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EXECUTIVE SUMMARY
The global demand for nickel (Ni) and cobalt (Co) is expected to increase significtmlgoming years.

Laterite deposits are a promising source of these metals. However, current processing methods (e.g.,
smelting or higkpressure acid leaching, HPAL) are enénggnsive and potentially environmentally

hazardous. The ENICON project proposes a hoveda$@l processing route, but the complex mineralogy

of laterite ores requires a thorough characterization of both inputs and outputs of the leaching stages. This
study reveals the presence of-bearing minerals like asbolane (Miydroxide), nimite (Nchlorite), and

népouite (Niserpentine) in the higlgrade samples, with an additional contribution from goethite, chlorite,
and serpentine. Cobalt is mainly hosted by asbolane, with smaller amounts in goethite and chromite. HCI
leaching effectively dissolves madstCobearing minerals, but not chromite and this impedes full Co
recovery. Irsitu mineral chemistry assists in quantifying the metal deportment in th€dbearing

minerals.

Thesulphidic orestudiedin ENICONhow sulphide minerals (pentlandite, pyrite, millerite) and oxides
(magnetite, chromite) athe main Ni and Cebearing phases, with some Ni hosted in oliviDespite the
blending of different rock types in the feed material, the mineralogy and composition of the minerals tend
to berelatively uniform Although these minerals occur in low concentrations in the or@eral processing
isused to concentratéghese minerals, although concentrations of iBdhis study are lower than whag
observed in other NCo concentratefrom Finland Analysis of the residues of HCI leachinghe sulphidic

ore sampleperformed during ENICO$howed mixed results, with half of the Ni and Co staying in the
residue in one of the samples. A combination of oxidative and acid leaching performed showed good
results on the removal of pyrrhotite in the material.

This forensic geometallurgical approach minimizes metal losses by investigating the causes of flowsheet
underperformance.
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LAICPMS Laser ablation inductively coupled plasma mass spectroscopy
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REE Rare earth elements
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1 Introduction

The global demand for nickel (Ni) acabalt (Co) is expected to increaseainly due to their use in lithium

ion batteries(Gregoir and Van Acker, 2022; IEA, 2021though new battery technologies and recycling

may help buffer this demand, mining and processing these metals will still be required for global
decarbonization efforts. Hence, it is paramount to develop new technologies that decrease greenhouse gas
emissions and environmental impacts of the®b supply chain. The Horizon Europe ENICON project
(https://enicon-horizon.eu)) responds to this issue by developing a more sustainabld&Eeld processing

route for Ni/Co ores and enhancing the potential of these resources within EuFogaré¢l).

Nickel and cobalt deposits mainly occur in magmatic sulphide systems and lafidoreset al., 2021;

Mudd and Jowitt, 2022)n the past, nickel extracteflom FeNi-Cu sulphides found in mafic or ultramafic
intrusions or flowK I & NBLINB&aSy i SR cn LISNDS y(Maldett 20048 éhileg 2 NI RQa
there are many magmatic bodies that contain@ii sulphide deposits worldwide, most are not economic

either due totheir size ortheir grade(Bates and Jackson, 1983)e to their nature, these deposits also

may containother elements as byproducts, suchgsd andplatinum-group dements PGERat the g/t level

and Cdbetweenthe 0.1 to 0.836(Barnes and Lightfoot, 2005)he main FéNi-Cu deposits in Europe are

located in Finlangthe current active mines are Kevitsa and Talvivalitakkonen et al., 2017)

Lateritic deposits constitute more than half of the global nickel resoui8ett and Cluzel, 2013; Mudd and
Jowitt, 2014)and currently represent most of the productigeudd and Jowitt, 2022; USGS, 2024)
However, the exploitation and processing of lateritic dnasthe largest environmental footprint in the
sector(Bartzas and Komnitsas, 2024, 2015; Jessup and Mudd, 2008; Mudd, 28difipnally, the
mineralogy of laterites is often complé&ndersen et al., 2009; Elias, 2002; Gleeson et al., 2004; Tupaz et
al., 2020; Villanovde-Benavent et al., 2014nd directly affects the processing efficiency and its energy
requirementso { G Y1 2@A06 S I f &3 Therfore, @ thérdugh thargcRriz&tidRdure?)®>  H 1
of both inputs and outputs of the processing stages is required to understand the mineral features that
enhance or inhibit the efficient extraction of Ni and Co from lateritas. integration of this information

with a lifecycle assessment (WP5) helps to fill the gaps and improve the environreeotadmic impact

of the newly proposed routeT hisreport assesses the mineralogical constraints for extracting Ni and Co
from sulphidic andateritic oresin the HGleaching route investigated by the ENICON project. The bulk
properties and mineralogy dfoth types ofores are compared to those from the solid residues after
leaching to understand where losses are occurring.

i This project has received funding from the European Union's |
* * Framework Programme for Research and Innovation Horizol
Fapn” Europeunder Grant Agreement Nb01058124
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2 Materials and methods
2.1 Samples

Sixteen lateriterelated andtwenty-one sulphide orerelated samplesvereinvestigated by the WP1 difie
ENICONMroject

Nineteen samples dfli/Co-sulphide ore and subsequent processed materiadse sampled from the
KevitsaCuNi-(PGE) mine, located in Finland, which is operated by our project partner Boliden. The samples
comprise materials ranging from the ore to concentrates (e.g. stockpile, flotation feed, tailings;iglag

3; Table ) that were collected directly in the processing plawith time constraintdo assure We
analysedsamples of leaching residues (acidic and oxiddeaching), and MHP/MSP producedEyICON's

WP2 Two additional samples provided by partner Finncobalt correspond to concentrate andst&ibm

different Cobearing mines in Finland and have been used for comparison vethevant

fenn)

ENICONO0O1 ENICONO15 ENICONO031
Ore Slag Feed to flotation

ENICONO004 ENICONO0028B ENICONO0258
High-S tailings Ni/Co concentrate Cu concentrate

Figure3. General aspects agome ofthe sulphice material samples studiedncluding the ore, slag, tailings, and concentrates.

Tablel. List ofNi/Cosulphide materialérom the HE ENICON projécat wereinvestigated in this report.

CODE Running name BCH materlal Material description
provider
Kevitsaore - after BOMIN Magmatic sulphideype NiCo ore from Kevitsa mine
ENICONO00Y  cone crushers (Finland) // Feed to ore stockpile, combined output of cg
(stockpile) crushers
KevitsaNI-Co BOMIN Ni/Co concentrate obtained from Kevitsa (Finland) afts
ENICONO0024 concentrate (after i
. double flotation process
filter press)
Kevitsa NiCo BOMIN . . -
ENICONO02| concentrate (after Ni/Co concentrate obtameq from Kevitgginland) after
. double flotation process
thickener)

This project has received funding from the European Union's |
Framework Programme for Research and Innovation Horizol
Europeunder Grant Agreement Nb01058124
https://enicon-horizon.eu/
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i Finncobalt ' i i mine i
ENICON003 Hautalampi Ni/Co concentrate obtained fr'om Hautalampi mine in
concentrate Outokumpu (Finland)
BOMIN i ili itsEEi i i
ENICONOO4Kevitsa pyrite tailing Pyrite tailings from Kevits@rinland) after pyrite flotation
process
Outokumpu coppe Finncobalt S - . .
ENICONGD | mine oxidized pyrits Historical oxidizegyrite tglhﬂg; from the Outokumpu
o copper mine (Finland)
tailings
ENICONOOS Kewtgg silicate Lowsulphur silicate tall!ngs from Kevitsa (FI) after pyri
tailings flotation process
BOMIN Mixed hydroxideprecipitate obtained from
. . bioleaching/oxidative leaching process of
ENICONO1Y - Luikonlahti MHP Luikonlahti/Kylylahti, produced by leaching of remaining
NEMO project
BOMIN Mixed hydroxideprecipitate obtained from
ENICONO12 Luikonlahti MSP bioleaching/oxidative leaching process of
Luikonlahti/Kylylahti, produced by leaching of remaining
NEMO project
BOMINWP2 Mixed hydroxideprecipitate obtained from
ENICONO13  Kevitsa MHP oA2f S OKAY3IK2EARI GA GBS £ §
tailings (performed in WP2)
BOMINWP2 Mixed sulphide precipitatg obtained from
ENICONO14  Kevitsa MSP 0A2tSFOKAY3IKk2EARIGAGBS 9
tailings (performed in WP2)
BOHA Fayalitic slag from pyrometallurgical processing on Ni/
ENICONO13 BOHA slag concentrates in Boliden Harjavalta, granulated (FI).
Kevitsa Cu BOMIN . . .
ENICON025/ concentrate (after Cu concentrate obtalr?ed from Kevitsa (Finland) after,
) flotation process
filter press)
Kevitsa Cu BOMIN . . .
ENICONO25( concentrate (after Cu concentrate obtalr_1ed from Kevitsa (Finland) after,
. flotation process
thickener)
BOMIN ili i i i i
ENICONDS | Kevitsa Cu tailings Cu tailings obtained from Kevitsa (Finland) aftesflGtation
process
BOMIN i taili i ' i '
ENICONZ7 |Kevitsa NCo tailing Ni tailings obtained frqm Kevitsa (Finland) aftetQxi
flotation process
ENICONgy | Kevitsa ore after BOMIN Magmatic sulphideype NiCo ore from Kevitsa mine
mills (Finland) // Feed to flotation plant, combined output of m
Oxidative leaching . . . o . .
cvconms | rescueor || sowwee SO e e wines. (eachng eoue
ENICON004 g
Acid leaching residl Leaching residue of Kevitsts tailings. Leaching residue g
ENICON04G of ENICONO04 BOMIN/WP2 acid leaching. (ENICONO04 and ENICONO30).
Leaclingresidue Leaclingresidueof Ni-Co concentrat&ENICONOO2ZB&fter
ENICONOA4T ENICONO002B wp2 HCI acid leaching.pdcaled leaching test
Leaclingresidue . . .
ENICONO042 ENICONOO WP2 Leacling residueof ENICONOg from upscaled leaching te

Fromthe sixteen lateritebased sampledour are laterite ores, two are electrarc furnace (EAF) slags, and

two are ferronickel (FeNi) granules kindly provided by the industrial partners of ENICON, whereas the
othersare leaching residugsroduced by WP2Higured). The laterite ores consisted of rafrmine (ROM)

YI SN

It a

al YL SR FTNRY

iKS ad201LAtSa GKI G

and ferronickel granules) are the output of those processing plants. Additionally, the |aisrgavere

This project has received funding from the European Union's |
Framework Programme for Research and Innovation Horizol
Europeunder Grant Agreement Nb01058124
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subjected to HCI leaching (within WP2), and the solid residues after leaching under different conditions
were also investigatediable2).

: Smelter
samples

y

ENICONO24
(Kavadarci FeNi)

 ENICON023
(Larymna FeNi)

]
ENICONO022
(Kavadarci EAF slag)

ENICONO21
(Larymna EAF slag)

Ore

ENICONO16 ENICONO17 ENICON020 ENICON028 |
(Kastoria) (Evia) (Albania) (Turkey)

image not
available - .
low amount HCI. leaching
of residue residue
produced
ENICONO34 ~ ENICONO35 ENICON036 ENICON037
HCI leaching
~ residue
- coarse feed
ENICON043 ENICONO44

Figured: General aspects of thHaterite-basedsamples studied, including smelting process output, lateritic ores sampled from
stockpiles at the mine sites, and their residues aftedé#Ching experiments. The scale bar is the same for all images in the same
row.

Table2: Lateritebased materials from the HE ENICON project and investigated in this report.

CODE Running name BCH materlal Material description
provider
ENICONO1g Saprolitic laterite Larco Saprolitic laterite (lowgrade) ore from Kastoria (Norther
Kastoria Greece)
ENICONO17limonitic laterite Evi Larco Limonitic laterite (lowgrade) ore from Evia Island Greec

Saprolitic laterite (longrade) ore Albania. 580 mixture of
Euronickel k-12 and Platinium deposits. Mixture is made to ensure
Fecontent is sufficiently high for the Euronickel proces

saproliticlaterite

ENICONO020 Albania

This project has received funding from the European Union's |
Framework Programme for Research and Innovation Horizol
Europeunder Grant Agreement Nb01058124
https://enicon-horizon.eu/
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ENICONO02] EAF slag Larco EAHR(fayalitic) slag from pyrprocessing of laterite ores
ENICONO022 EAF slag Euronickel EAF (fayalitic) slag from pypvocessing of laterite ores
ENICON023 Ferronickel Larco FeNi (Class Il) product fr-om pypoocessing (LARCO) of
laterite ores
ENICON024 Ferronickel Euronickel FeNi (Class Il) product frqm pypoocessing (Euronickel)
laterite ores
ENICONO028 sapr(_)rlll;tlrck(laz;\/terlte Euronickel Saprolitic laterite (higlgrade) ore from Turkey
Leaching residue g Leaching residue of saprolitic laterite Kastoria Larco
ENICONO34 ENICONO16 wp2 Leaching residue after HCI acid leaching.
Leaching residue @ Leaching residue of limonitic laterite Evia Larco. Leach
ENICONO33 ENICONO17 wp2 residue after HCI acid leaching.
Leaching residue @ Leaching residue of saprolitic laterite Albania Euronick
ENICONO34 ENICONO020 wp2 Leaching residue after HCI acid leaching.
Leaching residue @ Leaching residue of saprolitic laterite Turkey Euronick
ENICONO37 ENICONO28 wp2 Leaching residuafter HCI acid leaching.
Leaching residue g Leaching residue of saprolitic laterite Kastoria Larco
ENICONO38ENICON016 + oxidg wp2 Leaching residue after HCI acid and oxidative leachin
Leaching residue g Leaching residue of saprolitic laterite Albania Euronick
ENICONO39ENICONOZO + oxid3 wp2 Leaching residue after HCI acid and oxidative leachin
Leaching residue g Leaching residue of limonitic laterite Evia Larco. Leach
ENICONO43 coarse ENICONO1 wp2 residue after HCI acig@aching of ROM material.
Leaching residue g Leaching residue of saprolitic laterite Turkey Euronick
ENICONO44 coarse ENICONO2, wp2 Leaching residue after HCI acid leaching of ROM mate

2.2 Sample preparation

Different approaches were taken ftne preparation of sulphide and the laterite orezs sulphide ores

were prepared at University of Exeter, UK, and the laterites at KU Leuven, Bdlgiarno the grain size
additionalcomminutionwas not necessary for most samples cdéeicatthe KevitsaMine, and it was

required only for the stockpile and slag samples. Approximately 10 kg of each was crushed using a jaw
crusher and ground using a copper ring mill. The material was subsequently homogenized, and a rotary
splitter was used to create splité the material.

ROM ore materials were split about four times in a riffle splitter to produce a final sample mass of about

1kg. For each laterite ore, one of these final splits was dried in an oven°&t #remove any moisture

before being screened and jaw crushed (Retsch bb0) until a top size below 0.5 mm, whereas the remaining
splits were stored in their raw format. The crushed material was again split, with half sent for HCI leaching
experiments andhe other half further split into smaller aliquots for characteriesatanalyses. The sample

ALX A0 F2N) 3S20KSYAOIt Fylrfearaa ¢l & FdzNIKSNI ANEdzyR
(Fritsch Pulverisette 5).

2.3 Bulk characterisation
For the quantification oélli KS al YL SaQ St SYSyidlf O2YLRaAldAzy> 3S
after digesting the samples using lithium metaborate fusion or four acid digestion procedures. Major and

minor elements were measured by inductively coupled plasma optical emissiotraggopy (ICES) in a
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Varian 720ES system at the KU Leuven, Belgium. Trace elements were measured by inductively coupled
plasma mass spectroscopy (HB) in an Agilent 7700x IGFS system at KU Leuven.

231 XRF

.dzZf] 3IS20KSYAOIf - wC FylfeasSa 6SNB LISNF2NNYSR 6AlGK
Fisher) at the University of Liége (Belgium). The sample powders were initially roasted at 1000 °C for about
2h in a muffle furnace to obtain the loss on ignitiy®l) content by measuring the weight before and after
ignition. Subsequently, 0.35 g (£ 0.01 g) of sample was mixed with lithium metaborate) flUBO a

sample:flux ratio of 1:11 and melted in a platinum crucible (the crucible was gently agitated the

procedure to homogenize the melt). The molten mixture was poured into a platinum mold to cast the glass
disksto measuremajor elements. A standard program was applied for the measurement of the 10 major
elements Si@) TiQ, AbCs, FeOswota, MNO, MgO, CaO;®, NaO, and BOs(reported as oxides). Calibration
curves were obtained by measuring a series of 47 to 66 international standards (rock samples with a few
minerals and soils).

2.3.2 ICPOES

For the quantification of major and minor elements in the samples, two types of solutions were prepared
and measured in an IGPES Varian 720ES system at the Department of Earth and Environmental Sciences
of KU Leuven (Belgium). For calibration and vabdgburposes, two certified reference materials (GA and
MA-N) were prepared and measured in the same way as the unknown samples, along with procedural
blanks. The two types of solution procedures are described below.

Lithium metaborate (iBQ) fusion route: 100 mg of sample were mixed with 500 mg of LiBia®
homogeneous mixture was placed in a graphite crucible and inserted into-lagated muffle furnace at

1000 °C for 10 minutes. The molten material inside the crucible was quickly poured into a polypropylene
breaker with 50 mL of nitric acid (HB@42M) in a magnetic stirrer. The solution is stirred for at least
another 10 minutes. Once the sample dissolution was complete, the solution was transferré@ tola
plastic bottle. This final solution was measured by-GES after 1/10 dilution.

4-acids (HN&) HCIQ, HF + HCI) digestion route: In this method, kiid@Qsed for the primary

decomposition of a sample (powerful solvent for several minerals, especially sulphides and phosphates,
and organic matter). HCI@® a very powerful oxidizing and dehydrating agent, it has a high boiling point
and replaces other acids in their salts. HF reacts with silicates, forming the very unstable volatile silicon
tetrafluoride Sik, so that Sfree solution is obtained. HCI is used to create a more stabledolation.

100 mg of sample was added to a 15 mL Teflon Savilex vial with a rounded interior. 3 mls {if4NNG

added to the vial, which is then closed with a screw cap and let stay overnight. The next day, the closed vial
was placed on a hot plate and heated at 200 °C for abouthone. The vials were then opened, and the
solution evaporated until a large single drop remained, after about 30 min while gently swirled a few times
in between. 1 mL of HCI(¥r0%) was added to the vials, which were then covered and removed from the

hot plate and let overnight at room temperature. The next day, the closed vials were heated at 240 °C for
about one hour. One more time, the vials were opened, and the solutionozasgd until a large single

drop (about 0.5 ml) remained. 4 mL of HF (48%) wided to the vials and let to evaporate (uncovered) at

240 °C, swirling the vials occasionally, until a single viscous drop was left. White fume} gh&i@ be

present at this late stage, meaning that all HF is gone. It is extremely important to get rid of any traces of
HF because of its highly corrosive nature. Finally, 5 mL of HCI (2.5M) was added to the viscous droplet, the
vial was swirled to homgenize the mixture, covered with the screw cap, and warmed up at 180 °C for at
least 15 min to obtain alear solution. Once a transparent solution was obtained, the vials were removed
from the hot plate and let to cool down to room temperature. The cool solution was transferred to a
volumetric flask and mixed with ultrapure water (M@) until a final volme of 50 mL was obtained.
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2.3.3 ICPMS

The concentration of trace elements in the solutions prepared using thads digestion route was

measured in an Agilent 7700x KOFS system at the Department of Earth and Environmental Sciences of KU
Leuven (Belgium). Before measurement, the solutioesevdiluted (1/5 dilution factor; 1 mL sample + 4 mL
HNQ5%) and spiked with an internal reference (0.1 mL of ISTD = Ir, Rh,Ge).

2.3.4 NiFire Assay

The nickel sulphide fire assay method with telluriurApeecipitation was used to measure the

concentration of theplatinum-groupelements (PGE) in the whole rock samples. The Fempitation

step was necessary to pmncentrate the PGE, ensuring their collection and removing other elements that
could interfere with the measurement. The glasswork used in the preparation stepgs w Ot S ySR g A (
NBIAIFIQ (2 NBY2@S Fye LlaairotsS O2yil YA yeéfidchvengs® ! f
is better than other methods because of its good recoveries and adequate detection limits (Rao & Reddi,
2000; Balcerzak, 2002pnly Os cannot be determined accurately since it forms volatile osmiumdgice

with HNQ during the final dissolution step (Juvonen et al., 2002).

Fifteen grams of powdered sample were mixed with 20 g of disodium tetraborat®@® 10 g of sodium
carbonate (N&CQ), 3 g of clean quartz sand (gi@cid purified and calcined p.a.), 3 g of sulphur powder (
325 mesh, 99.5% purity), and 5 g of nickel powder (AP&ron 99,9% metals basis).

The homogeneous mixture was transferred into a fire clay crucible and put into a muffle furnace at 1000 °C
for 90 minutes. After cooling to room temperature (often on the next day), the crucible was broken and the
nickel sulphide pellet that formed on th®ttom of the crucible was cleaned of any residue of silicate glass
matrix and collected. The pellet was then dissolved in 150 mL of hydrochloric acid (12M HCI) in a hot plate
at 90°C.

After the NiS pellet was completely dissolved, 5 mL of a tellurium solution (Te 1000 ppm) was added and
quickly followed by 5 mL of tin(ll)chloride (S)&blution to induce the precipitation of PGE. This step
resulted in the formation of a black precipitate.

The precipitates were filtered in a vacuum pump system and collected in uth4bix cellulose ester
membrane. The membrane with the precipitate was then dissolved in 5 mL nitrid-é{@)(and 5 mL HCI
and placed into a water bath at 9C for about one hour. After cooling back to room temperature,
ultrapure water was added to reach the final volume of 50 mL. This solution was then diluteld N\d@2%
(1:1) to obtain the final solution for IGRS analysis.

The isotopes®Ru,%Rh,1%%Pd,1%%Pd,8Re,¥r, 19Pt, and!®’Au were measured. To monitor the

instrumental drift,2%Y,%n and?**Bi were used as internal standards. Calibration solutions feME®vere
prepared from a certifiedmuts f SYSy (i asdind®DA 2y 2¥Y3v A GK LINR OSRdzNJ f
unknowns but with no sample powder added) and 2 certified reference madetiiF1 and WGH. -

Gupta, 1994)

23,5 XRD

Bulk mineralogical analyses by Xié&e performed at two different institutionsThe analyses of Ni/Co
sulphide samples were conducted at University of Exeter (Streatham CampuBjuker D8 advanced XRD
with aXET detector and G radiation sourceApproximatelysg of eachsample vasplaced ina glass
holder andscanned withangle8s SG 6 SSy H~ -9 &nd stepSof 0.0g%ubsequent data
guantificationthrough Rietveldrefinementwasobtainedusing GSAB software and utilizing mineral
parameters availablen the literature

The analyses of lateriteelated materialavere performed with a D8 Advance diffractometer (Bruker), using
a XET detector and G#h radiation source, at the commercial lab Qminerals (Belgium). A representative
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subsample of 1.8 g was mixed with 0.2 g of corundum, used as an internal standard, and milled with
ethanol in a McCrone Micronizing Mill. The slurry was spirégsd on a flat surface to avoid the preferred
orientation of crystals (this step is importantrfithe precise identification of phyllosilicates and clay
minerals). Data quantification was obtained with the TOPAS software (Bruker) using the Rietveld
refinement.

2.3.6 Laser diffraction particle size analyser

The patrticle size distribution analysis of théQdisulphide ore was done at the University of Exeter using a
Malvern Mastersizer 3000 coupled witlweet samplefeedermodule Samplevasadded to the distilled

water in the feeder untian obscurityaround 10% is achievetach sample is runtines,and theresults
represent the averagef these runs

The bulk particle size distribution of theteriteswas measured using a Beckman Coulter LS 13 320 laser
diffraction particle size analyser coupled with an Aqueous Liquid Module (ALM) sample feeder at the
Department of Earth and Environmental Sciences of KU Leuven (Belgium).

2.4 Mineral/Particle characterisation

24.1 QEMSCAN

Ore and leaching residue samples were mixed with graphite powder and mourgpdg resin before

being measured in Fieldscan mode (10 um spacing) in a Quantitative Evaluation of Minerals by Scanning
Electron Microscopy (QEMSCAN) system at the Camborne School of Mines (CSM), University of Exeter,
England. The instrument used was a @as650F FEI (Thermo Fisher) field emission gun scanning electron
microscope (FESEM) with two energy dispersiveray spectroscopy (EDS) detectors (6030 SDD Bruker).

The sample was mixed with pure graphite powder to prevent particles from touching each other and to
minimise the effect of differential settlingror the Ni/Cesulphide materials, an extra step has been taken
during preparation, as clumping of particles became an issue during sample prepaasationhich could
potentially be related to the usage of chemicals for flotation. Approximately 5g of homogenized sample
was added to 800 mL of hot water with a drop of soap and stirred in the sonicator for 5 minutes.
Subsequently it was filtered in a-P2um paper filter under vacuum. The procedure was repeated three
times, and after the last one, the samples were put to dry in an oven at 55°C.

2.4.2 SEMEDS

The Ni/Cesulphide ore samples were imageda TESCAN Vega8lUscanning electron microscope (SEM)
using secondary electramaging(SElfor investigation of particle morphology armhckscattered electrons
(BSE)o image mineral texturesusingl0 kV and 15kV acceleration voltages, respectivegm current of

18 nA,and10-15 mm working distanceNe usecdenergy dispersive-Kay spectroscopy (EDfBy quick
identification of the mineral phases present in the samples.

Laterite @amples were imaged by BSE in a TESCAN Mira SEM to uncover the internal texture of the particles
and measured by EDS to identify the elements present in each mineral phase. BSE images were captured
with a 15 mm working distance, 20 keV acceleration voltagd,1 nA beam current. For the EDS analyses,

the beam current was adjusted to 10 nA.

243 EPMA

Quantitativein situmineral chemistry was obtained by wavelength dispersivayXspectroscopy (WDS) in
a JEOL JXA8200 electron probe microanalyzer (EPMA) at Camborne School,afi\thds equipped with
the Probe for EPMA softwarédnalysen silicatesand oxyhydroxidewere carried out using a 15 nA
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electron beam accelerated to 1¥kand & pum spot sizeQulphide analyses wereonducted usingn
electron acceleration of5 kV beam current o0 nA and a spot size of O um.

Separate routines were calibrated for silicatxide,and sulphide minerals. For silicate and oxide minerals,
wollastonite was used for Ca, diopside for ,Mgnandine for FeAland Si orthoclase for K, jadeite for Na
chromium oxide for Crutile for Ti,rhodonite for Mn,tugtupite for Cland apatite for Rand FV,Ni and Co

were calibrated on pure metalSi, Al, and Na were measured using a TAP crystal, Mg and F on TAPH, Ti, Ca,
K, Cl, and P on PETJ, and Ni, Co, Fe, Mn, Cr, and V were measured ugiigldfidnts were measured

in the K line. For oxides and silicates, oxygen was calculated by charge balance to the measured cations
under the assumption that all Fe is?FeVanadium was corrected for interference from theKbiine in the

Probe software.For sulphidesarsenopyrite was used as a standard for As, pyrite for Fe and S, galena for

Pb, pentlandite for Ni, sphalerite for Zn, and Cu and Co were calibrated in pure metals. As was measured on
a TAP crystal, Fe, Ni, Co, Cu, and Zn on LIF, and S and Pb on PENIH (ee, (31, and Zn elements were
measured on their K  f Rbyv&sIneasuredonthe™M f AyS yR ! a ¢ MatrXSIl & dzZNB R
correction used thé’RZ method to translate the raw signal into the composition of unknown samples.

Quialitativecompositional maps are collected atl5 kVaccelerating voltage, with00 nA beam intensity
for sulphides and 80 nifstensity for silicatesgwell times of 5@ns, and pixel size dependent on theea to
be mappedNi, As,Cu,and Cowere obtained by WDS anahyremaining elements by EDS.

2.5 Surface chemistry

2.5.1 Sequential extraction

The threestep sequential extraction BCR meth@hvidson et al., 1998Jas used to analyse samples from
Kevitsamine tailing (high and low sulphur tailings from Kevitsa, and tailings from Outokurhpajirst

step is to extract thexchangeable fraction/acid solubby adding20 ml of acetic acid (0.11M) to 0.5g of
dry sample in a 50 ml polypropylene centrifuge caped tube. The ho#tlshaken for 16 bursat ambient
temperature @pprox.24°C) on an endverend mechanical shaker operating at 40 rpm. The extras w
separated from the solid residue by centrifugation (3000 rpm) and filtered (with 45mm 0.45um cellulose
nitrate filter paper) into a polyethylene container and stored at 4°C for analysis. The resadwashed

with 20 ml of distilled wateandshalenfor 15 min, centrifuged and the washings discarded.

To obtain the reducible fractiomye added 20 mL of 0.5 M hydroxylamine hydrochloride solution to each of

the washed solids frorthe previous step These were then loaded onto an eader-end mechanical

shaker and mixed for 16 hours. Aftdre samples were centrifuged at 3000 RPM for 10 minufgser the
AdzLISNY I GFyd ¢+ a RSOFYGSR | yR ¥ ivé vinghodShe redminkgslid n dnp
with deionized water and centrifuged again at 3000 RPM for 10 minutes. The supernatant wagdecan

FYR FAEfGUSNBR dzaAy3a nodnp >Y t¢C9 a@8NAy3aS FA{GSNAO®D
concentrated nitric acid and refrigerated ready for dilution.

In the third step, we obtaithe oxidizable fractiotby 5 mL of 8.82 M hydrogen peroxide to eaelsidue

These were put in a water bath at 65°C until near dryness. Another 5 mL of 8.82 M hydrogen peroxide was
added using an autpipette. The samples were again left in a water bath at 65°C until near dryness. An
auto-pipette was used to add 25 mL of theM ammonium acetate solution to each sample. These were

loaded into the rotary mixer and extracted for 16 hours. The samples were then centrifugéd@aRPM
F2NJ mn YAydziSao ¢KS adzZLS Nyl idlryd 6Fa RSOFYGSR FyR
was washed using 10 mL deionized water and centrifuged again at 3000 RPM for 10 minutes. The
supernatant was decanted and filteredusing® >Y t ¢C9 &&8NAYy3IS FAfGSNBO® ¢
then acidified using concentrated nitric acid and refrigerated ready for dilution.
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The esidueafter the oxidative leaching wagested with 4mL concentrated nitric acid, 3mL perchloric

FOAR FYR Mp Y[ Ke@RNRTFTEd2NRO | OAR (2 RNRBySaa FT2N wm
remaining materialwrei I { Sy dzLJ Ay pY[ 2F pa KERNRBOKf2NAO I OAR
distilled water. The solutionseve filtered and analysed with IGRSto measure the oncentration of

elements in the solutions. Total metal concentratiamsre calculated as the sum of the concentrations in

the BCR extraction steps and in the residual digestion.

25.2 XPS

XPS is a technique based on the photoelectric effect, where the kinetic energy of electrons is measured.
These electrons mostly come from the surface of the material (considéringtandard XP&chniqué

and is sensitive to the chemical environment of the element. XPS isalopthntitative and qualitative
technique

XPS surface sensitivity comes from the fact that the electrons twesghch the detector with minimum
interference (i.e. change kinetic energy), and only the tomost electrons can do so. In a generalist
approach, it is said that XPS detects around 10nm depth of the material.

XPS data was acquired using a Kratos Axis SUPRA using monochromaidd29.69 eV) Xays at 15 mA
emission and 12 kV HT (180W) and a spot size/analysis area of 70Qim.300e instrument was calibrated

to gold metal Au 4f (83.95 eV) and dispersion adjugiigd a BE of 932.6 eV for the Cu 2p3/2 line of metallic
copper. Ag 3d,. line FWHM at 10 eV pass energy wai@eV. Source resolution for monochromatic Al K
Xrays is ~0.3 eV. The instrumental resolution was determined to2#el at 10 eV s energy using the
Fermi edge of the valence band for metallic silver. Resolution with charge compensation systeiB3mV<
FWHM on PRE High resolution spectra were obtained using a pass energy of 20 eV, step size of 0.1 eV and
sweep time of 60s, resulting in a line width of 0.696 eV for Au. Burvey spectra were obtained using a
pass energy of 160 eV. Charge neutralisation was achieved using an electron flood guitamviht f
OdzNNB4 & TOKIONA 2+ D | F R ¥ O $42VY. Bucaessiu deutrBlisation was adjudged by
analysing the C 1s region wherein a sharp peak with no lower BE structure was olfsgieetla have been
charge corrected to the main line of the carbon 1s spectrum (adventitious carbon) set to 28A8 data
was recorded at a base pressure of below 9 X Torr and a room temperature of 294 K. Data was analysed
using CasaXPS v2.3.19PR1.0. Peaks were fit with a Shirley background prior to component analysis.

The Xray photoelectron (XPS) data collection was performed at the EPSRC National Facility for XPS
Oal I NBStf-t{¢é¢0X 2LISNIF¥iSR o6& /I NRATF ! yYADSNEAGE | Y
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3 Results and discussion
3.1 Task 1.1¢ Ni/Co sulphidebearing materials

Nineteensamplesvere investigatedirom the Kevitsa min€¢Finland)ore processing chain and subsequent

work by the ENICON WP2 team. These saniples Kevitsaepresent differentstages irthe processing

chain of Cu and Ni of the mimadincludes samples of the stockpile, feed to flotati@u, Ni and S tailings,

andCu and Ni concentragg Table 1) Further processed materibl project partners during the work of

WP2 has also been analysed, and compustP/MSP samples, and both acid and oxidative leaching

residues. Wo sets of leaching residues have been analysed, a set of acidic and oxidative leaching of sample
ENICONOO04 performed by project partners at Boliden (samples ENICONO033, ENICONO040; further details can
be found inWP2 report), and HCI leaching performed at KU Leuven.

Two samples were sourcéam other Cabearing mines of Finland. ENICONOQ7 corresponds to oxidized
tailings from the Outokumpu mine, and ENICONOO03 is a sample from tHeoNioncentrates from
Hautalampi. However, despite an initial negative asbestos test, asbesgidentified duringanalysis with
the SEM in the imaging stage and further wawds not conducted with this sample.

In total, twenty-one samples have been investigated following the proposed forensic geometallurgy
protocol proposed by the ENICON consortium.

3.1.1 Investigated flowsheet and sample information

A simplified version of the Kevitsa flowsheet can be found in Flguresummary, the ore is comminuted
through a series of grinders prior to feeding it to flotation, where the sulphilesecovered. Te first
material to be recovered is the @xearing sulphides (chalcopyrite and cubanife)lowed by the recovery
of Nibearing sulphides (pentlandite), atastly, the separation of high and low S tailirysnore detailed
version of the Kevitsa processing flowsheet can be found in the article by Musuku et al., 2016.

A 2 4 A x

¢KS G2NB¢ alyYLES 9bL/hbnnms 02ttt SOGSR FTNRBY GKS YS
that are blended during the grinding process. These comprise both igneous and metamorphic rocks from
the Kevitsa Igneous Complex

While all samples have been analysed, particular emphasis has been placed oiCthed¥icentrate
(ENICONO002BNnd thehigh S tailing$ENICON004Yr leaching experimentg A G KAy G KS O2y i SE
WP2, & these are likely to contain the higheshounts of Ni and Co within the processing chain. The low S
tailings (ENICONOO®Jere the target for creation of pathways for matrix valorisation by Wi8vever,

these samples were not available for analysis prigdhtoclosing of this report and will not barther

discussed.

Ore
N N N

Figure5. Simplifiedschematics of the processing flowsheet of the Kevitsa Mine, Finland, modifieMageaku, Muzinda and
Lumsden, 2016.
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3.1.2 Bulk @rticle size distribution (PSD)
TheENICON samples (excluding ENICONO001 and ENICONO015, which were cahanloMEXRBNd are
not reported herg present P80 betweeB0 and90 um, and P10 betweefhand 12 um (Figure 6)these
samples areelatively homogeneous in grain siZéhe residue after oxidative leachii§NICONO033)

presentsslightly finer grain sizes (P8018 um andP10 of 5um), which is consistent with further grinding
done by our project partners prior teaching.

—ENICONO0O3 —ENICONO04 ENICONOOZ ENICONO12 ENICONO26 ENICONO027 ENICONO31 —ENICONO33
ENICONOO2A —ENICONOO2B - ENICONOO7 ENICONO14 ENICONO25A—ENICONO25B ENICONO40
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Figure6. Particle size distribution (PSD)tloé material sampled at the Kevitsa mine dadching residues

3.1.3 Bulk geochemistry

The bulk geochemistry daf@able 34; 5 shows that theore materialhas a relatively low concentration of
Niand Co(ENICONOO1)vhen compared tdghe enrichmentafter the process of concentration has been
achieved ENICONOO2A and ENICONOOZB3.composition of the orelearlyhighlightsthe mafic

ultramafic nature of the sampleavith high MgO and E&xst, although the sample istdend of different rock
types from KevitsaNegative LOI (i.e., gain on ignition) in the slag samples is due to oxidation, likely of iron,
at high temperaturegvVandenberghe et al., 2010)

We have observed ndearcorrelation betweerincreasein concentrationof Ni and Can the Kevitsa
(Figure 7pampleswith the presence obther elemens, astheir variation can be explained solely by the
processing flowsheet of the minghe sampldrom the Hautalampi Ni/Co concentrate shows the highest
Co concentration among all samples, with a value of up tav2%.
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The sample of the oxidized pyrite tailinggm OutokumpuENICONO007) shows a much lower
concentration of sulphur and metasK Sy 02 YLJ NB R (néd low Satling§(ENIGDAO0K A I K |
ENICONO08).

The two sets of MSP and MHP samples (ENICONO11, 012 from Luikonlahti, and ENICONGiS) &
by WP2 of the ENICON projebave distinct chemistry. The first set is richer in cobalt (12), the
second set is richer in nickglp to ~40%)

The analyses of theaching residues produced by W&2 presented in Table 4; low totals are likely due
to the high concentration of metals (presented in Table 5) and suldihe.acidic and oxidative leaching of
high S tailingéENICONO0Q4how that there is a progressive loss in Fe with each step, as the iniiat Fe
concentration is measureat 45.5wt.% while at the last stagéENICONO033) it is 13:8.%, as expected in
such procedureBoth concentrations of Ni and Co are lower in the residues than in the initial sample,
reflecting the metal extractioduring leachingThere is an enrichment in SI@CaOMgO,and sulphur in

the residues when compared to the initial samgikely related to the enrichment of silicates in the
sample.

The HClleaching residue fthe samesample, ENICONO4ghows a significant enrichment in Sahd MgO

when compared to the initial sample, while there is a drastic reduction in the concentration@#.FEhe
concentration of Ni and Co in the residue is also considerably lower than inghesample However,

sample ENICONO41, which is the residue resulting from leaching of sample ENICONOO2B (Ni concentrate),
shows very high Nind Co concentrationg (4wt.%and 0.4wt.%, respectively, albeit lower than in the

original sample. The concentration of sulphur in the sanfpl&b wt.%) issignificantly higher than in the

original sample. This information suggests that much of the metal budget ditbencentratehas

remained in the residue

Table3. Whole rock composition of Kevitsa sampilesyt.%, measurement by XRF.

Composition measured by bulk geochemical analysis (XRF)
sample Sio2 | Tio2 | Al203 | Fe203tl Mgo [ MnO | cao | K20 | Na20 | P205| Ni% | Co% | Cu% |ox_sunl LOI | total
ENICONOO1| 47 0.3 43 | 123 197 | 0.2 | 122 | 0.2 0.1 0 0.2 0 0.3 | 96.8 | 25 | 99.2
ENICONOO2A 11.9 [ 0.1 09 | 482 | 6.1 0 1.7 0 0 0 10 0.7 2.8 | 823 | 135 | 958
ENICONOO02B 11.7 | 0.1 08 | 498 | 6.1 0 1.7 0 0 0 11.1 | 0.8 28 | 848 | 11.4 | 96.2
ENICONO003[ 9.5 0 1 523 | 4.4 0 0.9 0 0 0 83 | 25 | 1.8 [ 808 13.1 | 938
ENICONO04| 25.8 [ 0.1 2 454 | 12 0.1 5.2 0.1 0 0 1.1 0.1 03 | 922 | 7.1 | 99.3

0 0

0

0

ENICONOO7| 67.6 0 2.1 114 | 4.7 0.1 2.2 0.3 0 0 0.1 88.6 | 9.3 97.8

ENICONOO08| 47.9 0.3 4.3 11.1 | 206 | 0.2 12.4 0.2 0.2 0.1 0 0 97.3 2.2 99.5
ENICONO15| 35.3 0.2 3 54.8 9.2 0.1 2 0.5 0 0.1 0.3 0.2 [ 105.7| -5.4 | 100.3
ENICONO25A 8.5 0.1 0.8 32.3 4.2 0 2.1 0 0 0.1 1.2 0.1 38.6 88 12 100

ENICONO25B 8 0.1 0.8 33.6 4.1 0 2.1 0 0 0.1 1.1 0.1 40.9 | 90.8 12 | 102.8

ENICONO26| 47.1 [ 0.3 4.1 12.1 | 205 | 0.2 123 | 0.2 0.1 0 0.2 0 0.1 97.1 | 2.2 99.3
ENICONO27| 47.4 | 0.3 4.2 115 | 203 | 0.2 12.2 | 0.2 0.2 0 0.1 96.6 | 2.1 98.7
ENICONO31| 46.4 | 0.3 4.2 125 | 199 | 0.2 12 0.2 0.2 0 0.2 0 0.3 96.4 | 2.4 98.8

o
o

Table4. Whole rock composition of the leaching residues produced by WP2, measurereéfusipgn method.

Si0, TiO, Al,O; Fe;0st MgO MnO Cao K,0 Na,0 P,05 Cr,0; Total
with wit wie wite witde wite wite witde wite witle wite witde
ENICONO33 39.5 0.3 1.8 13.5 13.7 0.1 11.1 0.1 0.3 0.02 0.3 80.7
ENICONO40 40.4 0.3 2.0 30.4 13.7 0.1 10.2 0.1 0.3 0.02 0.4 97.9
ENICONO41 23.7 0.1 0.6 16.1 8.8 0.0 2.9 0.0 0.1 0.01 0.1 52.5
ENICONO42 55.1 0.3 2.5 6.9 18.8 0.1 9.6 0.1 0.5 0.00 0.2 94.1
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Table5. Minor and tace element composition efements of interest in sulphabres and asociated leaching residugbdl = below
detection limit, n.a. = not analysed).

Ni Co Cu S Pb Sc Vv Zn As
ppm ppm ppm ppm ppm ppm ppm ppm ppm
ENICONOD1 1873.8 122.8 3052.4 13580.3 2.5 52.8 154.3 54.0 0.5
ENICONOO2A 72917.1 3861.9 19258.7 | 237607.9 34.2 7.0 28.1 n.a. 13.2
ENICONOO2B 77345.8 4312.3 17848.4 | 244042.5 33.7 7.8 28.9 n.a. 20.9
ENICONOO4 9439.0 434.3 2069.5 | 160402.7 15.6 22.5 81.6 76.0 3.4
ENICONOO7 481.0 565.8 1308.4 | 44801.9 20.5 52.8 154.3 54.0 0.5
ENICONOOS 905.9 68.8 362.1 6954.3 4.1 48.0 142.9 44.0 0.4
ENICONO11 119630.2 | 183101.8 77.0 31201.0 5.2 3.4 0.7 n.a. 13.9
ENICONO12 120268.3 | 187205.7 124.2 207448.7 2.5 bdl bdl n.a. 12.5
ENICONO13 425386.7 | 18041.1 251.7 47114.7 139.7 2.2 bdl n.a. 1.3
ENICOMNO14 407379.2 | 16303.8 122.2 234107.6 33.4 0.6 bdl n.a. 1.0
ENICONO15 1277.4 1455.1 1717.2 2967.0 33.8 8.6 48.1 234.0 0.3
ENICONO25A 6841.3 342.1 204216.9 | 217930.6 301 10.2 39.9 n.a. 2.4
ENICONO25B 6386.1 329.0 211059.0| 223915.1 33.1 9.2 37.0 n.a. 4.1
ENICONO26 2072.6 123.2 516.0 11305.5 2.9 47.1 138.9 46.0 0.5
ENICONO27 996.0 73.0 376.4 9197.9 3.8 46.8 141.0 45.0 0.5
ENICONO31 2157.5 128.6 3745.7 14571.2 5.4 47.4 138.1 51.0 0.4
ENICONO33 3239.5 147.7 2654.6 | 131380.3 142.7 32.1 88.3 109.0 23.1
ENICONO40 18151.7 733.2 4827.2 | 108012.1 32.0 28.2 78.8 108.0 11.5
ENICONO41 72816.2 4190.3 1937.9 |353223.1 9.5 12.3 32.5 20.0 12.8
ENICONO42 3432.3 179.8 341.0 54139.2 1.1 40.7 107.8 38.0 0.5
% ®
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Figure7. Elemental chgramsshowingthe chemicalariation ofthe Kevitsa, Outokumpu, and Hautalampi samples.

3.1.4 Platinumgroup elemen{PGEyeochemistry

Platinumgroupelement(PGE) concentrationgere measured in six samples across the processing chain,
from the ore to the Cu and Ni concentrat@ggure 8) We observe a consistent pattern and concentration
in the oreand in the tailings (Ni, Cu, and lowENICONO01, ENICONPENICONO026, ENICONQ@#spite
the removal of sydhides during the processing flowsheet.
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However, the high S tailinggNICONO0O4and Ni and Cu concentratéENICONO002B and ENICONO025B,
respectively)do not follow the same elemental patternand have a much higher concentration of PGE
than the ore and other tailing samples (TaB)eNo PGEsulphide has been found during this study, and
their occurrence in Kevitdaas been described previously @mncentrated to particular layer&Gonzalez
Pérez et al., 20213herefore it is likelythat the PGEccuras trace elementwithin Fe, Ni, andCu
sulphides. Given the modalineralogy of the samplgglescribed in section 3.1.,5} is possible that
pyrrhotite is dictating the patterns for the high S tailings (ENICONO004) and pentlandite is related to the
pattern in the Ni concentrate (ENICONOQO02B), while the highest concentrations of Pt, Pd, and Au are
associated with the Cu concentrate (ENICONO025B)

Given the analytical difficulty of retrieval of the-p&llet in the fire assay procedure for ENICONOO2B and
ENICONO025B, these results represent the minimal concentration ofhle&Esamples may have, and it is
likely that the concentration is higher than reported here.
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Figure8. Pattern of platinungroup elements for the Ni/Gsulphide samples from the Kevitsa Mine; concentration is in logarithmic
scale.
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Table6. Platinumgroup elements (PGEdncentrations (plp) insamples from the processing flowsheet of the Kevitsa . mine

Ir Ru Rh Pt Pd Au

ppb ppb ppb ppb ppb ppb
ENICONOO1 Ore 7.6 9.5 6.8 204.5 128.5 87.6
ENICONOO2B Ni Concentrate 82.3 248.2 109.3 3153.7 | 2375.6 | 625.9
ENICONO04 High S tailing 55.5 163.2 32.3 543.0 337.3 209.2
ENICONOOS Low S tailing 5.7 7.5 3.7 93.7 48.1 53.4
ENICONO25B Cu Concentrate | 120.2 74.5 180.1 8162.7 | 6479.6 | 6749.2
ENICONO26 Cu Tailings 7.9 13.4 5.8 144.8 82.4 57.1
ENICONO027 Ni Tailings 6.4 9.5 4.0 91.4 49.6 55.0

3.1.5 Modal mineralogy

The modal mineralogy of these samples was calculbyeRietveld refinemenifter the X® analysesand
confirmation of the phases inferred through SEM analfSigure 9)The detection limit for XRI3 a few
wt.%, therefore mineralsiith low concentration are unlikely to be picked up by this methddne of the
main rockforming mineralsinferredin the ore sampléhasNi and/or Caas a main stoichiometric
component although we know from the literature thatlivine can host significami (up to 1.4 wt%,
Luolavirta et al., 2015).

Thegangue minerali Kevitsaare amphibole, plagioclase, olivine, chloriserpentine, pyroxengand
calcite.Ni-minerals (pentlandite) can only seiccessfullguantified in the NiCo concentrates
(ENICONOO2A and ENICONOQ2BJ in those samples the remaining mineralogginslar tothe silicates
and carbonates found in the ore. The-€ancentrates (ENICON025A and ENICONO025B) contain both
chalcopyrite and cubanite as phases. No Gghase has been identified in any of the samples.

ENICONOOT | san | [~ I =

ENICONOO2A 19% | 14% I o

ENICONOQ2B 16% [ 2] %

ENICONO03 | 1% =

ENICONO004 | 2% | 7% |;| 9% | 5% | 35% | = Ampﬁibole
[ Plagioclase

ENICONOO7 | 1% ] 7o B = core
= Calcite

ENICON008 | so% | 2 =] = [~ B = oviosce
3 Enstatite

ENICONO15 [ Serpentine
B Olivine

ENICONO025A | #% [ =3 Pyrrhotite

ENICONO25B z?‘r:l?un:::ie

ENICON026 | son | 2 B ~ B Fayalite
[ Quartz

wico | - S =
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Figure9. Modal mineralogy of the Ni/Gsulphide samples studied in ENICON, obtainedray diffraction withRietveld
refinement.

The modal mineralogy of samples ENICONO33 and ENIC@MO40tlined below(Figure 10)Sample 040,
which corresponds to the acidic leaching of further ground sample ENICONGO4 similar modal
composition to its original sample hie there is a very clealifference in the oxidative leaching sample
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(ENICONO33), where tlesulphide is clearly oxidize@here is no change in the silicateénerals
composition.

The HCleaching residues provided by WP2 were not analysed for XRD due to the sample size available.

=3 Amphibole [ Serpentine
[ Plagioclase [ Pyrrhotite

0 48% o 8% 9% 3% 31% E3 Chlorite [ Oxided Fe-sulphide
= Diopside

0 25 50 75 100

Figure10. Modal mineralogy of thecidic and oxidativéeaching residue@ENICONO033, ENICONOdbiined byX-ray diffraction
Rietveld refinement.

The modal analysewhen analysed in tandenvith the data presented in théulk geochemistry data

(section3.1.3) allow for comparison betweethe Kevitsamaterials to samples from other localities. The

Kevitsa NiCo concentrate is compared the Ni-Co concentrate frontHautalampi (ENICONOOBigure 1)1

Although the Kevitsa concentrate has m@entlandite than Hautalamgimodal mineralogy estimates of

41% vs 35%, respectivelihe Co content of the Hautalampi concentrate is much higher, aiv % (vs.

0.8wt.%at KevitsaTable® ® 2 A i K NBIF NRa (G2 GKS dFAfAy3az YSOAi
what is observed in the historical Outokumpu oxidized pyrite tailinggo 50% in Kevitsapposed t06%

in Outokumpy ENICONOQy7although the pyrite tailings have a higher concentration offam the high S
tailings(Table 4)

ENICON002B ENICONO03 R ENICONO007
art

Chalcopyrite ;,‘ E Amphibole Biotite
8% 13% is Aaghiccla

Calcite
% Plagioclase
2%

Diopside
5%
Serpentine
3%

Pentlandite
28%

Pyrrhotite Diopside  cpioe  Plagioclase
9% %

35% pooh Quartz

%

Ni/Co concentrate Ni/Co concentrate Pyrite tailings from Historical oxidized
obtained from Kevitsa obtained from Kevitsa (Finland) Pyrite tailings from the
(Finland) after double Hautalampi mine in Outokumpu copper

flotation process Outokumpu (Finland) mine (Finland)

Figurell. Pie charts of the modal composition for samples from Kevitsa and Hautalampi Ni/Co concentrates, and Kevitsa and
Outokumpu tailings.

The modal mineralogy of the residues of the HCI leaching was conducted using automated mineralogy
(QEMSCANrable7). The main mineralogy of both sampleslectsthe lack of full dissolution of

pentlandite (FeNi sulphide) and/oformation of Nibearingsulphides/sulphatesluring the leaching stage
Although this is not possible to verify with automated mineraldgg to detection limits, it is likely that the
unleached Co is also associated with these phases.
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Table7. Modal mineralogy of the HCI residues ofQ¢i concentrate and high S tailings from Kevitsa,

obtained by QEMSCAN.

Sample Name ENICONO041 ENICONO042
Mineral Volume(%) Sulphur 34.18 8.15
(Area %) Ni Fe sulphides/sulphates 18.02 0.86
Fe Oxides 0.24 0.18
Chromite 0.10 0.27
Ti minerals 0.04 0.13
Pyrite 5.15 0.37
Chalcopyrite 0.61 0.10
Gypsum 4.47 0.75
Quartz 1.95 3.61
Plagioclase 0.36 2.88
K-feldspar 0.06 0.18
Chlorite 0.23 0.69
Mg silicates 13.18 8.99
Mg Fe silicates 6.18 10.45
Ca Fe Al silicates 0.05 0.20
Ca Mg (Fe) silicates 15.11 62.08
Others 0.07 0.10

3.1.6 Mineral texture and chemistof the sulphide ore

This section aims to lodk detail at sample ENICONOO01, the sulphide ore from Kevitsa, in order to provide
a deeper understanding diie initial material, as it has a complex mineralogy due to the blending of
materialsduringthe grinding processlhenickel bearing phase within Kevitsapentlandite while
chalcopyriteis the main copper phase. There is no mineral that is known togigsificant amounts of

cobalt There areeferencesn the literatureabout the presence afickel within olivingLuolavirta et al.,
2018), butrelativelyhigh concentrationof nickel in olivine can only be observedtie NFPGE ordayers
within the intrusion reaching concentrations of up to ut.% (Mutanen, 1997Yanget al., 2013;

Luolavirta et al 20183). Another Nibearing phase described in the literature is millerite, however, that was
not observed in this study. We also have not observed anyte@ing sulphide, although these have been
reported in this intrusion in previous studies.

Through the observation of ten thin sections cut from pieces from ENICONOO1 (Kevitsa stockpile), we
identified two main types of rockthat were blendedn the initial feed to the processing plafEigure 12,

12b, 12c, 12§ The first typecorresponds tgoristine igneous rock andcomprises a group of rocks that has
olivine, pyroxene, plagioclase, aiggheous amphibole as main reékrming mineralsWe observe
chalcopyrite, pyrrhotite, and pentlandite, arids common to see these in close association with magnetite
(Figure 12b, 12c, Figure 18) these rocks, thé&liis associated with pentlandite, whidanalsohost

cobalt.

The second rock groupthe metamorphicocks, where the main rock mineralogy is amphibole (mainly
tremolite) and chlorite, with minor epidote, serpentinand biotitegroup minerals In these rocks, aside

from pentlandite, pyrite is also &\i- and Cebearing mineraligure 12a, 12dFigure 13). The sulphides in

these rocks ee often intergrown withsilicate minerals ooccurdissiminatedwith smaller grain sizes) in

the matrix of the rockMany of the larger sulphide crystals show evidenEsome alterationMagnetite is

far more abundanin these samples than in the ignecBNR dzLJE: 2 F 4GSy o6SAy3 F2dzyR |
mineral, instead of being associated withlphides.
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Figurel2. Reflected light optical images of sulphide ore textufgpsAssociation of entlandite (Ptn) chalcopyrite (ccp) and pyrite
(py) in metamorphic rock, tvere pyrite occurs in altered domains of the graina@dsociation of pentlandite, chalcopyrite, pyrrhotite
(po) and magnetite (magyith an igneous texture; (c) interstitial pyrrhotite and chalcopyrite, smaller grains (<tissgminated in
the surrounding silicate minerals; (d) intergrowth of pyrrhotite and chalcopyrite with chlorite, metamorphic texture.

Metam&phic rocks,
kyrite, mor

Figurel3. Qualitative WDS elemental map&sulphide minerals from sample ENICON®@ghlighting the difference in textures of
the different groups of rocks found in this blended mate¥\drmer colours (white as the maximum value) reflect higher elemental
concentrations and cooler shades (black as the minimum value) correspond to lower amounts.
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We measured the NiGw.%9) content in both silicatend oxide mineralgFigure 14)and as Ni metal in
sulphides The main Nbearing phase is pentlandite, as expected. Howesignificant Ni hasalsobeen
measured in pyrite, chromite, and magnetite (up2@9wt.%, 0.3wt.%, 0.25wt.%respectively)The
content of Ni in olivine can also reach up to Ov@3%, however, it is highly variable withamystals from the
same samplas well adetweendifferent samplegFigure 5). A comlation of available literature data
(Yang et al., 2013; Luolavirta et al., 281Buolavirta et al.,2018l-igure 1pshows the high variability of
the Ni content in olivine within the Kevitsa intrusion, which reaches up tovL% NiO, although such
value has not been observed in our study.
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Figurel4. NiO concentration (mass%) in thein minerals of the rocks that combined represent the sulphidi(EdMEC®001)
Chromite data obtained from literaturé.folavirta et al., 2018b; GonzaiBerez et al., 2021)
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Figurelb. Variation of Nig@mass%) within different thin sections of ENICONO001, showingsianale compositional variation in
the NiOconcentration within olivine.
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Figurel6. Compilation of literature data available on the olivine composition of the Kevitsa Igneous Cofaptget al., 2013;
Luolavirta et al., 2018a; Luolavirta et al.,2018fs report).

For cobalt, however, we do not see the same behaviour. While pentlandite is also the minefabstsat

the higher contents of Co within the Kevitsa ro@ls to approximately 1.4vt.%), pyrite can also host
significant cobalt (up to 2.81.%). It is worth noting that EDS data obtained in the Kevitsa tailings suggest
that the concentration of cobalt can be higher in pentlandite, although we have not been able to observe
this in the rocks from ENICONOOL.

Magnetite and chromite ar€obearing, and can reach concentrations of up toWt26 CoO Most dlicate
minerals have negligible cobalbntent, and the maximum Gdconcentration measured in olivine is 0.12
wt.% (Figure 17)

While we saw variability in the nickel content within olivine, the same is not seen for cobalt, which suggests
a decoupled behaviour between the two elemeffigures 15 and 18)
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Figurel7. CdD concentration (mass%) in th&in minerals of the rocks that combined represent the sulphidi(EMEC®™001)
Chromite data obtained from literaturg.uolavirta et al., 2018Gonzale®erez et al., 2021)
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Figurel8. Variation of CoO (mass%) within different thin sections of ENICONO0O01, showing that there is no variation in the
concentration of cobalt between different blended materials.

3.1.7 Surface chemistiXPS)

Two samples were studied using XBEICONO025A (Cu concentrate) and ENICONO33 (leaching residue).
Other ENICON samples were studied, however due to a server issue, data was not saved properly, requiring
a new analytical run, yet to be conducted.
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The surveyf the Cu concentrate (ENICONO2B/&ure 19reveals the chemical composition of the sample's
surface. Oxygen constitutes the majority at approximately 38%, which is unsurprising given the sample's
composition of mixed minerals. Carbon follows with an atomic percentage of 22%.

The sample contains various silicatesich is reflected by th&8.4%Siat the surface. Sulfur is present at a
concentration of 14%, reflecting th@esence of sulphidesron is detected at 4%, whiteumakes up 1.3%.
Trace amounts of other minerals are also present.
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Figurel9. XPS spectra of sample ENICONO25A, showimgptthes for different elements.

The sample contains two iron species: Iron(lll), which is the majority (~87%), and Iron(ll) (~13%), in an
approximate ratio of 7:1. The fitting was performed by superimposing data from Fe(ll) and Fe(lll) standards

(Figure 20)

Suphur was initially fitted with three components: sulphide (161.3 eV), disulfide (163.3 eV), and sulphate
(168.8 eVY; Figure20. A fourth component near 166 eV is under consideration, though additional evidence
is required to confirm the presence of more sulphur species.

Silicon plasmons were ruled out after analyzing the Si 2p and Si 2s regions. The atomic concentration ratio
for sulfur species is approximately 4:1:2.5 (sulfide:disulfide:sulfate).

Additional data collection is necessary. Preliminary findings suggest the presence of copper in a mixed
oxidation state (Cu(l) and Cu(ll)), with Cu(l) being the dominant form.
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Figure20. Highresolution XP8eak fitsfor iron (left) and sulphur (righth sample ENICONO25&lowing for the discrimination of
the different species of each element.

LikesampleENICORN25A, sample ENICONO®Bimarily consists of oxygen (55%), followed by silicon (~18%)
and carbon (~13%). No copper was detected on the sample's suffagere 21) Sulphuris present at
approximately 9%, while iron accounts for 3%. Trace amounts of other elements were also identified.

Highresolution analysis of iron anslulphur (Figure 22)eveals a notable difference from the previous
sample. Iron is present in botton(ll) andron(lll) states, with a ratio close to 1:4 (Il:IlBulphurexists in two
distinct chemical environments: metal diphlde andsulphate with a ratio of 1:8 (disphide:suphate). This

ratio may correlate with the iron composition, explaining the chemical differences compared to sample
ENICORN25A. Additionally, the absence siilphidecomponents aligns with the higher proportioniodn(lIl)
relative to the earlier sample
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Figure21. XPS spectra of sample ENICONO033, showing the peaks for different elements.
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Figure22. Highresolution XP$eak fitsfor iron (left) and sulphur (right) in sample ENICONO033, allowing for the discrimination of
the different species of each element.
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3.1.8 Sequential extraction

Sequential extraction was conducted for three tailings sampeS,d A high an@ ldw sulphur tailings and
hdzii21dzYLddzQa LEBNARGS GFAfAy3Ta O0ONBaLISOWaAseeSsithe 9b L/ hb
potential for chemical mobilizaon of metals, as metal leachates from mine tailings have the potential to

release toxic metals into the surrounding environment. Tiiree-stepBCR sequential extraction mimics
slightlyacidic(step 1) reducing(step 2) and oxidizingstep 3) conditions.

The three samples exhibit differelgaching profiles for the elements studiegcept forV and Sc, which

are highly concentrated in the residual fractionall three sample§.e. it is mostly not being leached in any
of the experimental conditiorjsTheanalysis of thénigh S tailingéENICONOO4&igure 23showedthat

under acidic conditiongbout 20% of th&nwas released, along witlesser amounts of Cu and Pb. Under
reducing conditions Pb was the main element being leactiedg with some ZrOxidizing conditions are

the most favourable for the leaching of Ni, Co and &ong with some Pb, Zn, and As. Over 50% of the Ni,
Co, Cu, and As remain in the residue, as welbDés of Pb and Zn.

ENICONOO4
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90%
80%
70%

60%

50%

40%

30%

20%

10%

0% —  — ﬁ . — H

Ni Co Cu Pb Sc Vv Zn As

DOStep1l O Step2 Step3 @O Residue

Figure23. Sequential extraction data for sample ENICONO04 $etecton ofelements.

The results from the low S tailings (ENICONOO0S8, Figure 24) show a different leaching/ghill&c and V

remain mostly in the residue as in the previous sample, approximately 10% of Ni, Co, Cu, Pb, As and 20% of
the Zn are leached under acidic conditiobder reducing condition20% of the Pb andearly10% of the

Zn and As are leached. In oxidizing conditions, a significant percentage of Ni, Co and Cu are leached
(approximatelyd5%, 30%, and384q). 60% of the Zn, 75% of the A5% of the Caand 50% of the Pb remain

in the residue.
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Figure24. Sequential extraction data for sample ENICONOO0& $etecton ofelements.

The historical oxidized tailings froButokumpu show yet a different profilgigure 25)In this case, aside
from most of the Sc and V remaining in the residue, As is also mostly retained. Ni, Co, Cu, and Zn are
extractable in both acidic and oxidized conditions, while Rixtiactedin reducing conditions.
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Figure25. Sequential extraction data for sample ENICONOO& $etecton ofelements.

The difference in leaching profiles between differesamplesmight reflect the sulphide mineralogy of the
samples eitherdue toseparate phaseBostinga certain element (e.gdifferent Pbbearing sulphides), or

different proportions of the same sulphide
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3.1.9 Metal deportment and mass balance

The metal deportmenbf the sulphidic ordENICONOOXan be seen in Figure Zbhe nickel deportment
can be divided in several different minerals, the most important being pentla(eb®), with a significant
contribution from olivine £25%) Minerals that contribute to it in a smaller proportion are magnetite,
pyrite, chromite, and pyrrhotite (each less than 5%). The main host of cobalt in the ore is pyrite, which
holds approximately 50% of the cobalt budg®tivine is also a big contributor (&8%), followed by
magnetite (10%)pentlandite (10%), anchromite (2%). Chalcopyrite corresponds to the whole budget of
copper.

Metal Deportment - Sulphidic Ore

m Pyrrhotite  m Pyrite  m Chalcopyrite  m Pentlandite m Chromite m Magnetite m Olivine
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20%
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Figure26. Deportment of Ni, Co, and Cu in the sulphidic ore from Kevitsa (ENICON001)

Once the flowsheet process of Kevitsa reaches the concentrate sEgCONO002Bhe deportment of
metals changgedrastically(Figure 273lue to the changén mineral proportion in the materiapentlandite
hosts almost 100% of the nickel and 90% of the cobalt (the remaining 10% is hosted in @getedpyrite
remains the main source of copper.
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Metal Deportment - Ni concentrate
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Figure27. Deportment of Ni, Co, and Cu in the Ni concentrate (ENICONO002B) of the sulphidic flowsheet.

Thenickel(>9000 ppm, Table %) the high S tailings§NICON0043 hostedpredominantlyin pentlandite,
with asmall contribution from pyrrhotite and pyrite. This samptmtainsapproximately 434 ppm of Co
(Table 5)which islargelyhosted in pentlandite, although therare significant (ca. 10%) contributisfrom
olivine, 7% from pyrite, and 4% from magnetitggain, the budget of Cu éntirely hosted in chalcopyrite
(Figure 28).

Metal Deportment - High S Tailings

m Pyrrhotite m Pyrite mChalcopyrite mPentlandite m Chromite m Magnetite mOlivine

Ni Co Cu

Figure28. Deportmenof Ni, Co, and Cu in the high S tailirgslICON004) of the sulphidic flowsheet.
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It is not possible to determine thgeportmentof arsenic a has a low concentration in the whole rock,
and therefore, its concentration in mineralasbelow the detection limiin the EPMA.

It was not possible to calculate the mass balance betweerKthatsamaterials andeaching routs due to
the unavailabilityof criticaldata at the present moment.
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3.2 Task 1. Ni/Co laterite ores

Chemical, nmeralogical and textural characterizatioflaterite ores and gangue, solid produétsm the
original smelting procesandleachingresidues from WP2; Analyses of main and trace elementsimdral
phases within those samplesiassbalance calculation and flowsheanalysifor metal deportment in
laterite ores & derived materials in WP2.

3.2.1 Investigated flowsheet and sample information
Three leachingestsare investigatedn this report. Although all of them follow a similar flowsheigure),
their conditions varied slightly in the leaching stage.

The first test corresponds to leaching the laterite ores after crushing them below 0.5 mm, producing

residues ENICONO034, ENICONO035, ENICONO036, and ENICONO37. This leaching test was carried out using a
smallscale lab setup with HCI 8 mol/L (acid concembrat, 100 t0200 g/L (S/Lsolidto-liquid ratio),

stirring at 400 rpm for 3 hours &5 °C. Theseesidues are the main references to compare the efficiency

of the process between all samples.

The second test was carried out only with laterite ores ENICONO016 and ENIC@#AA6ing residues
ENICONO038 and ENICONOBSIs test used the same conditions as the previous but with the addition of an
oxidizing agent (¥#0.) during leachinglThe amount of reidue obtained in sample 039 was not enough to
carry out all the measurements in the protocol, with only mineralogical data further reported.

The last test was carried out on laterite ores ENICONO017 and ENICONO28. This time, the input material was
the ROM sample (not crushggroducing residues ENICO®8 and ENICONO4%he leaching conditions

used are similar to the first test with the crushed material 8 mol/L HCI, S/L = 200 g/L, 8 hours, 80 °C, 200
rpm.

In all cases,feer filtration of the pregnant leaching solutiqi’LS¥ontaining the dissolved metals, the
retained solid residues were washed with distilled water to remove any excess acid before following the
same processing workflow as ore samples (e.g., splitting and milling) towards characterisation.

Laterite Ore*
(+30 pym/-5 cm)

Crushing/
Coarse Screening
Ieang"ﬁ]:ﬁ)ed* Crushed
leaching feed*
solid (-0.5mm)
residue*

Leachate solution (PLS)

Solvent ~ metal
Extraction impurities

Ni-Co solution

Ni-Co
ultra-refining

battery-grade
metals

Figure29: Simplified flowsheet representation with the input and output streams investigated in WP1ENXIBON project. The
samples used in this study are in bold and marked with an asterisk.
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3.2.2 Wholerock geochemistry
The laterite oresENICONO016, ENICON017, ENICONO020, and ENIG@M02 in SiQ) FeOs, AbOs, and
MgO, with CaO also important in some cagégure30andTable8). Bulk nickel content varies from

around 1 to 2 mass%, whereas the cobalt content ranges from 250 to 100QTjxtnie9).

Compared to the ores, the leaching residues are enriched ya8DCrQ (Figurg, with similar
concentrations of Co, Zn, and Vaple9). The Ni concentration in all leaching residues is several orders of
magnitude lower than in the ores, whereas Co mostly shows similar ranges between ores and rdsidues

exception is sample ENICONO028, i.e. the sample with the highest grade, where the Co concentration of the

residue is significantly lower than in the ore.

Comparing the different leaching tests, the solid residues do not stigmificant differences their

compositions, with the main variations related to the input materi&lig(re. However, the residues from

the coarse feed (ENICONO043 and 044) contain more Ni and Co than the residues after leaching the crushed

samples (ENICONO035 and 037). This differenged3) is more evident for the limonitic laterite
(ENICONO1% ENICONO035 vs ENICONO043).

The loss on ignition (LOI) of leaching residues was not measured due to the low amount of material
available Negative LOI (i.e., gain on ignition) in the slag samples is due to oxidation, likely of iron, at high
temperatures(Vandenberghe et al., 2010)

Table8: Bulk major element composition (oxide mass%) of laterite ores and leaching residues investigated in thi3adtutby.
FeNi granules (ENICONO023 and 024) are in elemental mass%.

Sample | SiQ | TiQ | AkO: | CBOs | FeOs | MnO| Mg | Cao| NaO | kO | POy | NiO | Cool Lo T(‘j/i";"
ENICONO1 37.0/ 0.02]| 1.0 | 1.2 | 221| 03 | 151 | 8.2 | 0.02 |0.04| 0.02 | 1.3 |0.04| 14.6/101.1
ENICONO1| 36.1| 03 | 65 | 22 | 389| 02| 48 | 22| 006| 1.1 | 0.01 | 1.2 | 0.06| 4.9 |100.3
ENICONO2| 146| 02 | 55 | 1.9 | 539| 05| 3.0 | 44| 004| 01| 0.05| 1.2 | 0.06| 10.8] 97.0
ENICONO2| 36.4| 0.06| 42 | 1.3 | 32.0| 1.0 | 59 | 34| 0.02 | 0.06] 0.02 | 2.8 | 014 15.0/100.8
ENICONO2| 389/ 041| 92 | 23 | 388| 03| 72 | 52| 000| 05 | 0.04 | 0.1 |0.01|-37|99.2
ENICONO2| 440(014| 48 | 1.7 | 276 | 05 | 19.7 | 3.4 | 0.00 | 0.16| 0.03 | 0.1 | 0.01] 25| 99.7

J < < < < < < <
ENICONO2Y 1% | 001 001 | 001 | 781 | o.01| ©04(00| o5y | gor| 004|217/ 1.00| na 1009

< < < < < < < <
ENICONO24 % | 0511 001 | 001! 775 001! 993 | 001l 001 | oozl 003 [242|0.62| na 1025
ENICONO3| 83.0[0.03| 08 | 21 | 10 | 01| 1.2 | 0.2 | 0.04 | 0.05 o<01 0.02| 0.02| n.a.| 88.6
ENICONO3[ 79.9| 02 | 42 | 43| 32 | 01| 1.6 | 01| 01 | 09 o<01 01|00 na.|946
ENICONO3/ 687 03 | 60 | 59 | 28 | 03| 1.9 | 02| 02 | 03| 001 | 01|0.07| na.|86.9
ENICONO3| 84.0|0.06| 2.2 | 1.8 | 1.4 |0.02| 0.7 | 0.1 | 0.02 | 0.02 o<01 0.05/0.008| n.a. | 90.4
ENICONO3| 842/ 0.03| 08 | 1.8 | 08 | 01| 1.1 | 04| 0.05| 0.1 o<01 0.01|0.02| n.a. | 89.3
ENICONO4 726| 03| 58 | 44 | 72 | 01| 2.3 031 01 | 13| 00102002 nal|945
ENICONO4{ 709] 01 | 23 | 1.7 | 20 | .l o6 | .S | S | = | < lo.08sl0o.00 777
e : : © 10.01] ”° |0.01] 001 001] 001 |7C PP Na I

LOI = loss on ignition; n.a. = not analyzed
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Table9: Minor and trace element concentrations (ppm) of elements of interest in laterite ores and leaching residues

Sample Ni Co S Zn| V | Cu| Sc | Pb | As
ENICONO1¢ 10113 | 292 | 116 |152| 80 | 21 | 18 | 2.2 | 1.0
ENICONO1] 9290 | 452 | 529 | 180|176| 33 | 34 | 8.2 | 8.2
ENICONO2( 9646 | 509 | 200 | 262 |224| 64 | 51 | 6.7 | 6.0
ENICONO02¢ 21724 | 1069 | 273 | 274 | 119| 47 | 62 | bdl | 815
ENICONO2] 988 89 |1129| 71 [ 238| 17 | 44 | 29 | 45
ENICONO2] 1037 | 64 | 458 | 190|165| 37 | 32 | 49 | 2.6
ENICONO02{ 216552| 9952 | 722 | bdl | 7 | 707 | bdl | 18 | 931
ENICONO024 241810| 6221|2488 | bdl | 6 |429| bdl | 13 | 75
ENICONO034 150 145 | bdl | 141| 89 | 40| 1.5 | bdl | bdl
ENICONO3Y 809 136 | 512 | 377|180| 8.4 | 12.2| bdl | 1.6
ENICONO3¢ 1206 | 574 | 37 | 733|244 8.6 | 4.0 | bdl | 2.2
ENICONO3] 410 20 72 | 204| 76 | 4.4 | 2.3 | bdl | 24
ENICONO3¢ 105 125 | 39 | 128| 75 | 11 | 1.6 | bdl | bdl
ENICONO4] 1774 | 192 | 617 | 375|151| 14 | 17 | 1.0 | 3.1
ENICONO44 651 29 | 176 | 210| 52 | 20| 3.3 | 0.7 | 57
bdl = below detection limit

Tablel0: Platinumgroupelements (PGEpncentrations (pp) in laterite ores andmelter outputs.

Sample Ru| Rh| Pd | Re | Ir Pt Au
ENICONO1¢ 23.7 | 4.0 | 14.2| bdl | 12.1| 20.6 | 2.2
ENICONO1] 28.3| 4.2 | 7.7 | bdl |17.1| 183 | 2.1
ENICONO2( 47.2 | 8.8 | 20.3| bdl | 22.6| 40.9 | 2.0
ENICONO2¢ 26.8 | 6.2 | 21.1| bdl | 15.4| 29.2 | 3.8
ENICONO2] 3.4 | 05| bdl | bdl | 1.7 | 2.3 | 2.3
ENICONO2] 3.2 | 0.6 | bdl | bdl | 1.2 | 26 | 2.6
ENICONO02{ 632 | 91.1| 255 | 15.4| 365 | 607 |47.1
ENICONO24 187 | 26.0| 85.0| 39.4|93.4| 185 | 14.6
bdl = below detection limit
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Figure30: Semilog line plots showing the concentration of some relevant elemeriteiBENICON laterite ore samples.
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Fe Si AIMgCa Ni CrMn K Ti Co Zn V Cu Sc As

Fe Si AIMgCa Ni CrMn K Ti Co Zn V Cu Sc As
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Figure31: Semilog line plots showing theoncentration of some relevant elements in ENICON lafeaised samples. Missing
symbols represent elements below the detection limit.
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Figure32: Bar plots showing the bulk concentrations of Ni and Co (oxide mass%) in ENICOM¢stediteamples.

3.2.3 Bulk particle size distribution (PSD)

The ROM samples (laterite ores from the stockpile) are the coarsest material investigated, presenting P80
(mark where 80% of particles are smaller than the given value) between 5000 and 7000 um. Tgradégh
sample from Turkey (ENICONO28)risr with P80 at around 2000 urrigure). The residues after leaching
these coarse materials (only carried out for samples ENICONO017 and 028) shovafgdauOand 100

pum, respectively.

The crushed laterite ore samples present P80 between 200 and 300 um, and P10 between 0.5 and 1 um
(Figure). Once moresample ENICONO028 shows smaller particle sizes than the other laterites, especially in
the coarser range (P80 at 40 um). The leaching residues are more uniform in size distribution, with P80
between 20 and 40 um, and P10 between 1 and 3 pum.
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Figure33: Particle size distribution (PSD) of laterite ores (solid lines) and leaching residues (dashed lines).
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3.2.4 Modal mineralogy

The highgrade Nibearing minerals (more than 5 mass% of Ni) asbolanet(ixinoxide), nimite (Ni
chlorite), and népouite (NSerpenting are mainly present in ENICONO028 (the sample withigkest Ni
and Co concentration). Asbolane is the onlyricb mineral phase observed. Although other laterites do
not showsubstantial concentrations of these phaségre and
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Tablell), they host considerable amounts of Neg silicates (serpentine group minerals), chlorite, and iron
oxyhydroxdes (mixed particles of goethite, some hematite, and other iron hydroxides, with a variable
degree of crystallinity including amorphous phgseghich contain minor amounts of Ni or Co (see section
0). Gangue minerals comprise quartz, carbonates (calcite and dolomite), and phyllosilicates (serpentine,
chlorite, talc, and clay minerals) that do not contain nickel.

The leaching residues are largely composed of q@f90%) with chromiteandother silicates occurring
in variable but often minor proportions.

Ore 15% ENICONO16
. Kastoria
Residue ‘
Ore 17% ENICONO17
) Evia
Residue ‘
Ore ‘I ENICON020
. Albania
Remdue‘ 69%
Ore a ENICON028
) Turkey
Residue 89% .E
| 1 1 1
0 25 50 75 100
1 Quartz B Chlorite [ Chromite [ Clay minerals B Carbonates
[ Serpentine [ Nimite B Fe oxyhydroxides [ Talc [ Others
[ INépouite [ Illite (mica) [T Asbolane [ Feldspar

Figure34: Modal mineralogy of laterite ores and leaching residefgisined by SENyased automated mineralogy.
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Tablel1l: QEMSCAN output with theodal mineralogy (area%) of tleNICON lateritbased materials

laterites Smelter slags HCI Leaching residues HC.I i IZDZ.
Leaching residue
Kastoriz Evia Albania Turkey| Larymna Kavardarg Kastoria Evia Albania Turkey| Kastoria Albania
Mineral 016 017 020 028 021 022 034 035 036 037 038 039
quartz 1532 1659 3.36 12.85| 0.03 0.11 92,55 79.17 68.83 89.21 | 90.96 67.21
serpentine 4237 11.22 5.16 16.50 070 033 023 0.35 0.97 0.28
nepouite 0.10 0.00 0.01 0.05 0.001 0.001 0.000 0.000| 0.000 0.000
chlorite 221 16.36 13.40 20.21| 1.80 0.69 032 112 289 259 0.36 1.30
nimite 045 1.08 028 237 0.003 0.001 0.004 0.004| 0.000 0.010
mica 0.11 1277 0.72 0.13 240 059 0.03 0.12 0.57
oxyhyESmides 6.82 1425 49.16 9.68 5.35 5.43 022 023 071 0.37 0.30 0.79
asbolane 0.07 0.07 0.10 3.01 0.001 0.001 0.004 0.002| 0.001 0.003
talc 879 038 081 094 309 261 454 1.23 285 411
smectite 795 19.69 16.27 25.38| 18.52 5.23 0.12 0.15 0.16 0.15 0.19 0.25
kaolinite 0.85 0.04 1.05
chromite 128 3.48 314 222 246 6.19 1247 3.99 3.66 16.39
feldspar 0.08 038 028 0.15 0.01 0.06 028 743 823 1.89 0.39 6.73
calcite 13.04 261 569 0.92 0.04 0.76 0.04 004 0.07 0.06 0.04 0.10
dolomite 067 032 105 4.06 0.00 0.00 0.01 o0.01 0.00 0.01
apatite 0.000 0.008 0.027 0.012 | 0.000 0.003 | 0.000 0.000 0.001 0.000| 0.000 0.001
pyrite 0.06 0.11 0.02 0.01 0.14 0.01 0.10 0.03 0.02 0.02 0.03
ilmenite 0.01 0.06 0.04 0.02 016 038 0.03 0.03 0.51
amphibole 0.64 0.61 046 0.72 23.20 19.44 0.02 001 051 0.03 0.03 0.55
olivine 4.20 55.19
pyroxene 46.81 12.91
Others 0.03 0.02 0.03 0.10 0.01 0.04 0.04 005 036 0.03 0.03 0.11

3.2.5 Mineral grain size
The analyses of average mineral grain sizes show that gangue minerals (quartz and calcite) are relatively

coarser than NCabearing mineralsr{gure). Cobearing (asbolane and chromite) andhbdiaring phases
(nimite and népouite, chlorite, serpentine, and Fg/loydroxddes) are mainly fingrained (< 5Qum), but
largely overlap with other gangue mineralaplel?).
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Figure35: Average grain size of the-8b ore minerals and main gangoenerals observed in the laterite ore samples.
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Tablel2: QEMSCAN output with the average grain gime)(of mineral phases identified in the ENICON laterite samples.

Average grain size (um)
ENICONO016 ENICONO017 ENICONO020 ENICONO028
Mineral (Kastoria) (Evia) (Albania) (Turkey)
Fe oxyhydroxides » 35.9 43.6 56.8 24.2
Fe oxyhydroxides 15.2 15.1 15.1 16.5
(Ni)*
Fe oxyhydroxides (Ni 20.6 17.3 20.5 21.2
Mn)*
Fe oxyhydroxides (Ni 20.7 15.3 17.9 22.1
Cn)*
Asbolane* 18.1 215 19.1 35.0
Chromite » 42.7 40.3 30.0 34.3
Chlorite » 15.8 22.4 28.2 23.7
Nimite* 20.3 18.9 17.4 17.7
Serpentine * 35.7 21.3 27.4 26.6
Nepouite* 16.4 14.7 19.5 15.5
Quartz 62.7 42.2 50.9 42.7
Feldspar 18.0 22.6 21.0 19.3
lllite 16.2 32.6 25.7 -
Kaolinite - - - 33.6
Fe silicates 26.7 26.4 255 25.4
Ca Fe Al silicates 15.8 15.6 18.2 15.4
Ca Mg (Fe) silicates 24.3 17.1 15.7 17.2
Talc 24.4 17.1 28.4 21.0
Calcite 64.2 63.9 103.3 48.5
Dolomite 215 23.8 16.7 37.7
Apatite 14.7 22.6 23.9 30.0
Pyrite 42.0 21.8 14.7 -
Ti minerals 18.3 24.9 17.3 -
Others 19.0 16.5 16.3 15.7

* = high-grade ore minerals (major Ni and/or Co phases); * = low-grade ore minerals,

3.2.6 Mineral texture and chemistry

Nickel and cobalt occur in variable concentrations in several minerals in the laterited-ageseg6). Solid
solutions are common in those samples and minerals are combined into groups to facilitate comparison.
Only where a clearly distinct compositional group is observed, as in the case of nirgteofiMe) and

népouite (Niserpentine), those are disguished from the main group of chlorite and serpentine,
respectively. Higlgrade Ni and Co phases (> 10% NiO or 5% Co0), represented by asbolane, nimite, and
népouite, are only observed in considerable amounts (more than 1%) in the ENICONO028 sanafitiés Cob
mainly hosted by asbolane, with some contributions from chromite and feyoxoddes.The chromite in

the residues also contasra nonnegligible amount of Cd-{gure3737).

The textural features between ore and gangue phases in the laterite ores are quite cofigl®e8). In
many cases, FEabearing minerals are associated with gangue minerals or other ore minEiglg€39).
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Figure36: NiO andCoO concentration (mass%) in the ENICON laterite ores. For samples and minerals not shown, the concentration
was below the detection limit (around 0.1%) and, therefore, is not reported.
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Figure37: CoO concentration (mass%)cimromite grains irthe ENICOMNaching residues frotaterites.
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Figure38: Qualitative WDS elemental maps and reference BSE image (lower leHobBaring mineralsExample texture of
particles containing several mineral grains. The intensity scale (shown on the left) indicates higher values as warséwlciddour
as the maximum value) and cooler shades (black as the minimum value) for lower amounts.

Figure39: Qualitative WDS elemental maps and reference BSE image (upper left) of asbolane (high Ni and Co phase) surrounding a
fractured chromite grain (high Cr phase).

3.2.7 Metal deportment and mass balance

The deportment of metals represents the distribution of a given metal in all minerals present in the sample.
The calculation of this value considers the concentration of the metal imiheral, the proportion of this
mineral in the sample, and the concentration of metal in the bulk sample. The deportment is calculated
with the following formula:
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