance sustainable development contemporaneously with economic growth.
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Appendices
Appendix A:TIMA primary phase map descriptions

4.1.1.1 Sample NRO1

Sample 01 is a Cmineralised quartzse sandstondt is mediumgrained and
chiefly consists of foliated quartz, and laminated pyrite accompanied by minor
amounts of (unspecified@luminosilicates actinolite, chloriteclinochlore, and
chalcopyrite. The principal ore minerals consist of pyrite emalcopyrite(~ 1.5
mm thick) with trace amounts of pyrrhotite, bornitegvellite (0.75mm) and

chalcocite.

Both quartz and pyrite crystals at®ngate and define a foliation. Pyrite occurs as
elongated rims ( ~ 1.5 3 mm thick) around quartz and the aluminosilicates,
covellite, and chalcopyrite. Pyrite shows a preferential orientation that is parallel to

the foliation.
Panorama - Primary phases
NRO1 2
Primary phases
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View field: 9.00 mm
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4.1.1.2 Sample NRO&o-bearing ore sample

Sample NRO3 is £o-mineraliseddolomite. It is coarsegrained and primarily
consists ofchalcopyrite, ankerite, and quartz accompanied by minor amounts
haematite/magnetite and pertsevite, and trace amounts of covellite, -arsenic
chalcopyrite, and bornite are the accessory ore minerals that are present alongside
calcite, dravite, haycockite, chloritdinochlore, and aluminosilicateBrincipal ore
minerals consist of chalcopyrite acdrrollite Chalcopyrite, ankerite and quartz
aredisseminated with pertsevite occurring m&lusions within it is indicative of

its affinity for copper, arsenic, and iron sulphide minerals.

Panorama Primary phases

Quaxtz Ankente Chalcopyrite W Caryollite W Alurmssilicates W Hematie/Magnetite
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4.1.13 Sample NR@ Co-bearing ore sample

Sample NRO4 is a Cmineralised sandstone. It is coargained and chiefly
consists of euhedrakrrollite, chalcopyrite, and anhedral quartz, accompanied by
minor amounts of apatite and aluminosilicates, and trace amourdilarfte
clinochlore, muscove, calcite, dravite, anorthite, rutile, albite, barite, kaolinite, and
haycockite.The main ore minerals consistadrrollite (~ 5 mm)and chalcopyrite

(~ 8 mm) Pyrite shows a preferential distribution as rims around chalcopyrite.
Chalcopyite, carrollite and quartz display a disseminated texture wdkrollite

consisting of pertsevite inclusions.
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4.1.1.1.3 Sample NROGo-bearing ore sample

Sample NRO6 is a Cmineralised quartzose sandstone. It is cegraged and
chiefly consists ofchalcopyrite, quartz, and covellite accompanied by minor
amounts of apatiteankerite,fredrikssonite ludwigite and pertsevite, and trace
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amounts of haycockite, aluminosilicates, and haematite/magnetite. Principal ore
minerals consist of chalcopyrife~ 11mm)and carrollite (~ 2.5 mm)with trace

amounts of covellite and bornite.

Quartz and chalcopyrite are euhedral and define a disseminated t€erralite
also occurs as euhedral grains. Apatite, pertsevite, and fredrikssonite also as a
disseminatd texture between the quartz and chalcopyrite grain boundaries.

Panorama - Primary phases
NROG6 1
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4.1.1.1.4 Sample NRO8o-bearing ore sample

Sample NRO8 is a Gmineralisedquartzose sandstonk.is medium to coarse
grained and mainly consists of chalcopyritarrollite, and the luminosilicates,
accompanied by minor amounts of pertsevite, and trace amounts of kaolinite,
anorthite, rutile,muscovite, ludwigite, dravite, albite and chloriginochlore.
Principal ore minerals are chalcopyr{te 4 mmi 9 mm)andcarrollite (3 mm)
Carrollite displays two morphologiéseuhedral grains and elongated crystals that
define a foliation. The relationship between the principal ore and gangue minerals
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indicates both a massive and disseminated texfire.gangue minerals show a
directionpreferred preferential orientation included in the chalcopyrite as a vein
like occurrence.
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4.1.1.1.5 Sample NR022

Sample NR022 is a coargeained dolomite and chiefly consists of ankerite,
chalcopyrite and quartz. These minerals are accompanied agth amounts of
aluminosilicates, actinolite, calcite, and fredrikssonite. The principal ore mineral is
chalcopyrite(3 mm 9 mm), with trace amounts of bornite, cuprite, chalcocite,
covellite. The overall texture is disseminated with pertsevite includellinwi
ankerite and chalcopyrite. The ankerite is replacing chalcopyrite as shown by the

replacement texture and the angular morphology of the chalcopyrite crystals.
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4.1.1.1.6 Sample NR064

Sample NR0O64 is a mediugrained quartzose sandstone and maiolysists of
pertsevite and chalcopyrite with  minor haematite/magnetite, quartz,
aluminosilicates, and chloriginochlore. It is accompanied with trace amounts of

dravite, albite, rutile, fredrikssonite, kaolinite, anorthite and muscovite and
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ludwigite. The principal ore is chalcopyrite, with trace amounts of borwite.
di sseminated sul phide fAtoothbrusho text:
chalcopyrite occur perpendicular to the sedimentary lamination.
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Appendix B: TIMA e lemental distribution through 6mm, 9mm, 10.5mm and
12mm fields of view

4.1.2.1 Arsenic

Samples NRO1 and NRO8 show enrichment of arsenic while samples NR0O3, NR04,
NRO6, NR022 and NR064 are depleted in arsenic. Arsenic in enriched sample
NRO1 is spatially evenly spread, however, the pyrite rims is depleted in arsenic
which is a contrast to tresenic present by the minerals rimmed by the pyrite. The
minerals rimmed by pyrite hold the highest arsenic enrichment within the sample.
Arsenic in enriched sample NRO8 shows a varied spatial association of enrichment
with the highest proportion correspding to pertsevite and a depletion zone
occurring with chalcopyrite. The fingrained gangue minerals (quartz, chlerite
clinochlore, kaolinite, and fredrikssonite) all containsignificant amount of

arsenic
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4.1.2.2 Cobalt

Samples NR03, NR0O4, NRO6 and NRO8 show the clear occurrerazgrofiite as the

main cobakbearing mineral. A notable amount of cobalt also exits in association with

pyrite (NRO1). Zones of cobalt depletion are associated with the gangue minerals,
predominantly quartz, ankerite. In the case where ctlealting minerals areohpresent,

cobalt can be detected in the aluminosilicates as shown in NR022. The enrichment of
cobal't i n pyrite and depletion in <chalcop

distribution in iron sulphides over copper sulphides.
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4.1.2.3 Copper

A notable amount of copper exists throughout the sample set as chalcopyrite is
the main Ctbearing sulphides. Pyrite and the gangue minerals represent zo

copper depletion.
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4.1.2.4 Iron

Iron is a common element within the sample set and is characteristically found in
the most abundant sulphide mineral, chalcopyrite. Sample NRO3 contains the
highest proportions of iron due to the presence of haematite/magnetite. The main
gangue mineralé quartz and ankeritie represent zones of depletion together with
pertsevite as seen in sample NBRBon shows an affinity for copper as the two

correspond to the siderophile and chalcophile nature of the ore.
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4.1.2.5 Magnesium

Magnesium commonly occurs within the ore and gangue minerals. The main magnesium
bearing mineral is pertsevite which shows significant enrichment. Magnesium is also
found in ferreactinolite and actinolite indicated in sample NRO1. Quartz, chalcopyrite

and ankerite represent zones of magnesium depletion.
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4.1.2.6 Nickel

Samples NRO3, NR04, NR08, NR022, and NR0O64 contain nickel. It is mainly hosted in
carrollite (NRO4 and NRO08) as well as in chalcopyrite. Thepbyduct nature of nickel

and cobalt i s s hown carglite The hdemdtisaton ipo sampler r e nc e
NRO1 represents the highest proportion of nickel which contrasts with quartz as a zone

of depletion.
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4.1.2.7 Antimony



Antimony shows a preferential distribution for gangue minerals as its highest proportions
are found in ankerite and apatite (NRO3, NRO8 and NR022). However, other gangue

minerals such as quartz are sites of depletion (NR0O6). Antimony is also enriched in or

Panorama - Sbh-L

Panorama - Sb-L
NRO1 2

minerals however carrollite and

chalcopyrite are depleted amtimony.

4.1.2.7 Sulphur

The sample set is highly enriched with sulphur which reflects the redox state of the ore
(i.e., sulphide ore). The enrichment is associated with pyrite, chaitsoppdcarrollite
Carrollite presents the most enrichment of sulphur (NR0O6 and NR0O8) which corresponds

Panorama - Sb-L Panorama - Sb-1
NRO4 4 NRO22 2
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with the enhanced enrichment of cobalt and nickelaimollite The zones of depletion
are predominantly in quartz, aluminosilicates and ankeritdd@RR08 and NR022).
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4.1.2.8 Aluminium

Aluminium is an uncommon element within the ore as it is depleted in most minerals.
The occurrence of aluminium is attributable to the presence of aluminosilicates (NRO8
and NR064).

4.1.2.9 Phosphorous

Apatite is thamain phosphoroubearing mineral and is present in sample NR0O4
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