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Thousands ordered to flee advancing
wildfires in Quebec AT
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Tomorrow night's run is
CANCELLED
due to poor air quality

Beers are still on
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®CBS NEWS HAZARDOUS AIR IMPACTING MILLIONS OF PEOPLE |

CONDITIONS DETERIORATE IN THE NORTHEAST DUE TO CANADIAN WILDFIRES

Extreme heat, wildfires wreaking havoc
with hottest months still ahead

May 2023 Temperature Ranki"g From ERAS (5 The oceans are record warm while heat waves have invaded multiple continents and ice levels are at historic lows
s
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By lan Livingston, Dan Stillman and Jason Samenow
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J ! 1 = Smoke billows upward from a planned ignition by firefighters tackling the Donnie Creek Complex wildfire south of British Columbia on Saturda) 2

(B.C. Wildfire Service/Reuters) ° Charlotte
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Global temperature change (1850-2022)

1860 1890 1920 1950 1980 201 0

Ed Hawkins, https://ed-hawkins.github.io/climate-visuals/stripes.html




WE ARE HERE

Global temperature variations over last 2022 years

(using information derived from tree rings and other 'proxies')
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Carbon dioxide levels Vi

Graphic: @ed_hawkins Invention of
Data: PAGES2k (years 1-2000) and HadCRUTS.0 (2001-2022)

Reference period: 1901-2000 steam engine




Major Emitters
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Why Batteries? _—

Taking To The Skies For Climate Change | Climate Games

Fundraiser

Danny MacAskill @

@ 510K subscribers @

https://www.livezeno.com/; https://www.youtube.com/watch?v=XR4maEf-eCY



https://www.livezeno.com/
https://www.youtube.com/watch?v=XR4maEf-eCY

Li-lon Batteries

* High energy density
=small & light
* High voltage
= good for high-power applications
* Low maintenance
* No memory effect (which can lower
capacity over time)
* Non-toxic (no cadmium)

https://www.cei.washington.edu/education/science-of-solar/battery-technology/

Volumetric Energy Density (Wh/L)
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https://www.cei.washington.edu/education/science-of-solar/battery-technology/

Increasing Demand for Metals

Accelerating Demand
Metals demand from lithium-ion batteries is expected to top 17 million tons

in 2030
Million metric tons
18
= Cobalt
16
= Manganese
14 %
Phosphorus
12 -
m Iron
10
= Mickel
g
. = Graphite
= Aluminum
4
= Lithium
2 l
= Copper
0

2022 2026 2028

Source: BloombergNEF, Note: Metals demand occurs at the mine mouth, one year before battery
demand.

https://about.bnef.com/blog/race-to-net-zero-the-pressures-of-the-battery-boom-in-five-charts/



Sources of Cobalt

Co?* is compatible:
Concentrates into olivine in the mantle
Only released to magma after high degree of partial melting
Highest in ultramafic (+ mafic) magmas

Co is mobile in aqueous fluids, as Co?* but especially as chloride species:
Mobilized by oxidized high-salinity brines

Williams-Jones & Vasyukova 2022. Part . Economic Geology; Vasyukova & Williams-Jones 2022. Part Il. Economic Geology.



Sources of Cobalt

Hydrothermal sediment-hosted (DRC) —

Hydrothermal vein-hosted
(Morocco) (2%)

Laterite
Magmatic sulfide <€

Williams-Jones & Vasyukova 2022. Part . Economic Geology, Petersen et al. 2016 Marine Policy

+ VMS deposits
(e.g. Windy Craggy, ~190 000 tonnes Co)

+ Seafloor Mn nodules & Fe-Mn crusts
(>100 million tonnes Co)



Sources of Cobalt: VMS Deposits

Favne seafloor massive sulfide deposit,

_,.m 100 M Arctic Mid-Ocean Ridge:
* Upto0.98 wt% Co in whole-rock
BLACK SMOKER COMPLEX COLLAPSED AREA samples

e
»'q_ op ?

! * In pyrrhotite, (isocubanite, sphalerite,
WHITE SMOKERS

/s, X \ .~ 2 magnetite) in high-T zones
DEBRISAPRON & / = o B - 3-‘{, { SULFIDE TALUS
METALLIFEROUS SEDIMENT, == ¥ Y Vade / ) ]
&g S \ - Ultramafic/mafic source rocks
e i~ Qs A - High-salinity CI- fluids
SEALED PYRITE  Zn-RICH MARGINAL™ R . .
FACIES AR S - Focused high-T venting

DATIONAL CONTACT

D, PYRITIC STOCKWORK

APPROX. LIMIT OF

DEMAGNETIZED ZONE ITIZED £ HEMATIZED BASALT

ALTERATION PIPE

Galley et al. 2007 Mineral Deposits of Canada; Sahlstrom et al. 2023 Ore Geology Reviews



The Windy Craggy VMS deposit

272 Mt @ 0.07% Co =
~190 000 tonnes Co

Peter & Scott, 1993. Resource Geology Special Issue, no. 17; photo by Jan Peter



Main Hosts of Co

.
.

Reflected light photomicrographs

Compositional maps (LA-ICP-MS)
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CO in PyrrhOtite Gra.in.orientvation maps (EI?SD):
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Reflected light photomicrograph: . .
- internal grain

distortion
= dislocation creep

- finer grain size for

foliated pyrrhotite
= dynamic

recrystallization



Co in Pyrrhotite

Reflected light photomicrograph:

- internal grain
distortion
= dislocation creep

~930 - 1330 ppm Co
- finer grain size for
foliated pyrrhotite
= dynamic
recrystallization

,' -
0 ppm



Co in Pyrrhotite... and Cobaltite

Backscattered electron (BSE) images

Chlorite- - : Y. ol Cobaltite

SEM HV: 20.0 kV WD: 14.99 mm MIRA3 TESCAN SEM HV: 20.0 kV WD: 14.98 mm MIRA3 TESCAN
View field: 570 pm SEM MAG: 486 x | 100 um View field: 73.8 pm SEM MAG: 3.75 kx 20 um
88-41_151.0_site 699_Co_2 Det: BSE Low Energy| NRCan LMS GSC 88-41_151.0_site 699_4_Co.... Det: BSE Low Energy NRCan LMS GSC

- Rare, fine-grained cobaltite (CoAsS) appears to be associated with
sheared, dynamically recrystallized pyrrhotite

= suggests that (some) Co is released from Po during dynamic
recrystallization, contributing to formation of cobaltite



Co in Pyrrhotite... and Cobaltite

Grain orientation maps (EBSD):

Reflected light photomicrograph:




te

Coin Pyr




Co in Pyrite

Reflected light photomicrograph

Distinct grains
=reX

Relict, non-reX
= primary
hydrothermal py

Grain orientation map (EBSD)

Cawood, Peter et al in prep.



Co in Pyrite

~3,060 ppm
~area of reX subgrains

Co ppm

/10,000

11,00

Reflected light photomicrograph

3 100

Distinct grains
=reX

10

AY
~9,000 ppm
Rim must post-date reX
= diffusion during peak
metamorphism

Relict, non-reX ~185-1,390 ppm
= primary Primary zoned py
hydrothermal py

Grain orientation map (EBSD)

Cawood, Peter et al in prep.



Sources of Lithium

Li is incompatible
Behaves as a Large-lon Lithophile element
Enriched in melts > crystals,
felsic > mafic > ultramafic

Li is highly mobile
Small ionic radius
High electropositivity (Li*)
Water soluble (esp. + chlorine)
Least dense of all solids (~pine wood!)

Bunker 2022 From mines to brines, GeoHug; Bunker et al. 2022 Geoconvention; https://twitter.com/BMPMetals/status/1048264055369216000



https://twitter.com/BMPMetals/status/1048264055369216000

Sources of Lithium

- Li-rich granites & pegmatites
Tanco Mine, MB; Greenbushes,
Australia; Bikita, Zimbabwe

- Li clays
Thacker Pass, Nevada

- Salars (evaporative brines)
Salar de Atacama, Chile; Bolivia;
Argentina

- Other Li brines
Geothermal brines — Salton Sea,
California
Oilfield brines - Alberta

Other 4
Countries* Argentina
B 700t % 6,200t

The World's Largest
Lithium Producing CountE

Lithium demand for electric vehicle batteries and other energy

storage devices has grown significantly over the past few years. . :
9 g 9 y P y Australia produces most of its lithium
N g : by mining hard rock spodumene,
Over 70% of global lithium production comes from only two countries.
9 P Y unlike Argentina, Chile, and China,

- which produce it mostly from brine.
Lithium Production by Country 2022 in Tonnes

Australia
61,000t

P2 ol WA R oy, R | ,_-|m

Bunker 2022 From mines to brines, GeoHug, Youtube; https://elements.visualcapitalist.com/visualizing-the-worlds-largest-lithium-producers/



Sources of Lithium: Rare Metal Pegmatites

Li, Cs, Ore Deposit Model:
________ EE’ Ta, Residual Melts of Granitic Magmatism (RGM)
e a -~ * “Fertile” granites (S-type, 2-mica, peraluminous...)
’ _'I-_is ?\ﬁ; § 3 form from partial melting of metasediments
- a, a . o L
- -~ =1 § * Fractional crystallization (FX) within pluton -
(1] oy
%3 more evolved compositions
.IE_‘:’ Nb, o ¥ * Extreme FX = melt rich in incompatible elements
§ g-. (Li, Cs, Ta, Nb...), fluxes & volatiles (water, B...),
= 3 8 lower viscosity & solidus - form pegmatites
= 2 g' * Mineralogical/chemical zonation around parent
:g: s granite
o=
Barren 30
s 3
i X
00
CBD =2
3 3
= 2
bl
Granite

©2008 Mineralogical A ssociation of Canada

London 2008, after Cerny 1989, 1990; Simmons & Webber 2008. European Journal of Mineralogy; Wise et al. 2022 The Canadian Mineralogist



Genetic Models for Rare Metal Pegmatites

Depth (km)

Residual Melts of Granitic
Magmatism (RGM)

OROGENIC (LCT) or ANOROGENIC (NYF) SETTING
(pluton-related)

Direct Products of
Anatexis (DPA)

OROGENIC SETTING
(pluton-unrelated)

o ——— - S
LCT = S-type-pluton-related
NYF = A-type-pluton-related ;
Miarolitic = -
Stockscheider
Rare E\-;'mcm)"’%
5 1 Rare element \
(»LCT» and «CT») Barren -Zo-Noh
M '
= \I__r-—- T T _ T
10 1 ~
H,O-present
melting : )
B-, Li-bearing
metasediments
Muscavite are ent
15 - muscovite- \"i:\w:w 3 nszl : ‘]
. \ 21 / tmixe |
‘rjneer:%;grat'm low- or high-degree-melting
9 Abvssal iy, ¢ controls the formation of barren
yssa - [ M Rare element and rare element pegmatites
ale cClielhne
oy gneiss ¥ \
bictite- -y L (rNYz)
20 dehydration R O
£ amphibalite
melting ¢
amphibolite-
dehydration ? 5 § § § J
25 | melting !

HEAT SOURCE
(mafic magma underplating?)

Ore Deposit Model:

Residual Melts of Granitic Magmatism (RGM)

“Fertile” granites (S-type, 2-mica, peraluminous...)

form from partial melting of metasediments

* Fractional crystallization (FX) within pluton -
more evolved compositions

* Extreme FX = melt rich in incompatible elements
(Li, Cs, Ta, Nb...), fluxes & volatiles (water, B...),
lower viscosity & solidus - form pegmatites

* Mineralogical/chemical zonation around parent
granite

Direct Products of Anatexis (DPA)

* Low degrees of partial melting - form pegmatites
directly

* Still need some FX to concentrate rare metals?

* Maybe not — melt pre-enriched rocks (like earlier
granites, Ballouard et al. 2023, Koopman et al. 2023)

Simmons et al. 2016, The Canadian Mineralogist; Doggart 2019, MSc; Mdller et al. 2017 The Canadian Mineralogist; Wise et al. 2022 The Canadian Mineralogist;



Rare Metal Pegmatites from Direct Anatexis

Work in progress, with Dr. Danny Hnatyshin (GSC), and Prof. Lee Groat & Cat Breasley (UBC)



Rare Metal Pegmatites from Direct Anatexis

B, | - lepidolite

Gof Lt M green tourmaline
beryl
lithiophilite
columbite

Dixon et al. 2014. The Canadian Mineralogist



Rare Metal Pegmatites from Direct Anatexis

- diatexite migmatite
- transitional into pegmatite
- same dyke as Li-bearing zone
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Rare Metal Pegmatites from Direct Anatexis




Rare Metal Pegmatites from Direct Anatexis... of Granites

Step 1 - Anatexis of metasedimentary rocks

Li in metasedimentary rocks = 125 ppm /-ﬂ Li in melt = 255-538 ppm

H Melt
[0 K-feldspar
[ Plagioclase

[0 Quartz
E Biolite

Koopmans et al. 2023 Geology, also see Ballouard et al. 2023 Contrib. to Min. & Petr.
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