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Sunil S. Gandhi (1935 - 2017)

After working for the exploration industry in Quebec,
Saskatchewan and Labrador (involved in discovery of the
Michelin deposit), Sunil joined the GSC as research scientist
(1977 — 1996) to carry out annual assessments of uranium
resources in Canada.

His research focus was on Great Bear and East Arm regional :
metallogeny, particularly on “Olympic Dam type” deposits that J
would later become known as IOCG deposits. His research in
1980’s and 1990’s was instrumental in the discovery of the NICO
deposit (1994). He was among the first to suggest linkages
between IOA veins and I0CG systemes.

After retiring from the GSC in 1996, Sunil consulted for
exploration industry in Canada and abroad. He continued
metallogenic research at the GSC as a Visiting Scientist and |
published his last synthesis map (southern Great Bear) in 2014. £E
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Corriveauetal.
Short course series contents

1. Introduction

2. Overview of deposit types, distribution, ages, settings, examples, alteration
facies and deposit model

3. The Great Bear magmatic zone and other Canadian districts

4. Alteration facies, prograde metasomatic reaction paths and ore genesis
5. Nato Na-Ca-Fe facies
6
7

Skarns, HT Ca-Fe facies and IOA (iron oxide-apatite) deposits

High to low-temperature K-Fe facies, I0CG (iron oxide copper-gold) deposits, Co-
Bi and K-skarn variants and albitite-hosted U or Au-U-Co deposits

8. Breccias

9. Geochemical footprints and element mobility across ore environments

10. Metasomatic facies as an exploration tool: Example from the NICO deposit
11. Footprmts at granullte faues Example from the Bondy gnelss complex

Great Bear Lak 'e? off™ o E N
ddaanetite-altered strapatolites
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Table of contents

Iron oxide and alkali-calcic alteration systems

I0CG, IOA, affiliated deposits: Classification and main characteristics
Geological footprints: Alteration facies and metal associations
Lithogeochemical footprints: Tools and examples

Prograde and telescoped evolution of alteration facies and deposit types
Olympic Dam

State of knowledge and impacts
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Corriveau et al.

Abstract

Part 2 of the short course series reviews the deposit types,
classification, distribution, ages, settings, alteration facies and ore
deposit models of iron oxide and related alkali-calcic alteration ore
systems. These systems include iron oxide copper-gold (IOCG)
deposits and their Co- and Bi-rich variants, iron oxide—apatite (I0A)
deposits and their rare-earth element-rich variants, some albitite-
hosted U and Au-Co-U deposits, Mo-Re deposits and polymetallic
skarn deposits. The course also discusses the continuum with
epithermal systems and polymetallic vein deposits. Two main _
examples are used, the systems from the Great Bear magmatic zone
in Canada and the Olympic Dam deposit in Australia.

The main references for this chapter include Hitzman et al. (1992),
Hitzman (2000), Williams et al. (2005, 2010), Oliver et al. (2006),
Corriveau (2007, 20173, b), Corriveau and Mumin (2010), Corriveau
et al. (20104, b, 2016, 2017, in press a-h), Mumin et al. (2007,
2010), Porter (20104, b), Rusk et al. (2010), Skirrow (2010), Williams
(201043, b), Montreuil et al. (2013, 2015, 20164, b), Ehrig et al.
(2012, 2017); Barton (2014) and Richards et al. (2017).
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Corriveauetal.
Notes

Previously published figures and photos
included in this short course series are
veiled by a figure caption referring to their
source publication. This editorial choice is
prompted by the importance of linking the
abundant and more detailed illustration of
the ore systems provided in this short
course series with our published description
and discussion of the systems.

In case of copyright issues with material
presented in this short course series, please
contact Dr. Louise Corriveau at
Louise.Corriveau@canada.ca
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Corriveau et al.

Acronyms and abbreviations

I0CG-iron oxide copper-gold deposits; I0+A-iron oxidetapatite deposits F#
IOAA-iron oxide alkali-calcic alteration systems; Grp-group
HT-high temperature; LT-low(er) temperature

REE-rare-earth elements and Y; PGE-platinum-group elements
MLYRMB- Middle-Lower Yangtze River metallogenic belt

GSC-Geological Survey of Canada; NTGS-Northwest Territories
Geological Survey; GEM-Geomapping for Energy and Minerals program

TGI-Targeted Geoscience Initiative

Minerals

Ab-albite, Act-actinote, Amp-amphibole, Ap-apatite, Apy-arsenopyrite,
Bn-bornite, Brt-barite, Bt-biotite, Cb-carbonate, Cc-calcite, Ccp-chalcopyrite,
Cct-chalcocite, Cof-coffinite, Cpx-clinopyroxene, Cum-cummingtonite,
Ep-epidote, Fl-fluorite, Gn-galena, Grt-garnet, Hbl-hornblende, Hem-hematite,
Kfs-K-feldspar, Mag-magnetite, Mol-molybdenite, Pl-plagioclase, Py-pyrite,
Rbk-riebeckite, Ru-rutile, Scp-scapolite, Sd-siderite, Ser-white mica (sericite),
Sp-sphalerite, Sil-sillimanite, Sul-sulphides, Ttn-titanite (Whitney and Evans
2010)
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Corriveauetal. 10

Iron oxide and alkali-calcic
alteration ore systems




Corriveauetal.
Iron oxide and alkali-calcic alteration ore systems

A series of fluid-rock reactions triggered by high salinity fluids across high geothermal
gradients in tectonically active settings (800 to 250°C; spatial extent ~35x15x10 km)

Intense and pervasive Na, HT Ca-Fe, HT-LT K-Fe, LT Ca-Fe-Mg metasomatism leads to:

" |OCG — Iron oxide copper-gold deposits: polymetallic, base and precious-metal
hydrothermal deposits with economic copper (* gold)

(Williams et al. 2005; Groves et al. 2010; Porter 2010a, b; Williams 2010a, b; Skirrow 2010; Barton 2014)

* |OxA — Iron oxidexapatitexREE deposits: magnetite dominant, Ti-V< igneous Fe-Ti-

V-P depOSitS (Hitzman et al. 1992; Porter 2010 a, b; Williams 2010a, b; Knipping et al. 2015; Tornos et
al. 2016, 2017)

11

= Albitite-hosted UxAu *Co; albitite-hosted ‘orogenic’ Au-U; some skarns, mantos,
Mo-Re and alkaline intrusion-related iron oxide deposits

(Porter 2010a; Wilde 2013; Corriveau et al. 2014, 2016; Montreuil et al. 2015)
= Epithermal polymetallic mineralisation (Mumin et al. 2010; Kreiner and Barton 2011)
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Corriveau et al.
DePOSItS and prospects discussed in text ~-175-0

; ; ) Southern Urals \
West Coast '8

e o ‘ pal:

Insular Belti. 3 g vy oF e i ’f’ -

nsuiar be -lron Rangeg;j_\ .M g‘.-‘ '_ 7 - UKerVOgrad Abagon Q’ax,aj
Idaho Co B Cobequid-Chedabucto, NSRS & @E. Tianshang.. = /

‘ ¢ SauAtdS‘::‘;vrlladr;% l‘:’MId Atlar?tm Iron Belt - - Saml % lAvmk _ﬁBayan OboFDLlaﬂShanguan

SE M|§sour| Ossa Moreno).. w e, ] = Sl Yangyang

. rCOIeS'Hi" Tam.'at-Menhouhou Oued Be!f D|vr|g| \'B af fﬁ‘\“—* MLYRMB(Yangtze)

3\ "'"'\\\:

Durango (Cerro de Mercéc%‘%) ) Guelb Moghrem "N\ ‘\:Ar Rayn\I \%Khetnl RO’"’ angdlan (LalaYDahongshan)

. e . (Akjouﬂ)

Pefia Colorada, El Encino : 3
. k n DLarafeHa Loraboue . N i ,,,J

Chutla Nk __'Kurupung ' -

Salobo, Cnstahno | NI Itataia¥Bonfim
Sossego etc.” 3 Caraja; , :

W 4 Tura:{rdfh Q Sht!u

wyy bR g-fj CIoncurry Mtlsa
o k d - 3 “"‘Mary&(_athleen
spinharas (Ufilian arc S, w.zgdErnest Henry

. oy
Peruvian Coastal Belt " \: % _JLagoaReal Kltumba‘Kantonga AU E!.-(‘J't-Swan-

Kombat. :
Raou! Condestable, Justa, Marcona { Shiyela, INCA. Reptuel t Phalaborwa
Candelgrr;éle!lelgrli;gr\:gr%g Central - Verg 9"099 ‘ '
HE konera Mg Y ’ Promment(l)—!’%??g;ck%ﬁ*\urnamona

i |0A, I0CG, I0AA-related skarns and variants ~ Carrapateena, Hillside
b Khamsin, Acropolis

W Albitite-hosted U, Au-Co-Cu ad Wirrda Well

m.Prospects of interest - Punt Hill (skarn)

Districts / deposits |
© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018 Sources Of |nformatlon at Sllde 50

| Ld |
Jo )] OualResources  Ressourcesnaturelles  Modified from Corriveau 2007; Porter 2010a Canad

Canada Canada



Corriveau et al.

Canadian deposits and prospects

@ |I0OCG deposits <33Mt 3
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Corriveau et al.

Historic perspective

1975: Discovery of Olympic Dam defies existing ore deposit models.
Deposit resources has increased steadily from 2000 Mt to current 10400 Mt

80s, early 90s: Discovery of Candelaria (Central Andes, Chile), Ernest Henry
(Cloncurry district, Australia), and Sue Dianne and NICO (Great Bear, Canada)

1992: Hitzman et al. suggest the existence of a distinct class of “Proterozoic iron
oxide (Cu-U-Au-REE) deposits” using three main case examples: Olympic Dam, Great
Bear magmatic zone, Norbotten district (Sweden).

2000, 2002, 2010: Publication of “Hydrothermal iron oxide copper-gold and related
deposits” volumes 1 to 4 (Porter 2000, 2002, 20103, b)

2005: Publication of a discrete synthesis paper on IOCG and IOA deposits in the
Economic Geology 100t Anniversary Volume (Williams et al. 2005)

2008+: Chemical discriminants (Benavides et al. 2008a, b; Montreuil et al. 2013)

2010: Publication of “ Exploring for iron oxide copper-gold deposits: Canada and
global analogues” (Corriveau and Mumin 2010, > 660 copies sold) including
empirical classifications of IOCG IOA and affiliated deposits (Williams 2010a, b)

2016: Economic Geology v. 111 on the Missouri and Great Bear districts

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveauetal.
IOAA deposit continuum

Extraordinary range of polymetallic hydrothermal deposits

Can host most metals required for modern and future technology

= Base metals (Cu, Ni, Pb, Zn), Fe, precious metals (Ag, Au, Platinum-group)

= Rare earths, strategic metals (Bi, Co, Mo, V, F, Nb), nuclear metals (U, Th)

= Industrial material (magnetite, vermiculite, apatite, fluorite, albite)

= Anomalous concentration of nearly the entire periodic table within systems

Form new mines and districts worldwide with resources reaching 10,400 Mt total
resources at the Olympic Dam (Australia) worth about

= 700 billion CADS Cu (order of magnitude in 2017)
= 185 billion CADS U (order of magnitude in 2017)
= 160 billion CADS Au (order of magnitude in 2017)
= 7 billion CADS Ag (order of magnitude in 2017)

U-Th-K: source of heat for geothermal energyj
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Corriveau et al.

Deposit spectrum and continuum

Iron oxide and alkali-calcic

Skarn, Fe skarn

Alkaline intrusion | -\ alteration ore systems ~a MLYRMB
REE, F. P, Fe, PGE / . replacement

Ul ’ \ nolymetalli

eese / I \ \ I

\
N I0A

Albitite-hosted

U, Au-Co-U breccia/ Kiruna .
replacement/veins; replacement/breccia
o-Re Merli Fe-REE-P

I0CG Mag-Grp
Ernest-Henry

I0CG Hem-Grp
Olympic Dam

|
|
1
|
|
|
v

N 7
K skarn 'ironstone’ hosted _ s
Hillside breccia/replacement”
breccia/replacement Cu-Au-Co

polymetallic

L -
Graphitic sediment-
Epithermal, 5 element and ‘orogenic’ veins~~-hosted Cu-Au (ISCG

with U, Au, Co, Ag, Ni, Bi (includes remobilisation of
original metal endowment)

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Porphyry Cu-Au
Volcanic-hosted U +
other U deposits?

Modified from Mumin et al. 2010
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Corriveau et al.
|OCG, I0A, affiliated deposits

= Definition, main characteristics
= Classification and continuum

" Location

“Ages

o

Lo

Ernest-Henry,
Cloncurry district,
Australia
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Celebrating 1 751'5 @

5cm Mantoverde; Chile >
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10CG

Hydrothermal epigenetic mineralisation
(breccia, vein, replacement)

19
CEIebratIng175rs

>

Among >15-20% iron oxides (magnetite,
hematite, Ti in oxides < in Fe-Ti-P
deposits)

With copper * gold resources

Local to lithospheric structural controls

Within highly diagnostic 2P
iron-oxide and alkali- . '
calcic alteration systems
coalescing across < 35 x
15 x 10 km (length-
width-depth)
Hitzman et al. 1992; Williams et al.
2005; Corriveau and Mumin 2010; L GRS E B o L
g(l)illgr et al. 2004, 2009; Rubenach s : llecfgbfb;]m
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Corriveauetal.
Ore zones

= Polymetallic
"< 6 x1x 2 km) (length-width-depth)

* Cu sulphides (chalcopyrite, bornite,
chalcocite) content greater than Fe
sulphides content in the ore (but not
throughout the entire system)

20
Ce:ebraﬁng175'5

._'i,\_/_lag-Kfs stable

" Fe oxides (magnetite, hematite,
+martite, tmushketovite) content
greater than Fe sulphides content
(pyrrhotite-pyrite)

" Ni-, Pb-, Zn- sulphides, Ag-, Co-, Cu-, Ni-,
U- arsenides, Ag-, Bi-, Co- tellurides,
native Ag, Au, Bi and Cu, and electrum

= Little hydrothermal quartz but abundant
syn-post mineralisation carbonate

-

Williams lcm

~ Olympic Dam,, cdllegtion Qf‘~i3.
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Corriveauetal.
Metal associations in ores

Olympic Dam, Australia

Host most metals required by society 10,100 Mt at
(0]
= Base metals (Cu, Ni, Pb, Zn) and iron 0.78% Cu,
) : | GE 0.25kg/t U,0,,
Precious metals (Ag, Au, PGE) 0.33 g/t Au,
= Rare earth elements (light to heavy REE) 1.0 g/t Ag
= Specialty (strategic) metals (Bi, Co, Mo, V, F, Nb) (+~0.3% LREE, 0.01% HREE)

BHP 2017; REE numbers —
personal comm.

= Actinides (U at low grades, also Th)
= U-Th-K potential source of heat for geothermal energy
+ P, Se, Te, Zr, As, B, Ba, Mn, W, ...

Combine atypical metal associations

Fractionation and decoupling of elements
that normally occur together

Potentially very large tonnage, PrTae e L e
intermediate to low grade Hitzman et al. 1992; Hizman 2000; Williams e't aI. 2005;
Corriveau and Mumin 2010; Groves et al. 2010; Williams
20103, b; Schofield 2012

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveauetal.
Mineralisation styles and hosts

= Breccia, stockworks, veins

= Disseminations, replacement
= Mantos, skarn

= Stratabound, discordant

* In any host rocks

= At any stratigraphic levels

= Among units of different ages

= Within a single system, deposits can be A
hosted in volcanic, sedimentary, intrusiveSas s
and metamorphic rocks :

* Immediate host are intensely
metasomatised at K-Fe alteration facies,
i.e., HT K-Fe with Mag-Kfs-Bt
parageneses and (or) LT K-Fe with Hem-
Ser-Chl-Cb parageneses

A consequence of metasomatic growth

of ore systems

Hitzman et al. 1992; Oliver and Bons 2001; Wang and Williams
2001; Williams et al. 2005; Oliver et al. 2006; Corriveau et al.
2010b, 2016; Porter 2010a; Williams 2010a, b

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveauetal.
Reference I0OCG deposits

Hematite-group IOCG deposits (Hem>>Mag; classification of Williams 2010a)

= Olympic Dam, Carrapateena, Prominent Hill (Gawler craton, Australia)
= Mina Justa (Central Andes, Peru)

Magnetite to hematite-group I0OCG deposits (+low-Cu variants)

= Sue Dianne (Great Bear magmatic zone, Canada) |
= Raul-Condestable (Central Andes, Peru)

= Mantoverde (Central Andes, Chile)

Magnetite-group 10CG deposits
" Ernest Henry (Cloncurry, Australia)

= Candelaria (Central Andes, Chile)
= Sossego, Salobo (Carajas, Brazil)
= Guelb Moghrein (Mauritania)

= Boss (SE Missouri, US)

I0OCG-hosted skarn and K-skarn variants

= Hillside (Gawler, Australia)
* Hannukainen (Finland), Kaunisvaara (Sweden)

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

Olympic Dam

Thousand tonnes Million tonnes Million oz

U3Oq Copper Gold OD Total Resource
30 June 2017

2500 & Current Production 140 No Canadian  ~7600 No Canadian
 Olympic Dam 120 deposit within deposit within 10,100 Mt @
2,000 @ McArthur River 4, the top 10 the top 10 0.78 % Cu,
L 500 * Inkai . 200 250 ppm U;0q,
’ e Cigar Lake 150 0.33 ppm Au,
1,000 60 1 ppm Ag
40 100
500 20 50 OD Total Metal
Endowment
P Sccconesmee " ssesSgeage ? ecSzuzgess ~80 Mt Cu
<SZEH SZE88 S58ctaz8258 ERZ2PESS 5
as"35Ts £ sTEgOosgLsd S80gEsg: £ ~2600 kt U,0,
ze 3 £ 30 mz2oUo o233 ¢ ~110 Moz Au,
S S 3) (@) 5 Ao 3
so £ = S 858 = ~320 Moz Ag
> E > § O > z
O =< Source BHP ) o

Chart depicts contained metal. Sources: Company Annual Reports, press releases and International Atomic Energy Agency (BHPB figures as at 30 June 2015, all other figures as at Sep 2014). Witwatersrand figure is BHP Billiton
estimate and is approximate only. # Based on Codelco reported figures at 0.2% Cu cut-off grade. BHP Billiton Mineral Resources for Olympic Dam and Escondida district (includes Pampa, Pinta Verde and Chimborazo) are on a 100%
basis. The FY2015 Mineral Resource information for Olympic Dam and Escondida district on this slide is extracted from the report entitled BHP Billiton Annual Report 2015. The report can be viewed at www.bhpbilliton.com. The company
confirms that it is not aware of any new information or data that materially affects the information included in the original market announcement and, in the case of estimates of Mineral Resources, that all material assumptions and technical
parameters underpinning the estimates in the relevant market announcement continue to apply and have not materially changed. The company confirms that the form and context in which the Competent Person’s findings are presented

have not been materially modified from the original market announcement. BHP BiIIiton 2015: BHP 2017
)
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Co-rich I0CG variants conins [ 7 5= ()

Idaho Co belt (US)
Mt Cobalt ? (Cloncurry, Australia)

NICO (Great Bear, Canada) At the Au-Co-Bi-Cu NICO deposit and

= yw B other Co-rich IOCG variants, HT Ca-K-Fe
e § | amphibole-magnetite-biotite alteration
+ HT K-Fe alteration + arsenopyrite, Au,
Co, low Cu mineralisation cut and
replace earlier Na or least-altered
metasedimentary rocks

Goad et al. 2000; Corriveau et al. 2010b, 2016; Mumin et al. 2010; Slack
2013; Acosta-Gongora et al. 2015a, b; Montreuil et al. 2015, 2016b
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What is NOT an IOCG deposit sensus stricto

but can be components of ore systems forming IOCG deposits

Polymetallic deposits devoid of significant iron oxides (but siderite-rich breccia
can be good targets for affiliated deposits)

Iron oxide-apatite deposits (“Kiruna-type” / IOA) and other iron oxide bodies

Polymetallic magmatic-hydrothermal iron deposits with Nb and REE as
important economic commodities

Albitite-hosted U and Au-Co-U and hematite-hosted U
Skarn and porphyry deposits

Nomenclature used for IOCG deposits

|OCG: Iron-Oxide Copper-Gold deposits See also Williams et al. (2005), Williams

. (20103, b), Groves et al. (2010) for strict
Fe oxide Cu-AutU definitions of I0OCG deposits.
Olympic Dam and Cloncurry types Hitzman et al. (1992), Corriveau (2007),

Porter (2010a) and Corriveau et al. (20103,

FeOx b, 2016, 2017) discuss the importance of
an holistic system approach to exploring
© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018 I0CG deposits in under explored terranes
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28
Iron oxide-apatite (IOA) deposits o175 @

Iron oxide deposits (30-50% Fe) with or without rare-earth (REE) mineralisation

Also called Kiruna type (N.B. volcanic-hosted Fe and porphyrite Fe in Chinese literature)

= Kiirunavaara (682 Mt, 47.5% Fe) in the IOA-IOCG
. Norbotten district, Sweden
~ = Oak Dam (~560 Mt , 41-56% Fe) (+ Cu, U, Au) in the
% 10CG-skarn Olympic Cu-Au province, Australia

= Marcona (~1940 Mt, 55.4% Fe) (+ Cu) in the I0OA-
IOCG central Andes province, Chile and Peru

= El Laco (734 Mt, 49% Fe) in the Andes

J“¥ " = Pea Ridge (161 Mt, ~ 54% Fe; 0.2Mt, 12% REE) in the
% I0A-10CG SE Missouri district
= " Bayan Obo (China) IOA(?) associated to carbonatites
= 1500 Mt @ 35% Fe
= 57 Mt @ 6% REE,0,
© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018 2 Mt @ 0.13% Nb205
[ §d|
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Corriveau et al.

Ore and metasomatic facies

= Same sets but different proportions of

alteration facies as I0CG deposits
(i.e., Na, HT Na-Ca-Fe and HT Ca-Fe alteration facies
at deposit to regional scale)

REE-rich variants replaced or spatially
associated by Ca-K-Fe or K-Fe alteration

= Skarn (clinopyroxene, garnet) common
among IOA ores

HT Ca-Fe (Act, Amp-Mag) assemblages
are distinct from and should not be
included as skarns

fertile HT Ca-K-Fe (Apy) and K-Fe alteration (Ccp, U)

7=

Commonly fine grained

= Massive, vein, stockwork, breccia ores

Badham and Morton, 1976; Hildebrand 1986; Hitzman et al. 1992;
Williams et al. 2005; Corriveau et al. 201043, b, 2016; Naranjo et al.
2010; Porter 2010a, b; Williams 20103, b; Yu et al. 2011; Zhou et
al. 2013; Knipping et al. 2015; Bilenker et al. 2016; Tornos et al.
2016, 2017; Zhao et al. 2016, 2017a

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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* Formed at depth within IOAA systems that
evolved to IOCG mineralisation (Great Bear)
or emplaced at or near surface (El Laco)

= High to very high temperatures (600-800°C)

= Conclusive field evidence of metasomatic
attributes (replacement, breccia filling,
fluidisation breccias)

= Alteration can preserve or destroy protolith
textures

= Regularly associated with andesitic
magmatism, commonly above the roof of
intrusions

* Iron oxide melt inclusions in coeval andesites

= Highly saline magmatic-hydrothermal fluids
stemming from coeval magmas and
interacting with host rocks

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveauetal.
Genesis

Are magmatic-hydrothermal fluids solely
responsible of ore genesis?

Magnetite in breccia matrix and replaces frag_ments |
Ore deposit models invoke: S 4 Gt b

* Metasomatism, magmatic- hydrothermal
alteration, highly saline fluids '

»

* Iron oxide magmas (immiscible from
silicate magmas); melt attributes include
iron oxide melt inclusions in coeval
andesites

* Iron oxide salt melt
* Fluidisation of hydrothermal precipitate
* Flotation of igheous magnetite

Metasomatising agent(s) and Fe carrier(s) :
must also produce all other alteration
facies
See: Hildebrand 1986; Hitzman et al. 1992; Williams et al. 2005; Corriveau et al. 20103, b, 2016, unpublished;
Porter 20104, b; Williams 2010a, b; Chen 2013; Knipping et al. 2015; Li (W.) et al. 2015; Bilenker et al. 2016;
Tornos et al. 2016, 2017, Zeng et al. 2016; Zhao et al. 2016, 2017a

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Affiliated deposits

Mdg-'KfS-U brecciain
__ea.rligr __albit_i_t_es

‘:a; u:f :

Albitite-hosted U

e Valhalla (Mount Isa, Australia) 34.7 Mt at
830 ppm U;0,

e Lagoa Real (Brazil)

e Michelin (Canada) 37.5 Mt at 0.10 % U0,

e Southern Breccia (prospect; Great Bear,
Canada)

Albitite-hosted AutxCozU

e Kuusamo (Finland) 3.8 Mt at 4.1 g/t
Au, 9.1 Mt at 0.12% Co

e Larafella, Loraboué (Burkina Faso)

e Turamdih (India)

e Romanet Horst (prospects; Canada)

Alkaline intrusion-related
e Bayan Obo (China) here interpreted as an I0OA
e Phalaborwa, Vergeneog (S. Africa)

Mo-Re deposit
e Merlin (Cloncurry, Australia) 6.4 Mt at
1.5% Mo, 26 g/t Re (reserves)

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveauetal.
Albitite-hosted U, Au=U=Co

" In regional-scale albitites associated with iron oxide
alkali-calcic alteration mineral systems

= Michelin, Kitt (Central Mineral Belt); Romanet Horst;
Southern Breccia (Great Bear) (Canada)

= Kuusamo (Finland)

= Valhalla (Mount Isa, Australia)

= |tatalia (NE Brazil) ¢ s Dol

= Occur in Cu districts of uncertain affinity with respect
to iron oxide alkali-calcic alteration systems (e.g.,
Turamdih, Singhbhum Shear Zone, India)

= Spatial+temporal association between
= albitite and U mineralisation
= albitite and I0CG (e.g., Cloncurry)
= U precipitates AFTER albitisation
= Albitites: a structural, porous fluid corridor and a

chemical (?) trap for U

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018

Gandhi 1978; Porto da Silveira et al. 1991; Béziat et al. 2008; Cuney and Kyser 2008; Kerr and Sparkes 2009; Skirrow et al. 2009; Wiliams 2010a;
gg{g\éezéu et kal. 2200111 7 Cuney et al. 2012; Rubenach 2012; Wilde 2013; Dragon Mining 2014; Kontonikas-Charos et al. 2014; Montreuil et al. 2015,
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Corriveauetal.
Albitite-hosted U, Au==U=Co

Also called
* Na-metasomatic U o TR R ;
" Metamorphic-metasomatic U ,'-'flb't'f J_“,;!-_‘QW'[?,_ VCOR NV e
* Albitite-hosted AutU+Co vein = ai@iiii s S o 5P
= Orogenic Au-Co-U (e.g., Kuusamo {i :
in Finland; Laraboué, Larafella in A SN
Burkina Faso)

-
. _wl*

Multiple stages of

= Na (Ab * Rbk, Na-Cpx),

= HT Ca—Fe (Amp, Cpx, Mag),
= K (Kfs),

= HT K-Fe (Bt) metasomatism

Commonly syn-deformation + EkeEE T = W . f 2ocm
LT Ca—Fe—Mg (Chl, Cb, Hem)
overp rints Gandhi 1978; Porto da Silveira et al. 1991; Béziat et al. 2008; Cuney and Kyser 2008; Kerr and

Sparkes, 2009; Skirrow et al. 2009; Williams 2010a; Corriveau et al. 2011; Cuney et al. 2012; Wilde
2013; Dragon Mining 2014; Kontonikas-Charos et al. 2014; Montreuil et al. 2015, 2016b; Sparkes 2017

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al. 36
cefebraﬁng175’5 @

Albitite-hosted U, Aux=U=*Co

Dominant U minerals
Uraninite, Brannerite, Davidite, Coffinite
Secondary hexavalent U mineral species

Elevated Zr, Nb, Ta, Sn in albitites

20 ym
100 pm
B4 File Name = 11PUA-003D1-3.tif

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveauetal.
Epithermal, vein-type (U, Ag),
five elements veins

* Prograde and retrograde epithermal
alteration, veining and mineralisation

* LT remobilisation — quartz veining (Ray
rock, Southern Breccia)

= LT remobilisation in hematite-lined
fractures (various small showings)

Past-producing Ray Rock U mine, Great Bear, Canada

i. S e t_!:_“ - = -

Mumin et al. (2010)

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Continuum among I0CG and affiliated deposit types

Classification modified from Williams 2010a; Porter 2010a

o Michelin, Turamdih, Valhalla, Cole,
Albltlte-hosted UxAu-Ca Southern Breccia

TR TS LRGN Kuusamo, Mount Cobalt, Romanet
Au-Co + U Horst
Skarn-hosted + Kl Pb, Zn, Au, Cu, Co, REE, [AALERI43 {1 M\ ETA 14111, 8
skarn (+ Fe oxides) U CERGER
: Olympic Dam, Prominent Hill,
Iron oxide AL Carapateena, Kitumba, Mina Justa

and 10CG Mag-Hem group Starra, Sue-Dianne
alkali-calcic EconomicCu |NK-skarn = [GHBCENENEEGE
alteration ,

* Au, Ag, REE, . Ernest-Henry, Candelaria, Sossego,
ore systems U, etc. Magnetite group Guelb Moghrein, Boss, Dahongshan,
Lala

I0CG variants Echo Bay Canada

low Cu, Co, As, :
Bi, Au, Ag, U < NICO, Echo Bay, Romanet Horst

Albitite-hosted

T Kiruna, Bayan Obo, Pea Ridge, Pilot
Iron Oxide+ / Apatite-rich + REE Knob, Bafq, Port Radium, Mag Hill,
Apatite = REE \ : K2, Kwyijibo
Quean in Kight oF - Apatite-poor Cloncurry, Bear, MLYRMB
Canaga, ?:i;eg:?ented . M t .
Nhtural Recaurcat, 2018 Skarn — Skarn, Fe-skarn Punt Hill, Bear, Marmoraton,
MLYRMB

References at slide 50




Corriveau et al.

Deposit spectrum and continuum

Iron oxide and alkali-calcic

Skarn, Fe skarn

Allk?IiSeBintrusicc)JQ e alteration ore systems ~a Punt Hill
"REE.Nb. PP, Fe, p S replacement

’ » O, TG, \ OlymEtalll

/ / \ N /

\
N I0A

Albitite-hosted

U, Au-Co-U breccia/ Kiruna .
replacement/veins; replacement/breccia
o-Re Merli Fe-REE-P

I0CG Mag-Grp
Ernest-Henry

I0CG Hem-Grp
Olympic Dam

|
|
1
|
|
|
v

N 7
K skarn 'ironstone’ hosted _ s
Hillside breccia/replacement”
breccia/replacement Cu-Au-Co

polymetallic

L -
Graphitic sediment-
Epithermal, 5 element and ‘orogenic’ veins~~-hosted Cu-Au (ISCG

with U, Au, Co, Ag, Ni, Bi (includes remobilisation of
original metal endowment)

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018

See also Hitzman 2000; Corriveau et al. 2016; Porter 2010a; Canad""

d

Porphyry Cu-Au
Volcanic-hosted U +
other U deposits?

Modified from Mumin et al. 2010
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Canada Canada Day et al. 2016; Tornos et al. 2016, 2017; Zhao et al. 2017a



Corriveau et al. !
Metamorphosed continuum: o] 75~
To establish

Iron oxide and alkali-calcic
alteration ore systems

Alkaline intrusion-

Skarn and Fe skarn
related ?

Marmoraton ?

N\
/ / I N \
/ / \
U remobilised in g / I \ I0OA
granitic veins? Rossing / : \ \ Hilton, Marmoraton
area? / Johnnies Reward?
- I \
N 10CG Hem-Grp l I0CG Mag-Grp

Bondy gneiss Bondy gneiss complex

i ? 7’
complex K skarn Johnnies Reward? / _
~ examples ? s
S 7
S 7’
Huston and Hussey 2001; N I P
Bonnet and Corriveau 2007; ~ - P
Corriveau 2013; Corriveau and ~ 2’
Spry 2014; Blein and Corriveau A Epithermal
2017; Corriveau et al. in press h, i Bondy gneiss complex
© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Resources within IOAA systems:
Some examples

= Australia (Olympic Cu-Au Province, Cloncurry
and other Mt Isa districts, Tennant Creek and
Mt Painter districts)

= Brazil (Carajas)

= Chile and Peru (Central Andes, El Laco)

= Africa B |

= Asia

= Scandinavia

= Canada, US, Mexico

* Total resources listed

unless indicated otherwise

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

Australia (discovery date, district)

Olympic Dam (1975, Olympic Cu-Au)
10,400 Mt at 0.77% Cu, 250ppm U;0,

0.30g/t Au, 1.0g/t Ag (+ ~0.3% LREE, 0.01% HREE)

Prominent Hill (2001, Olympic Cu-Au)

178 Mt at 1.1% Cu, 0.7g/t Au, 2.7g/t Ag, 103ppm U

Carrapateena (2005, Olympic Cu-Au)
134 Mt at 1.5% Cu, 0.6g/t Au, 6.3g/t Ag (+U)

Hillside (2009, Olympic Cu-Au)
337 Mt at 0.6% Cu, 0.14g/t Au, 15.7% Fe

Khamsin (2012, Olympic Cu-Au)

202 Mt at 0.6% Cu, 0.1 g/t Au, 1.7 g/t Ag, 86ppm U

Oak Dam (1976, Olympic Cu-Au)
~560 Mt at 41-56% Fe, 0.2%Cu, 690ppm U

Rover 1 (Tennant Creek)

6.8 Mt at 1.73g/t Au, 1.20% Cu, 0.14% Bi, 0.06% Co

Peko (Tennant Creek) production
3 Mt at 4.1% Cu, 0.3% Bi, 3.5g/t Au, 14g/t Ag

Mt Gee (Mt Painter)
51 Mt at 0.11% Cu, 525ppm U

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018

See slide 50
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Ernest Henry (1990, Cloncurry)
167 Mt at 1.1% Cu, 0.5g/t Au (+ Co)

Mt Dore (Cloncurry)
111 Mt at 0.53% Cu, 0.09g/t Au, 0.06% Pb
0.31% Zn

Mt Elliot-Swan (1880-2013, Cloncurry)
353.7 Mt at 0.6%Cu, 0.35g/t Au

Merlin (2008, Cloncurry)
6.4 Mt at 1.5% Mo, 26 g/t Re (reserves)

Rocklands (2006, Cloncurry)
55.4 Mt at 0.64% Cu, 290ppm Co, 0.15ppm
Au, 5.1% Mag + 227 Mt at 16% Mag

Osborne (Cloncurry)
12 Mt at 1.4% Cu, 0.88g/t Au

Monakoff (Cloncurry)
2.4 Mt at 0.95% Cu, 0.3g/t Au (112ppm U,0,)

E1 (Cloncurry)
10 Mt at 0.7% Cu, 0.22g/t Au

Valhalla (Mt Isa)
34.7 Mt at 830ppm U;04

Mary Kathleen, Elaine 1, Elaine-Dorothy
9.5 Mt at 1300ppm U;04

0.83 Mt at 280ppm U,0g, 3200ppm TREE
26.1Mt at 0.56% Cu, 0.09g/t Au



Corriveau et al.

Carajas district, Brazil Andes, Chile, Peru

Salobo Candelaria and Ojos des Salado

789 Mt at 0.96% Cu, 0.52g/t Au, 501Mt at 0.54% Cu, 0.13g/t Au, 2.06g/t Ag
55g/t Ag (+ 16-26ppm U) Cerro Negro Norte ]
Cristalino 377 Mt at 32.8% Fe

500 Mt at 1.0% Cu, 0.3g/t Au El Laco

Igarapé Bahia/Alemdo 734 Mt at 49.2% Fe

219 Mt at 1.4% Cu, 0.86g/t Au + U, REE Los Colorados ]
Sossego 943 Mt at 34.7% Fe

245 Mt at 1.1% Cu and 0.28g/t Au Mantoverde
Alemao 400 Mt at 0.52% Cu, 0.11g/t Au

161 Mt at 1.3% Cu, 0.86g/t Au + U, REE Marcona
~1940 Mt at 55.4% Fe, 0.12% Cu

Gameleira :
100 Mt at 0.7% Cu ?lylllI;?VIJUStaO 71% Cu, 0.03g/t Au, 3.83g/t A
Pedra Branca Romertaft 71% Cu, 0.03g/t Au, 3.83g/t Ag
2.4 Mt at 0.94% Cu, 0.27g/t A
2 6 Cu, 0.27g/t Au 454 Mt at 28.3% Fe
Alvo 118 Santo Domingo and Iris
(0]
170 Mt at 1.0% Cu, 0.3g/t Au 514 Mt at 0.31% Cu, 0.04g/t Au, 25.8% Fe
El Espino

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018 123 Mt at O . 66% C u’ O . 24g/t Au
i+l
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Corriveau et al.

Africa Asia
Phalaborwa, South Africa Bayan Obo, China (reserves)
~ 1200 Mt at 0.59 wt.% Cu 57.4 Mt at 6% REE,O, ; 2.2 Mt at 0.13% Nb,O.

Kitumba, Zambia 1500 Mt at 35% Fe

38.8 Mt at 2.2% Cu, 222 ppm Co, Dahongshan, China
0.03g/t Au, 0.9g/t Ag, 27 ppm U 458:3 Mtat 41% Fe; 1.35 Mt at 0.78% Cu + (16t Au, 141t

Ag, 18,156t Co, 2.1t Pd+Pt)
Guelb Moghrein (Akjouijt),

S Lala, China
Mauritania 163 Mt at 14% Fe, 1.02% Cu, 0.02% Mo, 0.17 g/t Au
31.3 Mt at 0.92% Cu, 0.69g/t AU |, ,4ang. China, 73.5 Mit at 15% Fe, 0.8%Cu, 0.16g/t Au,
(reserves) 1.87g/t Ag, 0.02% Co, 0.02% Mo, 0.14% REE
Vergenoed, South Africa Yinachang, China, 20 Mt at 41.9-44.5% Fe; 15 Mt at

122 Mt fluorine, 42% Fe (+REE) 0.85-0.97% Cu + REE (~1127ppm)
Washan, MLYRMB, China, ~214 Mt at 50% Fe

Khetri belt, India, 140 Mt at 1.1-1.7% Cu, 0.5g/t Au
Sin Quyen, Vietham, ~ 50 Mt at 0.9% Cu, 0.4g/t Au

Chador-Malu, Bafq district, Iran, 400 Mt at 55% Fe
Divrigi, Turkey, 133.8 Mt at 56% Fe, 0.5% Cu

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al. 45
Scandinavia USA 1750

Kiirunavaara (Kiruna district, Blackbird (Idaho Co belt)

Norrbotten) 16.8 Mt at 1.04 g/t Au, 0.73% Co, 0.14% Cu
682 Mt at 47.5% Fe Boss (SE Missouri)

Malmberget (Kiruna district, Norrbotten) 40 Mt at 0.83% Cu, 0.035% Co (historic)
271 Mt at 41.8% Fe Pea Ridge (SE Missouri)

Kaunisvaara (Norbotten) 160.6 Mt at ~ 53-55% Fe + 0.2Mt at

164.9 Mt at 32.7% 12%TREE

Grangesberg (Bergslagen district) Coles Hill (Virginia; indicated resources)

115.2 Mt at 40.2% Fe, 0.78% P (indicated) 119 Mt at 0.056% U0,

Hangaslampi (Kuusamo deposit)
0.4 Mt at 0.06% Co, 5.1g/t Au,
<260 ppm U

Juomasuo (Kuusamo deposit)
2.3 Mt at 0.13% Co, 4.6g/t Au,
<260 ppm U

Hannukainen (Pajala district) .
187 Mt at 30.0% Fe, 0.18% Cu, 0.11g/t Au Mexico

Kaunisvaara (reserves) (Pajala district) Pena Colorada
164.9 Mt at 32.7% Fe 300 Mt at 50-60% Fe

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al. 46
Celebrating 175"5 @

Canada

Great Bear magmatic zone (NWT) Central Mineral Belt (Labrador)
NICO (reserves) Michelin
33 Mt at 1.02g/t Au, 0.12% Co, 37.5 Mt at 0.10 % U,0q

0.14% Bi, 0.04% Cu
Upper C, Moran Lake

Sue Dianne T
6.92 Mt at 0.29 % U (indicated) +
g‘zl “//'t:t 0.80% Cu, 0.07 g/t Au, 2.84 Mt at O.ZO%OU (inferred)
28/t A8

Grenville Province

Marmoraton (Ontario)
28 Mt at 42% Fe

Kwyjibo (Quebec)
HREE

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

Distribution . ped

Fe-REE-P

Ages )
Geodynamic settings

10CG Mag-Grp
Cu-Au-Co

K skarn ”
. -~
polymetallic ”
-~
P
\ N a”
” U deposit types
A”

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018

Natural R R turell C dl*l

atural Resources essources naturelles

I *I Canada Canada ana a-



Corriveau et al.

48

. . . Continental geodynamic settings (magmatic arcs, inverted back-arc, rifts
Distribution SEOCY gs (mag )
Precambrian geodynamlc settings remain uncertain or controversial
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Corriveau et al.

Canadian deposits anc;l areas of interest

@ |I0CG deposits <33Mt
O Uabitites dEpOSItS

O Prospects I0CG, I0A; Ualbltltes

® Prospects of interest -
@ Cu- Au/mlne of mterest

o

‘O O ‘;‘“w\.j v
o Wernecke

Minto' | Y
Lk ! : Great Bear ]
/4 SueDiannely Mmagmaticizone

o o\Breccla ) SOV &%

-

NICO il \-\-w;;._ '
A xéi%EastArm

Celebrating 175'Irs &

NICO reserves
33 Mt at 1.02 g/t Au, 0.12% Co, 0.14% Bi,
0.04% Cu
Sue Dianne resources
8.4 Mt at 0.80% Cu, 0.07 g/t Au, 3.2g/t Ag
" Michelin resources
\ 37.5 Mt at 0.10 % U,0,
<. Kwyjibo (HREE, under feasibility study)

3 4 5Cage
A /3> A Rex® i ’Central Mineral Belt
| C° in® @L%KIVUk R. aux Femlles. fM:chelm Kitt
\V\L Coast 3 7 Romanet T 4,}. : 6 o
skarnsi’ / 'Q_/J , < Wilson Cross Hills
b, =i / £ ﬁ j yEden __b 2 P ® Lv‘b ,‘ NetﬂP{qiat‘
\)Canada s '_ P S iﬂﬂ s KwyjlboO o
t o5 il e Cobequid-
/(ff eron Range P : ‘-' el ,((f NltAlgleO (yabucto
Nlplgoan s Q% G iy A
Blackbird® |J §. Shebandogg@)@fw;nap,te,.«, Bondy Pocologan
oppercorpt “Hilton® o di
lslahd Coppe T s | to.t OAdirondack Mts
dnmoraton References at slide 50
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Corriveau et al.

References for location, deposit types and resources of deposits )

Jones 1974; N9GBYBGMR 1983 (in Chinese cited by Zhao et al. 2017b); Lyons 1988; Porto da
Silveira et al. 1991; Skirrow 2000, 2010; Vanhanen 2001; Wang and Williams 2001; Knight et al.
2002; Oyarzun et al. 2003; Hitzman and Valenta 2005; Williams et al. 2005; Belperio et al. 2007;
Benavides et al. 2007; Davidson et al. 2007; Doebrich et al. 2007; Béziat et al. 2008; Hennessey
and Puritch 2008; Wu 2008; Polito et al. 2009; Chen et al. 2010; Chinalco 2010, 2012a, b; Clark
et al. 2010; Daliran et al. 2010; Groves et al. 2010; Kuscu et al. 2010; Lobo-Guerrero 2010;
Porter 20103, b; Rieger et al. 2010; Williams 20103, b; Baker et al. 2011, 2014; Zulinski and
Osmani 2011; Corona-Esquivel et al. 2011; Chen and Zhou 2012; Dragon Mining 2012, 2014;
Puritch et al. 2012a, b; Sangster et al. 2012; Turner 2012; CAP 2013; Chen 2013; Decrée et al.
2013; First Quantum Minerals 2013; LKAB 2013; Nold et al. 2013, 2014; Oz Minerals 2013,
20143, b, 2017, Potter et al. 2013; Slack 2013; Barton 2014, Burgess et al. 2014; Capstone
Mining Corp 2014; Chinova Resources 2014, 2017; Corriveau et al. 2014; Couture et al. 2014;
Desrochers 2014; Duncan et al. 2014; Evans 2014; Intrepid Mines 2014; Ismail et al. 2014;
Lopez et al. 2014; Waller et al. 2014; Yilmazer et al. 2014; BHP Billiton 2015; Fan et al. 2015;
Graupner et al. 2015; GTK 2015; Li (X.) et al. 2015; Montreuil et al. 2015, 20164, b, c; Paladin
Energy 20153, b; Perreault and Lafrance 2015; Rex Minerals 2015; Seo et al. 2015; Woolrych et
al. 2015; Day et al. 2016; Martinsson et al. 2016; Metal X 2016; Verissimo et al. 2016; Babo et
al. 2017; BHP 2017; Camprubi and Gonzalez-Partida 2017; Cudeco 2017; Zhao et al. 20173, b;
Zhu et al. 2017

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

Ages of deposits and districts

Age (Ma)
04 LeLaco2Ma'; Oueb Belif 9 Ma?; Salmi 0.02 Ga® Cerro de Mercado 0.04 Ga, Pefia Colorada 0.06 Ga*
1 Candelaria, Punta del Cobre, Raul Condestable 0.115 Ga; Mantoverde 0.119 Ga; Carmen, MLYRMB 0.13 Ga;

200-
400 -
600-
800
1000
1200]

1400

1600

1800

2000

2200

Paleoproterozoic |Mesoproterozoic grgc?t-erozoic‘ Phanerozoic

2400

rchean\
N
(=]
[ =]
e

<L | 2800

Yangyang 0.21 Ga®

1 Eastern Tienshan 0.3 Ga; Ossa Morena Zone 0.3-0.4 Ga®

: Bafq 0.53 Ga’; Kitumba 0.53 Ga®

Khetri Cu belt 0.85 Ga’
Kwyjibo 0.98 Ga'’ (*remobilisation?; I0AA at 1.17 Ga?'")
Lyon Mt. 1.04 Ga, 1.02 Ga'?

Bayan Obo 1.4 Ga; remobilisation 0.4 Ga'®

| SE'Missouri 1.47: remobilisation 1.46, 1.44 Ga"'*

Ernest Henry >1.51 Ga; Olympic Dam 1.59 Ga

Osborne, Wernecke 1.60 Ga: Curnamona ~1.61Ga"®

Tennant Creek ~1.83Ga’®

1 Aitik, Sue Dianne, NICO 1.87Ga"'’: Kiruna 1.89-1.88 Ga'®

Phalaborwa 2.06 Ga'®

Guelb Moghrein 2.49 Ga?*’

| Shebandowan (Hamlin) 2.69 Ga, 1.88 Ga?'

Carajas 2.71-2.68 Ga, 1.88 Ga*?

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

Ages of deposits and districts

1 - Nystrom and Henriquez 1994

2 - Decrée et al. 2013

3 -Yilmazer et al. 2014

4 - Corona-Esquivel et al. 2011

5 - Mathur et al. 2002; Sillitoe 2003; Gelcich et al. 2005; Mao et al. 2011; Zhou et al. 2013; Seo et al. 2015
6 - Carriedo and Tornos 2010; Huang et al. 2013

7 - Torab and Lehmann 2007; Stosch et al. 2011

8 - Porter 2010a

9 - Knight et al. 2002

10 - Gauthier et al. 2004; Clark et al. 2005, 2010

11 - Corriveau et al. 2007

12 - Selleck et al. 2004; Valley et al. 2009, 2011

13 - Fan et al. 2014, 2015

14 - Aleinikoff et al. 2016; Neymark et al. 2016; Day et al. 2017

15 - Mark et al. 2000; Williams and Skirrow 2000; Gauthier et al. 2001; Thorkelson et al. 2001
16 - Skirrow 2000

17 - Gandhi et al. 2001; Wanhainen et al. 2003; Montreuil et al. 2016a
18 - Romer et al. 1994

19 - Reischmann 1995

20 - Kolb et al. 2010

21 - Tallarico et al. 2004; Moreto et al. 2015

22 - Forslund 2012

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Metasomatic and structural controls lead to breccias,
veins and replacement zones

Strong links to large-scale magmatism ultimately
evolving to A-type magmas

No single causative intrusion (cf. porphyry deposits)
but intrusions can serve as nuclei for regional-scale
systems and be proximal

Local to lithosphere-scale faults and discontinuities
serve as preferential pathways for fluids and magmas

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

Ore system footprints

Metasomatic in origin
Intense Na, skarn, HT Ca-Fe, HT-LT K-Fe, K, K-skarn and LT Ca-Fe-Mg alteration
Hydrothermal cells coalesce across < 35 x 15 x 10 km (length-width-depth)

Celebrating 175 o ,

Deposits clusters into districts 30 to 50 km apart that line up along metallogenic
provinces 200 to 1500 km long

High geothermal gradients (800-150°C) most commonly induced by magma
chambers at high temperatures

In tectonically active settings

— - = ({lead to batholiths) e e
© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018 M aﬁC magmas as heat Sou rces
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Corriveau et al. e
Geodynamic settings: continental! 1750

= Continental intra-arc to back-arc, basin inversion, collisional and intracontinental
rift settings that can acquire a very high geothermal gradient including through
ponding of mafic magmas at the base of the crust

= Many districts at the margin of Archean cratons (successor contienental arcs
adjacent to an Archean craton appear particularly fertile)

= Above major discontinuities extending from the mantle to the upper crust

= Large-scale/domain-bounding extensional structures proximal or distal to, but
active during magmatism; extension can occur in an overall compressional settings

= |n oxidised volcanic and plutonic environments and along pre-existing ironstones,
unconformities, permeable/reactive units, and faults zones

= At the local scale, system will developed over any host rocks

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018

Hitzman et al. 1992; Hitzman 2000; Williams et al. 2005;

Natural Resources  Ressources naturelles ~ OKirrow 2010; Groves et al. 2010; Porter 2010a, b; Chen et Ca n d
I*I Canada Canada al. 2013; Richards et al. 2017 d0d

i+l



Corriveau et al. 56
. . Celebrating 175"5 @
Lithosphere architecture 1750

Mantle to surface discontinuities

. Minorton .
Ore systems (NICO, Sue Dianne) orto .o Wopmay fault: vertical,
. L. . metasomatism . .

Extensive albitite corridors abuts against Slave cratonic

Lamprophyre (Echo Bay) root

Extensive and intense metasomatism Extensive albitite corridors
Under sedimentary cover; non explored Local IOA mineralisation
(see anomalies in Hayward et al. 2013)

Hottah Terrane

25 km
\ Resistive Slave Crato
Conductive Proterozoic Mantle (Archean)
Trans lithosphere See magnetotelluric image
Legend discontinuities in Spratt et al. 2009
Conductive zone Sedimentary platform
B Resistive zone  -------- GBMZ approximate boundary

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al. 57
. . . Celebrating 75"3 e
In large igheous felsic province 1750

= Large volumes of plutonic and volcanic rocks, calc-alkaline to shoshonitic, intermediate to
felsic, | to A types, oxidised, HT; mafic magmas ponding at the base of crust but minor
volume towards surface

= Andesite commonly associated with IOA deposits; within IOCG deposits, andesite can be
present but are commonly K-altered and interpreted as rhyolite

= Batholiths can form coevally or subsequently to metasomatic ore systems
= Melting of metasomatised sub-continental lithosphere

lume flood basaltic lavas C. Large-volume high-temperature rhyolites D Large volume low-temperature
mada & Khumib-Lirubici lavas _ea. Sprinabok. Sarusas auartz latites, Parana- rhyolite ignimbritas

See figure in Bryan et al. (2010); see also Hlldebrand 1986; Creaser 1996; Corriveau et al.
2007; Clark et al. 2005, 2010; Williams et al. 2005: Corrlveau 2007; Mumin et al. 2007, 2010;
Lafrance 2009; Skirrow 2010; Il\[/lontr.eun et al. 2016a, c; Ootes et al. 2016; Sun et al. 2017

H \\‘ l r!"errofogtc moho [} ‘/ CI;]'/" , h ! v ] l ;

MANTLE

Flux of mantle-derived basaltic magmas
© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveauetal. S8
Coeval emplacement of mafic or alkaline magmas

A clue to a mantle connection and extraneous heat and metal sources

Carbonatites,
syenites and

' _"—’-‘ J '(y

. Bl e 2 B

.16 Ga

Mafic-felsic dyke typical of 1

_ . ) fenites,
magmatism cutting a magnetite Eden Lake
brecEla within a 1.16 Ga granitoid at (Manitoba)
Kwyjibo (Quebec)
© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
Creaser 1996; Mumin and Corriveau 2004; Pl
Natural Resources  Ressources naturelles / 4
I*I Canada Canada Corriveau et al. 2007; Clark et al. 2005, 2010 Ca'nada



Corriveau et al.

Precambrian settings A,

59

The types of continental settings commonly remain uncertain in Precambrian
terranes. For examples many conflicting models exist for Olympic Dam region:

Anorogenic rift (Allen and McPhie 2002)

Subduction-related continental back-arc (Betts and Giles 2006; Wade et al.
2006; Kositcin 2010)

Subduction evolving towards a mantle plume (Betts et al. 2009)
Lithospheric delamination (Creaser 1996; Skirrow 2010)

Mantle plume + fusion of sub-continental lithospheric mantle (Groves et al.
2010; Thiel and Heinson 2013)

Post-collisional setting (Verbaas et al. 2018)

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Geological
footprints of

metasomatism:

Alteration facies and
metal associations

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al. 61

Iron oxide and alkali-calcic alteration ore systems

IOA, 10CG and affiliated deposits form as a consequence of

a regular series of fluid-rock reactions triggered by high salinity fluids
across high geothermal gradients
in tectonically active settings

Metasomatic footprints include
Regional-scale albitite corridors along fault zones and above sub-volcanic intrusions,
many extensively brecciated, replaced by fertile alteration and mineralised
Regional to deposit-scale, stratabound, HT Ca-Fe and HT Ca-K-Fe alteration facies
Deposit-scale breccias with HT to LT K-Fe, K, K-skarn and LT Ca-Fe- Mg facies

\ERRLETGIHT Ca-Fe K- Fe

e - e e -~ = - - = - = s - - + = = — = =

B .

© Her Majesty the Queen in nght of Canada as represented by the Minister of Natural Resources, 2018
Maflc magmas as heat sources
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HT Na-Ca-Fe

Alteration attributes

Replace any host rocks, at any stratigraphic levels
and among units of different ages

Within a single system, mineralisation can be
hosted in volcanic, sedimentary, intrusive and
metamorphic rocks

Parageneses and whole-rock composition largely
independent of protolith where alteration is intense

Mineralisation in or close to fertile K-Fe alteration

Regional progradation of alteration, brecciation and
mineralisation + local telescoping, permutation,
cycling of alteration types: serve as predictive
mapping and exploration tool, and vectors to ore

Rock physical properties are distinct for each
alteration facies where replacement is intense and
pervasive but can overlap where alteration is less
intense or polyphase

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018

Corriveau et al. 2010a, b, 2016, 2017; Enkin et al. 2016
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Selective metasomatism: protollth texture preserved
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Corriveau et al.

Alteration footprints

= A great array of mineral assemblages, grain
size, textures, intensity of alteration, density §
of vein networks and types of breccias across £
<35 x 15 x15 km3 (length, width, depth)
= Mapping and interpretation of systems
complex without appropriate tools

Kfs -Bt-Mag

Kfs -Mag

Chlorite Qz vein [ © Silicification m Propyllitic
Cpx-Grt-Kfs Hem Chl -Hem NS R Ep -Mag

- o
.cﬂ‘:_ ‘ .‘\-\' «.:‘ .". .
iy 5
1 ¥ = L=
N

Ser-Hem Kfs -Hem

Tourmaline m “
Phyllic

Jasper m Acid Ser Ep-Qz -Cb sericitic Ep

Ep-Hem-Qz [aUdlSEELYY Ep -Hem Carbonate

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

Hydrothermal alteration zoning

Case example from the Sue Diane deposit, Great Bear

Distal A A
/\ Quartz /\ A A A

Celebrating 175"5 £ .Y

Quartz-hematite Hematite /\

Quartz-carbonate A ) Chalcocite

Chlorite-carbonate . A Bornite

epidote-sericite-quartz Uraniumjy Sphalerite-Galena

Sericite-quartz-pyrite

Tourmaline \ Sulpharsenides

Potassium feldspar

. : /\ Gold J

Biotite-epidote A Chalcopyrite

Amphibole-apatite Magnetite N Pyrite

Albite An economic geology approach difficult to
Core Mumin etal. 2010 apply during regional alteration mapping

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

TGl and GEM geoscience framework ~-175°0

TGl ore deposit models, and exploration and mapping tools
GEM alteration facies maps, and geological and geochemical databases
Efficient for:
= Alteration discrimination, characterisation, mapping, baseline geology information

= Geological and geochemical exploration ; baseline geochemical characterisation
= Mineral potential assessment

= QOre deposit and geo-environmental models
See Part 4 presentation for details on the approach

Amp+CpXx See flgure A2 |n

A ——— Montreunl etal.

e N\ Amp-Mag: 2016b 5
P

j Ep-Mag

Mag Mg SHAl

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018 10
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Alteration facies

Regrouping mineral assemblages into alteration facies provides an effective mean
to characterise, map and explore iron oxide and alkali-calcic alteration systems
(see Part 4 for definition, classification, nomenclature, mapping protocol, examples)

- SerHem

T/ KistHem

A = K-Fe ™ Ser-Kfs-Hem
—_ Ca-Fe K-Fe

Each set of mineral assemblages defines an alteration facies with
its own set of chemical signatures

Corriveau et al. 2010b, 2016, 2017, in prep a-h
Montreuil et al. 2013, 2016a, b, ¢; De Toni 2016

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018

i+l

Natural Resources Ressources naturelles C d
I*I Canada Canada ana’ a’



Corriveau et al.

Prograde metasomatic reactions paths

In siliceous protoliths (including skarns)

x Na-Ca-Fe
Na|»|Na-Ca |{ v i Ca-K-Fe
HT Ca-Fe, ¥
HT K-Fe|»/K|*|LT K-Fe [»[LT Ca-Mg

In carbonate protoliths
Na|» Na-Ca—»|HT Na-Ca-Fe

\\‘ N & N HT Ca-K-Fe
Skarn|+ |HT Ca-Fe | v
HT K-Fe|» K/ LT K-Fe [»|LT Ca-Mg|

Where carbonates start precipitating at magnetite to hematite transition followed
by heat ingress and development of K skarn

Na-Ca-Fe K

Na|¥| Na-Ca q L P Ca-K-Fe|\, Transition Z \

HT Ca-Fe - v r HT-LT K-Fe K ¥
HT K-Fe|” | Carbonates |*|skarn

Natural Resources Ressources naturelles C d
I * I Canada Canada ana a-
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Corriveau et al.

Alteration facies in known deposits

6 LT si, K, Al, Ba

Distal LT K-Fe (Ca, Mg, H*-CO,)
Lower Temp. hematite-K-feldspar
Shallow <1km /sericite-carbonate-chlorite-
Later sulphides

K-felsite K-feldspar

K-skarn clinopyroxene-
garnet-K feldspar-sulphides

HT K-Fe magnetite-biotite/
K feldspar-sulphides
2-2 HT Ca-K-Fe

2 HT Ca-Fe amphibole-
Thermal core magnetite * apatite
High Temp. 1-2 skarn if carbonate host

Deeper 3-10km® 1.2 HT Na-Ca+ Fe
Earlier
1 Na albite, albitite

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018

I * I Natural Resources Ressources naturelles
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Epithermal cap
Central Andes, Olympic Dam, Great Bear

Immediate host to Hem-group I0CG deposits
Component of Mag—Hem-group IOCG deposits
Olympic Dam, Prominent Hill, Carrapateena,
Great Bear

Immediate host to Hem-toMag and Mag-group +
K skarn 10CG

Candelaria, Mt Elliott (Cloncurry), Hillside
(Gawler), Great Bear

Immediate host to Mag-group 10CG
Ernest Henry, Salobo, Candelaria, Great Bear

Immediate host to Co-IOCG and REE-IOA variants
NICO, Idaho Co belt

Wallrocks of Mag-Ap (I0A) FexREE deposits
Kiruna, Central Andes, El Laco, Great Bear, MLYRMB
Outer zones of IOCG deposits

Ernest Henry, Starra, Central Andes, Great Bear

Regional scale, barren, preferential host for
albitite-hosted U + some IOCG

Cloncurry + Mt Isa, Gawler, Chilean Iron Belt,
El Laco, Kiruna, Great Bear, MLYRMB

i+l

Modified from Corriveau et al. 2010b, 2016 anada
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3. Fluids recharged in

» | metals; reacts with hosts
to form Ca-Fe and K-Fe
alteration facies

Metasomatic system

Biotite
HT K-Fe forms at 1-2 km depth «k-feldspar
Diameter: < 400 m (found in Canada) Magnetite

As
> 6x2x3 km (Olympic Dam) Cusulphides PbCICI_(I)o
SMn M% ﬁ/lg
SiFFe é’a
Pb
HT Ca-Fe forms at 2-8 km depth RE
Extent: 1-10 km AM"ZZZﬁZf & g; :
. . ) n
Width: <1km Apatite 9) )a

M 2. Na precipitates; most

‘ - ' other elements leached
Na forms at 3-10 km depth

Extent: 1->10 km 1. Reaction of highly saline

Width: £1km fluids with host
Depth: > 1km Albite

Scapolite

Quartz gggg

Feldspar

Biotite, | H, OCI n K Ascent
Protolith Magnetite Mn a L{,v of highly

MO Mg saline fluids
Pb FeCa 1+l
F
T< 800°CC d

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al. 73

Temperature ranges of fluids in alteration facies

Albitites (300-600°C) caonatns] 7 5y D)

HT Ca-Fe alteration facies metasomatites and IOA deposits (500-800°C)
HT K-Fe facies (350-400°C)

LT K-Fe facies (~250°C) (based on fluid inclusions and mineral
parageneses)

Hypothesis:

= HT highly saline fluid column warms up host rocks at regional scale

= HT fluids cool as albitisation proceeds

= Renewed magma emplacement increases fluid T, salinity decreases leading to HT
Ca-Fe alteration

" Fluid column rises and fluids cool as metasomatism proceeds or as column mixes
with LT fluids leading to HT K-Fe facies (350—400°C) and to LT K-Fe facies (~250°C)

Kish and Cuney 1981; Bardina and Popov 1992; Sidder et al. 1993; Mark et al. 2000, 2006; Harlov et al. 2002;
Marschik et al. 2003; Requia et al. 2003; Bastrakov and Skirrow 2007; Monteiro et al. 2008; Polito et al.
2009; Xavier et al. 2010; Chen et al. 2011; Somarin and Mumin 2014; Li (W.) et al. 2015; Bilenker et al. 2016

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

Deformation, veining and brecciation

Conditions Alteration facies Attributes
. . Veins, breccias
: <250° -Al- ’
Distal <2502C 6 LT Si-Al-K epithermal Brittle deformation
Low Temp.
Shallow <3502C LT K-Fe—LT Ca-Fe-Mg .
Lateral = metasomatites Hydrothermal breccias formed
Later K-skarn (if carbonates) | resularly
i Kfs-felsite breccias Brittle deformation dominant
:\eep I Brittle-ductile deformation and
t e;r.na <450°2C HT K-Fe fluidisation can occur in shear zones
gradient metasomatites
. Confined ductile deformation
Thermal core <g800°C HT Ca-Fe metasomatites apndant veins (+ haloes)
High Temp. Skarn in carbonate hosts Local brecciation (z fluidisation)
Deeper . .
h .. Post-albitite structural breccias
Earlier <6002°C 1 Na Albitites

Haloes along fractures, fronts

Domingos 2009
Corriveau et al. 2010b, 2016, in preparation

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018 MontreU” et al 2015 20168 b
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Breciation and
alteration

Sue Dianne, Great Bear

magmatic zone
(photos A.H. Mumin)




3) HT K Fe replacement and breccnatl 5
~__some albitite layers

'.F
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Lithogeochemical footprints

of metasomatism:
Tools and examples

—_—

S
oo

riche en Fe

e
)

- Ca-K-Fe HT riche en Fe

" richeenFe

K/ (K+Na+0.5Ca)

Précurseurs Cak-FeHT -

“(+superpositions) &

Intermédiaire " "
- ] g A

sl I i
‘lr-‘-- . I ﬂ ! 2 \
e ': :

s T_ﬂ B }-l"' | |

Na-CaFe
0.2 04 0.6 0.8 1

2Ca+5Fe+2Mn)

mol

2Ca+5Fe+2Mn+Mg+Si)

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

Chemical discrimination:
Alteration index and box plots

Each alteration facies has a distinct geochemical signature
Geochemical data refine the major-element mobility interpreted megascopically

Benavides et al. (2008a, b) index
= Detect IOCG alteration but difficult to apply widely as it requires CO, analyses
= Characterise intensity but not designed to discriminate facies

Montreuil et al. (2013) indices CF

= Based on molar concentration R Na- a, Sl .
= A-IOCG1 discriminates Na from K and |°c%% ] o /féa Fe, K—

Ca-Fe from K-Fe alteration

= A-IOCG2 discriminates alkali (Na-K) from | T ﬁ CaFe¥ -
Ca-Fe, K-Fe and Fe alteration S Na S Mg _
Index A-IOCG1 l (Gt athJr ,
KI(K+Na+0.5Ca)mol +- = T "“ ' 3_, Na l\/lg—
Modified from Madeisky (1996). $08 b8 iR ;;n
o AT e e g

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018 (2Ca+5 Fe+2 M n)/(ZCa_I_S Fe+2 M n + M g +S| m OI
[ §d|
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Corriveau et al.

Chemical discrimination: Cationic bar codes 175G

= Cations are proxies for the distinctive minerals of the main alteration facies

= Na in light pink for albite
= Cain green for amphibole
= Fe in black for iron oxides
= Kin red for K-feldspar

Mg = Mg in light green for chlorite

" Coloured bar codes are derived from molar cationic proportion from whole-

rock geochemical analyses Mg

= The set of chemical signatures is diagnostic for each alteration facies and
consists of cation bar code with 1, 2 or 3 dominant cations
= Bar codes of least-altered host rocks are distinct in having generally 3to 5

dominant cations | ’ Common
| rocks

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018

Alteration
facies
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Corriveau et al.

Prograde metasomatic reaction path

* Chemistry and metal endowment of
fluids evolve as fluid column rises,
reacts with host rocks, leaches and
precipitates metals

= Mineral stability induces
precipitation of chemical
components from fluids

= Mineral instability leads to
dissolution of chemical components
subsequently entrained by fluids

= Mineral assemblages change as
physico-chemical conditions of rising
fluid column change

= Distinct chemical footprints are
induced by mineral stability during
metasomatic fluid-rock reactions

N

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Argillic, advanced argillic, phyllic

Hem-Kfs/Ser-Cb-Chl-Ccp
Kfs
Cpx-Grt-Kfs-Sul(Sp)

Mag-Bt/ Kfs-Sul (Ccp)

Amp-Mag-Bt/Kfs-Apy
HT Ca-Fe Amp-Magt Ap

Skarn Cpx-Grt
HT Na-Ca-Fe Ab-Amp-MagtAp

HT Na-Ca Ab-Cpx-AmpScp
Na Ab, albitite

Geochemical data in Corriveau et al. 2015
L

Canada



Corriveau et al.

Chemical maps

Southern
Breccia

Albitite-
hosted U
(£ Cu-Mo)

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al. 82

Metal associations Echosay tine' o K2 Cs \'/%ﬁ%n Ni Pb

Port Radium—Echo Bay
Transition I0A to 10CG

O@. sosse

-20m f -20m

30 (((£ 9]0(8]0]0IIerIeIen) -

D » G0
I QUTEEP o« oo I

Metal X 100 ppm .
Cu Zn Ni Pb .40m e : 8
e 0-2 0-2 0-05 0-2
2.5 2.5 05-15 2-5 -
O 5-10 5.20 15-3 5-20 o 1
© 10-20 20-50 3-5 20-50 "O0m- : &
@ 20-100 50-200 5-10  50-200

Ce ')
® 0-06 0-05
® 06-1 05-1

See Corriveau et al. 2016

O 1-2 1-3 100
) 2-3 3-8
.3 10 8-20

Na Ca Fe K Si3 2™
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Corriveau et al.

Alteration facies chemical footprint

Prograde metasomatism
= changes In alteration facies
= changes in rock compaosition

= changes in fluid composition and
precipitation conditions

= changes in metal associations

= continuum in deposit types formed HT Ca-K-Fe

Common sedimentary, -HT Ca-Fe
felsic to mafic igneous ’
and metamorphic rocks

Corriveau et al. 2016, 2017

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources,

I * I Natural Resources Ressources naturelles
Canada Canada



Corriveau et al.

Deposit chemical footprint Cu-Ag-Au

84
Celebrating 175’5 @

Mag to Hem-group I0OCG
at HT K-Fe

Au-Co-Bi variant of
Mag-group 10CG at

HT Ca-K-Fe
IOA-REE
at HT Ca-Fe to Ca-K-Fe “
Co-variant
10CG

IOA + REE

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

Mineral system chemical footprint

| Ili
— 0.8 ‘
£ 1
% Fe-rich
fi-,’ 0.6 K-Fe
?u II!’e -rich
=4 |
s | m'.'pl'ﬁ[ |
N'all. L bl q o d] IiFe Tic
Mg 0-2 : .J.lul.l.l':l'.'.'%l " H“‘Illr*\
K = ! ) l I. l}ﬁi I'. {r:h
Fe 0 Na-Ca-Fe- (Mp' -
0 0.2 0.4 0.6 1
(OF (ZCa+5Fe+2Mn)f{ZCa+5Fe+2Mn+Mg+S|)mnlar

INa Chemical data from Corriveau et al. 2015
Discriminant diagram from Montreuil et al. 2013, 2016a

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Bulk rock chemical
footprint of Great
Bear ore systems
without
discrimination of
least-altered rocks
and prograde and
retrograde
metasomatic rocks
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Corriveauetal.
Least-altered chemical footprint

Least-altered igneous, sedimentary and metamorphic host rocks, Great Bear

| iL.nl' Il
Miteiediate

K/(K+Na+0.5Ca)molar

0 0.2 0.4 0.6 0.8 1
(2Ca+5Fe+2Mn)/(2Ca+5Fe+2Mn+Mg+Si)molar

Samples combine a lack of field evidence for

alteration and low Ishikawa alteration index
Modified from Corriveau et al. 2017
Chemical data from Corriveau et al. 2015

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018 Discri m I na nt diagra m from Montreu” et a l . 2013; 20163
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Corriveauetal.
Footprint of common igneous rocks

Most high-K calc-alkaline igneous rocks fall slightly below the least-
altered field of Montreuil et al. (2016a) derived from Great Bear data but
fall largely within the global least-altered field of Montreuil et al. (2013);

shoshonitic suites fall within the Great Bear field of least-altered rocks
Data points at the base of the Na-Ca-Fe-K-Mg bar codes

K/(K+Na+0.5Ca)molar

Field of least-altered rocks, Great Bear

(2Ca+5Fe+2Mn)/(2Ca+5Fe+2Mn+Mg+Si)molar
Discriminant diagram: Montreuil et al. 2013, 2016a

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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K/(K+Na+0.5Ca)molar

o
[e¢

o
o

o
~

O
N

0 0.2 0.4 0.6 0.8
(2Ca+5Fe+2Mn)/(2Ca+5Fe+2Mn+Mg+Si)molar

Modified from Corriveau et al. 2017
Chemical data from Corriveau et al. 2015
Discriminant diagram from Montreuil et al. 2013, 2016a

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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1

Footprint of prograde
metasomatic reaction
path (from Na to HT Ca-Fe,
HT K-Fe, LT K-Fe and
epithermal alteration
facies) is highlighted by
selecting whole-rock
analyses of metasomatic
rocks with a single
dominant and intense
alteration facies

i+l
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K/(K+Na+0.5Ca)molar

Na-Ca-Fe

0 0.2 0.4

(2Ca+5Fe+2Mn)/(2Ca+5Fe+2Mn+Mg+Si)molar
Metasomatic rocks with a dominant intense alteration facies

Modified from Corriveau et al. 2017
Chemical data from Corriveau et al. 2015

Discriminant diagram from Montreuil et al. 2013, 2016a

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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0.6

0.8

1

At the K-Fe facies, rocks
can become highly
enriched in Fe and then
be carbonate altered with
a trend toward Fe-rich
Ca-K-Fe. Alternatively the
K component increases
more than Fe. Both
trends can evolve to K-
rich epithermal alteration

Albitites pervasively
altered to K-feldspar
conserve some Na and
may have signatures

similar to rhyolites
(Data points at the base of the

bar codes)
[ L4 |

Canada



Discriminating prograde and retrograde paths

Element bar codes highlight telescoped and/or retrograde metasomatic paths

Albites telescoped to HT or LT K-
Fe, LT K-Fe and Ca-Fe-Mg or to
HT or LT Ca-Fe metasomatism
occupy the least-altered field
but their bar charts are
commonly distinct from those of
the least-altered rocks

K/(K+Na+0.5Ca)molar

N.B. bar codes with a light pink
colour for Na are those of
albitites with least overprints

0 0.2 0.4
(2Ca+5Fe+2Mn)/(2Ca+5Fe+2Mn+Mg+Si)molar

Modified from Corriveau et al. 2017
Chemical data from Corriveau et al. 2015
Discriminant diagram from Montreuil et al. 2013, 2016a

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Altered albitites and varied intensity of albitisation

K/(K+Na+0.5Ca)molar

(2Ca+5Fe+2Mn)/(2Ca+5Fe+2Mn+Mg+Si)molar

Modified from Corriveau et al. 2017
Chemical data from Corriveau et al. 2015
Discriminant diagram from Montreuil et al. 2013, 2016a

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018

Natural Resources Ressources naturelles

Albitites (Na in pale pink) can }
conserve some Ca, K and Fe.

Albitites (Na in darker pink) can be
replaced by magnetite (Na+Fe
trend).

Intensity of albitisation can vary
from mild to moderate with the
code bars preserving Ca-Fe-K-Mg

Albitites can be telescoped into the
field of K-Fe alteration (Na+K-Fe
trend)

As systems cooled, albitites are
replaced by carbonates, chlorite, K-
feldspar or sericite leading to a
variety of Na+K-Fe-Ca-Mg trends

(Data points at the base of the bar codes)

i+l
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Corriveau et al.

Z RS

K/(K+Na+0.5Ca)molar

o

S

Prograde Na-Ca-Fe and HT
Ca-Fe metasomatic rocks
can be K altered. Bulk

composition shifts to
higher
K/(K+Na+0.5Ca)molar index

values, in the field of the
least-altered rocks.

Fe-rich
K-Fe
Fe-rich
Ca-K-Fe
11l
|
Ca-Fe Fe-rich
(Mg) Ca-Fe
W Na-Ca-Fe-(Mg)
0 0.2 0.4 0.6 0.8 1

(2 Ca+SFe+2Mn)f{203+5Fe+2Mn+Mg+Si)mnIar

Modified from Corriveau et al. 2017
Chemical data from Corriveau et al. 2015
Discriminant diagram from Montreuil et al. 2013, 2016a

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

Prograde and
. LT K-Fe (H*-cO,)
telescoped evolution /\ (felste,

K-skarn

of alteration facies

6 LT Si, K, Al, Ba

)

o = HT Ca-K-Fe
L .

and deposit types & | sircor
L S
Q. 1-2 HT Na-Ca-Fe
1-2 Skarn
Each metasomatic reaction path and 11'; HT Na-Ca
alteration facies lead to their own 2 Na
deposit type 0 Host

[ Ld |
Natural Resources Ressources naturelles C d
I * Canada Canada ana, a,



Corriveau et al.

94
Deposit types 173 @

Fluid T Alteration Cationic Metal
recorded facies proportions associations
<2502C LT Si k.AlBa _ Host system metals~ Epithermal
<1 km . A
Hematite-group I0CG
-Ag-LREE-U- .
<3502C LT K-Fe Eu B'gW M v Olympic Dam type Albite-
= (Ca,Mg,H*,CO,) u-pl-vv-ivio hosted U
| ] Au-Co-U
K felsite Barren Polymetallic skarns
+ K skarn - Cu-Ag-U-Pb-Zn Hillside? type
Cu-Ag-Au-Co-Bi/ Magnetite-group 10CG
Steep HT K-Fe - Fe-REE-Y-U-Th (F) Cloncurry (+Carajas) type
thermal . .
, ) m i Co-Bi-Au I0CG variant
gradient 2- 3 HT Ca-K-Fe . Co-Bi-Au NICO, Idaho Co belt type
2- 7 HT Ca-FexK HREE+Co-Ni (K-F) REE in IOA
<8002C 2 HT Ca-Fe I Fe-V-Th-W (P-CLR)E N\ O Kiruna type
1-2 HT Na-Ca-Fe Bl Barren
1-2 Skarn I Barren
<6002C 1-2 HT Na-Ca W BSarren Ore system
Fluid, > 600°C l Na albitite I Barren (Ta-Nb-Sn) Modified from Corriveau et al.
3-10 km 0 Protoliths I 2010b, 2016
© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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I *I g::]l;r:LHesources gzﬁz?;;rces naturelles Canada



Corriveau et al.

Metasomatic reaction paths: I0A

Steep thermal gradient induced by high-temperature fluid columns and repeated
magma emplacement

Sustained heat ingress
through intrusion of diorites
and rapid cooling at the HT  I0A-REE

6 LTSi, K, Al, Ba Ca-Fe alteration facies after at HT Ca-Fe to Ca-K-Fe
Na(z skarn facies)
LT Ca-Fe-Mg (e.g., northern Great Bear;
(H*-CO,) Hildebrand 1986; Mumin et al. 2007,
2010; Corriveau et al. 2010b, 2016)
S
© HT Ca-Fe
%o 1-2 HT Na-Ca-Fe +Fe skarn
| &
o 1-2 Skarn
1-2 HT Na-Ca I0A + REE
1 Na See also examples in China and the Andes (Yu et al. 2011;
-— Chen 2013; Tornos et al. 2016; Zhao et al. 2017a)
Q Host Modified from Corriveau et al. (2010b, 2016)

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

REE-rich IOA variants

Celebrating 175!5 ()

Precipitation and remobilisation of REE; HREE abundant at that stage

6 LT Si, K, Al, Ba
LT K-Fe (H*-CO,)

K-felsite 9
K-skarn {0
o
o
o HT K-Fe E, v
'g 2- - HT Ca-K-Fe
@@ 2HT Ca-Fe |OA
= REE
(a 1-2 HT Na-Ca-Fe
1-2 Skarn
1-2 HT Na-Ca
1Na
0 Host

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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1. Systems that prograde to K-Fe facies

crystallise REE-rich apatite at the
HT Ca-Fe+K facies within IOA deposits

. Retrograde or renewed fluid circulation

within IOA and HT Ca-Fe metasomatites
lead to recrystallization of original
apatite and remobilisation of REE

. Crystallisation of REE-bearing minerals

(monazite, xenotime, etc.)

. REE patterns of mineralisation zones

commonly remain parallel to ‘least-
altered’ I0A host supporting
remobilisation without the need for
additional REE from alkaline magmatism
Corriveau et al. 2016; De Toni 2016; Harlov et al. 2016;
Montreuil et al. 2016b, c (cf. Perreault and Lafrance 2015;

Hofstra et al. 2017)
11

Canada



Corriveau et al.

Fluidised IOA ?

Celebrating 175'!5 o ,'

6 LT Si, K, Al, Ba
LT K-Fe (H*-C0,)

I0A A
ascending o ,
. IOA fluidised breccias can
as fluidised .
) ascend above original HT Ca-Fe
O breccias alteration facies (e.g., Terra mine,
C Great Bear; Corriveau et al.
© unpublished data)
oo 2 HT Ca-Fe
§ Is this mechanism involved in
1-2 HT Na-Ca-Fe getting some IOA deposits
1-2 Skarn near, or at surface ?
1-2 HT Na-Ca
l Na Modified from Corriveau et al. (2010b, 2016)
0 Host

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

|IOA deposits—Metal endowment

= Kiirunavaara (682 Mt, 47.5% Fe), Malmberget (271 Mt, 41.8%),
Kaunisvaara (164.9Mt, 32.7%), Grangesberg (Sweden)

* Oak Dam (~560 Mt , 41-56%) (+ Cu, U, Au), Lightning Creek, Acropolis (Australia)

= Marcona (~1940 Mt, 55.4%) (+ Cu), Cerro Negro Norte (377 Mt, 33%),
El Laco (734 Mt, 49%), Los Colorados (943 Mt, 35%), Romeral (454 Mt, 28%) (Andes)

= Bayan Obo (IOA?) (1500 Mt, 35%) (+57 Mt, 6% REE,O;; 2 Mt, 0.13% Nb,O;),
Yinachang (20 Mt, 42-44%) (+ Cu, REE), Washan (~214 Mt, 50% Fe), (China)

= Cerro del Mercado, Peiia Colorada (300 Mt, 50-60%) (Mexico)

= Pea Ridge (160.6 Mt reserves, ~ 53-55%) + (0.2Mt, 12%TREE), Pilot Knob (US)
* Chador-Malu (400 Mt, 55%), Esfordi (lran)

= Marmoraton (28 Mt, 43%) Kwyjibo (REE) (Canada)

Alteration facies within systems help prognosticate the varied metal associations of
|OA deposits List of references for resources at slide 50

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

Stratabound high-Co IOCG variant

Prograde path + sustained fluid ingress at high to mid temperatures
Across metasedimentary sequences

Celebrating 175'!5 s :

6 LT Si, K, Al, Ba

LT K-Fe (H*-CO,)

K-felsite + K-skarn

breccias Low Cu, Au-Co-Bi variants of magnetite-group 10CG
HT K-Fe Repeated ingress ofm Au-Co-Bi-Cu NICO
3 i Great Bear, Canad
§°] 2- 1 HT Ca-K-Fe p Ca+Fe+Au+Co+Bi reat bear, Lanada
© Amp-Bt-Mag ﬁ’ Corriveau et al. 2016
& 2 HT Ca-Fe Minor Kfs
L S
o 1-2 HT Na-Ca-Fe
1-2 Skarn
1-2 HT Na-Ca
1 Na Goad et al. 2000; Corriveau et al. 2010b,

2016; Mumin et al. 2010; Acosta-Géngora et
al. 2015a, b; Montreuil et al. 2015, 2016b

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

Stratabound magnetite-group I0CG

Prograde path associated with sustained fluid ingress at high to mid temperatures
Across metasedimentary sequences

Celebrating 175'!5 s "

6 LTSi, K, Al, Ba

LT K-Fe (H*-CO,)

K-felsite + K-skarn

breccias

HT K-Fe Ar31p-Bt-Mag evolves to Bt-Mag .
% 7. 3 HT Ca-k-Fe Minor Kfs Dahongshan, China
© Stratabound replacement Zhao et al. 2017b
-y 2 HT Ca-Fe Amp-Grt-Bt forms if deformed and
a 1-2 HT Na-Ca-Fe recrystallised as metasomatism

1-2 Skarn proceeds

1-2 HT Na-Ca

1INa Modified from Corriveau et al. 2010b, 2016

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

Celebrating 175!5 o ,'

Breccia-hosted magnetite-group 10CG

Reaches intense HT K-Fe alteration

_ with abundant Kfs in any host rocks
6 LT Si, K, Al, Ba

LT K-Fe/Ca-Fe-Mg (H*-CO,)

K-felsite + K-skarn
breccias

m Ernest Henry
w Australia

HT K-Fe (Kfs-Mag)  Repeated ingress of
HT K-Fe (Bt-Mag) [ Kfs-Mag, Bt-Mag
2- 7 HT Ca-K-Fe Then goes to LT Cc-Mag

Prograde

ZHT Ca-Fe Prograde path +
1-2HT Na-Ca-Fe  gystained fluid ingress at high to mid temperatures
1-2 Skarn
1-2 HT Na-Ca

1Na

Modified from Corriveau et al. 2010b, 2016

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

Metasomatic reaction paths

Prograde path with sustained fluid ingress at mid to low temperature

Celebrating 175!5 ()

6 LTSi, K, Al, Ba

LT K-Fe (H*-
CO,) Hematite- Hematite-
group 10CG group 10CG
K-felsite + K-
skarn breccias Magnetite- Magnetite-
group 10CG group 10CG
W HT K-Fe
© 2- 2 HT Ca-K-Fe
© . i
50 Sustained HT fluid Sustained LT fluid
o Z HT Ca-Fe rejuvenation from rejuvenation from
a. 1-2 HT Na-Ca-Fe multiple sources multiple sources
1-2 skarn during prograde during prograde
1-2 HT Na-Ca metasomatism metasomatism
1Na

Modified from Corriveau et al. 2010b, 2016

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

Metasomatic reaction paths for albitite-hosted U

Differential exhumation during telescoping of alteration facies

6 LTSi, K, Al, Ba

LT K-Fe (H*-CO Albitite ‘Orogenic
e 2 hosted U, ’ Au-Co-U Renewed
Au-Co-U in albitite deformation +
K-felsite + K- corridors metal
skarn breccias Telescoped remobilisation
path
O HT K-Fe
© 2- = HT Ca-K-Fe
(C
o0
O 2 HT Ca-Fe o
o 1-2 HT Na-Ca-Fe Q\’“\
1-2 skarn o ’b’}
- - LS L
1-2 HT Na-Ca N N,
1Na

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

Metasomatic facies

6 LT Si, K, Al, Ba

Prograde
LT K-Fe (H*-CO,) Retrograde
Cyclical
K-felsite Telescoped
K-skarn
HT K-Fe A ogical . |
9- 3 HT Ca-K-Fe petro qglca mapplr\g too
= A geological exploration tool
2 HT Ca-Fe = A mean to unify ore systems with varied, even
1-2 HT Na-Ca-Fe disparate, metal associations and deposit types
1-2 Skarn and develop coherent exploration strategies
1-2 HT Na-Ca
1Na
O Host

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.

Olympic Dam

6LTSi, K, Al, Ba
o K-Fe/Ca-Fe-Mg Hematite-group  + Episodic metal remobilisation
(+H-CO,) I0CG '
2 (ex., U) through renewed fluid
Eo HT K-Fe Magnetite-group circulation after the development
= 9. 3 HT Ca-K-Fe 10CG of host IOAA system
2 HT Ca-Fe

1-2 HT Na-Ca-Fe
1-2 Skarn, HT Na-Ca
1Na

0 Host

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Corriveau et al.
Olympic Cu-Au
Province
Gawler craton

Large igneous felsic, silicic
province extending along
700 km

I-type + A-type magmatism
with juvenile components

Plutonic and volcanic
components

A-type granites

= Evidence of high
temperature magmas
(>9002C; see Creaser 1996)

= No evidence of
anorogenic rift

Zone 53

204883-001

‘Source HP

[ e O
- BELE

100 km

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Haynes et al. 1995; Hayward and Skirrow 2010; Skirrow
2010; Ehrig et al. 2012, 2017; Reid et al. 2017
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O Major mines
O Deposits (IOAA) @ Skarn
X Historical mining districts
—- Olympic Cu-Au Province
- - Central Gawler Au Province
Geology
Gawler Range volcanic, 1.59 Ga
i Hiltaba granite, 1.59 Ga
1.62 Ga volcano-plutonic suite
1.69-1.67 Ga plutonic suite
1.75 Ga supracrustal rocks

1.79-1.74 Ga metamorphic rocks

2-1.74 Ga metamorphic rocks

¥ 1.85 Ga granites
2.55-2.41 Ga complex

B 2.53-2.41 Ga, gneiss

3.2-3.15 Ga granite, gneiss
— Major shear zones

Canada



Corriveau et al.

Key elements
for metal
endowment

Hayward and Skirrow (2010)

“... reworked lithosphere with older
[>~1590 Ma] metasomatised
SCLM...”

“...high frequency of trans-
lithospheric shear zones...”

...oxidised A-type plutons...”

in mafic-ultramafic intrusions and
basalts...”

“...abundance of mafic volcanics in
the lower Gawler Range Volcanics”

Se R“eild“
‘and Fabrls

‘...juvenile magmatic input manifest " 2' 15

204883-001

50
Zone 53

‘Sourco:e iB |

b ]
Iy LLf' iy Q/-Q,_)._.‘

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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See also Haynes et al. 1995;
Hitzman and Valenta 2005; Groves
et al. 2010; Skirrow 2010; Ehrig et
al. 2012, 2017; Kontonikas-Charos
et al. 2017
O Major mines
O Deposits (IOAA) @ Skarn
X Historical mining districts
—- Olympic Cu-Au Province
-- Central Gawler Au Province
Geology
Gawler Range volcanic, 1.59 Ga
i Hiltaba granite, 1.59 Ga
1.62 Ga volcano-plutonic suite
1.69-1.67 Ga plutonic suite
1.75 Ga supracrustal rocks

1.79-1.74 Ga metamorphic rocks

2-1.74 Ga metamorphic rocks

1] 1.85 Ga granites
2.55-2.41 Ga complex

B 2.53-2.41 Ga, gneiss

3.2-3.15 Ga granite, gneiss
— Major shear zones

Canada
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Olympic Dam

Fe-oxide Cu-U-Au-Ag Breccia Complex .~ %
deposit ce,eb,a,;ng175me
Under ~350m of unaltered R Resource outline i

‘cover sequence’

Hosted in a tectonic—
magmatic-hydrothermal
(metasomatic) breccia
Olympic Dam Breccia
Complex ~50 km?

Within ~1594 Ma Roxby
Downs Granite

Deposit footprint 6 km x = ;F | . """_""'b"'ad'd P d'
| Fe (<5 wt % ~
3kmx800m . | Fe(<Swt%) | | interbedded red sandstone — mudstone

L | Fe(5-20wt.%) interbedded green sandstone — mudstone

Fe increases from edge to E Fe (>20wt.%) |1 thinly bedded tuffaceous mudstones

centre

Figure modified from Ehrig et al. 2012
Geochemical data: Ehrig et al. 2012; McPhie et al. 2016 | Gairdner Dyke — dolerite/basalt
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Olympic Dam

Cefebrah'ng 175' X ,

kG eourees ' Alteration:
................... = Na (Ab)
5 | ,__ = HT Ca-Fe (Mag-Ap + Sd-Chl-Qz)
. H “Fe -ZZO% | : ’ - Ié'l;tl)(-Fe (Hem-Kfs-Ser-FI\Hem-Ser-FI\Hem-Qz-

* LT Fe (Hem-Qz-Brt)

= Sulphide minerals (Sp\Gn\Py\Ccp\Bn\Cct)
= LT Ca-Fe-Ba-C-F-S (Sd\FI\Brt)

— Green sandstone Mg = Advanced argillic (Ser-Qz + Al-OH)

and wacke

_ . 8 Positive correlation of Fe vs Ag, As, Au, Ba, Bi, Cd,
ed sandstone and wacke i
L sompestin fcFeandutce I e, sn, S, Te, U, V, W, Y, Zn, REE

Na

K-Fe and K-Fe+Ca-Fe-Mg alteration of granite
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Olympic Dam alteration and mineralisation 1750

Fe-oxide (Fe*? - Fe*3)

Magnetite+apatite+chlorite » hematite+K-feldspar-sericite+siderite
Siderite - fluorite - barite

Hypogene: Py - Ccp = Bn - Cct - Cu/Au

Polymetallic Zn-Pb-Ag and Mo-Sn-W associations

Uraninite - coffinite - brannerite Mg
Two styles of gold mineralisation (sulphide and non-sulphide) K

Fe

Ca

Kf? alt + D AR e . Figure modified from Ehrig et al. 2012 N
Mild hematisation - | Kfs-Ser-Hem alt Shr-Hor st _ | d
% g | Ser-Hem alt
Hem alt +
lgneous and Brt veins

hydrothermal Kfs
Very minor Hem

lgneous Mag

Repeated breccjati : ;
CClation and INCreasing K-Fe metasomatism Fe met _
€tasomatism
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Olympic Dam breccias

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Olympic Dam, Gawler craton, Australia

V S— —v—__r—v__-_v___'

7x5 km of breccia+alteration

Breccia with
:| aranitic fragments

in 1.6 Ga A-type granite

] anm.-fgte'q uartz E—[ Phanerozoic
a L J sedimentary cover

P B N W Wl

|:| GramtelBrecmated = Hematiterich

granite breccia Mafic and felsic

— Rmh}éDans —— Heterolitic breccia rich in dykes
grani L | hematite 3 I Dolerite
] }/gécgnlclastlc f?;%crggnvtglltnegmrg?tg?rich matrix
Alteration :
= Na, HT Ca-Fe (Mag-Ap+Sd-Chl-Qz) RDG: Roxby Down granite, host
= LT K-Fe (Hem-Ser-FI\Hem-Qz-Brt) of the Olympic Dam deposit
* LT Fe-Ba-F (Sd\FI\Brt) Fe-Cu sulphides, U, REE minerals

= Ore (Sp\Gn\Py\Ccp\Bn\Cct)
" LT Fe (Hem-Qz-Brt)
= Advanced argillic alteration (Ser-Qz* Al-OH)
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Olympic Dam chemical variations

35 . — 55
Kfs-Ser altered granite cut by a bornite vein - Epithermal? - —
(RD 2737, 593m) Ol -.}‘3 ; 0 E
5 e L e, S
o = Mo 8 i © BB
w N I S
o 20 . 40 X
= e ip ' g
3\ 15 oot A 35 9
X > sveins? >
; 10 K ... 3.0 S
= . RDG AR < =
v s '&P\i& ::125 c:n,
0 2.0
0 10 20 30 40 50 60
Typical signature of Fe (wt%, whole rocks)  RDG: Roxby Down granite
epithermal alteration _ 30 .
. mafic
Typical signature of prograding I0CG g FOCKS
mineralisation from K-Fe to Fe =
———————————— e
- e
granite K-Fe Fe 2
. 2
Signature of HT Ca-K-Fe or K-Fe s
replaced by carbonates

Signature of Fe + Qz veins I
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Olympic Dam chemical trend

0.8 0.8
S St
= =
) o)
£ g
< 0.6 < 0.6
@) @)
hs \n
o o
p b
z 0.4 z 0.4
+ +
<) <)
N Y
0.2 0.2

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
(2Ca+5Fe+2Mn)/(2Ca+5Fe+2Mn+Mg+Si)molar (2Ca+5Fe+2Mn)/(2Ca+5Fe+2Mn+Mg+Si)molar

Element bar charts on the I0CG discriminant diagram record the evolution of the
metasomatism across the Roxby Downs Granite host to Olympic Dam. The granitoid is
progressively altered along a clock wise trend from the least-altered field to the K-Fe and then
the Fe-rich alteration and finally into the Fe-rich Ca-Fe due to carbonate alteration. Another

trend records the impact of low temperature chlorite-sericite metasomatism.
Data: Ehrig et al. 2012; McPhie et al. 2016; Huang et al. 2016; Discriminant diagram: Montreuil et al. 2016a
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Quantitative Hematite — K-feldspar — Sericite

(-400mRL)

0.000 <= [ < 20.
nom<-[J<»nn defines a Kfs-rich LT K-Fe alteration facies
20.000 <= [ < .00
20,000 <= [ < 20.00
30,000 <= [_] < %0.0¢
40,000 <= [[] < 50.00
50.000 <= [ <60.00
60.000 <= [ < 20.00
20.000 <= [[] < 100.¢

hematit
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~ Distribution of K-feldspar and hematite (below 20%)
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Quantitative Siderite-Fluorite-Barite
(-400mRL)

siderite fluorite barite
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CU-U308Pb distribution at ~400m below surface

U308
U: within LT K-Fe
alteration facies

- Cu _.
Cu: within LT K-Fe
alteration facies

35000 N
34000 N
33000 N
32000 N
Cu (wt%) U,0; (ppm)
From To Colour From To Colour
0.0 015 |
0.0 1000
015 0.3 - .
0.3 06 - 100.0 2000 Fom
0.6 1.0 200.0 5000 [ 0.0 50 IR
1.0 1.5 500.0 10000 250 50,0 So u rce B H P
LS 20 000 100000 00 >0
20 2.0 - 750 100.0
10000.0 40000.0
30 40 1000 3000
4.0 40000.0 - 2000 5000
500.0 1000.0 [
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Olympic Dam alteration facies

6 LT Si, K, Al, Ba Epithermal \/

LT K-Fe/Ca-Fe-Mg (H*-CO,) Hem-group I0CG / //

K-felsite + K-skarn Mag-Hem group

i 10CG, or 10CG
M H g
ag to Hem transition with <karn K
HT K-Fe (Kfs-Mag) Mag-group 10CG

Prograde

2 HT Ca-Fe I0A \/
1Na /

Modified from Corriveau et al. 2016
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cei'ebratmg175'
Crustal architecture of the Olympic Dam region

Fold-thrust belt + Doubly-vergent orogen: original interpretation of
Drummond et al. (2006) being revised following reprocessing of seismic line
(see Wise et al. 2016)

Reflective crustal-scale ramp (thrusts)

Abrupt decrease in Moho and lower crust reflectivity

Along an Archean craton margin

Melting of metasomatised sub-continental lithosphere

Shear zones active at 1.59 Ga, some faults are magnetite altered
Faults interpreted as first order conduits for the I0CG systems

Vertical zones of reduced reflectivity across the upper crust below some of
the main mineral systems (magma pathways, hydrothermal alteration such as
albitite corridors?)

Iron alteration leading to series of reflectors that extend across a 300 m wide
to ~3 km depth

See figures in Drummond et al. (2006), Hayward and Skirrow (2010) and Wise et al. (2016); see also Corriveau (2007), Griffin et
al. (2013) and Thiel et al. (2016) for the importance of mantle to crust pathways for magmas, metals and fluids, including in
|IOCG ore systems.
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430000

Olympic Domain
Falcon Gravity and TMI (RTP 1VD)

70009 80000 L 60000 0000 720000 730000 40000

5000

BB5000E

Falcon gravity+
TMI (RTP) contours

8 Modified from
SEaM) Chrig et al 2012

Py 2 %

= _ Fe-oxides (I0A-I0CG)

*OD- OlympicDam  g4yrce BHP

e WW- Wirrda Well
*AC- Acropolis
*SG- Snake Gully

11’ C , rs
° _ I I k E!ebraﬁng 175 @
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Acropolis and Wirrda Well
Alteration indices

ACD9 825m 2 WRD33

= WRD19
5 5 = WRD5
= WRD3
4 T _ 4 «WRD6
< mt-ap-ksp veins 4 WRD46
= 3 _
©
=

alt GRV rhyalite

a9\ .%pyw_y .

"« ACD (all others)

« ACD12
0 10 20 30 40 50 60 70
Modified from Krneta et al. 2017
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Olympic Dam and surrounding prospects

Olympic Dam
6 LT Si,K,AlBa Epithermal ,:\
/\ LT K-Feica-re-  Hem-group 10CG A :
Mg (+H*-CO,) : |
D I i
% K felsite I\:I(agI;Hem 10CG, : :
v K skarn -skarn
S N | :
a HT K-Fe » Mag-group 10CG : : I
I
g : Wirrda Well |
2 HT Ca-Fe I0A I :
Acropolis | ==
|
0 Host Source BHP

Jified frc
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Celebrating 175rs ’i‘e'

State of knowledge and impacts

Criterias for I0CG-U potential
Ore deposit and geoenvironmental models

Impact on renewing Canadian resources

—=n =

I
\]
U

L —— - = om m = = —_— = - - - I = W n o = - - - - - - - - - -

— - = = - - = e m e e e - - - - - - - - -———— - _— = - . = - - - - -

b - - s = = - - - - - - - . = - - - - - - - - - - - = - - = =5 = - - - - -
= — — _ — - - - - - - - - - - - - - - . - - - - - N
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Criteria for high I0CG-U potential

Continental settings

Far-field continental backarc, Andean-type arc, intracontinental
Extensive and ultimately voluminous mafic to felsic magmatism
Subvolcanic to epithermal settings preserved
Pre-I0OCG sedimentary basins

Crustal-scale structural pathways for magmas and fluids oy mae e
Mafic/ultramafic intrusions = thermal anomaly Prﬁﬂ?ﬁi’éi?éﬁ{ﬁﬁ%"&
U-rich felsic subaerial volcanics and high-level intrusions (A-type

Compression = extension during magmatism

Syn- to post-compressional magnetite-bearing (HT Ca-Fe) alteration; ductile
behaviour of high temperature Ca-Fe metasomatites

Tectonic exhumation + fluid mixing (e.g., with oxidised caldera fluids) +
telescoping of alteration facies

Fluid flow through U-rich hosts to sites of upflow

Hematite-rich alteration facies formed above magnetite-bearing (HT Ca-Fe and
HT K-Fe) alteration facies but commonly faulted subsequently

Modified from Skirrow 2010

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Ore deposit model

Many ore deposit type models are strongly linked to specific geodynamic settings

Many geodynamic settings of Precambrian IOA and IOCG deposits remain
uncertain despite abundant literature on the subject

Proposed settings for IOA and I0CG deposits greatly vary but all are continental
and most ultimately generate A-type (high-temperature) magmas

Most IOA and IOCG deposits where regional settings are exposed or drilled at
sufficiently large scale are shown to be hosted among a regular series of
diagnostic alteration facies with distinctive extent, intensity and pervasiveness

High temperature saline fluids are required to trigger the regional-scale
metasomatic systems but their sources can vary between and within systems

Metasomatic footprints are a result of, and record ore-forming processes

In high-grade metamorphic terranes (e.g., many Precambrian shields), geological
evidence of repeated sub-volcanic intrusions, porphyritic dyke swarms, calderas

and exhumation can be amalgamated as undifferentiated gneiss complexes and

remain unnoticed

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Iron oxide and alkali-calcic alteration ore systems

IOA, 10CG and affiliated deposits form as a consequence of

a regular series of fluid-rock reactions triggered by high salinity fluids
across high geothermal gradients

in tectonlc.:ally actlYe se.ttlngs Ce,ebraﬂng.'75me
Metasomatic footprints include

Regional albitite corridors along fault zones and above sub-volcanic intrusions, many

extensively brecciated, replaced by fertile alteration and mineralised

Regional to deposit-scale, stratabound, HT Ca-Fe and HT Ca-K-Fe alteration facies
Deposit-scale breccias with HT to LT K-Fe, K, K-skarn and LT Ca-Fe-Mg alteration facies

~ = - {lead to batholiths) e o e —

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018 H
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conmaine ] 75> B
Refining the classic model of Hitzman et al. 1992

Sericitic / Silicic Alteration

Hematite-sericitetquartz breccia Epithermal
\ Paleosurface LT K-Fe + LT Ca-Fe-Mg
s A ERTEIEN Sexieific Alteration
Kfs haloes ity Hematite-sericite-carbonate-
. RIS T .
S W e, ol m, Chloritetquartz
e T BRas R R AT A AL

NI P TP A pI P00

HT K-Fe

/ Bl MAlteratmn

K Feldspar-sericite-magnetite-
quartztbiotite, actinolite, chlorite

HT Ca-Fe actinolite, magnetite, apatite
Sodic Alteration

Albite-magnetife-actinolite scapolite

- Massive Hematite
© Her Majesty thel% een in Right of Canada, as represented by the

Minister of Natural Resources, 2018 Massive Magnetite
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Ore genetic models

Better understanding of:

Lateral, longitudinal and depth extent, types, evolution, intensity,
parageneses, geochemical signatures and rock physical properties of alteration
facies

Metal associations and deposit types as a function of alteration facies
(prograde, retrograde, cyclical and telescoped metasomatic paths)

Role of metasomatic fluid-rock reactions (coupled dissolution-reprecipitation)
on evolving fluid composition and acquisition of mixed fluid and metal source
signatures from continuous fluid recharge and discharge across the ore
environment (i.e., the upper crust)

Distinctive features with respect to other deposit types (but depths can be of
the same order as that of porphyry, compare with Reed et al. 2013)

Bias in fluid inclusions information due to their more common preservation in
low temperature minerals (e.g., quartz, carbonate)

Still have a fair way to go to predict metal endowment of IOAA systems

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018

Natural Resources Ressources naturelles C d
I * I Canada Canada ana a-

i+l



Corriveau et al. 129
. Celebrating 75"5 @
|IOCG: Resources for future generations -

Public gt?osciegce ) A new deposit type including the 15t U, 37 Au
. gﬂiﬁgm?cagneo{gésarc and 5" Cu world resources in a single deposit
= Environmental studies (10,400 MT resources = 1054 billion CADS)
* Management decisions ]
= Policy A\ 80 Mt resources known in Canada
| IOCG and affiliated deposits are
Mineral

: THE RESOURCES FOR FUTURE GENERATIONS!
\ exploration

Hnaliat:.

cOmmumt.estlng New I0CG mines (100-400 Mt resources) open

landuse = | S Permitting nearly yearly since 2000 but none in Canada!

Tra'"'"_g_____._Ki__“"“--‘f':_f High level of expertise on ore systems required
Public mining-and for informed planning and decisions by industry

mineral sciences

and governments
= Geometallurgy &

" Tailing remediation GEM and TGl outcomes applicable broadly; can
= Mine drainage . .
fill the major knowledge gaps through short
Geo-environmental ore deposit model courses and special sessions at meetings, etc.

modified from J. Kwong et al. presentation

© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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|IOCG: Opportunity and challenges in Canada

116°00"W [ 112°0'0"W 108°0'0"W

|I0CG, IOA
L Albitite-hosted U
‘I Porphyry,
" Epithermal

Hornby <V

Bay Basm/j

=

- /Great Bear
= Magmatic
¢ Zone

,! |
% Sue Dlane

NICO
Idaé*x[*- WF
trail

Slave Craton|

Phanerozoic
Platform

116°0'0"'W

112° 00

108°0'0’
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Canada

Resources: highly prospective and UNTAPPED!

Geoscience framework and mineral exploration
too immature for sound mineral potential
assessment across Canada

Potential resources highly UNDER VALUED

Spectacular physiography and high biodiversity (a
consequence of IOCG atypical geology!) targeted
for conservation areas and national parks

Withdrawing I0CG settings from exploration could
significantly impact the renewal of mineral
resources for future generations in Canada

Increasing geoscience information, including
baseline knowledge of environmental footprint, is
needed for informed decision on land used
planning, environmental assessment, mine
planning, government and industry project
implementation and planning, policy, etc.
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. r o, : = o 78 -
- o 2 oy N k. G

e Tt - R o YIS i ' TR Great Bear magmatic zone
| L 5 o T T - Gossarisland, K2, Echo Bay

Great Bear IOAA fodtrints
Vectors to I0CG and affiliated deposits

Superb 3D exposures of iron oxide and alkali-calcic alteration ore systems from
3-10 km depth to epithermal caps

Alteration mapping genetically links I0CG, 10A, skarn, albitite-hosted U and
mantos mineralisation types

Alteration facies prograde to distinct metal associations (base, precious,
specialised metals including for nuclear energy, green energy technology and
geothermal energy)

No subsequent orogenesis = very limited remobilisation (restricted to batholith
emplacement, mafic dykes haloes and transcurrent faults)

New geological and geophysical exploration criteria, technologies,
methodologies and case studies

Ore deposit model, mapping and exploration tools
© Her Majesty the Queen in Right of Canada, as represented by the Minister of Natural Resources, 2018
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Thanks to all participants, collaborators, managers, and administration and laboratories
personal involved in

Geological Survey of Canada (Natural Resources Canada)
Geo-mapping for Energy and Minerals — IOCG-Great Bear project participants
Targeted Geoscience Initiative — Uranium in Canada participants

GEM and TGI program managers, division directors and other GSC projects

Northwest Territories Geoscience Office

South Wopmay Bedrock Mapping project participants and managers

First Nations communities and governments, in particular the Community Government of Gameti
Fortune Minerals, Alberta Star, Diamonds North, Honey Badger Exploration, Energizers, Aurora
Geosciences

Academia (including BSc, MSc and PhD students) and other contributors

Aurora Research Institute, Research Licence No. 14844 No. 14639 and No.14548

Land Use Permit Class A No. W2010J0i 42009C0001 (Fortune Minerals Limited)
Archaeological sites database agreemi -390, No DR2009-335

Polar Continental Shelf Program projec and 00410

Task-sharing agreements: NRCan-Fol "NRCan-Honey Badger Exploration-Energizer

.\

Resources, NRCan-Community Govers

I *l Natural Resources  Ressources naturelles Canadﬁ

Canada Canada




Corriveauetal.
Geological Association of Canada

Short Course Notes 20

Exploring for Iron Oxide Copper-Gold Deposits Canada and Global Analogues

Chapter 1 - Exploring for iron oxide copper-gold (Ag-Bi-Co-U) deposits — the need for case studies,
classifications and exploration vectors

Louise Corriveau, Hamid Mumin

Chapter 2 - Classifying IOCG deposits
Patrick J. Williams

Chapter 3 - "Magnetite-group” IOCGs with special reference to Cloncurry and Northern Sweden: settings,
alteration, deposit characteristics, fluid sources, and their relationship to apatite-rich iron ores
Patrick J. Williams

Chapter 4 - "Hematite-group" I0CGzU ore systems: tectonic settings, hydrothermal characteristics, and
Cu-Au and U mineralising processes
Roger Skirrow

Chapter 5 - The IOCG-porphyry-epithermal continuum of deposits types in the Great Bear Magmatic Zone,
Northwest Territories, Canada

Camier
Ty
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Chapter 6 - Use of breccias in IOCG(U) exploration
Michel Jébrak

Chapter 7 - Alteration Vectors to IOCG mineralization
— from uncharted terranes to deposits
Louise Corriveau, Patrick Williams, Hamid Mumin

Exploring for
Iron Oxide Copper-Gold Deposits:
Canada and Global Analogues

Chapter 8 - Iron oxides trace element fingerprinting of
mineral deposit type
Georges Beaudoin, Céline Dupuis

Editors:
Louise Corriveau and Hamid Mumin

Chapter 9 - Alterations in IOCG-type and related deposits in §
the Manitou Lake area, eastern Grenville Province, Québec |
Tom Clark, André Gobeil, Serge Chevé

Geological Association of Canada
Short Course Notes 20

Chapter 10 - Lower Cambrian iron oxide-apatite-REE (U)
deposits of the Bafqg District, east-central Iran
Farahnaz Daliran, Heinz-Glinther Stosch, Patrick Williams

Chapter 11 - Iron oxide-copper-gold mineralization in the
Greater Lufilian Arc, Africa
Alberto Lobo-Guerrero S.

Chapter 12 - Alteration processes and impacts on regional-scale

element mobility and geochronology, Tamlalt-Menhouhou deposit,

Morocco r
Ewan Pelleter, Dominique Gasquet, Alain Cheilletz, Abdellah Mouttaqi Canada
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