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Why decarbonisation?

Billion tonnes of CO,/yr

Timing of net zero CO:

Line widths depict the 5-95th
percentile and the 25-75th
percentile of scenarios

Global total net COz2 emissions

In pathways limiting global warming to 1.5°C

with no or limited overshoot as well as in
pathways with a higher overshoot, CO2 emissions
are reduced to net zero globally around 2050.

Four illustrative model pathways -

e s Pt i@y limiting global warming to 1.5°C)

~—— Pathways with higher overshoot
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* Figure from the IPCC
Special Report on the
Impacts of global
warming of 1.5°C above
pre-industrial levels

« Shows global emissions
pathways required to
keep warming at these
levels

« All scenarios require
decarbonisation of
energy and transport




Decarbonisation of energy and transport
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The .
Economist

Electric cars

The death of the internal combustion
engine

End of the
diesel and
petrol car

All new vehicles must be fully electric by 2040

e — It had a good run. But the end is in sight for the machine that changed
and vans will be banned from 2040, the  measare i to require clies 10 Impase:

sovernment ks to anaounce today. esiry foes on diesel drivers.

The supply of new tybrid vebicles  The plan willinclude 4 cometmest
that have an electric motar and a petrol scrappage
ar diesed exgine will also nd in a move  scheme for abder diesed vehicles bt
will have few details on how it mght be
funded. M Gove wil aamoece that a

“compeehensive cean-ais Srategy 1o
tackie the full range of pollutants” will

the world
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to deal with tekc nRmogen dioxide  that a previous version faded to comply
(NO:)rom diesed vehicles. Thedecision  withs a EL directve tos

rdace it
‘clectric veduces came as: i the "shartest possible time'. A repart

® EMW anncunced that its new clec- by the Royal Collepe of Physiclans last

tric Miniwouldbe assemblod in Britain,  year estimated that air polkation —

poing into prodaction in 2019 its fact-  linked to cancer, asthma, stroke and

ary in Cowley near Onfoed. heart discase, disbetes, obesity and _—

@ The company said that It had  dementia— coused 40000 premature . End of the NICK FRANCIS s

“nedher sought noe received” reassar-  deaths a year. 2 = ra Hherbend snd Rotwran AEDD Bwiteds AT

ces i 1 de wr. comes  two —_—— "
‘mests after Britain leaves the ELL weeks after Mr Macron pledged to owts (D CAERY) D) 2508 T

a further boost aftes Hrexit, Doa-  outlaw the sale of vebicles that use an
“mapoc 2040

ol
i
Fer

road for gas pEEE e
guzzler motors
@2040 ban

part of plan to
slash pollution

trade deal with Britain, leadieg 10 the  The gwernment’s comenEment %0 4
creation of more jobs. siflar ban s a stresgthening of its

Under plans 1o be cutlined todsy  previcus pasition. The Camservative
by Michiel Gove, the envevament manesto tated “We want almost
secretary, dosens of comncils wihroads  every ca and van 1o be zero-canission
breachice legal Smits for NO: wil be by 205" Two weeks ago the govern-
required to publish initial plans t0 cut  ment said that, for Bl tanget to be
emssians by the end ol next Maschand  achieved, sales of new petrel and dlesel
final peoposals by the ead of the year.  cars woukd need i stop in 2040,

Removing speed humgs, repeogram-  The air-guality plan  anncunced
ming traffic lighes and changing road  today Is part of 2 £3 billion programme.,

y e dmomg measures that  of which £27 Bilioe had already been
councls can use, Mr Gove wil say.  revealed including Elhon in geants
However, the povernment il leave il
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“A transition to a low-carbon society, a change that will
require vast amounts of metals and minerals. Mineral
resourcing and climate change are inextricably
linked...... because the world cannot tackle climate
change without an adequate supply of raw materials to

manufacture clean technologies”

All et al., 2017, Nature
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Raw materials for decarbonisation

Magnets in motors
« Neodymium
« Dysprosium - REE
* Praseodymium _

Batteries
e Lithium
Solar panels . CObaIF
« Gallium o Tellurium . G_raphlte
* Indium « Selenium * Nickel

« Copper * Manganese
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Global rare earth oxide production 2018 Wh e r. e d O t h eS e
critical raw materials

4 come from?

I > 100,000t Global lithium production 2018

[ ]10,000- 100,000t

[ ] < 10,000t

Figures from USGS

Global cobalt production 2018 E 1>.010(2J’(i01001,000t { “
e [ ] <1000t :

N

Many factors affect the
G it location of critical metal

mines, but the most

o fundamental is the

I < oo geology / -




Controls on ore deposits: the mineral system
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Enriched source (mantle or crust)

Emplacement of elements into the crust

Focusing/ trapping of the elements
Exposure at or near the surface

Enhancement/preservation through
weathering and erosion

Mantle lithosphere

re

|

phe

Asthenos

Controlled by
tectonic/ magmatic
processes

__ Controlled by
surface processes

Figure from
Champion & Huston 2016,
Ore Geo Rev




Tectonic setting of deposits: the
simple view

CONYERGENT ONEROENT CONVEROENT CONTINENTAL RIFT ZONE

PLATE BOUNDARY PLATE BOUNDARY  PLATE BOUKDARY PLATE BOUNDARY (YOUKG PLATE BOUNDARY)

Li deposits — associated with REE deposits - alkaline igneous rocks
collisional settings carbonatites in continental rift zone

/
Co deposits — marginal marine settings
© UKRI Alights reserved (sediment-hosted, hydrothermal)
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Types of primary REE resources

High-temperature deposits formed by
magmatic and hydrothermal processes
« Alkaline igneous rocks

« Carbonatites

* Vein & skarn (hydrothermal)

* Fe oxide-apatite

« Granite & pegmatite

Low-temperature deposits formed by
erosion and weathering

« Bauxites

* Placers

« Laterites & ion-adsorption clays

« Other deposits (phosphorites etc)

© UKRI All rights reserved



Global REE resources

! , Lovozero . e e
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3L

Maoniuping

Mountai')n Pass

~T S China IADs
o REE Other REE deposits/ e
. mines occurrences B Mt Weld

Map after Elliott et al. 2018 @ o Covonucassocaed

@ @ Alkaline igneous rock-associated ?‘,

& Iron-REE deposits %

The rare earth elements
Marine placers

are n Ot rare ! Alluvial placers é

Paleoplacers 3

) lon-adsorption clays .g

o

® Ash-fall placers g

)

A H I e c h . ® By-product of tin mining
© UKRI All rights reserved I k ca r b




Hiech
/A\IkI ‘(?acrb

(\
e
Volcanics of > N ] )
alkaline composition Carbonatitic and alkaline volcanics
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5 Alkaline Fenite zone carbonatite
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= e carbonatite " f
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T D S R O R Syenite pluton 1
\/ LS i >
NG~ R .
Hydrotherm & Cumulate layering . :
Basement rocks systems in syenites Carbonatite stock

« Alkaline igneous rocks & carbonatites are often associated,
most commonly in continental rift settings

 REE deposits in large peralkaline (agpaitic) undersaturated
syenite intrusions, or in carbonatites and alkaline intrusions
with carbonate metasomatism

« QOther settings are available..... Especially post-collision

© UKRI All rights reserved




REE metallogenetic belts in Europe
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{

North Atlantic

e Gardar Province  |gneous Proyvince

Rhenish

Massif &

Rhine Graben
Bohemian

57-71

Rare

sustainable exploitation

cu

ivd

\ Mesozoic - Cenozoic REE ‘belts’

—

Palaeozoic REE ‘belts’

Precambrian REE ‘belts’ Central

Carbonatites of the Central

lapetus Magmatic Province

Palaeozoic nodular monazites

Palaeozoic to Mesozoic
carbonatites & alkaline complexes

xax HQ

Iberian
massif &

2
Calatrava

N

Pltaliart% 3
. alkaline™® *
province

Goodenough et al. 2016, Ore Geology Reviews
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Importance of surface processes

« Alarge percentage of the world’s
REE come from weathered
deposits or from placers

* Deposits are typically low-grade
but can be large

* Processing and extraction of the
REE from these deposits can be
easier than from hard rock
deposits

* Notably, placers and ion
adsorption deposits with minable
REE can occur in areas of very
‘'standard’ geology — forming on
granites

© UKRI All rights reserved



lon Adsorption REE Deposits (IADs)
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Liberty Hill - &
- (South Carolina, USA) p v :

ot : > % "«i% Southern China
Cold (Dry Summer) , Myanmar
Cold (Dry Winter) ' Victham ‘
Cold (Without Dry Season) Malawi 9 Thailand »ﬁd, \
‘Arid s ?\ oA "
Temperate (Dry Summer) 3 - b o
Temperate (Dry Winter) . Serra Verde K. Tantalus

(Goias Province, Brazil) =~ Ambohimirahavavy Complex ) :,,

(Madagascar) W P

[ Temperate (Without Dry Season)
B Tropical é

SoS RARE

AN AN Z

Diagram by Eva Marquis after Peel et al. 2017, Sanematsu & Watanabe 2016

Formed in areas of temperate-tropical weathering

Main source of the world’s HREE in Southern China,
Increasing production elsewhere in SE Asia

| Recovered by in situ or heap leaching F
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Types of primary lithium resources

 Pegmatite (hard-rock);
around 50% of global
production

South America; around 50%
of global production

« Some other geothermal
brines

« Clays (hectorite, jadarite)

© UKRI All rights reserved



Lithium resources

Legend

® Continental brines

® Geothermal brines

®  Oifield brines

@ Hectorite clay

& Jadarite minaral

& Pagmatile minerals .
Kay to Numbers
(1) Kings Valley, USA (B) Kings Mountain, USA (15) Salar de Uyuni, Bolivia (22) Mibra, Brazil (29) Manono, D.Rep. of Conge  (36) Sichuan Aba, China
(2) Silver Peak, USA (9) James Bay, Canada (16) Salar de Olaraz, Argentina (23) Vdte Granda, Brazil (30) Bikita, Zimbabwe (37) Jiajika, China
(3) Salton Sea, USA (10) Rose, Canda (17) Salar de Cauchan, Argentina (24) Jequitinhonha, Brazil (31) Zhabuye Salt Lake, China  (38) Maerkang, China
(4) Sonora, Mexico (11) Whabouchi, Canada (18) Salar de Rincon, Argentina (25) Guanda, Portugal (32) Dangxiongcud, China (39) Mingdu, China
(5) Tanco, Canada (12) Wal d"Or, Canada (19) Salar de Hombre Muero, Argentina  (26) La Fregeneda, Spain (33) West Taiji Mai'er, China (40) Greenbushes, Australia
(6) Separation Rapids, Canada (13) Salar de Atacama (20) Sal de Los Angelas, Argantina (27) Lantta (and 3 cthers), Finland (34) East Taiji Naier, China (41) Mount Catlin, Australia
(7) Magnolia, USA (14) Salar de Atacama (21) Sal de Vida, Argentina (28) Jadar, Serbia (35) Qinghai Salt Lake, China (42) Mount Maricn, Australia

Map from BGS Mineral Profile for lithium

© UKRI All rights reserved



LCT pegmatites in Africa
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L P, orogenic belts =
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-40'S WAC - West African; CC — Congo; KC — Kalahari; TC — Tanzania;
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Weathering of and
deposition of Li-rich

L , clays in basins
Li in circulating

geothermal fluids
collects in salars

Continental collision
and crustal thickening
leads to melting of
sedimentary rocks

Run-off carries Li 5 > & pegmatite formation
un-off carries Li
into the oceans Ak l Z \\
i =
“\ Crust
) ( \ r
) ) Li is released into #Z’,;’tfé’he”'c
fluids rising into the
/ \ mantle wedge &
hence into arc magmas
Asthenosphere

 Lithium deposits dominantly occur in areas
collision

« Both surface and tectonic processes interact to form deposits

© UKRI All rights reserved
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Main pegmatite
mineralisation

Main orogenic events

g

ERA

541

Pegmatites in

Madagascar, —

NEOPROTEROZOIC

Mozambique,
Ethiopia,
Nigeria

MESOPROTEROZOIC

Extensive
pegmatites
(Rwanda, DR

PROTEROZOIC

NEOARCHAEAN

C,
Zimbabwe, /
Namibia)
Some LCT
pegmatites,
eg Mali
Archaean

pegmatites
(Zimbabwe,
SA, SL?)
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Types of primary cobalt resources

« Sediment-hosted deposits
(cobalt produced as a by-
product of copper)

« Wide range of hydrothermal
and volcanogenic deposits
(polymetallic)

« Magmatic sulphide deposits
(polymetallic)

 Laterite deposits (copper
produced as a by-product
of nickel)

 Seafloor nodules and crusts

© UKRI All rights reserved



Conclusions

« Some of the most important critical metals for
decarbonisation form in very different geological settings

 Plate tectonics at the time the mineralisation was formed
provide a first-order control on where metallogenetic belts
occur

e Surface processes (erosion, weathering, groundwater
circulation are also of crucial importance)

« The talks to come will explore some of the details!
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