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What is ‘geometallurgy’?

GEOLOGY

GEOMETALLURGY

Purpose: Increase NPV



What is ‘geometallurgy’*? O L
g~ H I
i e Through an integrated approach geometallurgy establishes 3D models which enable NPV

optimisation and effective orebody management, while minimising technical and
operational risk to ultimately provide more resilient operations

e Critically, through spatial identification of variability, it allows the development of strategies
to mitigate the risks related to variability (e.g., collect additional data, revise the mine plan,
adapt or change the process strategy, or engineer flexibility into the system)

e To achieve these goals, development of innovative technologies and approaches along the
entire mine value chain are being established

e Geometallurgy has been shown to intensify collaboration among operational stakeholders,
creating an environment for sharing orebody knowledge, leading to the integration of such
data and knowledge into mine planning and scheduling

e Companies that embrace the geometallurgical approach will benefit from increased net

present value and shareholder value
Dominy et al. (2018)



Geometallurgy Matrix concept 0 o

Keeney (2008): Aim is to propagate measured
processing attributes (i.e. A*b, BMWI) down in the
matrix to Level 2 and Level 1
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Geometallurgy Matrix concept 0 o

Full-scale For mine waste characterisation a
complex, geometallurgical matrix approach
high cost

could be readily adopted to de-
risk projects and improve long-
term financial outcomes

Representative sampling and
capturing heterogeneity is a key

issue- this helps overcome it

Requires the embedding of

geoenvironmental proxy tests at

Defined linkages are essential

the earliest LOM stages (i.e.,

Small-scale.  exploration/prefeasibility)

simple, low-cost



The (enviro)geometallurgy tool kit 0 oruage
Handheld tools

Hyperspectral
mineralogy
Simple
chemical tests

.

Automated
mineralogy

‘Next-gen’
technologies

Data mining



Hyperspectral mineralogy I or ueeio

* Challenges encountered when collecting ‘representative’
geoenvironmental samples at early life-of-mine stages

* Increasing ore deposit knowledge will assist with static and
kinetic testing sample selection

* Hyperspectral data measuring VNIR and SWIR active
minerals (e.g., Corescan) and TIR (e.g., HyLogger)

e Corescan: ~2,000 m can be collected per day

* Value-add opportunity by perform geoenvironmental
domaining to support waste forecasting

* |dentify potentially acid forming, non-acid forming and
neutralising domains to enable waste management through
early forecasting of geoenvironmental characteristics




THE UNIVERSITY
OF QUEENSLAND

AUSTRALIA

Hyperspectral mineralogy

Type S?rIIL:g?lj?e Mineral Group Example VNIR Response Rei\[/)vtlﬁse TIR Response
Inosilicates Amphibole Actinolite Non-diagnostic Good Good
Pyroxene Diopside Good Moderate Good
Cyclosilicates Tourmaline Dravite Non-diagnostic Good Moderate
Neosilicates Garnet Grossular Moderate Non-diagnostic Good
Olivine Foresterite Good Non-diagnostic Good
§ Sorosilicates Epidote Clinozoisite Non-diagnostic Good Good
_8 Phyllosilicates Mica Muscovite Non-diagnostic Good Moderate
D Chlorite Chlinochlore | Non-diagnostic Good Moderate
Clay minerals lllite Non-diagnostic Good Moderate
Kaolinite Non-diagnostic Good Moderate
Tectosilicates Feldspar Orthoclase Non-diagnostic | Non-diagnostic Good
Albite Non-diagnostic | Non-diagnostic Good
Silica Quartz Non-diagnostic | Non-diagnostic Good
Carbonates Calcite Calcite Non-diagnostic Good Good
Dolomite Dolomite Non-diagnostic Good Good
Hydroxides Gibbsite Non-diagnostic Good Moderate
D Sulfates Alunite Alunite Moderate Good Moderate
§ Gypsum Non-diagnhostic Good Good
% Borates Borax Non-diagnostic Good Uncertain
- Halides Chlorides Halite Non-diagnostic Moderate Uncertain
> Phosphates Apatite Apatite Moderate Moderate Good
Oxides Hematite Hematite Good Non-diagnostic | Non-diagnostic
Spinel Chromite Non-diagnostic | Non-diagnostic | Non-diagnostic
Sulfides Pyrite Non-diagnostic | Non-diagnostic | Non-diagnostic

Linton et al.
(2018)



Hyperspectral mineralogy I B

Mineral Class map  Chlorite wavelength Chlorite match Geotechnical
photography position intensity parameters




Hyperspectral mineralogy b o

AUSTRALIA

Mixed pixels are
classified based on
the most abundant

spectra

Class map colour
index

[ ] ‘_. |:| Aspectral
L - Quartz/silica

|:| Quartz-carbonate

|:| Carbonate

Core photography Mineral map Carbonate Carbonate match I sericite

match
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Hyperspectral mineralogy

Core photography ~ Mineral class map Sulfide distribution Log Sulfide distribution




Hyperspectral mineralogy

Hyperspectral data Geoenvironmental Domaining Index (GDI)
Coreimages Mineral maps Scaled
—— — Neutralising
Calculated Potential/ Relative
Mineral |4 | Acid Potential | % | reactivity
abundance values values

(Sverdrup, 1990)

(Jambor et al., 2007;
Parbhakar-Fox and
Lottermoser, 2014)

Example
L]
Chlorite: 60 % *0.006 *0.02 = 0.00012
Carbonate: 30 % * 1 * 1 =30
Quartz: 10 % * 0 * 0.004 =0
Pixel GDI =
~30

Jackson et al. (2018) coreccar



Hyperspectral mineralogy

First pass GDI (V2) value risk assessment with sulfides identified defines
5 risk grade classification fields

CIREIE GDI risk grade Description of geoenvironmental characteristics

- 35,000 to -900 Extreme risk Dominance of acid forming minerals. Sulfides identified as first
mineral > 75 %. No primary neutralisers (AP >>NP).
-900to 0 High risk Sulfides common. Sulfides identified as 2" and 3 mineral
<75 %. No primary neutralisers (AP >NP).
Dominated by silica/quartz, sericite, chlorite.
0 to 10,000 Potential risk Few sulfides present, minor primary neutralisers (AP#NP).
Some gypsum present.
10,000 to 40,000 Low risk Carbonate abundance < 50 % (AP<NP).
Carbonate dominates as first Corescan mineral > 50 %.
40,000 to 100,000 Very low risk Long term acid neutralising capacity likely (AP<<NP).

Jackson et al. (2018) . A



Hyperspectral mineralogy
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Sample A: Skarn

Core photography

Classified mineral map

Sulfide recognition

Carbonate identification

GDI V2:
34,370
Low risk

Logged alteration
MAG pH

* Alteration class
# Current sample

Cut Off Controls

Acronymns
Acid Neutralising Capacity
Potential Neutralising Capacity
Non Acid Forming
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Acid Forming
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Uncertain
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Jackson et al. (2018)

core



Hyperspectral

mineralogy
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Sample B: Skarn

Core photography

Classified mineral map

Sulfide recognition

Carbonate identification

+ All data
+ Alteration class
# Current sample

Cut Off Controls

Acronymns

Acid Neutralising Capadity
Potential Neutralising Capacity
Non Acid Forming

Potential Acid Forming

Acid Forming

Extremely Acid Forming
Requires Retesting

Uncertain
Acid Rock Drainage

Select Stage Two Testing
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Static testing=
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sulfide-sulfur;
23% calcite)

Jackson et al. (2018)
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Hyperspectral mineralogy S
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Sample C: Potassic Zone

Core photography Classified mineral map Sulfide recognition Carbonate identification

GDI V2:
-140=
High risk

a0 | ?
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Jackson et al. (2018) core



Hyperspectral mineralogy
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35

NE. ot to scale Class 5 Class 1
30 WASTE SEPARATION
NAF /| NERT -High PAF and high ANC materials.
- i -Nominate for desulfurization, LA-ICPMS
PAF WASTE Ideal ma,:erlal Fo be . : : :
—_ 25 o _ _ used on site as inert line scans to determine commodity
EE - prioritized for stat_lc I waste rock layers, potential and metal leaching issues.
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S - Nominate for LA-ICPMS line lifts etc.. place on PAF material.
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S 15 commodity potential and
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o : - Material ideal for use on !
= 10 ] zone waste rock capping
site as waste rock
capping
5
063 Anomalous Class 4 Class 2
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Article
Forecasting Geoenvironmental Risks: Integrated
Applications of Mineralogical and Chemical Data

Anita Parbhakar-Fox '*(, Nathan Fox 2, Laura Jackson ! and Rebekah Cornelius !

Tia- 1 j as.edu.au (L.J.);

P

ion, University of Tasman
.fox@utas.edu.au
tas.edu.au; Tel.: +61-4-00850831

nia, Private Bag 79, Hobart,

! ARC Transforming the Mining Value Chain Industrial Transforming Research Hub, University of Tasmania,

GDI (unitless)

eCite Digital Repository
Integrating hyperspectral analysis and mineral
chemistry for geoenvironmental prediction

UTAS Home > Researc| h > eCite > Item

Citation

Jackson, L and Parbhakar-Fox, A and Fox, N and Meffre, S and Cooke, DR and Harris, A and Savinova, E,
Integrating hyperspectral analysis and mineral chemistry for geoenvironmental prediction, Proceedings from
the 11th International Conference on Acid Rock Drainage International Mine Water Association WISA Mine
Water Division, 10-14 September 2018, Pretoria, South Africa, pp. 1075-1080. ISBN 9780620806503 (2018)
[Refereed Conference Paper]

100,000

Additional applications when
scanning column feed materials

prior to kinetic testing — results
to be published later in 2019




Handheld tools and chemical tests M or oureveians

Not all are new,
but not routinely
applied for
geoenvironmental
characterisation

Chemical Hardness
Staining measurements

Environmental
Logging

Integration of
results provides
the best quality
information to
f feed into the
. Field chemical geometallurgical
pXRF i tests .

matrix




Handheld tools and chemical tests M or oureveians

Acid Rock Drainage Index (ARDI) 50

d Extremely acid forming
Acid forming 40

Sulphide content: (0 to 10)
Sulphide alteration: (0 to 10)
Sulphide morphology : (0 to 10)
Carbonate content: (-5 to 10)
Mineral association: (-5to 10) *

20

10

d Acid neutralising capacity °

-10
Parbhakar-Fox et al. (2011, 2018)



Handheld tools and chemical tests M or oureveians
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Handheld tools and chemical tests
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@ Total sulphur (wt.%)

10 20 30 40 0 200 400

Mineral hardness (Ls)

800

Potentially
Acid Forming

Carbonate-
breccia lithology

. — 330

EQUOtip

Depth (m)
www w w
SREERR
; ; — . — —r -y ©
‘\J VoV

Mineral oo
hardness to <idd
determine rate o, s
of weathering e | Schist
and predict ok | ST
elution of acid/ 2 \<

neutralisation Non Acid

Forming

Hard

paste pH |E| Classification

0 2 4 6 8 10

Potentially Non Acid ..
Acid Forming | Forming

Parbhakar-Fox et al. (2015)



Handheld tools and chemical tests
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Alizarin Red-S (2g) + Potassium Ferricyanide (2g)

250 ml HCI (2%)

l

Apply several coats of stain

ferroan dolomite: blue

Depth (m)

0

Acid Neutralising capacity (kg H,SO,/t)
100 200 300 400 500 600 700 800 900 1000

Staining

342,508
Samgle [#5156]:

342,548 556
1005156:35819-CCD0074 yel-Comstock_002_0006_S156 Mo comment]

Counts
20000 X000

1000¢

°

Cal 1 6,342, 54 thou raw
XRD | PDF 01.086.2335 ( Mg 064 Ca 536 ) ( C O3 ) Cakto, magnesian
| PDF 01.074-7708 Ca ( MgO 87 FeO 33 ) ( C O3 )2 Dolornde, forroan
| POF 000020022 A -Fe-SiO2-OH
| PDF 00-001-1008 H2 K A3 ( S O4 )3 Muscovite
Cal Cal
Cal Cal Cal cal
Dol | 1 | “ cal Cal
1 ) b Y R A
T r T T T t T
0 x 0 40 50 © n L
2Theta (Coupled TwoTheta/Theta) WL=1,76807

High
ANC

CaCo,

FeCO,

Parbhakar-Fox et al. (2015)



Automated mineralogy 0 By

Mineral Liberation Analyser

Current practice:
Application in
predictive ARD

characterisation

testwork and tailings
characterisation

MOA
g. Target sulphide phases Buckwalter-Davis (2013)
VQ.‘ & characterise grain % Six tailings samples New
&\IQ -

oroperties Caloumet mine, Canada
SPL the

Aranta (2010): 4 waste
rock samples,
Antamina Mine, Peru

Characterise grain

properties for mineral of | Hours [ Parbhakar-Fox (2012):
interest and examine 10 waste rock samples,
associations Lode-Au mine, 9 I0CG

samples, Australia
Edraki et al. (2014): Cu-Au
porphyry tailings

Commonly used techniques do not allow for low-cost
high volume analysis- can XMOD be used?



Automated mineralogy
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XMOD

FEI' Quanta 600

Carbonate Phase

|

Surface Relative AP/NP
| area £ reactivity X value
L — — _I

Sulphide Phase

I
I Surface X Relative % AP/NP
| area reactivity value

L _1

%Z Carbonates

eCognition

‘dot’ image

BSE grain
image

_—— = =

I Surface |1 ;

I dolomite grown

Area out- BSE grain
infilled

<0.1
) Cxtreme Risk

<0.5

ﬂ 2 Sulphides

)  High Risk

<1

Moderate Risk
1-3

Potential Risk
>3

Low Risk
Parbhakar-Fox

>10
) Very Low Risk etal (2017)
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Data mining and machine learning
oran

DATA MINING
FRUITFULGFUN

H 1 3 K L L N o P Q R 5 T v v v x
I_pct BESAs_ppm_8iAu_ppm_BCa_pet_SE'Calc_Chalo CuCN_pperCu_pct BEF_pct_SESIFe_pct BESK_pet_BES'Mg_pct_BEMn_ppm_iMo_ppm_ENa_pct_BE Po_ppm_BS_pct_BESISH_ppm_BiZn_po
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c o F
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21 62

10;

1

3

il

93.12478 0236
036 9365493 292 0.249 716
12 026 85.7662 470 0265 814
14 005 8271919 136 0255 715
01 0.06 86.9116 114 0.255 mm
01 02 90.85916 b3 0.242 627
15 021 88.62058 384 0238 61
0.16 85.89876 73 0219 667
012 5820024 257 0268 835
012 75.00716 268 028 616

nas 2a 10052 are

4 Opportunity to enhance waste A (" Extract more information from " Calculate mineralogy using A

domaining e.g., using Ca and existing data sets e.g., assay data (e.g., Berry et al.,
Mg from assay mineralogy and texture 2015; Beavis et al. 2017;
N (Jackson et al., 2019) y \_ (Cracknell et al., 2018) ) N Howard et al., 2019) )




Data mining and machine learning S

AUSTRALIA

MLA GXMAP image

pyrite
chalcopyrite
magnetite e g -
foldaper faa e il ~roi
carbonate e Fed A 2/10
< 1B: 7110
= 8(C: 7110
: D:1/110
E: 8/10
Ll Total: 25/50
PAF

ARDI
M |A: 2710
. 3 : B: 7/10
x minerals MDPI| Y - 4 T C: 8/10
AR D: 6/10
Article { S S E: 2/10
Automated Acid Rock Drainage Indexing from Drill Total: 25/50

Core Imagery

Matthew J. Cracknell '2*(, Anita Parbhakar-Fox ', Laura Jackson ' and Ekaterina Savinova * .
! Transforming the Mining Value Chain, ARC Industrial Transformation Hub, University of Tasmania, Private Chalcopyr'te . K-feldspar
Bag 79, Hobart, TAS 7001, Australia; anita.parbhakar@utas.edu.au (A.P-F); lauraj0@utas.edu.au (L.J.)
2 Centre for Ore Deposit and Exploration Science (CODES), University of Tasmania, Private Bag 79,
Hobart, TAS 7001, Australia
3 Corescan Pty Ltd., 1/127 Grandstand Road, Ascot, WA 6104, Australia; katerina.savinova@corescan.com.au

Pyrite Calcite




Next gen’ technologies ey

X-ray tomography + XRF

Orexplore core scanning — structural features,
ore and gangue phase morphology

(200 um voxel resolution)

l(g

Sulphide distribution - Pyrite — Rio Blanco
Sunrise Dam tourmaline breccia Cu
deposit

3D A-ARD| assessments



Mine waste: Ore bodies of the future
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New cobalt
resources

Tin and gold
from historic
tailings

Zinc from slag

New indium
resources?

41°S

42°S

5,400,000mN 5,500,000mN

5,300,000mN

5,300,000mN _ 43°S

300,000mE 145°E 400,000mE 500,000mE 148°E 600,000mE
Ve T =P
-— — Sﬂ
% 4]
Redrawn from MRT (2001) S
- —
o
3
by . z
4 TN A~ SR 'S
% ¥ I s j ==
= WK\ B, S\ £ N =
A \ =5 Ve = - LS
— \ R ) K \\ <
Savage Xy e SO Y YL SY Launceston- . = 5
\'R've&- R CACEOSE R P it b 3 o
» "_, Y o . e : ‘:"‘&_w_ari.'-- A v - _“8
- NY ST )/ 7= Rossarden 8
L] o) : pERE 5
Remson " e TR Y =\ " 4
@z@ﬂ- 4 Royal George &
ﬂn_ o S Yo Y = A ] 2
Oid Spray Rt I W B Sam( TAB A" » <0 B ANYT WP e A
Mount g S ‘ 4N
&Lyel 3 ey NG / 2
oo e [$)]
4 Q w
- ~\ S
o
- ol —lo
= : ol =
I \ o 13 \T TR =
1 \ ! 2 ( : ‘,...- - b
e - A < e el
§ s NSNS
e } [ N )
NAPP - = \Yobart 2
(kg HoSOy4/t), Rock  Geochem. N = 8 TG v -
Type Class < 7~ o
1,000 L ARERE | 5 s - =t B e 5
AFR | i * — ; o i ¥ " 2
20 s —
PAFR 1] = |
- NAFR i W iSRG h Lo g
-100 - = s AP N L _s
0 50 i oy ; 3
— e — . 3
kilometers _fad o z
Pt i ! i) I
300,000mE  145°E 400,000mE 500,000mE 148°E

A

NMMG

GRANGE

RESOURCES

A\

METALS XL IMITED

Svedanta

Y
ELEMENTOS LIMITED

2

ng minerals

)2 TARTANA

.



Mine waste: Ore bodies of the future O o it

~—

Milled and
rotary split Chemical and Flotation test Bioleaching Fe-Co-Ni

mineralogical analysis work experiments separation tests

Results confirmed

Bulk samples Sample suitability of Co
. - . extraction via.

(20 kg; n=4) RIEPAIALION biohydrometallurgical
experimentation

Scanning electron Laser ablation

Grain mount microscopy ICPMS
samples

Parbhakar-Fox et al. (2018): https://www.mdpi.com/2075-163X/8/10/454
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Mine waste: Ore bodies of the future
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Processing plant

<7 Haulage
Excavation
Ol'D
*+Tailings mining
*Mechanical excavation
) sTransportation to the mineral processing plant Returned
Mining following
engineering
upgrading Desulphurised
L rougher tails p
*Grinding (p80of 84 pm) / Temporary storage \ g— Flotation
*Flotation (polyscaccharide, PAX, MIBC) = » .
*Regrinding (<38 pm) (Silicate dominated)
p N *Biooxidation
rocessing ¢Iron and Cobalt precipitation (pH controlled) l
Biooxidation (pH 1.3 to 1.6,
40°C, 9K medium)
*Relining and engineering maintenance of the OTD Resid,
+*Emplacement of a vegetation (or hard engineering) cover / RS DEaD \ *
Disposal PEPRIPOSS

dominated)

Residue

sPassive treatment (Fe-compounds)

*Maintenance of the cover
*Monitoring of any water seepages from the new tailings

Reclamation

Waste solutions to be
appropriately disposed

Planning to return and drill up to 5 drill holes @ 60 m depth
perform geometallurgical and geoenvironmental testwork

(Fe oxide and gypsum

' Fe-precipitation
l (pH controlled)
Co-precipitation
(pH and EH controlled

l + NaOH and + NaOCl)

Saleable
Product



Additional uses of geometallurgy data and tools B2 o usansting

4
:
:

TR vy —

Forecast the potential for
future mine wastes to fix
atmospheric CO, (using
TIR data): Develop GHG
consumption index

|dentify ‘soft” zones based

on classified mineralogy:
Predictive dust

characterisation protocol

Spent heap leach
materials: identify and
characterise post-leach

mineralogy
(e.g., alunite-group)

AUSTRALIA

Spent heap leach pile, Croydon Au-mines, QLD




‘Enviro’ opportunities in geometallurgy ue

“Transform how explorers and miners plan and predict mining and environmental
activities, by providing new tools to guide these activities from the initial discovery
through to end of mine life”

Mlneraloglcal & chemical i Sensor-based waste - W Characterisation of
| data analysis to predict g : assessments during 2 historic mine sites and
AMD characteristics operational stages waste to determine reuse

‘Next gen’ technologies Tailings ‘fingerprinting’ New assessment tools and
and new chemical testing during deposition processing approaches
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Thank you

Sustainable Minerals Institute
University Experimental Mine
40 Isles Road, Indooroopilly, QLD 4068

r+61 7 3365 5977 «+61 400 850831
e a.parbhakarfox@uqg.edu.au

MM WM.

~
XN ALy
i i, f_?
-3 B l‘
21y 'S
I
L "y
SV, 8
" _ ) x"
RS LY
. i
: 21 !”
= 0 B
" ' x
' L
¥ ”
G =
| BN ”

' -

.

B9 RO ST JBEM

B «Ra

Bx RN B

T - [ 2

S . E N - s
Lo L. 1 Bl I,

. 0
38

1T
et

MMx REN

08 T - .

T

-3 € wR

]
8
’
P,
5
MY
"
i 8
4
J
L |
v
i
T
:

5
¥
[\ ¥
34

AN FRERN W




