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Introduction 
 

The global demand for electricity is expected to grow from about 27 TWh in 
2019 to about 41TWh in 2040. Coupled with the low-carbon energy transition 
this creates new opportunities for the mining industry. The renewable energy 
sectors require huge amounts of metals for energy production, transmission, and 
storage. 
“Energy metals” are also key to manufacturing the advanced materials needed 
for communication products, electric mobility, and lightweight design. As a major 
energy consumer, the mining sector itself is a significant player in energy 
transition. The mining industry must provide the raw materials for the energy 
transition and it must do so in a sustainable and socially acceptable way. 
SGA-IUGS in cooperation with the University of Namibia, the Geological Survey 
of Namibia, the Namibian Uranium Association and the SGA student chapters in 
Ivory Coast and Senegal, propose a virtual seminar on ‘green metals for a 
sustainable society’ to MSc and PhD students who registered for the 7th the 
SGA short course on African Metallogeny, which was scheduled for November 
2020. 
According to the global sanitary situation and the uncertainty of the evolution 
of the corona virus infections and related travel restrictions, the 7th short 
course on African Metallogeny was postponed to 4Q 2021 on the same topic in 
Windhoek, Namibia.  
The objective of this seminar was to work in international groups (cross-
country) on a topic concerning ‘Green Metals’, with special focus on Africa. The 
topics were proposed by the organizing committee (see list of participants and 
schedule of topics). 
 
The tasks: 

1. Creating a group of 2-3 people from different countries and choosing a 
topic from the list (time span: 5 days). 

2. Preparing a common power point presentation (time span: 1 month) 
3. Presenting in 30 minutes the topic and outcomes to all participants and 

the organizing committee, followed by 15 Minutes discussion. All students 
need to present part of the topic. 

4. Writing an of ½ page in English (time span: 1 month). 
 
During the preparation period, each group met twice with the organizing 
committee, in the beginning and in the last week prior to presentation. The 
organizing committee also assisted with literature research, and answered to 
questions. 
 



Sixteen MSc and PhD students from 9 countries (Algeria, Senegal, Ivory Coast, 
Ghana, Namibia, Cameroon, Iran, Ireland, and Nigeria) registered to participate 
in this seminar. Many students have met at the short course held in Ivory 
Course in November 2019 thanks to UNESCO scholarships. The UNESCO 
scholarships provided in 2019 to students from outside Ivory Coast, the short 
course place, was a great help to create this international network. We created 
a SGA virtual seminar WhatsApp group, where chats and information where 
shared.  
All seminarists and organizers enjoyed working and progressing together, looking 
forward for however to meet in person next year in Namibia. 
 

 
All students received an SGA certificate of participation in the virtual seminar. 
 
The virtual seminar schedule is presented below: 
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The rise in energy demand associated with global population growth (which is 
expected to increase to 14 billion inhabitants in 2050) and the growing demand for 
energy, mainly from emerging countries (90%), means that more and more natural 
resources must be drawn from the planet. However, so-called fossil fuels (oil, gas), 
the world's capital energy supply sources, are becoming scarcer and remain the main 
anthropogenic cause of climate change and global warming. It is therefore necessary 
to find solutions that meet the needs of both current and future generations by taking 
into account the economic, social and environmental issues that arise. This 
encourages the world to turn to other energies such as nuclear power and renewable 
energies. Green energies such as solar, wind and hydraulic energy have the 
reputation of being inexhaustible and low-polluting, but have many limitations related 
to the very high cost of the installations, their dependence on the vagaries of the 
climate (due to the absence of wind, sun, etc.) and their insufficient efficiency to meet 
all the world's energy needs. As for nuclear energy, it could be an excellent ally in the 
fight against global warming because it emits no greenhouse gases and is capable of 
producing an enormous amount of energy (1kg of uranium produces as much energy 
as 100,000kg of oil). Its main fuel, uranium, is available in the long term compared to 
fossil fuels (oil, gas). However, like other types of energy, nuclear energy presents 
obstacles related to the very expensive installation of nuclear power plants, the 
problem of nuclear waste management and the fear of the consequences of 
accidents that could arise. Nevertheless, the new technology used for the 
development of nuclear reactors over recent decades offers significant advances in 
terms of durability, safety, reliability and economy and also, based on several 
mechanical and chemical processes, allows the recycling of the nuclear waste 
generated. Given these enormous advances, nuclear energy could be considered as 
the bridge to a post-fossil fuel world. 

Key words: Uranium deposits, nuclear energy, sustainability, uranium recycling, nuclear reactors, 
seawater uranium 

 

mailto:satamaiht64@gmail.com�
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1. Introduction 

Definition:

Uranium is a silvery-grey radioactive element
constituted by the atomic number A=P=e=92.
Found in nature in two distinct isotopes 238U
(99.27%) and 235U (0.72%).

https://en.wikipedia.org/wiki/Uranium#/media/File:HEUraniumC.jpg

https://en.uncyclopedia.co/wiki/File:Uranium.png
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Zircon

Aureole of disintegration 

Biotite

wiki/Zircon

https://upload.wikimedia.org/wikipedia/commons/thumb/2/2e/Fr_Decay_chain_Uranium_238.svg/1200px-Fr_Decay_chain_Uranium_238.svg.png

1. Introduction 

http://fr.wikipedia.org/wiki/Zircon�
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The enriched 235U becomes fissile after a neutron
excitation then produces a chain reaction mediated by
the emission of neutrons
But the 238U can absorb the neutron without chain
reaction

Image source: wikipedia

1. Introduction 
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Chemical properties :

Uranium can be in two different states:
- The reduced state U(IV) U+4

- The oxidized state U(VI) U+6

The Uranium minerals could be composed of one of
these two states

The oxidized U(VI) U+6 constitute the Uranyl complex
UO2

+2 ( ) the mobile state which is transported by
the fluids

1. Introduction 

Source : geochemistry courses 
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Applications:

After the studies on the physical and chemical 
properties of radioactive elements by Marie & Pierre 
Curie (1903-1911) and Henri Becquerel, Albert 
Einstein 1917 and many others after , Uranium and 
other radioactive elements was started to be used in 
many ways ,these applications evolved with the 
evolution of knowledge and technology. 

Image source: wikipedia

1. Introduction 
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Medical applications:

Uranium and other radioactive elements are
used in medicine for their physical properties
(Radiations).
It used the most in radiotherapy oncology for
cancer treatments, it consists on three type of
treatments:

1. External radiotherapy (radiation)
2. Metabolic radiotherapy (medication)
3. Brachytherapy

1. Introduction 

cyberclinika.com

Dr Patrick BONTEMPS RSI CHU BSANCON, HNFC MONTBELIARD 

http://cyberclinika.com/metodi-lecheniya/kombinirovannoe-lechenie.html�
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energy applications:

Uranium is mostly used for producing electricity  
with nuclear reactors.

1. Introduction 

Shutterstock chuyuss

https://courses.lumenlearning.com/cheminter/chapter/nuclear-power-generation/
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Military applications :
History :
Nuclear weapons was used for the first time at the 
end of WWII with the bombardment of Hiroshima 
and Nagasaki in japan by US army respectively 6 and 
8 august 1945 by two Atomic bombs (Bomb A)

1. Introduction 

extremecentre.org

https://radioactivepollution.wordpress.com/2016/10/11/little-boy-and-fat-man/

http://extremecentre.org/wp-content/uploads/2010/02/�
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The evolution of Thermonuclear weapons increased 
with the beginning of the cold war between USA 
and URSS, the Hydrogen bomb (H Bomb) was 
developed with a bigger energetic strength than A 
bomb. And Uranium was also started to be applied 
in nuclear engines of submarines.

1. Introduction 

www.bbc.co.uk

en.wikipedia.org

http://www.bbc.co.uk/newsbeat/article/35242069/what-is-an-h-bomb�
http://en.wikipedia.org/wiki/Hydrogen_bomb�
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Aircraft carrier with nuclear reactor Nuclear Submarine 

SLBM (Submarine-launched Balistic Missile) ICBM (Inter Continental Balistic Missile)

Military applications :
History :
The 21st century, the advanced 
technology led to create more 
powerful nuclear weapons and 
increase the efficiency of 
nuclear engines.
Now with the development of 
rocket equations, weapons can 
be sent from anywhere to 
anywhere with ICBMs and 
SLBMs 
And equips aircraft carriers and 
submarines with performing 
nuclear engines 

1. Introduction 

https://economictimes.indiatimes.com/news/defence/india-russia-to-ink-3-billion-
nuclear-submarine-deal-this-week/articleshow/68248638.cms https://en.wikipedia.org/wiki/Nimitz-class_aircraft_carrier00

Michaela Dodge The National Interest•December 8, 2019https://defpost.com/us-navy-ohio-class-ballistic-missile-submarine-conduct-test-launch-trident-ii-slbm-this-month/

http://nationalinterest.org/�
http://nationalinterest.org/�
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1. Introduction 
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Geopolitical contest:

Arms control and limitation treaty

- Treaty on the Non-Proliferation of Nuclear Weapons 
1968
- Treaty of disarmament on the bottom of the seas and 
oceans 1971
- Treaties (Salt I) on the limitation of strategic 
armaments 1972, (salt II) 1979
- ABM treaty 1972
- Treaty on the Limitation of Underground Nuclear 
Weapon Tests 1974

1. Introduction 

https://www.history.com/topics/cold-war/nuclear-test-ban-treaty
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Uranium is widely distributed in small concentrations within the
continental crust.

The Clark of Uranium varies from a type of rock to an other

Metal Chondrite Primitive mantle MORB oceanic basalt Continental crust -

U(ppb) 7,8 21,8 71 910 -

Metal Oceanic
crust

Continental crust Upper continental 
crust

Middle continental crust Lower continental crust 

U(ppm) 0,12 1,3 2,4-2,7 1,3-1,6 0,2

Metal Basalt Andesite Rhyolite Alkaline magma Kimberlite

U(ppm) 0,1-0,6 0,8 5 10 -

Despite its high presence on earth it needs to be economically profitable.
The prospection and exploitation of Uranium concentrations is ideal

2. Gitology and genesis of uranium deposits

Palm and O’Neill (2004)
Sun and McDonough (1989)
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Uranium accumulation process

- The genesis of Uranium deposits is attributed to the 
circulation of  fluids mobilizing the uranium oxide.

- The source of uranium knowing its clark could be 
the detrital rocks derived from granitic mother 
rocks or volcanic, rhyolitic enriched.   

- The uranium is then transported in oxide state 
through the detrital basin.

- It will precipitate at an oxidation/reduction 
interface in contact with organic material, black 
shales, sulfides and also controlled by the 
structural,

2. Gitology and genesis of uranium deposits

https://www.pairform.fr/doc/17/138/500/web/co/grain1_1_3.html
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 The U (IV) form concentrates in groundwater for a
reducing Eh and a pH <3.

These conditions are difficult in an exogenous 
environment, so U (IV) presents it self then in the form of 
primary minerals such as: uraninite , coffinite and brannerite.
 The interaction with groundwater gives uranyl complexes.
- The solubility of uranyls under certain conditions decrease 
from sulfate, phosphates arsenates, silicates.
the most common minerals are:
- vanadates: carnotites and tyammites
- phosphates: autunite group
- silicates: uranophane

Uranyl can be adsorbed by material organic, clays, zeolites 
and iron oxides and hydroxides.

Coffinite U(SiO4)                                Uraninite UO2

Brannerite (U,Ca,Ce)(Ti,Fe)2O6

2. Gitology and genesis of uranium deposits
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Uranophane Ca(UO₂)₂(SiO₃OH)₂ 5 H₂O                                                                  Carnotite K2((UO2)2|V2O8 )3H2O

Autunite Ca(UO2|PO4)2 8—12 H2O

2. Gitology and genesis of uranium deposits
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2. Gitology and genesis of uranium deposits
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Genetic classification of uranium deposits 

Uranium deposits 

Surficial 
(calcrete)

Red beds
(Sandstone 

type)

Under 
inconformity 

Conglomeratic 
type 

Breccia 
complex

Intrusive rocks 
(pegmatites)

Mineralized 
veins Phosphorite Volcanic collapse 

breccia pipe Metasomatic Metamorphic Lignite Black shale 

2. Gitology and genesis of uranium deposits
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Surficial uranium deposits:

This deposit type is known like a soil or sediments 
concentration usually in tertiary to recent age, its also 
called “uranium calcrete deposit”. 

Calcrete or caliche is a hardened layer in or on a soil. 
It is formed on calcareous materials as a result of 
climatic fluctuations in arid and semiarid regions. 
Calcite is dissolved in groundwater and, under drying 
conditions, is precipitated as the water evaporates at 
the surface
This type is known in Australia , Taxas, and Namibia 

2. Gitology and genesis of uranium deposits

Ildefonso Armenteros et al 2006

https://www.researchgate.net/profile/Ildefonso_Armenteros?_sg[0]=qCqqLjM5b9azJu7QIM9wnvpOjRyrRQN8z86_ydsSWc7AA1hnmdPf2XdqRik47L5WNnbe0AI.vO-kye2YgkVrORDHoXQIjz1axOT5H8TJ9mPtLD7Gq8JTiXhLqGMmmmRbwDnzRqS_e_voxfYQLAF3ubioLxRnLw&_sg[1]=EgFtjcwouVslCx8TrmrFSKfOLIMBUdq8kG7XnJ7m1xHsKvUn9E8JMG_Fj98sUIUnHrKvXw8.lx3DhR1aFUMtzbPEAEryafFEBcoPvbG_h-BDgV3ysCbOLB0bZwsqC_lmSRUhXFptOmntgziPrRQde9NEK9m9eg�
https://www.researchgate.net/profile/Ildefonso_Armenteros?_sg[0]=qCqqLjM5b9azJu7QIM9wnvpOjRyrRQN8z86_ydsSWc7AA1hnmdPf2XdqRik47L5WNnbe0AI.vO-kye2YgkVrORDHoXQIjz1axOT5H8TJ9mPtLD7Gq8JTiXhLqGMmmmRbwDnzRqS_e_voxfYQLAF3ubioLxRnLw&_sg[1]=EgFtjcwouVslCx8TrmrFSKfOLIMBUdq8kG7XnJ7m1xHsKvUn9E8JMG_Fj98sUIUnHrKvXw8.lx3DhR1aFUMtzbPEAEryafFEBcoPvbG_h-BDgV3ysCbOLB0bZwsqC_lmSRUhXFptOmntgziPrRQde9NEK9m9eg�
https://www.researchgate.net/profile/Ildefonso_Armenteros?_sg[0]=qCqqLjM5b9azJu7QIM9wnvpOjRyrRQN8z86_ydsSWc7AA1hnmdPf2XdqRik47L5WNnbe0AI.vO-kye2YgkVrORDHoXQIjz1axOT5H8TJ9mPtLD7Gq8JTiXhLqGMmmmRbwDnzRqS_e_voxfYQLAF3ubioLxRnLw&_sg[1]=EgFtjcwouVslCx8TrmrFSKfOLIMBUdq8kG7XnJ7m1xHsKvUn9E8JMG_Fj98sUIUnHrKvXw8.lx3DhR1aFUMtzbPEAEryafFEBcoPvbG_h-BDgV3ysCbOLB0bZwsqC_lmSRUhXFptOmntgziPrRQde9NEK9m9eg�
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The uranium leached from  granitic and detrital 
rocks is transported by ground water  through 
permeable formations, then the fluids enriched in U 
and V are conveyed to the surface and precipitate 
carnotite mineralization  in caliche formations. 

2. Gitology and genesis of uranium deposits

Schematic representation of the conceptual model used to explain
uranium–vanadium mineralization at Meob Bay (based on similar
model proposed by Mann & Deutscher (1978).
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Red bed uranium deposits :

Uranium Red bed 
deposits 

Roll front 
deposits 

Peneconcordant
deposits Stock deposits 

2. Gitology and genesis of uranium deposits
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Roll front deposit :
The mechanism is explained by the scheme
based on the model of Rackley (1976) where
the U is immobilized at the level of the
change of Eh (reducing agent), the presence
of H2S and CH4 and pyrite.

It’s the case in the deposits of Wyoming and
the golf

2. Gitology and genesis of uranium deposits
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2. Gitology and genesis of uranium deposits
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In this type the mineralized body is parallel to the
stratification of sandstone channels fluviatile.
This deposit is the most abundant in the plateau of
Colorado.

2. Gitology and genesis of uranium deposits

https://www.geologyforinvestors.com/an-introduction-to-uranium-deposits/
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Stock deposits

This type is related to permeable formations case 
of Grands district Colorado. 

2. Gitology and genesis of uranium deposits
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Red beds /sandstone type:

95% of American U come  from deposits of this type 
the production reached 16,156 t of U3O8 then it 
decreased in 1990 to 8000 t after the discovering of 
similar deposits in Australia and Canada 

Uranium roll front hosted in Dakota Sandstone, Turkey Creek Road road-cut, Dakota Hogback, near
Denver, Colorado. Photo credit: James St. John.

2. Gitology and genesis of uranium deposits



33

Under unconformity uranium deposit type :

This world class deposit was defined in the 
60s, and was found near the middle Proterozoic 
unconformity it’s why it took that name.
The best example is the uranium mineralization of 
north Saskatchewan Canada, 

2. Gitology and genesis of uranium deposits
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The mineralization is included in the lower 
Proterozoic meta-sediments, with unconformity  
and in the Athabasca sandstones of the middle 
Proterozoic , and also controlled by the tectonic 
faults.

2. Gitology and genesis of uranium deposits
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2. Gitology and genesis of uranium deposits

wife-chance.cf

http://wife-chance.cf/s656095.php�
http://wife-chance.cf/s656095.php�
http://wife-chance.cf/s656095.php�
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- Uranium and gold Conglomerate deposits :

The establishment of sedimentary basins allowed the 
formation of these de-posits. The best known example is 
that of the Witwatersrand Basin and in canada and brazil 
with its widespread gold-uranium conglomerates.
These deposits represent a unique metallogenic event 
which has not been repeated because a reducing 
atmosphere for the preservation of the detrital uranium 
minerals and pvrite.

2. Gitology and genesis of uranium deposits
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- Vein deposits.
Uranium ore is associated with veins or other lenses in 
igneous, metamorphic or sedimentary rocks. Deposits of this 
type are found in Australia, France, Czech Republic, Germany 
and Zaire.

- Intrusive deposits.
In intermediate to acidic igneous rocks and pegmatites, the 
uranium-rich minerals are direct precipitates (no dissolution 
and remobilization. Deposits of this type are found in 
USA, Namibia, Greenland, Canada and South Africa.

- Breccia pipe complex uranium deposit 
It is a vertical collapsing structure caused by the dissolution of 
limestone by groundwater 

2. Gitology and genesis of uranium deposits
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2. Gitology and genesis of uranium deposits
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2. Gitology and genesis of uranium deposits
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https://careershapers.files.wordpress.com/2015/02/world-uranium-distribution-map.jpg

Reserves of uranium in the world 2010 

2. Gitology and genesis of uranium deposits
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2. Gitology and genesis of uranium deposits

US uranium production 1996-2020 (Image: EIA)
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The distribution of Canadian mines 

Athabasca uranium mine  (Mc clean lake)

2. Gitology and genesis of uranium deposits
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Australian resources :

2. Gitology and genesis of uranium deposits
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2. Gitology and genesis of uranium deposits
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Uranium in Africa :

Uranium in Africa contribute with 18% of the world’s production
provided by mines of Niger, south Africa, Namibia, Libya
Somalia that increase the African economy

2. Gitology and genesis of uranium deposits

https://en.wikipedia.org/wiki/Uranium_mining

https://brainly.com/question/8442183
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http://www.eniscuola.net/en/mediateca/major-uranium-producing-countries-in-2019/

Major uranium producing countries in 2017

2. Gitology and genesis of uranium deposits
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http://www.eniscuola.net/en/mediateca/world-reserves-uranium-in-2019/

World’s reserves in 2019:

2. Gitology and genesis of uranium deposits
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Namibian Uranium :

Most of Namibian resources and 
reserves are located at the west of the 
territory facing the Atlantic ocean,   

2. Gitology and genesis of uranium deposits

https://en.wikipedia.org/wiki/Geology_of_Namibia#/media/File:Damara-
Orogen_mit_Damara-G%C3%BCrtel,_Kaoko-G%C3%BCrtel_und_Gariep-
G%C3%BCrtel.png

https://www.rossing.com/history.htm
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Uranium deposit types in Namibia:

Many known deposits are related to :
1- Magmatic intrusive rocks:
 Alaskitic granites /Pegmatites
 Granite and gneisses
 Mineralization related to pegmatites and

quartz veins
2- Pedogenic occurrences:
This is the decomposition of the primary Alaskite by 
weathering  ex: The Mile 72 deposit Estimated ore reserves 
of the bestmineralised zones are 386 000 t U3 O8 averaging 
230 g/t (Labuschagne, 1976).

3- Sedimentary occurrences
Tertiary occurrences in the Namib Desert Surficial uranium 
deposits in Namibia occur on the coastal plain of the Namib 
Desert the Uranium occurs chiefly in the form of the mineral 
carnotite, but soddyite [(UO2 )5 Si2 O9 .6H2 0] has also 
been reported

4- Secondary occurrences with uncertain origin   

GSN 2018 Geological Survey of Namibia  

2. Gitology and genesis of uranium deposits
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(after Berning, 1986).

2. Gitology and genesis of uranium deposits
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by H Roesener and CP Schreuder

2. Gitology and genesis of uranium deposits



Uranium extraction
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3.1. Propecting methods

3. Uranium Extraction

There are several techniques for prospecting for uranium. However, the most common are:

 Radiometric prospecting which uses the radioactive properties of radioelements and

 Geochemical prospecting which correspond to direct measurements of the concentration

of uranium in water and alluvium.

Radiometric prospecting

Represents the most useful uranium prospecting technique. It makes it possible to measure
the overall activity or a specific activity of gamma radiation.

 Includes aerial radioprospecting, surface radioprospecting and radiocoring. The combined
use of these three methods has led to the discovery of a large part of the known uranium 
resources. 
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3.1. Propecting methods

It is involved in the initial assessment of
large areas. Helicopters or airplanes carry
highly sensitive gamma radiation detectors.
Radioactive anomalies are
detected, recorded and plotted on maps for
subsequent field verification.

Radiometric prospecting Aerial radioprospecting

http://www.thomsonaviation.com.au/our-services/

https://www.whymap.org/EN/Themen/GG_Geophysik/Aerogeophysik/Aeroradiometrie/aeroradiometrie_node_en.html

3. Uranium Extraction
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The figure at the left is a radio spectrometric 
map, it has been  elaborated by geophysical 
airborne tele detection In south of algeria in 
the hoggar (Tuaregue shield) this map take in 
consideration radiations of U, Th, K 
The high intensity anomalies (in red) indicates 
high radioactivity and corresponding to Syn
and post panAfrican granites and granitoids ( 
acidic rocks) which contain high concentration 
of U Th K
And the low intensity anomalies (in blue and 
purple) lowe radioactivity it coincides with 
intermediary to mafic and ultramafic rocks   

3. Uranium Extraction

Aeroservice 1976 (Algeria)



3.1. Propecting methods

3. Uranium Extraction

Surface radioprospecting continued prospecting
is carried out in the field, where uranium anomalies
have been found, using portable scintillometers or
spectrometers, coring machines, and emanometers
(devices for measuring radon content).

 Portable scintillometers measure gamma radiation emitted by natural
radioactive elements present in rocks (U, Th, K).

 They are frequently used in uranium prospecting in the field, in
conjunction with geochemical or geophysical techniques.

 Scintillometers can be mounted on vehicles for self-supporting
radiometric prospecting. This method is very convenient for uranium
prospecting if the network of roads and trails is satisfactory.

Radiometric prospecting Surface radioprospecting

www.saphymo.com S



3.1. Propecting methods

3. Uranium Extraction

 Portable spectrometer determines the specific
energy of gamma radiation, and thus the nature of
the radionuclides responsible for the emission. In
this way the relative equivalent concentrations of
U, Th and K can be determined.

 It represents an investment several times greater than 
that of a scintillometer

 Disadvantages of the field spectrometer include the
fact that spectral measurements take longer than
overall counts, the instruments are difficult to
maintain in remote areas, and frequent calibration is
required.

 The value of the results generally depends on
knowledge of the geological and geochemical
parameters of a given region.

Radiometric prospecting Surface radioprospecting



3.1. Propecting methods

3. Uranium Extraction

Radiometric prospecting Surface radioprospecting

Radiocarottage consists of lowering a gamma radiation
detector probe into a borehole and recording the ambient
radioactivity.

This method provides most of the subsurface data required by the
prospecting geologist in a quick and economical manner. It allows :

 for in situ sampling and analysis, lithological
identification, stratigraphic correlation and, in the case of
more elaborate drilling programs ;

 to determine petrophysical parameters such as
density, water content, and to obtain various types of
geochemical data.

The cost of core drilling to determine several geophysical
parameters should rarely exceed 10% of the drilling cost.

https://www-ig.unil.ch/dia39f.htm



3.1. Propecting methods

3. Uranium Extraction

Radiometric prospecting Surface radioprospecting

Emanometers or radon detectors are used to locate
radon (Rn-222) concentrations in soil, rocks and water.

 The presence of radon is a specific indication of
uranium, whereas natural gamma radiation can come
from other elements of the uranium family.

 Radon measurements can be used to detect the
presence of uranium at depths of 5 to 50 m, depending
on the lithology, while an emission of gamma
radiation can be masked by an overburden 0.5 m
thick.

 This technique is all based on the principle of the
detection of alpha particles that are emitted when
radon gas (Rn-222) disintegrates into solid polonium
(Po-216).



3.1. Propecting methods

3. Uranium Extraction

Geochemical prospecting

Geochemical techniques can be used on very variable surfaces. These are: 

 low-density or reconnaissance exploration (0.1 to 2 samples
per square kilometer) : is used to delineate the most promising
areas within a larger region. however, it is not intended to
determine precise contours.

 medium-density complementary exploration (10 to 20
samples per square kilometer) : is to locate and determine the
origin of the surface anomalies detected within the favourable
zones delineated during the low-density exploration phase.

 high-density or detailed exploration (200 samples per square
kilometer) : is to locate the presumed sources of anomalies
and/or the extent of known or nearby mineralized zones and to
evaluate the results of radiometric studies. (Ravi R Arnand 2016)

https://www.sred.co.jp/english/business_info/exploration03.html

http://www.discoveryconsultants.com/heavy-minerals.html



3.1. Propecting methods

3. Uranium Extraction

Other techniques
There are other techniques that, while not used exclusively for uranium prospecting, provide a better
understanding of the location or structure of the mineralization. These include the following:

 Surface resistivity and induced polarization

 Remote Sensing

 Use of radiogenic heat

 Remanent magnetism

 Radiogenic helium and lead measurements



3.2. Exploitation methods

3. Uranium Extraction

Depending on the depth in the ground of the seam of rock containing uranium, the deposit is either mined using: 

open-cast or open pit

Mine working open to the surface. Operation is
designed to extract Uranium minerals that lie
close to the surface

Rocks and surface soils is first removed to
reach Uranium ore below, then the ore is
broken and loaded

While strip mining operations are less expensive
than underground mining, strip mining leaves a
giant footprint

reporter-ua.com

http://reporter-ua.com/2013/10/10/v-krymu-soberutsya-luchshie-podryvniki-ukrainy�
http://reporter-ua.com/2013/10/10/v-krymu-soberutsya-luchshie-podryvniki-ukrainy�
http://reporter-ua.com/2013/10/10/v-krymu-soberutsya-luchshie-podryvniki-ukrainy�


3.2. Exploitation methods

3. Uranium Extraction

Depending on the depth in the ground of the seam of rock containing uranium, the deposit is either mined using: 

Underground
Undergrounding mining is used to get at higher concentrations of
uranium that are too deep to get at from open-pit.

The ore is drilled, then blasted to create
debris which is then transported to the
surface, then on to a mill.

Unlike strip mining, underground
mining, leaves a small surface footprint.

https://en.wikipedia.org/wiki/Underground_mining_(soft_rock)#/media/File:VKG_Ojamaa_kaevandus.jpg



3.2. Exploitation methods

3. Uranium Extraction

Depending on the depth in the ground of the seam of rock containing uranium, the deposit is either mined using: 

In situ recovery, also called extraction by
dissolution, is a technique that allows the solution to
circulate in injection wells, in the mineralized
layer, an acid or alkaline solution that selectively
dissolves the uranium.

In-situ Leach (ISL)

The uranium juice obtained is then pumped into
production wells and transported to the plant for
transformation. The uranium extracted from this juice is
fixed on ion exchange resins or solvents to become a
concentrate. The desuranized solutions are readjusted in
acid or alkaline and reinjected into the wells. This method is considered to be one of the most

environmentally friendly for uranium extraction.

The AREVA in situ leaching operation site in Kazakhstan (Source: Vincent Lagneau)



3.2. Exploitation methods

3. Uranium Extraction

Depending on the depth in the ground of the seam of rock containing uranium, the deposit is either mined using: 

Jet Boring 
The Boring jet is a method that allows uranium to be
extracted remotely, without any worker being in direct contact
with the high-grade ore.

Developed at the Cigar Lake site, it consists of automatically
extracting the ore by hydraulic blasting. The pulp formed by
the ore and the water is recovered in a collector and led to a
decanter, where the surplus water is evacuated and recycled.
A flapper shovel picks up the ore from the unit.

There are also two other remote logging extraction methods
being implemented in Canada at the McArthur River site.
These are Raise Boring and Boxhole Boring. https://magazine.cim.org/en/projects/perseverance-pays-off-for-cameco/



3.3. Treatment and Enrichment

3. Uranium Extraction

Nuclear power plants use uranium for fuel. One
type of uranium atom – uranium-235 (U235) –
is easily split to produce energy.

U235 makes up less than 1 percent of natural
uranium. To make fuel for reactors, this natural
uranium is “enriched” to increase the U235 to
between 3 and 5 percent.

https://www.slideshare.net/AsadRheman7/
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Y.-S. Kim, ed., Uranium Mining Technology: Proceedings of a First Conference(U. of Nevada, 1977)

3.3. Treatment

3. Uranium Extraction
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Heap leaching uranium

(Photo: Knight Piésold)

https://www.nrc.gov/materials/uranium-recovery/extraction-methods/heap-leach-ion-exchange.html

3. Uranium Extraction
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In situ leaching uranium

http://www.infinitpipe.com/solution-mining.htm

3. Uranium Extraction



70

Yellow cake :

3. Uranium Extraction

http://luxurybrag.ml/p689441.phphttp://luxurybrag.ml/p689441.php



3.3. Treatment and Enrichment

3. Uranium Extraction

There are currently two generic commercial methods employed internationally for Uranium
enrichment: gaseous diffusion (referred to as first generation) and

Gas centrifuge (second generation) which consumes only 2% to 2.5% as much energy as
gaseous diffusion, with centrifuges being at least a "factor of 20" more efficient.

The next method of enrichment to be commercialized will be referred to as third generation
which will be more efficient in terms of the energy input for the same degree of enrichment



3.3. Treatment and Enrichment

3. Uranium Extraction

The gaseous-diffusion process depends on the
separation effect arising from molecular effusion
(i.e., the flow of gas through small holes).

The process is use to separates the lighter U-235
isotopes from the heavier U-238.

As the gas moves, the two isotopes are separated,
increasing the U-235 concentration and decreasing
the concentration of U-238.

Gaseous diffusion

https://www.slideshare.net/AsadRheman7/



3.3. Treatment and Enrichment

3. Uranium Extraction

Thermal diffusion

Thermal diffusion utilizes the transfer of heat across a thin
liquid or gas to accomplish isotope separation.

This technique employs convection currents which causes
the lighter 235 U molecules to concentrate at the top of the
film and the heavier 238U molecules to concentrate at the
bottom of the film.

The thermal-diffusion process is characterized by its
simplicity, low capital cost, and high heatconsumption.

https://www.slideshare.net/lost12301/uranium-enrichment



3.3. Treatment and Enrichment

3. Uranium Extraction

Gas  centrifuge technique

The gas centrifuge technique uses many rotating
cylinders (centrifuges) that are connected in long lines.

Heavier U238 gas molecules move to the cylinder wall,
while lighter U235 collects near the center.

the gas centrifuge uranium-enrichment process has been
highly developed and used to produce both HEU and
LEU.

It is likely to be the preferred technology of the future
due to its relatively low-energy consumption.

https://en.Wikipedia.org/wiki/enricheduranium 

https://en.wikipedia.org/wiki/enriched�


3.3. Treatment and Enrichment

3. Uranium Extraction

Laser Enrichment

U235 can also be separated using specially-tuned lasers. Lasers can increase the energy in the
electrons of a specific isotope, changing its properties and allowing it to be separated.

Laser enrichment is more technically complicated but consumes less power and is more
efficient. Two laser enrichment methods have been developed, but neither has been used
commercially.

These techniques include: The atomic vapor laser isotope separation(AVLIS) and the
Molecular laser isotope separation (MLIS).



3.3. Treatment and Enrichment

3. Uranium Extraction

Laser Enrichment

The atomic vapor laser isotope separation(AVLIS)
process is based on the fact that 235 U atoms and 238
U atoms absorb light of different frequencies (or
colors).

As the 235 U atom absorbs the laser light, its electrons
are excited to a higher energy state.The AVLIS process
consists of a laser system and a separation system.

The AVLIS laser system is a pumped laser system
comprised of one laser used to optically pump a
separate dye laser, which produces the light used in the
separation process.

https://www.slideshare.net/lost12301/uranium-enrichment



3.3. Treatment and Enrichment

3. Uranium Extraction

Laser Enrichment

Molecular laser isotope separation (MLIS)

There are two basic steps involved in the MLIS process. In
the first step, UF 6 is irradiated by an infrared laser system
operating near the 16 mm wavelength, which selectively
excites the 235 UF 6 , leaving the 238 UF 6 relatively
unexcited.

In the second step, photons from a second laser system
(infrared or ultraviolet) preferentially dissociate the
excited 235 UF 6 to form 235 UF 5 and free fluorine
atoms.

https://www.slideshare.net/lost12301/uranium-enrichment
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 The price of uranium is essentially based
on supply and demand.

 The demand for uranium is essentially a
function of nuclear power, which in turn
depends on the number of reactors.

 Increased demand for energy,primarily
in the form of electricity, is being driven
by growing economies in emerging
countries, and the increased
electrification, with increased demand
expected to come from electric vehicles.

4. Evolutions of market prices
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Evolution of the price of uranium Prices of uranium in the last
decade or so have shown the
greatest volatility in history with
a peak of US $300/kilogramme
in 2007 and a trough of US
$41/kilogramme in 2016

 This drop in prices is due to a
surplus of uranium ore
concentrate stockpile that has
developed over the last few
years. This is the result of a
combination of increased
production and reduced
demand.

4. Evolutions of market prices
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Fig. 1. Uranium prices and the probability of their occurrence (KRYZIA et al 2016)

The analysis of production costs of
uranium from various deposits allowed
the future price of uranium to be
determined.

According to the forecasts, uranium
prices will be stable until the year
2030. In the coming years, a gradual
increase in prices should be
expected, while the pace of changes
in the coming years is likely to
accelerate. The presented forecast is
of a long-term nature and therefore
does not take the extreme short-term
fluctuations in prices, significantly
exceeding the range presented in the
forecast, that can occur, into account.

4. Evolutions of market prices
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5. Nuclear Energy

5.1. Production

Nuclear energy makes it possible to produce
electricity in nuclear power plants, thanks to the
heat released by the fission of uranium atoms.

Nuclear fission is a reaction by which a heavy
atomic nucleus bombarded by a neutron is split
into two or a few lighter nuclides, producing an
emission of neutrons and a very large release of
energy.

The emission of neutrons can lead to a chain
reaction used in nuclear power plants for the
production of electricity and in atomic bombs.

http://www.ndt-ed.org/EducationResources

https://www.slideshare.net/sunesh145/nuclear-energy



5. Nuclear Energy

5.1. Production

Only large nuclei with atomic numbers above
90 can undergo fission.

Products of fission reaction usually include
two or three individual neutrons, the total
mass of the product is somewhat less than the
mass of Uranium-235.

http://www.ndt-ed.org/EducationResources



5. Nuclear Energy

5.1. Production

A nuclear power plant consists of 4 main 
parts:

The building containing the reactor in 
which fission takes place

the engine room where the electricity is 
produced

Outgoing power lines that evacuate and 
transport electricity

cooling towers only on the river bank



5. Nuclear Energy

5.1. Production Chain Reaction.
On earth, nuclear fission
reactions take place in nuclear
reactors, which use controlled
chain reactions to generate
electricity.

Uncontrolled chain reactions
take place during the explosion
of an atomic bomb.

https://www.slideshare.net/sunesh145/nuclear-energy

https://www.bearingpoint.com/fr-fr/blogs/energie/halo-bleute-reacteur-
nucleaire/



5. Nuclear Energy

5.1. Production Nuclear fuel cycle

The nuclear fuel cycle is the series of
industrial processes which involve the
production of uranium and use in the
production of nuclear energy.

Nuclear power reactors. It involves
• Mining of Uranium
• Milling of Uranium
• Enrichment of Uranium
• Fabrication
• Reprocessing of used fuel



5. Nuclear Energy

5.1. Production
Nuclear Power plants in Finland

http://en.wikipedia.org/wiki/Nuclear_power#History

http://en.wikipedia.org/wiki/Nuclear_power�


5. Nuclear Energy

5.1. Production Nuclear Power Plant Reactors

https://www.slideshare.net/sunesh145/nuclear-energy



5. Nuclear Energy

5.1. Production Nuclear Power countries

• United States
• France
• Russia
• Japan
• Germany
• South Korea
• Ukraine
• Canada
• United

Kingdom
• China

• South
Africa

• Lithuania
• Hungary
• Romania
• Mexico
• Argentina
• Slovenia
• Holland
• Pakistan
• Armenia
• Iran

• Taiwan
• Spain
• Belgium
• India
• Czech

Republic
• Switzerland
• Bulgaria
• Finland
• Slovakia
• Brazil



5. Nuclear Energy

5.1. Production
Nuclear Power Plants around the world

TOTAL NUMBER OF REACTORS : 454

http://www.insc.anl.gov/pwrmaps/

http://www.insc.anl.gov/pwrmaps�
http://www.insc.anl.gov/pwrmaps/�
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5. Nuclear Energy



5. Nuclear Energy

Advantages

5.2. Advantages and disadvantages

 Nuclear power plants bring jobs and prosperity to a country, Supplies the world 
with most of its electricity

 A large part of the energy is produced from a small amount of uranium. 1 kg of 
uranium = 100,000 kg of oil Less environmental impact for harvesting.

 Unlike fossil fuels (gas and oil), the availability of uranium is long term.

 The production of electricity from nuclear power is low-polluting.

• Nuclear power plants do not produce :
• SO2 (acid rain)
• CO2 (greenhouse)
• The average cost is much lower than that of fossils.



5. Nuclear Energy

disadvantages

5.2. Advantages and disadvantages

 Problem of destion of the radioactive waste produced, which often
takes several thousand years to disintegrate.  There is no long-term
permanent storage site for commercial nuclear waste.

 There is a relatively limited supply of 235U 

 Nuclear power plants are expensive to build. Small maintenance 
problems can be very expensive to solve.

 Safety concerns!!! 

 Collective fear of nuclear accidents

 Nuclear Proliferation
http://www.aviationexplorer.com/
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Chernobyl disaster 
a nuclear accident that occurred on Saturday 26 
April 1986, at the No. 4 reactor in 
the Chernobyl Nuclear Power Plant

5. Nuclear Energy

biolulia.wordpress.com

kids.britannica.com

www.abc.net.au

https://biolulia.wordpress.com/ciencies-per-al-mon-contemporani/tema-7-cap-a-una-gestio-sostenible-del-planeta/7-3-riscos-ambientals/�
https://kids.britannica.com/students/article/Europe/274228/media?assemblyId=143545�
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Fukushima disaster:
was due to a 2011 nuclear accident at the Fukushima Daiichi
Nuclear Power Plant in Ōkuma because of an earthquake

5. Nuclear Energy

https://gettyimages.68w6.net/c/77643/439295/4202?u=http%3A%2F%2Fwww.gettyimages.com%2Fdetail
%2Fnews-photo%2Fin-this-satellite-view-the-fukushima-dai-ichi-nuclear-power-news-photo%2F110212828

www.ianfairlie.org press.otherimages.com

http://www.ianfairlie.org/news/assessing-long-term-health-effects-from-fukushimas-radioactive-fallout/�
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Installation

Implications for staff 
health

Radiological Non-
Radiological

Releases to the 
environment

Air, Water, S
oil

Human health impacts 
(Public) 

Radiological Non-Radiological

Impact on the 
environment

Radiological Non-Radiological

5.3. Consequences of Uranium Mining on the Environment and Human Health

Raw Materials

Resources
Energy, water, soil, etc.

Reagents
Product

5. Nuclear Impacts
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 In the open-pit mines, it is first of all several hectares of
plant cover, which constitutes the habitats of several
animal species, that are turned over and destroyed.

 This severe destruction of vegetation encourages soil
leaching and takes pollution further. Soil erosion is fifty
times higher than it was under plant cover.

 Dust filled with heavy metals is also inhaled by the
population and deposited on the soil.

 The absorption of dissolved chemicals by plant roots.

 Radiological effects include the release of alpha, beta and
gamma particles through the decay of radionuclides that
damage the biological tissues of exposed organisms .

5.3. Consequences of Uranium Mining on the Environment and Human Health

5. Nuclear Impacts

https://en.wikipedia.org/wiki/Uranium_mining_in_Kakadu_National_Park
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Impacts on Surface water and ground water

The impact of uranium production on surface and ground
water can be both quantitative and qualitative:

The extraction and treatment of uranium ore in factories
requires the use of a lot of water. This could lead to their
desiccation and the use of non-renewable fossil water tables in
certain desert sites.

The pumped groundwater is likely to be loaded with
radionuclides either by being in direct contact with the
uranium deposits or contaminated during mining activities
that could cause acid mine drainage.

5.3. Consequences of Uranium Mining on the Environment and Human Health

5. Nuclear Impacts

https://toxics.usgs.gov/investigations/mining/index.php
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The many diseases related to the extraction of

uranium have their sources in the :

 Inhalation of silica dust and diesel exhaust, which

can cause serious health problems.

 Risks of work-related physical trauma include

electrical injuries and hearing loss.

 Small quantities of radioactive materials can be

released into the environment and have a

radiological impact on personnel, populations and

the environment.

5.3. Consequences of Uranium Mining on the Environment and Human Health

5. Nuclear Impacts
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Exposure to ionizing radiation can
damage tissues and/or organs
depending on the dose received or
absorbed. The damage that may result
from an absorbed dose depends on the
type of radiation and the sensitivity of
different tissues and organs to this
radiation.

The Sievert or its sub-multiple, the millisievert
(mSv = 0.001 Sv), is a unit of measurement
used in radiation protection to measure the
effect of radiation on a living organism.

5.3. Consequences of Uranium Mining on the Environment and Human Health

5. Nuclear Impacts

https://www.env.go.jp/en/chemi/rhm/basic-info/1st/02-02-02.html



5. Nuclear Impacts

5.4. Impacts of the production of electronuclear energy on the environment

In nuclear power plants, discharges are closely traced, controlled and monitored so that they are very limited
and have virtually no impact on the environment.

These discharges are of various types :

 Radioactive discharges : Coming from the plant's purification and
filtration circuits, which collect part of the radioactive elements
generated by the operation of the installation.

 Thermal discharges :The water that feeds the reactor cooling system is
heated by a few degrees. Its discharge into the river or the sea can lead
to an increase in the temperature of the aquatic environment, thus
modifying the equilibrium of the ecosystem.

 Chemical releases :The water used to cool the power plant must
undergo various treatments (demineralization, chlorination) that result in
chemical discharges, mainly sodium, chlorides and sulphates. sitn.hms.harvard.edu

http://sitn.hms.harvard.edu/flash/2018/looking-trash-can-nuclear-waste-management-united-states/�
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According to the International Energy Agency, global 
energy consumption could see an increase of up to 
18% by 2030 and 39% by 2050. This will increase the 
demand for various sources of energy including 
nuclear power, and therefore uranium

Fossil based energy fuel  had always the monopoly 
for supplying the world but its reserves are going to 
end in a near future and it also has a big role in the 
climate changing and global warming, to reduce the 
emission of greenhouse gases the world need to 
convert to green energies like solar, wind and 
hydraulic energies

Nuclear energy could be a bridge for a post fossil fuel 
world 

BP Statistical Review of world energy - all data [archive], BP, 11 juin 2019.

6. Sustainability of Uranium

https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/xlsx/energy-economics/statistical-review/bp-stats-review-2019-all-data.xlsx�
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/xlsx/energy-economics/statistical-review/bp-stats-review-2019-all-data.xlsx�
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/xlsx/energy-economics/statistical-review/bp-stats-review-2019-all-data.xlsx�
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/xlsx/energy-economics/statistical-review/bp-stats-review-2019-all-data.xlsx�
http://archive.wikiwix.com/cache/?url=https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/xlsx/energy-economics/statistical-review/bp-stats-review-2019-all-data.xlsx�
https://fr.wikipedia.org/wiki/BP_(entreprise)�


105Data and statistics : World - Balances 2018 [archive], Agence internationale de l'énergie, 12 septembre 2020

6. Sustainability of Uranium

https://www.iea.org/data-and-statistics/data-tables?country=WORLD&energy=Balances&year=2018�
http://archive.wikiwix.com/cache/?url=https://www.iea.org/data-and-statistics/data-tables?country=WORLD&energy=Balances&year=2018�
https://fr.wikipedia.org/wiki/Agence_internationale_de_l'%C3%A9nergie�
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Knowing that the reserves of uranium underground aren’t infinite, for any resource the way we are using it is important. 
The sustainability of Uranium can be in different ways :

6. Sustainability of Uranium

The development of nuclear reactors
through decades enhanced the safety
of the power plants with improving
its cooling system and are more
economic in the consumption of fuel.
There is 3 generations of reactors and
the 4th is the future reactors.

1- Using Uranium more efficiently :
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I. Early prototype reactors 
(Generation I)

II. the large central station nuclear 
power plants of today 
(Generation II), 

III. the advanced light-water 
reactors (LWR) and other 
systems with inherent safety 
features that have been designed 
in recent years (Generation 
III), and the more advanced like 
EPR (Generation III+)

IV. and the next-generation systems 
to be designed and built two 
decades from now (Generation 
IV)

1- Using Uranium more efficiently :

6. Sustainability of Uranium
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Graphical representation of the core damage
frequency, the volume of the cubes are
proportional to the CDF

Higher burnup to increase fuel use and reduce
the amount of waste produced

Latest generations of reactors are more
economical in the use of primary material
(Uranium)

the Generation III/III+ designs are a reduced probability
of occurrence of accidents involving core
melting, quantified by a Core Damage Frequency
(CDF)

J.G. Marques “Review Of Generation-III/III+ Fission Reactors”. Nuclear Energy Encyclopedia: 
Science, Technology, and Applications, First Edition (Wiley Series On Energy). Edited by Steven B. 
Krivit, Jay H. Lehr, and Thomas B. Kingery. 2011 John Wiley & Sons, Inc. Published by John Wiley & 
Sons, Inc. 2011

6. Sustainability of Uranium
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It is to be noted that several of these systems are fast reactors
which have the advantage that they can 'breed' large amounts of
fissile material (239Pu) from fertile material (238U) and can
therefore extract at least 50 times more energy than current
reactors from a given quantity of uranium. This makes them
particularly attractive as a means of increasing the
sustainability of nuclear power in a scenario of dwindling
uranium reserves.

This is different type generation 4 reactors

A Technology Roadmap for Generation IV Nuclear Energy Systems, GIF-002-00, 2002 is available at: https://www.gen-4.org/gif/upload/docs/application/pdf/2013- 09/genivroadmap2002.pdf.

6. Sustainability of Uranium
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Generation III+ reactor :

6. Sustainability of Uranium

https://www.greentechmedia.com/articles/read/epr-nuclear-reactor-model-may-finally-go-live-europe-
2019?utm_source=twitter&utm_medium=social&utm_campaign=gtmsocial#gs.AtUpjpxL
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Generation IV reactors prototypes :

6. Sustainability of Uranium
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6. Sustainability of Uranium
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2- Recycling nuclear power plants wastes :
Nuclear waste is recyclable. Once reactor fuel is used in a reactor, it can be
treated and put into another reactor as fuel. In fact, typical reactors only
extract a few percent of the energy in their Uranium fuel

6. Sustainability of Uranium
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The recycle of non fissile but abundant 238U

When 238U absorbs a neutron in a nuclear
reactor, it becomes 239U, which is just the
isotope of Uranium with one extra neutron than
238U. This beta-decays quickly and becomes
239Np. Then, the 239Np beta-decays again to
become 239Pu, which is a fissile isotope that can
power nuclear reactors.

The “useless” 238U is the secret to recycling
nuclear fuel. When it absorbs a single neutron, it
goes through a series of nuclear reactions within
a few days and turns into a very splittable
isotope of Plutonium, 239Pu. The 239Pu acts a lot
like the 235U that powers conventional reactors

Nick Touran, March 2009

6. Sustainability of Uranium
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Uranium

Plutonium

Fission products

Nick Touran, March 2009

2- Recycling nuclear power plants wastes :

• the waste is radioactive for hundreds of thousands of years.
• No one has been able to store it for that long
• Uranium is not the most abundant element on Earth, and in this

kind of cycle, the global supply of cheap uranium could run low
within 200 years.

6. Sustainability of Uranium
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Uranium

Plutonium

Fission products

Nick Touran, March 2009

2- Recycling nuclear power plants wastes :

• This closed cycle involve the recycling of nuclear wastes as a new fuel
• The wastes resulted are less dangerous 
• the reprocessing technology is expensive and separates out pure Plutonium

6. Sustainability of Uranium
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Uranium

Plutonium

Fission products

Nick Touran, March 2009

2- Recycling nuclear power plants wastes :

• Breeder reactors can create as much or more fissile material than they use
• These special reactors are designed to have extra neutrons flying around, so that some can convert 238U to 239Pu
• In a full breeder fuel cycle, we get the maximum use of the Uranium resources on Earth
• Using this kind of fuel cycle, nuclear power can truly be considered sustainable.

6. Sustainability of Uranium
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3- Uranium from seawater : 

As the world shifts from fossil fuels, a new way of extracting uranium from seawater could
help countries without uranium mines harness nuclear power in our energy future.

February 17, 2017 By Tom Abate

6. Sustainability of Uranium
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3- Uranium from seawater : 

the uranium concentration in
seawater is only about 3 mg/m3, the
total volume of the ocean is about
1.37 billion cubic kilometers, which
means there are about 4.5 billion tons
of uranium in seawater at any given
time.

(Wei Luo et al ,2018)

6. Sustainability of Uranium
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3- Uranium from seawater : 

Scientists have long known
that uranium dissolved
in seawater combines chemically
with oxygen to form uranyl ions with
a positive charge. Extracting these
uranyl ions involves dipping plastic
fibers containing a compound called
amidoxime into seawater

https://www.nextbigfuture.com/2011/01/uranium-from-seawater-and-current-flow.html

6. Sustainability of Uranium
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3- Uranium from seawater : 

Credit: Nat. Chem. 2014, 6, 236-241 by Zhou and He et al.

6. Sustainability of Uranium
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3- Uranium from seawater : 

https://newatlas.com/nuclear-uranium-seawater-fibers/55033/

There is also a bio organic way to 
extract uranium from seawater, by 
using specific proteins able to fix 
Uranium oxides and then separate it      

6. Sustainability of Uranium
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7. Conclusion

The Sustainability of uranium is mainly possible with the economy of the world’s reserves : 

• Applying the ideal treatment for  leaching the ore and extract the maximum of uranium oxides  and 
decrease the radioactive elements in the tailings

• Investing in the latest generation of nuclear reactors (III/III+, IV) which increase the efficiency and burnup 
the maximum of nuclear fuel and extract almost all the energy and guarantee more safety

• Investing in recycling plants and breeder cycle reactors so we can take benefits from the 238U no only the 
fissile 235U and decrease quantity ,the radioactivity and toxicity of nuclear wastes  

• Looking for new uranium sources like investing in filter which extract it from seawater 
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Sustainability is a state of interplay between the environment and the society which 
positively contributes to human development and universal wellbeing, thus not over 
dwelling on natural resources or overburdening the environment in an irreversible 
manner. Rare earth elements play a very important role in the production of 
technologies leading to sustainable society. Rare earths are seen as critical metals 
because they are vital in the production of renewable energy appliances such as 
wind turbines, batteries, catalysts and electric cars which is a fast-growing sector for 
sustainability. Rare earth made up of 17 metals are relatively abundant in the earth's 
crust and estimated at 210, 000 metric tons worldwide with China being the highest 
producers and consumers at 84% of the total production while Africa is still at about 
1% production in the world. However, because of their geochemical properties, they 
are often not concentrated in economic quantities which warrant easy exploitation. To 
geological and mineralogical aspect, all REE deposits are not same every mine has a 
unique metallurgy and process flow based on the ore characteristics, REE 
mineralogy, deleterious elements, and extraction needs. Regarding the future 
availability of these metals is a call for concern due to its monopolistic supply 
conditions by China, environmentally unsustainable mining practices, little or no 
governing laws especially in Africa and rapid demand growth. This has led to the 
quest for sustainable ways to recycle and substitute these metals for the growth of 
green energy in the world and also in Africa. Some aspects were looked at in this 
study coupled with recycling and substitution of Rare earth metals mostly on enabling 
sustainability for future generations especially in Africa and its contribution to the 
supply chain. 

Key words: Africa, REE deposits, sustainability, green energy 
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What’s REE ?

Rare earth elements :

It consists on 17 chemical elements, grouping
the fifteen Lanthanides in addition of
Scandium and Yttrium

They are classed in function of their weight :
1. LREE or Light rare earth elements
2. HREE or Heavy rare earth elements

https://sciencenotes.org/rare-earth-elements/

135



Source: wikipedia

22 ppm 33 ppm 39 ppm 66.5 ppm

6.2 ppm 1.2 ppm 5.2 ppm 1.3 ppm

3.5 ppm 0.52 ppm 3.2 ppm 0.8 ppm

41.5 ppm 10-15 ppm 7.05 ppm 2 ppm9.2 ppm

https://www.chemistrylearner.com/

What’s REE ?
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Physical and chemical properties of REE:

• Silvery white/gray in colour

• High luster but tarnish readily in air 

• Most REE compounds are strongly 
paramagnetique

• High electrical conductivity 

• Many REE fluoresce strongly under UV light 

• High melting  and boiling point H2 rapidly at 
room temperature

• Reacts with cold/quickly upon heating 
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Genesis of REE
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REE accumulation process :

REE are mainly related to alkaline
magmatic intrusions like
Carbonatite and peralkaline
pegmatites and the these elements
are more concentrated and
enriched via different processes :
- Magmatic processes with

several pulsations of alkaline
magma from a very low partial
fusion of the crust and mantle.

- Hydrothermal alterations like
fenitisation

- Weathering processes with
erosion (gives placers) and
lateralization for bauxite and
IAD clays type

LOW TEMPERATURE 
REE DEPOSITS 

(erosion and weathering
processes)

HIGH 
TEMPERATURE REE 

DEPOSITS
(magmatic and 

Hydrothermal processes)
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Potential REE in Africa
Primary deposits
Plaser, Marine
Plaser, Fluvial     

□

Different deposits occurring in
Africa
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Copyright: Kainosit

Mineral %REO Chemical formula

Aeschynite 36 (Y,Ca,Fe,Th)(Ti,Nb)2(
O,OH)6

Allanite 30 (Ce,Ca,Y,La)2(Al,Fe+3)
3(SiO4)3(OH)

Ancylite 46 Sr(Ce,La)(CO3)2(OH)·
H2O

Bastnaesite 76 (La, Ce)CO3F

Burbankite 9-23 (Na,Ca)3(Sr,Ba,Ce)3(
CO3)5

Cerianite 81 (CeTh)O
2

Churchite 44 YPO4•2(H2O)

Florencite 32 SmAl3(PO4)2(OH)6

Monazite 71 (Ce,La,Nd,Th)PO4

Parisite 64 Ca(Ce,La)2(CO3)3F2

Synchisite 51 CaCe(CO3)2F

Xenotime 61 YPO4

RE minerals 

141

Genesis of REE

https://www.mineralatlas.eu/lexikon/index.php/UserHomepage?memberid=18633�


https://www.pinterest.com/pin/305822630943492081/

Mineral %REO Chemical formula

Aeschynite 36 (Y,Ca,Fe,Th)(Ti,Nb)2(
O,OH)6

Allanite 30 (Ce,Ca,Y,La)2(Al,Fe+3)
3(SiO4)3(OH)

Ancylite 46 Sr(Ce,La)(CO3)2(OH)·
H2O

Bastnaesite 76 (La, Ce)CO3F

Burbankite 9-23 (Na,Ca)3(Sr,Ba,Ce)3(
CO3)5

Cerianite 81 (CeTh)O
2

Churchite 44 YPO4•2(H2O)

Florencite 32 SmAl3(PO4)2(OH)6

Monazite 71 (Ce,La,Nd,Th)PO4

Parisite 64 Ca(Ce,La)2(CO3)3F2

Synchisite 51 CaCe(CO3)2F

Xenotime 61 YPO4

RE minerals 
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https://www.dakotamatrix.com/mineralpedia/5129/ancylite-ce

Mineral %REO Chemical formula

Aeschynite 36 (Y,Ca,Fe,Th)(Ti,Nb)2(
O,OH)6

Allanite 30 (Ce,Ca,Y,La)2(Al,Fe+3)
3(SiO4)3(OH)

Ancylite 46 Sr(Ce,La)(CO3)2(OH)·
H2O

Bastnaesite 76 (La, Ce)CO3F

Burbankite 9-23 (Na,Ca)3(Sr,Ba,Ce)3(
CO3)5

Cerianite 81 (CeTh)O
2

Churchite 44 YPO4•2(H2O)

Florencite 32 SmAl3(PO4)2(OH)6

Monazite 71 (Ce,La,Nd,Th)PO4

Parisite 64 Ca(Ce,La)2(CO3)3F2

Synchisite 51 CaCe(CO3)2F

Xenotime 61 YPO4

RE minerals 
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https://www.irocks.com/minerals/specimen/39261

Mineral %REO Chemical formula

Aeschynite 36 (Y,Ca,Fe,Th)(Ti,Nb)2(
O,OH)6

Allanite 30 (Ce,Ca,Y,La)2(Al,Fe+3)
3(SiO4)3(OH)

Ancylite 46 Sr(Ce,La)(CO3)2(OH)·
H2O

Bastnaesite 76 (La, Ce)CO3F

Burbankite 9-23 (Na,Ca)3(Sr,Ba,Ce)3(
CO3)5

Cerianite 81 (CeTh)O
2

Churchite 44 YPO4•2(H2O)

Florencite 32 SmAl3(PO4)2(OH)6

Monazite 71 (Ce,La,Nd,Th)PO4

Parisite 64 Ca(Ce,La)2(CO3)3F2

Synchisite 51 CaCe(CO3)2F

Xenotime 61 YPO4

RE minerals 

144

Genesis of REE



Copyright: Stephan Wolfsried;

Mineral %REO Chemical formula

Aeschynite 36 (Y,Ca,Fe,Th)(Ti,Nb)2(
O,OH)6

Allanite 30 (Ce,Ca,Y,La)2(Al,Fe+3)
3(SiO4)3(OH)

Ancylite 46 Sr(Ce,La)(CO3)2(OH)·
H2O

Bastnaesite 76 (La, Ce)CO3F

Burbankite 9-23 (Na,Ca)3(Sr,Ba,Ce)3(
CO3)5

Cerianite 81 (CeTh)O
2

Churchite 44 YPO4•2(H2O)

Florencite 32 SmAl3(PO4)2(OH)6

Monazite 71 (Ce,La,Nd,Th)PO4

Parisite 64 Ca(Ce,La)2(CO3)3F2

Synchisite 51 CaCe(CO3)2F

Xenotime 61 YPO4

RE minerals 
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https://www.mineralatlas.eu/lexikon/index.php/Genehmigungen/Stephan Wolfsried�
https://www.mineralatlas.eu/lexikon/index.php/Genehmigungen/Stephan Wolfsried�


https://www.dakotamatrix.com/products/18174/cerianite-ce

Mineral %REO Chemical formula

Aeschynite 36 (Y,Ca,Fe,Th)(Ti,Nb)2(
O,OH)6

Allanite 30 (Ce,Ca,Y,La)2(Al,Fe+3)
3(SiO4)3(OH)

Ancylite 46 Sr(Ce,La)(CO3)2(OH)·
H2O

Bastnaesite 76 (La, Ce)CO3F

Burbankite 9-23 (Na,Ca)3(Sr,Ba,Ce)3(
CO3)5

Cerianite 81 (CeTh)O
2

Churchite 44 YPO4•2(H2O)

Florencite 32 SmAl3(PO4)2(OH)6

Monazite 71 (Ce,La,Nd,Th)PO4

Parisite 64 Ca(Ce,La)2(CO3)3F2

Synchisite 51 CaCe(CO3)2F

Xenotime 61 YPO4

RE minerals 
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https://commons.wikimedia.org/wiki/File:Churchite-(Y)-102478.jpg

Mineral %REO Chemical formula

Aeschynite 36 (Y,Ca,Fe,Th)(Ti,Nb)2(
O,OH)6

Allanite 30 (Ce,Ca,Y,La)2(Al,Fe+3)
3(SiO4)3(OH)

Ancylite 46 Sr(Ce,La)(CO3)2(OH)·
H2O

Bastnaesite 76 (La, Ce)CO3F

Burbankite 9-23 (Na,Ca)3(Sr,Ba,Ce)3(
CO3)5

Cerianite 81 (CeTh)O
2

Churchite 44 YPO4•2(H2O)

Florencite 32 SmAl3(PO4)2(OH)6

Monazite 71 (Ce,La,Nd,Th)PO4

Parisite 64 Ca(Ce,La)2(CO3)3F2

Synchisite 51 CaCe(CO3)2F

Xenotime 61 YPO4

RE minerals 
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https://commons.wikimedia.org/wiki/File:Florencite-(Ce)-Uvite-Magnesite-233140.jpg

Mineral %REO Chemical formula

Aeschynite 36 (Y,Ca,Fe,Th)(Ti,Nb)2(
O,OH)6

Allanite 30 (Ce,Ca,Y,La)2(Al,Fe+3)
3(SiO4)3(OH)

Ancylite 46 Sr(Ce,La)(CO3)2(OH)·
H2O

Bastnaesite 76 (La, Ce)CO3F

Burbankite 9-23 (Na,Ca)3(Sr,Ba,Ce)3(
CO3)5

Cerianite 81 (CeTh)O
2

Churchite 44 YPO4•2(H2O)

Florencite 32 SmAl3(PO4)2(OH)6

Monazite 71 (Ce,La,Nd,Th)PO4

Parisite 64 Ca(Ce,La)2(CO3)3F2

Synchisite 51 CaCe(CO3)2F

Xenotime 61 YPO4

RE minerals 
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https://geology.com/minerals/monazite.shtml

Mineral %REO Chemical formula

Aeschynite 36 (Y,Ca,Fe,Th)(Ti,Nb)2(
O,OH)6

Allanite 30 (Ce,Ca,Y,La)2(Al,Fe+3)
3(SiO4)3(OH)

Ancylite 46 Sr(Ce,La)(CO3)2(OH)·
H2O

Bastnaesite 76 (La, Ce)CO3F

Burbankite 9-23 (Na,Ca)3(Sr,Ba,Ce)3(
CO3)5

Cerianite 81 (CeTh)O
2

Churchite 44 YPO4•2(H2O)

Florencite 32 SmAl3(PO4)2(OH)6

Monazite 71 (Ce,La,Nd,Th)PO4

Parisite 64 Ca(Ce,La)2(CO3)3F2

Synchisite 51 CaCe(CO3)2F

Xenotime 61 YPO4

RE minerals 
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https://en.wikipedia.org/wiki/Parisite-(Ce)

Mineral %REO Chemical formula

Aeschynite 36 (Y,Ca,Fe,Th)(Ti,Nb)2(
O,OH)6

Allanite 30 (Ce,Ca,Y,La)2(Al,Fe+3)
3(SiO4)3(OH)

Ancylite 46 Sr(Ce,La)(CO3)2(OH)·
H2O

Bastnaesite 76 (La, Ce)CO3F

Burbankite 9-23 (Na,Ca)3(Sr,Ba,Ce)3(
CO3)5

Cerianite 81 (CeTh)O
2

Churchite 44 YPO4•2(H2O)

Florencite 32 SmAl3(PO4)2(OH)6

Monazite 71 (Ce,La,Nd,Th)PO4

Parisite 64 Ca(Ce,La)2(CO3)3F2

Synchisite 51 CaCe(CO3)2F

Xenotime 61 YPO4

RE minerals 
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https://www.fabreminerals.com/LargePhoto.php?FILE=Synchisite_Ce-SM47AB1d.jpg&LANG=EN

Mineral %REO Chemical formula

Aeschynite 36 (Y,Ca,Fe,Th)(Ti,Nb)2(
O,OH)6

Allanite 30 (Ce,Ca,Y,La)2(Al,Fe+3)
3(SiO4)3(OH)

Ancylite 46 Sr(Ce,La)(CO3)2(OH)·
H2O

Bastnaesite 76 (La, Ce)CO3F

Burbankite 9-23 (Na,Ca)3(Sr,Ba,Ce)3(
CO3)5

Cerianite 81 (CeTh)O
2

Churchite 44 YPO4•2(H2O)

Florencite 32 SmAl3(PO4)2(OH)6

Monazite 71 (Ce,La,Nd,Th)PO4

Parisite 64 Ca(Ce,La)2(CO3)3F2

Synchisite 51 CaCe(CO3)2F

Xenotime 61 YPO4

RE minerals 
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https://en.wikipedia.org/wiki/Xenotime

Mineral %REO Chemical formula

Aeschynite 36 (Y,Ca,Fe,Th)(Ti,Nb)2(
O,OH)6

Allanite 30 (Ce,Ca,Y,La)2(Al,Fe+3)
3(SiO4)3(OH)

Ancylite 46 Sr(Ce,La)(CO3)2(OH)·
H2O

Bastnaesite 76 (La, Ce)CO3F

Burbankite 9-23 (Na,Ca)3(Sr,Ba,Ce)3(
CO3)5

Cerianite 81 (CeTh)O
2

Churchite 44 YPO4•2(H2O)

Florencite 32 SmAl3(PO4)2(OH)6

Monazite 71 (Ce,La,Nd,Th)PO4

Parisite 64 Ca(Ce,La)2(CO3)3F2

Synchisite 51 CaCe(CO3)2F

Xenotime 61 YPO4

RE minerals 
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Geomodel for alkaline-carbonatite complexes
(Kangankunde-Malawi)

Jeffery Snow. et al (2012)
Publisher: Cambridge University Press153
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• Schematic section through the Ampasibitika intrusive center showing 
the setting of the soil-hosted REE mineralisation

154(Harmer et al, 2016)
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the Cenozoic
Ambohimirahavavy alkaline
complex in Madagascar, with
the aim of further
constraining controls on the
formation and HREE
enrichment processes in ion
adsorption deposits.REE in
the Madagascar deposit are
adsorbed to clays.

IADs

155
(Esrade et al, 2019)
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Relationship between the different mineralised zones in Ngualla Hill
(Carbonatite/Weathered/Placer)

156
(Harmer et al, 2016)
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The SLGs show greater relative
enrichments in REE, and flatter REE
trends than the LCT
pegmatites, which tend to display
strongly developed Eu anomalies, and
depletions in HREE relative to LREE.

The peraluminous nature of the
majority of the pegmatites studied
indicates that they were derived from
an S-type source

REE Mineralisation in pegmatites (LCT pegmatites together with pegmatitic SLGs of the Damara Belt-Namibia)

REE concentrations of Damaran LCT and pegmatitic SLGs. Additional trace element and REE data for LCT pegmatites from the Cape Cross–Uis
pegmatite belt from Fuchsloch et al. (2018), and for pegmatitic SLGs in the Valencia area from Freemantle (2017). Chondrite values from Anders 

and Grevesse (1989).

zoned Rubicon pegmatites-Zone rubicon pegmatite(Ashworth et al. 2020)
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RESOURCES AND RESERVES OF REE
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Important mines in the world

Bayan obo mine (Inner Mongolia) :

The Bayan Obo deposit is considered as the world’s 
biggest RE deposit and it was discovered as an iron 
deposit (REE-Nb-Fe) in 1927 (Fan et al., 2016)
According to (JORC) It contains over 57.4 million
tonnes, niobium (Nb) reserves of 2.16 million tonnes
and iron (Fe) reserves minimum 1500 million
tonnes, having respective average grades of 6%
REOs, 0.13% Nb2O5 and 35% iron oxide, (Fan et
al., 2014)
This deposit is rich in LREE Nb Ce La

www.eoswetenschap.eu

https://www.eoswetenschap.eu/natuur-milieu/elektriciteit-uit-de-fabriekspijp�
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The host rocks are manly meta-sandstone, slates, carbonates
The genesis of this mineralization is associated with
carbonatite and hydrothermal fertilization ( dolomitization)
(Liu et al. (2018))
The Bayan obo deposits is composed in general by 20 RE
minerals with 15 of Nb , its mainly Monazite
(Ce), bastnaesite (Ce) (Smith et al., 2015)

Important mines in the world
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Mountain Pass (California):
This deposit is the second largest RE deposit in the
world, it was discovered in 1949 and the operations
began in 1952
The parent rock of this RE ore deposit is a Sulphide
Queen Carbonatite which is associated with
ultrapotassic alkaline rocks.
This deposit has an ore grade of 8.5% of REOs and
contains high concentrations of LREE (Dushyantha et al
2020)
the main mineral encountred is the Bastnaesite
(Ce), we can also find parisite and monazite but in
lower poucentage. (Smith et al., 2016).
It produced 19 thousand tonnes of REOs per year

Important mines in the world
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Mount Weld : (Australia)
This deposit is formed by a thick lateritic profile, the 
lateralization of alkaline carbonatite complexes 
(Hoatson et al,  2011) (bed rock) in tropical climate 
led to form the richest RE ore. 
- The carbonatite bed rock is constited by RE

minerals, such as apatite, monazite-(Ce) and
synchysite

- The Lateritic profile is composed by neo-formed
apatite, Monazite and others

This deposit is high in LREE

Important mines in the world
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Ion Adsorption Clay :
Constitutes mostly the REEs deposits in china rich in La, Nd, HREE 
formed by clay minerals

https://en.wikipedia.org/wiki/Regolith-hosted_rare_earth_element_deposits

Important mines in the world
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Deposits  in Africa and others :

Deposit Location Type Main REEs REE-minerals

Illimaussaq Denmark Peralkaline igneous La, Ce, Nd, HREE eudialyte, steenstrupine

Norra Karr Sweden Peralkaline igneous La, Ce, Nd, HREE eudialyte

Strange Lake and 
Misery Lake

Canada Alkaline igneous/hydrothermal La, Ce, Nd, HREE gadolinite, bastnasite

Khibina and Lovenzero Russia Peralkaline igneous LREE + Y, minor 
HREE

eudialyte, Apatite

Pilanesberg South Africa Peralkaline igneous Ce, La eudialyte

Steenkampskraal South Africa Vein La, Ce, Nd monazite, apatite

Nkwombwa Hill Zambia Carbonatite LREE monazite, bastnasite

Kagankunde Malawi Carbonatite LREE monazite-Ce, bastnaesite-Ce

Tundulu Malawi Carbonatite LREE synchesite, parasite, bastnasite

Songwe Malawi Carbonatite LREE, Nd synchesite, apatite

(Source: Voncken, 2016).

Important mines in the world
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World production and reserves 

Through the decades we noticed a big growth of
the demand of REEs since 1953 to recent
times, firstly due to the evolution of its
applications with the advanced technology.
- At the beginning the demand was around 1000
t of REOs,
- 1997: the demand increased to 66k t of

REOs
- 2008: 125k t of REOs
- 2014: 118k t of REOs
- 2020: estimated to 170k t of REOs

https://geology.com/articles/rare-earth-elements/

(Zhou et al., 2016) and (Roskill 2015)
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China has always had the monopoly of the REE production and has controlled its 
exportations for its personal uses in the future ,then between 2010 and 2013 it 
triggered a big demand and a spike in RE prices in the world

USGS

World production and reserves 
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Indexed prices for selected REOs from 2006 to 2016 (Source: Eggert
et al., 2016).

World production and reserves 
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This Chinese monopoly is caused by the highest
concentration of REE deposits in its territory, and
that procures the highest reserves in the world

World production and reserves 
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World production and reserves 
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Rare earth metal production was on the rise in 2019, jumping to 210,000 metric tons (MT) worldwide
from 190,000 MT the previous year ( Garside, Feb 13, 2020)

World production and reserves 

https://www.statista.com/aboutus/our-research-commitment/913/m-garside�
https://www.statista.com/aboutus/our-research-commitment/913/m-garside�
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Batakos and al.,2015

World production and reserves 
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World production and reserves 
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With over 132,000 metric tons produced from mines in 2019, China by far exploited most of its rare
earths reserves (US Geological Survey)

Statista Research Department, 23 avr. 2020Zhou and al.,2017

World production and reserves 

https://fr.statista.com/a-propos/notre-engagement-pour-la-recherche�


179

UE
33%

USA
18%

JAPAN
49%

% REE CONSOMMATION IN 2019 BY COUNTRY

Production and consumption
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A majority of REE production (and demand) is for LREEs. LREEs are produced in
large quantities partly because production of one LREE (such as Nd, Pr which has a
high demand) necessitates production of all associated LREEs, such as cerium or
lanthanum. HREEs are scarcer than LREEs but are also produced less and have lower
demands

Production and consumption
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The worlds energy consumption is increasing through
decades and fossil fuel based energy like oil gas and coal
causes huge pollution issues.
To reduce the fossil fuel dependence the substitution by
green energy is necessary, and this kind of energy uses
strategic metals (REE) for their chemical, magnetic and
physical properties.

These RE metals are used in many important high-
technology applications

Source: U.S. Energy Information Administration, International Energy Outlook 2017

Applications 

http://www.eia.gov/outlooks/ieo/�
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Applications 

the REE markets are commonly divided into
nine sectors:
catalysts, polishing, glass, phosphors and
pigments, metallurgy, batteries, magnets, cerami
cs, and others
catalysts being the largest segment, followed by 
magnets, polishing, and others
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Wind Turbines:
REE metals increase the efficiency of power generation in wind
turbines and decrease the energy loss and costs in maintenance
The substitution of the old generation of magnets with REE
containing magnets with wind turbines based on Nd more
reliable

PM: Permanent 
magnet 

https://www.lutheranworld.org/news/churchs-power-needs-covered-self-produced-wind-energy

https://yes2renewables.org/2012/03/06/rare-earth-magnets-not-all-new-turbines-are-using-them/

Applications 



185https://neohire.eu/about/
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These rare-earth oxides are also used 
as tracers to determine which parts of 
a watershed are eroding. 
.

Some rare earth elements are used like glass polishing 
powder, Cerium oxide is the perfect example. 

praseodymium
Cerium

lanthanum

neodymium

samarium

gadolinium.

https://www.amazon.com/Cerium-Oxide-Grade-
Polishing-Powder/dp/B007V2W03A

[Photo by Peggy Greb, U.S. Department of Agriculture Agricultural Research Service]

Applications 
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Solar energy :

This green power is used as a sustainable
way to produce energy as an alternative for
hydrocarbons , it consist on converting high
energy photons to electricity but not the low
energy photons.
REE trivalent ions are able to convert
photons into different wavelength for
example with merging two low energy
photons to one high energy photon (up
conversion) (Andrews, 2008; Goldschmidt
and Fischer, 2015)
Solar cells are able to absorb more photons
after the up conversion and down conversion
and reduce the energy losses in the
conversion ,
REE ions, such as Pr3+, Gd3+, Eu3+ and
Er3+ are used as nanoparticle-based
materials to enhance the power conversion
efficiencies

energreenasia.com

Applications 

http://energreenasia.com/en/zero-injection/�
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Light :

Light was really important in the history of
humanity, and its technology evolved to be the most
reliable

Metals such as arsenic, gallium, indium, and the
rare-earth elements (REEs)
cerium, europium, gadolinium, lanthanum, terbium,
and yttrium are important mineral materials used in
LED semiconductor technology that gives better
durability and consumes less energy

technologymarketreportblog.wordpress.com

www.otosaigon.com
www.wearetheone.com

Applications 

https://technologymarketreportblog.wordpress.com/2016/10/17/global-led-bulb-market/�
https://www.otosaigon.com/threads/topic-chuyen-ve-do-den-xenon-led-chuc-dai-gia-dinh-os-giang-sinh-vui-ve-va-nam-moi-binh-an.8571673/page-21�
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Catalyst converter in cars :

the combustion of hydrocarbon
fuel in a thermic or hybrid engine
results to dangerous gases like
CO, NO2, HC, to control and
reduce the emission of those gases
in the atmosphere the catalysts
convert them to H2O, CO2 and
N2.

This conversion is possible
because of the chemical micro
reactions between gases and rare
earth-based ceramics in the form
of beehive this shape is perfect to
have the maximum contact with
the material

https://www.globalmuffler.ca/3d-catalytic-converter/

Applications 
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Hybrid cars : 

www.yalescientific.org

Applications 

http://www.yalescientific.org/2014/04/metal-fever/�
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Applications 
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Like all extractive
industries, the REE
industries are subdivided
into 04 branches:
Exploration, Exploitation,
Refining and Marketing

MINING ACTIVITIES STEPS

https://etekly.com/how-mining-rare-earth-elements-to-design-tech-impacts-the-environment/

Industry  
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Silva and al.,2018

REE MINING CHAIN

Industry  
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 Specialist Studies: Drilling & Sampling & Testing, Geology, Geotech, Engineering
and MET, Hydrogeology, variety of Environmentals, Archeology

 Infrastructure: Water, Reagents, Power, Transport, Skills,
 Mine Feasibility: MRE, mining plan, Capex & Opex, BFS, Engineering
optimisation, construction, financial success indicators

 Permits and Authorisations: DEADPE BAR/EIA/EMPr, WULA, LUPO, MWP
 Municipal Support: Social and Labour Plan (SLP) =
training, upliftment, contributions to local economy and quality of life.

 Radioactive Ore:
Determine radiation from NORMs affecting worker health, public health and

environment
Registration and authorisations: COR NNR, DOE, PRWSA/PRPSA for Radiation
Design Criteria
Disposal of waste materials
Separation and safe storage of radioactive elements and minerals from the tailings

& waste streams,
Separation of environmentally deleterious materials for appropriate disposal.

REE MINING MANAGMENTS

Industry  
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REE EXPLORATION STEPS

Industry  
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To geological and mineralogical aspect, all REE deposits are not same

REE ORE PROCESS

Every mine has a unique metallurgy and process flow based on the ore
characteristics, REE mineralogy, deleterious elements, and extraction needs.

By Cindy Hurst  March 2010 Institute for the Analysis of Global Security (IAGS)

Industry  
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Process for separating REE types 

ALTA CONFERENCE 2016 21-28 MAY http://www.eurare.org/docs/24052016ALTA2016SerifKayaPresentation.pdf MEAB

Industry  
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REE COMPANIES

https://www.technology.matthey.com/article/61/2/142-153/

Industry  
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Demand for REE has a strong growth for REO in 2016 and going to grow by
37.96% world production, China is found at all levels in the REE chain (Roskill
2015),

THE BIGGEST OF CHINA

Industry  
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The majority of Africa deposits are domined by Carbonatites, alkalic igneous
/metamorphic, and monazite placer REE deposits are common in South Africa

REE IN AFRICA

(Robin Harmer and Paul A. M. Nex 2016)

Industry  

https://www.researchgate.net/profile/Robin_Harmer?_sg[0]=0scMrR6S6SFTKfjlUxKQk90WigC4MGnbXMVurPudbutMJyXgJZOFzK0WqZ_0V_A69rKCMLY.3zLwfd2ou8LF5u8RPe_pA3j3IqI-JbRhXSQX9OEijC1umClJdWyLixwyNCcaUeEDftVeaC7eR5PRmrBDjgR2mQ&_sg[1]=k6CDeGSwmSZlquZddsu-rMmCqGEbvBcbGjMA1lg8cqPiHZ-KWRW_YGkqM_ueW3GZKMOV7y4.PwphKDQRi1N2HHlVYff7HTZVZ8RcaCiwZkafNAomw2_V8BiACwqWxEJGyPWKUm_TmMLeuBpBwE_pHbpAs8C8SQ�
https://www.researchgate.net/profile/Paul_Nex?_sg[0]=0scMrR6S6SFTKfjlUxKQk90WigC4MGnbXMVurPudbutMJyXgJZOFzK0WqZ_0V_A69rKCMLY.3zLwfd2ou8LF5u8RPe_pA3j3IqI-JbRhXSQX9OEijC1umClJdWyLixwyNCcaUeEDftVeaC7eR5PRmrBDjgR2mQ&_sg[1]=k6CDeGSwmSZlquZddsu-rMmCqGEbvBcbGjMA1lg8cqPiHZ-KWRW_YGkqM_ueW3GZKMOV7y4.PwphKDQRi1N2HHlVYff7HTZVZ8RcaCiwZkafNAomw2_V8BiACwqWxEJGyPWKUm_TmMLeuBpBwE_pHbpAs8C8SQ�
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• Environmental (e- waste)

• Economic

• Technical 

Sustainability of REE

Environment  
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schooltattoos.ca

http://schooltattoos.ca/think-green-temporary-tattoos�


• Air pollution

• Ground water 
contamination

• Health risk exposure

• Farmland 
destruction

Environmental impacts of REE hazards

1. Environmental impacts of mining and production of REE

204http://cevreadaleti.org/conflict/bayan-obo-world-
biggest-rare-earths-mine-baogang-group-baotou-
inner-mongolia-china

Photograph: David Gray/ReutersRare earth discharge, Baotou, China

Environment  



E- waste and its impact on different aspects of life

2. Environmental impacts E- waste disposal

205

Environment  



United nations estimated approximately 20 million - 50
million metric tonnes estimated each year in the world
and increases continuously.
• 20- 25 % is recycled formally
• Most is illegally exported or donated from developed

countries to less developed countries (Weila Li and
Varenyam Achal, 2020).

Fig : E- waste in Africa

https://www.deccanchronicle.com/140310/nation-current-affairs/article/not-many-recyclers-e-waste-andhra-pradesh
206

Environment  
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www.123rf.com

Environment  

https://www.123rf.com/photo_40277565_the-waste-electrical-and-electronic-equipment-pile-computer-and-other-obsolete-electronic-waste-stac.html�


II- REE and the economy
Economic aspect:

Global rare earth reserves by country as estimated by USGS, 2014 (Charalampides et al., 2015)
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Recycling of REE can be

divided into three categories

• Direct recycling of scraps

or residues

• Urban mining of end-of-

life products

• Recycling of solid and

liquid industrial waste

(Dushyantha et

al., 2020, Jowitt et al., 2018)Electronic waste for 
recycling

https://phys.org/news/2019-08-electronic-rare-earth-elements.html

https://www.ecomena.org/on-recycling-of-fluorescent-bulbs/

https://www.led-
professional.com/resources-
1/articles/led-lamps-recycling-
technology-for-a-circular-
economy

Sustainability of REE   
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Potential sources of REE during recycling proposed by Jowitt et al., 2018 and references therein:

Recycling potential of REE

Sustainability of REE   
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Jowitt et al., 2018 



Technological aspect:

• Clean energy 
technology

• Recycling

• Improvement of 
extraction and 
processing techniques

• Low- impact 
alternatives

Sustainability of REE   
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Reduction of Nd and Pr content in the

production of NdFeB magnets

29.32%(2016) 25% (2020)

20% (2030)

• Lowering working temperaure

• Improve magnufacturing

techniques for magnets.

(Pavel et al., 2017)

Reduction of REE in wind turbines

Fig: Reduction of REE in wind turbines 

Sustainability of REE   
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• Replacing Dy and partly Nd by 20% by Cobalt and Cerium (cheaper and more 
available)

• Te can also replace Dy but not very effiecient (both expensive)

Fig: substitution of REE in permanent magnets (Pavel et al., 2017)

Sustainability of REE   



Substitution of Permanent magnets in wind turbines

Good for smaller geared 
turbines (< 5Mw)

Heavier than PMSG and 
requires more equipment's 
to function

Used mostly in the 1900s 
and based on gear box and 
squirrel cage induction 
generator.

214
(Pavel et al., 2017)
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• Occupational, public safety and health risks should be addressed at every stage from
mining, production and utilization of REE to monitor and evaluate these processes in relation to the
environment and health

• Significant research on extraction and recycling from unconventional sources needs to be boosted

• Alternatives with low impact should be used for extraction and processing for future generations

• E-wastes recycling is really important if it’s global for sustainability of REE

Conclusion 

REE are really vital elements in the production of green energy technologies and are therefore
very vital for sustainability and future generations growth and research.
Propositions:
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The African continent had mineral extraction booming in 2000. However, this number 
is still increasing at a rate of 5% annually. Furthermore, it is notable that Africa is 
home to abundance of natural resources including diamonds, cobalt, natural gas, 
copper and gold among others. Thus, extracting mineral resources from the earth 
surface, damages are done environmentally and socially. Mining activities such as 
prospecting, exploration, construction, operation, maintenance, expansion, 
abandonment, decommissioning and repurposing of a mine can impact the social 
and environmental systems in a positive and negative; and directly and indirectly. 
The aforementioned damages are caused by two types of wastes namely: mineral 
wastes and non-mineral wastes. These types of wastes have different degree of 
effects towards the environment and to the social lives of people. Moreover, mineral 
wastes can have an effect on the environment in way if dangerous mineral wastes 
are not well taken care of, it can affect the ground water quality, contaminate the soil, 
leading to social effects by obstructing human and animal from consuming. Non-
mineral waste such as plastics, bottles and any other non-mineral used in the 
operational phase in the mine causes more social risks towards people lives as they 
can be hazardous if not properly managed through solid waste management. This 
type of wastes are more common during exploration and less during the mining 
phase. The solution to this problem is for Mining and Environmental Ministries in 
Africa to strengthen the inspection of small- scale mining operations and exploration 
activities. Also, environmental management systems and environmental 
management system ISO 14001 should be strictly enforced to ensure that mining 
and explorations operate in the aforementioned standard. 
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INTRODUCTION
• Mining is the extraction of minerals and other geologic materials of economic

value from deposits on the earth.
• Mining produces large amount of waste.
• Mining activities such as

prospecting, exploration, construction, operation, maintenance, expansion, aban
donment, decommissioning and repurposing of a mine can impact the social and
environmental system both positively and negatively and directly and indirectly.

• Mining can yield a range of benefits to the society but at the same time can cause
conflict.

• Mining generally alter the environment but remediation and mitigation can
restore systems. This is green mining.

• Green mining are the best practices , technologies and mine processes that are
implemented as a means to reduce the environmental impacts link with the
extraction and processing of greenhouse gases, used water and minerals
(Kirkey, 2014)
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MOST COMMON MINING METHODS
Surface mining Underground mining
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Types of Mining wastes

Types of 
mining 
wastes

Mineral 
wastes

Non-mineral 
wastes

Schematic representation of types of waste in mines in Africa
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TYPES OF MINING WASTE
Mining waste is the high volume material that originates from
the processes of excavation, dressing and further physical and
chemical processing of minerals by open cast and deep shaft
methods. They include:-
• Waste rock
• Tailings
• Mine water
• Gaseous waste
• Chemicals used in processing
• Slags
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Rock waste

• Material removed to reach the ore

• Depend on geometry and location of ore, mining method used and
composition and stability of the rock.

• Stripping ratio of 2:1

• Waste rock is often stored close to the mine

• The composition of rock waste controls the type of element
released into the environment. Some are toxic even in small
quantity. Example mercury
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Mining waste of stockpiling from exploration 
activities in Namibia 

Rock waste from mining activities in South 
Africa
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Tailings
•Fine-grained mineral sand that remains as waste as
the ore gets processed and valuable minerals get
separated.

•Amount of tailings is controlled by the grade of ore
(% of valuable minerals in the ore). If grade is
1%Cu,99% is tailing.

•Tailings are pumped in a slurry using pipes to tailing
storage facilities
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Wet tailings disposal at a mine in Peru
PHOTO: Centro de Cultura Popular 
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Mine water
•Water used in many of the processes within the mine 
and the processing plant become contaminated with 
metals and other harmful elements.

Chemicals used in processing
•Example is cyanide used during gold extraction which 
dissolves the gold to an aqueous solution.
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Gaseous waste
Gaseous wastes comes from
•Particulate matter transported by the wind due to
excavation, blasting, transportation of materials, wind
erosion, fugitive dust from tailings
facilities, stockpiles, waste dumps

•Exhaust emissions from mobile sources like cars, trucks
•Gas emission from the combustion of fuels in stationary
sources, explosions and mineral processing.
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Typical example of mining activity producing dust during blasting at 
Swakop uranium mine in Namibia and South Africa respectively.
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Non-mineral waste
• Consist of auxiliary materials that will support the operation phase.
• Example include plastics, containers, domestic wastes.
• Example of non-mineral waste at a mine in Namibia (Dordabis 2018)

235



PROBLEMATIC
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ENVIRONMENTAL AND SOCIETAL RISKS OF MINE WASTE
• Acid mine drainage and contaminant leaching. 
• Erosion of soils and mine wastes into surface waters. 
• Impacts of tailing impoundments, waste rock, heap leach and dump 

leach facilities. 
• Impacts of mine dewatering
• Impacts of mining projects on air quality
• Incidental releases of mercury
• Impacts of mining projects on soil quality.
• Human displacement and resettlement
• Lost access to clean water
• Climate change considerations
• Deforestation and loss of biodiversity
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Acid mined drainage and contaminant leaching
•AMD refers to the out outflow of acidic water from metal
mines.

•Begins with exposure of iron sulphide materials to air
and water which is converted to sulphuric acid and to
iron compounds by oxidation

•Sulphuric acid in turns dissolves other metals in rocks
• Is a problem in abandoned mines in Sub-Sahara Africa
especially ones that have sulphide mineralization like
gold,copper,silver

•2FeS2(s) + 7O2(g) + 2H2O(l)=2Fe2+(aq) 4SO2-
4(aq) + 4H+(aq)238



AMD from an old metalliferous mine, West Rand, near 
Krugersdorp in South Africa
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Post-closure coal mine 
AMD treatment on the 
East Rand, South Africa   
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Heavy metal precipitation –during and after mining
•Dissolution and transport of heavy metals by run-off and 
ground water into agricultural soils and streams may 
occur during heavy rainfall events that cause over-bank 
flooding. 
•Elevated concentrations of heavy metals in the soils and 
streams, accompanied with acidic pH, are likely to 
enhance uptake of heavy metals (e.g., Pb, Pt, Zn, etc.) by 
plants and man 
•High health risk to the people who consume the 
contaminated agricultural products
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Impact of wet tailing impoundment, waste rock, heap leach 
and dump leach in South Africa
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Impact of mine dewatering in South Africa
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Diamond mining in the river mouth 
(Oranjemund, Namibia)

Impact on River Channel
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Impact on Water Resource

water dam

Quarry

Impact of quarry on water dam in Béjaia (Easte of Algiers) 245



Social and environmental impacts of abandoned mines 
(Namibia) 246



Erosion near a mining road, Pelambres mine, Chile
PHOTO: Rocio Avila Fernandez 247



Contamination of surface water
Artisanal gold mining in Eseka-Cameroon
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Cutting down of tress and the destruction of the landscape
Artisanal gold mining in Eseka-Cameroon
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Destruction of gallery forest and changing the landscape by artisanal gold 
mining activities in Betare oya-East Cameroon
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Climate change considerations

• Conceptual framework of relationships between 
climate change and mining (source: Scott D. 
Odell, 2018)
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Tailings storage capacity in South Africa
•A single platinum tailings storage at Rustenburg, South
Africa has a storage capacity of almost 1*109t over a life
span of 50years.

•The mines sends 0.5*106t of tailings to storage every
month.

•South Africa gold mining industry produced 7.4*105t of
gold tailings from 1997 to 2006.

•All gold mining waste produced in the past century in
South Africa accounts to 6*109t, which covers a total
area of 400 to 500Km2

252



Wet tailing impoundment failure, South Africa 
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HOW MINING CAN BECOME ENVIRONMENTALLY SUSTAINABLE

Sustainability simply means the ability to be maintained at a certain rate or level. 

The usual approach to managing wastes is to contain and collect them at the point 

of production, treat them to make them environmentally safe and dispose of them 

to the land, water or air. 

• Reduce inputs
• Reduce outputs
• Proper waste disposal
• Improving the manufacturing process
• Close and reclaim shut-down mines
• Replenishing the environment
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CONCLUSION
• Though mining activity leads to employment, development of an area

through provision of social amenities and opening of roads, it produces
wastes like waste rocks, tailings, mine water , gaseous waste, slags and
chemicals used in processing which have both environmental and
societal risks to human.

• Thus there is a strong need in policy implementation inline with mining
exploration activities in Africa.

• Green mining practices comes in as remediation to make our

environment environmentally friendly.
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Lithium also now known as white gold for development has become an important 
element in the production of ion batteries, especially in the transition to green 
technology. Lithium-ion batteries are increasingly drawing attention as a promising 
energy storage technology, mainly due to their high energy density, low discharge 
property, long life span, and the absence of any toxic cadmium thus making them 
easier to dispose. These unique physicochemical properties and its applications as 
diverse as ceramic and glass, polymer synthesis, lubricating greases have made 
lithium the power sources of choice for the consumer electronics market. The battery 
demand is expected to grow to 530 000t by 2025, underpinning the awareness of the 
need to limit fossil fuel, and to promote global clean energy. It is mainly driven by the 
use of electric vehicle markets, renewable energy storage systems (solar and wind), 
and electronics and devices (laptops, smartphones, power tools). Lithium is extracted 
from pegmatite, brines, and clays, with brines contributing about 66% the world’s 
global lithium resources. Most of the world’s brine lithium resources come from Chile, 
Bolivia, and Argentine, also known as the lithium triangle, while the majority of the 
hard rock lithium supply comes from Australia mainly as spodumene. The 
composition of lithium ion battery includes critical metals such as Co, Ni, C, it is 
therefore important to make sure responsible sourcing of these raw materials is 
adhered to and sustainable recycling to reduce carbon dioxide footprints is carried 
out. To further declare lithium ion batteries as complete green technology, it is critical 
to address fundamental issues around societal changes, legislation/policies to benefit 
all stakeholders, and economics to make sure products are affordable to all. With the 
available data, it is safe to say the lithium ion battery is one of the key ingredients to 
green technology. 
 
Keywords: Lithium batteries, lithium-ion battery, green technology, Brines, pegmatite, environmental 
impact
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INTRODUCTION

• The recognition of the adverse impacts of climate change, the importance of mitigating 
CO2 emissions and the running out of fossil fuels has led to the need to find new sources 
of power. 

• The shift to renewable is chugging along at a record breaking pace and supported by the 
improving economics of lithium batteries.

But lithium battery, is it a green energy ?
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LITHIUM "WHITE GOLD FOR DEVELOPMENT"
•Lithium is a silvery-white to grey alkali metal with a metallic lustre when fresh.

https://www.todayville.com/the-battery-of-choice-does-the-future-
of-energy-lie-in-lithium-tech/

https://akipress.com/news:614902/

•Lithium has extremely high electrochemical potential.



•It is the lightest metal on the periodic tab



OUTLOOK ON LITHIUM MARKET
• Lithium consumption for batteries has increased significantly in recent years due to the 

use of rechargeable lithium batteries in the growing market for portable electronic 
devices, as well as in electric tools, electric vehicles and grid storage applications 
(USGS, 2019).

• Demand for battery energy storage is expected to grow exponentially over the next 10-
20 years and beyond, underpinned by increasing awareness of the need to limit fossil 
fuel usage. 

USGS (2020) recorded

Spot lithium carbonate and spot lithium 
hydroxide prices in China decreased 

from 
approximately $11,600/t and $15,500/t

at the beginning of the year to 
about $7,300/t and $8,000/t respectivel

y in December 2019.

Spot lithium metal (99.9% Li) prices 
in China decreased from 

approximately $120,000/t at the 
beginning of the year to 

about $82,000/t in December 
2019.
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LITHIUM MARKET OUTLOOK CONTINUES

Source: Benchmark Mineral Intelligence, January 2019 publication (Challenge Cobalt: The Major Supply Chain Issues Faced in 2019)
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OUTLOOK ON LITHIUM MARKET CONTINUES

• Governments across the world are implementing stringent emission norms, to control and reduce carbon 
emissions, thereby augmenting the growth of the market.
• Owing to the increasing population
• Increase in regional acceptance of solar thermal and solar electric technologies (renewable heat) in emerging 
countries e.g Pakistan, Nepal. 266



LITHIUM SUPPLY
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LITHIUM DEPOSITS
•The lithium (Li) content of the earth's crust is 20 ppm (20 g/t), while that of the oceans 
is 18 ppm (0.18 g / m3).

•Lithium is mined from pegmatite, brines, and clays.

Photograph supplied by Albemarle, copyright @ Hugh Brown https://www.noramventures.com/blog/2019/update-on-lithium-clay-
deposit-development-in-western-usa-and-mexico/



LITHUIM BRINE DEPOSIT
• Brine deposits represent about 66% of global lithium resources, and are found 

mainly in the salt flats of Chile, Argentina, Bolivia, China, and Tibet (Investing News 
Network 2020).

• Brine lithium recovery involves drilling and pumping liquids from underground salar
brine to evaporation ponds.

Photograph supplied by Albemarle Corporation 2013 
copyright@Hroldo Horta

https://www.lesechos.fr/idees-debats/cercle/une-crise-du-lithium-se-
profile-t-elle-130332
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IDEAL MODEL FOR LITHIUM BRINE DEPOSITS

Source: USGS, 2013 – Open File report 2016-1006 - A Preliminary Deposit Model for Lithium Brines
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GENERALISED PROCESS OF LITHIUM EXTRACTION FROM 
BRINE DEPOSITS
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HARD ROCK DEPOSIT
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•Lithium bearing pegmatite belong to the Lithium-Caesium-Tantalum (LCT) family 
of rare-element pegmatites
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HARD ROCK LITHIUM DEPOSITS
• There are more than 100 known minerals that may contain lithium, the most 

common lithium-bearing minerals found in economic deposits are :

Spodumene frome the Walnut Hill 
pegmatie, Huntington, Hampshire 

country, Massachusetts, USA (Author Rob 
Lavinsky, iRocks.com-CC-BY-SA-3.0)

Lepidolite in pegmatite from the Archaean Rgueibat
Shield, western Mauritania, specimen from the BGS 

collection, image numberPJW0882,BGS © NERC. 274



GENERALISED FLOW DIAGRAM OF THE ACID AND CARBONATE LEACHING PROCESSES 
FROM CHEMICAL BENEFICIATION OF SPODUMENE CONCENTRATES

Source: BGS 275



IMPACTS OF LITHIUM MINING
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credit: Francesco Mocellin
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WORLD RESOURCES AND RESERVES
• In 2019, the global production of contained lithium was 77,000 t (USGS, 2020). The 

main producing countries are:

source: L'elementarium-Lithium and USGS
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• Global reserves are estimated at 17 million t in 2019 (USGS, 2020). They are mainly 
distributed among the following countries:

source: L'elementarium-Lithium and USGS
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Source: USGS 2019 and publicly listed company resource statements 280



LITHIUM SUPPLY CHAIN

• Political, economic, and academic desire to develop in country research and 
development.
• Political and economic desire to generate more value and more employment in country.
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LITHIUM DEMAND
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LITHIUM DEMAND
•The market for lithium ion battery is expected to reach USD 10.49 billion in 2025 from 
USD 5.34 billion in 2019 (Mordor Intelligence)

Source: Deutsche Bank



LITHIUM GLOBAL END-MARKET USERS 2019

source: USGS, 2020
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LITHIUM METAL BATTERY AND LITHIUM ION BATTERY
• In both cases, they provide portable electricity. They function by storing electrics 

charges within their chemical makeup.

• Li batteries feature primary cell construction single-use (non-
rechargeable) use Li as metal lithium as anode

• Li-Ion batteries secondary cell construction rechargeable.

•Despite not being rechargeable, lithium batteries have a greater capacity than their Li-Ion 
counterparts means they are able to go for longer on a single charge.

•They are also easier to manufacture, and therefore cheaper to purchase.
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LITHIUM ION BATTERIES
• The term “lithium-ion battery” refers to a large and diverse family of different 

battery chemistries, form factors, sizes, and cell constructions.

• An advanced battery technology that uses lithium ions as a key component of its 
electrochemistry.

• Compared with traditional battery technology, they charge faster, last longer, and 
have a higher power density for more battery life in a lighter package.

• They were first proposed by M. S. Whittingham at Binghamton University in the 
1970s

https://batteryuniversity.com/learn/archive/understanding_
lithium_ion

https://www.cei.washington.edu/education/science-of-
solar/battery-technology/
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LITHIUM ION BATTERIES
• Lithium-ion batteries are essential to modern technology, powering cell 

phones, laptops, medical devices (Pacemakers) and electric vehicles.
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LITHIUM ION BATTERY USES IN OUR EVERYDAY LIFE

Source: Deutshe Bank
OEM: Origina Equipment Manufacture
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MAJOR LITHIUM ION BATTERIES DRIVERS

Electric vehicle market Renewable Energy storage systems

Source: Visualcapitalist.com article from February 2017 (https://www.visualcapitalist.com/lithium-fuel-green-revolution/) 290



• Rising carbon dioxide and global temperature

• Rising pollution levels

• National and city targets to reduce carbon dioxide emissions globally

291



LITHIUM BATTERIES FOR PLANE
•Battery powered electric planes could help reduce the amount of gas released 
into the atmosphere.

•While Li-ion batteries have advantages, they also have significant drawbacks for 
aircraft designers, the main problem is the power/ weight ratio of these 
batteries.

•Researchers are trying to develop new kinds of electric batteries, British 
company Oxis energy has developed Lithium-Sulfide batteries to replace Li-ion 
batteries.

•They could be able to support 
the energy density necessary 

for electric planes wile 
maintaining its properties over 

time.

•They would also 
be lighter and safer.

•Lithium Sulfide batteries 
can store more than 

double the energy (500-
600 Wh/kg) than Li-ion 

batteries (100-260 Wh/Kg).

https://www.20minutes.fr/high-tech/2845407-20200824-un-nouveau-type-de-batterie-pour-les-avions-electriques
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ADVANTAGES OF LITHIUM ION BATTERIES
• Lithim-ion batteries have one of the highest energy densities of any battery 

technology today (100-265 Wh/kg or 250-670 Wh/L).

•Some Lithium-ion batteries 
have a high current 

density, which is perfect for 
consumer electronic 

equipment.

•Other batteries have high 
current levels which can be 
perfect for electric vehicles 

and power tools.

•In addition, Li-ion battery cells can deliver up to 3.6 Volts, 3 times higher than 
technologies such as Ni-Cd or Ni-MH.

•Self-discharge is significantly lower than any other rechargeable cell.

•Moreover, Lithium-ion batteries require very low maintenance in order to perform well.

•Li-ion batteries have no memory effect, a detrimental process where repeated partial 
discharge/charge cycles can cause a battery to ‘remember’ a lower capacity.

•They do not contain toxic cadmium, which makes them easier to dispose of than Ni-Cd
batteries 293



LIMITATIONS OF LITHIUM ION BATTERIES

• Li-ion batteries can easily catch fire or explode if they are damaged. This has 
happened in cell phones and laptops.

• Li-ion batteries are also subject to aging, meaning that they can lose capacity and 
frequently fail after a number of years.

• Expensive to manufacture - about 40% higher in cost than nickel-cadmium.
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Cobalt miners in the DRC are subject to dangerous working conditions as a result of the industry’s lack of regulation (Credit: Julien
Harneis/Flickr) 296
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CONCLUSION

•Lithium-ion batteries are not a perfectly green technology – there is still progress to 
be made in the mining /extraction and recycling processes.

•Battery technology has the potential to substantially reduced carbon emissions if 
more people adopt electric vehicles and become more dependent on renewable 
energy.

•For homeowners with solar panels, home energy storage systems may allow them to 
store the energy they produced even after the sun has gone down & thus avoid paying 
higher electricity rates.

•Other materials alternatives are emerging such as 
Zinc, Hydrogen, Aluminium, Sodium-Sulphur.

•Others components need to be considered, supply of raw 
materials, recycling, legislation/policy, societal changes, economics and so forth.
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Bauxite which is the main source of the world’s Aluminium (Al) has been classified as 
a Critical Raw material (CRM)by the EU Commission in 2020.CRMs are fundamental 
to Europe’s economy, growth and jobs and they are essential for maintaining and 
improving our quality of life. Al finds applications in clean technology sectors such as 
renewable energy, batteries, electricity systems, resource-efficient packaging, 
energy-efficient buildings, and clean mobility. Residue from bauxite mining, because 
it contains important concentrations of other CRM such as REE and, in certain 
deposits Scandium, enters the circular economy chain thereby solving environmental 
waste management problems related to bauxite mining. Africa accounts for over 24.7 
% of the world’s bauxite reserves. Guinea which is the largest producer in Africa 
ranks in the top 3 world producers of bauxite. Given the favourable climatic 
conditions in Africa and numerous bauxite projects under exploration and 
development, there is a potential for Africa’s bauxite reserve to exponentially grow. 
Although bauxite mining provides revenue for the governments’ budgets, as well as 
creation of jobs, it has profound social, environmental, economic and geopolitical 
consequences. The communities living closest to mining operations are often victims 
of land expropriation, water and air pollution among others. Given the bauxite mined 
in Africa is exported to China and Europe where it is processed into finished Al 
products and shipped back to the African continent, there is considerable economic 
loss in the value chain of bauxite mining and processing which could further boost 
the economy of African countries. As a solution to this, Africa must place more 
emphasis on local processing and transformation of bauxite and advocate for 
responsible mining which will be focused on reducing impacts on biodiversity, land 
and water; promoting community engagement and integrated rehabilitation and 
closure activities. 
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Definition and Formation

• Bauxite is a naturally occurring, heterogeneous material composed 

primarily of one or more aluminium hydroxide minerals mainly 

gibbsite, boehmite and diaspore

(https://www.usgs.gov/centers/nmic/bauxite/).

• Bauxite was named after the village of Les Baux in south-eastern 

France by Berthier in 1821 (Retallack, 2010).

• Bauxite deposits can be classified according to their geological

formation into lateritic (90%) and karst (10%) deposits (Maksimovic

1976, Maksimovic & Roaldset 1976, Ujaczki et al., 2018).

INTRODUCTION
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Figure 1: Bauxite ore (image courtesy: 
USGS)

10 cm
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Figure 2: Bauxite formation due to tropical weathering

Definition and Formation

• Bauxites are residual deposits developed from

the weathering of Alumosilicate-rich parent

rocks under humid tropical to sub-tropical

climates, with rainfalls in excess of 1.2m per

year and annual mean temperatures higher

than 22°C (Bardossy & Aleva, 1998).

• This process is shown schematically (after

Bland and Rolls, 1998) as:
Feldspar – (loss of Si) → kaolinite – (loss of Si)  → gibbsite (Al(OH)3)

Give formula of feldspar and kaolinite

INTRODUCTION CONT’D
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Critical Raw Materials (CRMs)

• Critical Raw Materials (CRMs) are those raw materials
which are economically and strategically important for
the European economy but have a high-risk associated
with their supply (Ferro and Bonollo, 2019)
https://www.crmalliance.eu/critical-raw-materials).

• The concept of CRMs is not limited to the EU, but
other countries such as the USA, Australia and Japan
have developed a list of their CRMs as well.

Figure 3: Example of some CRMs compared 
for different countries (Source: Australia’s 
Critical Minerals Strategy 2019 
document.pdf)

INTRODUCTION CONT’D
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Critical Raw Materials (CRMs)
According to Ferro & Bonollo (2019), CRMs are not classified as ‘critical’ because they are considered scarce
but they are classified as ‘critical’ because:

• They have a high-supply risk due to the very high import dependence and high level of concentration of the
critical raw materials in particular countries;

• There is a lack of (viable) substitutes, due to the unique and reliable properties of these materials for
existing, as well as future applications.

INTRODUCTION CONT’D
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Bauxite as a Critical Raw Material (CRM)

• The USGS (2018) included bauxite in the final list of 35 materials deemed critical to U.S. 

National Security and the Economy (https://www.usgs.gov/news/interior-releases-

2018-s-final-list-35-minerals-deemed-critical-us-national-security-and).

• In the 2020 review of the EU CRM list, bauxite was recognized as a critical raw material

and the inclusion of bauxite in the European Commission’s Critical Raw Materials list

signifies the role of the aluminium industry in supporting Europe’s transition to a green

and digital economy (https://www.alcircle.com/news/european-commission-

recognizes-bauxite-as-critical-raw-materials-57988#). This statement needs to be

substantiated, i.e. what role does aluminium play in green and digital economies?

INTRODUCTION CONT’D
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Figure 5: Channel sampling in bauxite project 
in Cameroon (Source: https://www.altus-
strategies.com) 

Figure 4: Geological mapping in bauxite 
project in Cameroon (Source: 
https://www.altus-strategies.com) 

Geological mapping and 
remote sensing

Pitting

Drilling

Resource Drilling

Reserve Estimation

Mine Planning and 
Development

INTRODUCTION CONT’D
Bauxite Exploration and Development
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Figure 6: RC Drilling in bauxite project in Cameroon 
(Source: https://www.altus-strategies.com) 

INTRODUCTION CONT’D
Bauxite Exploration and Development

Figure 7: Winning Boke Bauxite Mining Project, Guinea Republic
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• Bauxite is the principal source of aluminium that finds applications in different
industries like construction, packaging, electrical equipment, transport etc.

Figure 8: End Product Uses of Aluminium (Source: Bangs, 2011)

IMPORTANCE OF BAUXITE
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• Bauxite residue (red mud) has been used to boost the circular economy through the
recovery of REE and other metals. Several studies have demonstrated that bauxite
residue from bauxite mining and processing is important for CRM such as Rare Earth
Element (REE), V & Sc where they can be extracted. (example: Borra et
al., 2016, 2019; Ujaczki et al., 2018)

Figure 9: Examples of concentration/purification of CRM from bauxite residue (Source: Ujaczki et al., 2018 )

IMPORTANCE OF BAUXITE CONT’D
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Reserves
• World bauxite reserves are  that part of the reserve base which could be extracted economically at the time of discovery (Meyer, 2014)

• Guinea has the highest reserves in the world with 7.4 billion tonnes

BAUXITE RESERVES AND PRODUCERS AROUND THE WORLD

Figure 10: Distribution of World Bauxite Reserves 2020 (source: 

https://www.ftmmachinery.com/blog/global-use-of-bauxite-and-bauxite-reserves-left-to-

human.html)
314

Table 1: World Bauxite Reserves 2019 :(Source:
https://thebauxiteindex.com/about/bauxite-101/ )
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Figure 11: Bauxite production per country and global bauxite production from 2009 to 2019 (Source:
https://www.usgs.gov/centers/nmic/bauxite-and-alumina-statistics-and-information?qt-
science_support_page_related_con=0#qt-science_support_page_related_con)

Producers
• The United States Geological Survey 2020 report placed Australia as the world’s highest 

producer of bauxite in 2019.

BAUXITE RESERVES AND PRODUCERS AROUND THE WORLD CONT’D
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Reserves
• Bauxite reserves are most plentiful in Africa with Guinea having the largest reserves 

in Africa and the world. 

• Ghana Integrated Aluminum Corporation (GAIDEC) has estimated over 750 million 
tonnes of bauxite reserves in Ghana. 
(https://www.modernghana.com/news/937152/to-mine-bauxite-in-atewa-or-to-
preserve-reliving.html).

• Sierra Leone has 31 million tonnes of bauxite reserves 
(https://www.alcircle.com/news/top-bauxite-exporters-from-africa-guinea-remains-
the-leading-bauxite-supplier-while-china-drives-the-export-31764).

• Cameroon, Mozambique, Nigeria, Tanzania and South Africa also have bauxite 
reserves which have been explored, but not intensively. 

BAUXITE RESERVES AND PRODUCERS IN AFRICA
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Producers
• Africa produced 66.2 million metric tons of bauxite in 2019. Guinea is by far the largest 

producer of bauxite in Africa, having produced 63 million metric tons in 2019 (Garside,2020).
• The states of Guinea, Ghana and Sierra Leone are home to the most important bauxite 

mining areas in Africa (Purwins, 2020)

BAUXITE RESERVES AND PRODUCERS IN AFRICA CONT’D
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The abundance of natural resources such as bauxite presents social, environmental, economic

and geopolitical risks especially for African countries.

Social and Environmental Risks
According to the Human Rights Watch (HRW) 2018 report, several social and environmental
impacts linked to the large-scale mining of bauxite in Guinea were noted especially in the Boké
region where there was land expropriation without compensation, and degradation of water
and air quality for communities living close to mines

RISK FOR AFRICA

A

B

Figure 13: Loss of land and livelihoods (Source: HRW 2018 Report) 
Figure 14: Risk of degradation of drinking water (Source: HRW 2018 

Report) 318



Social and Environmental and Risks

C D

RISK FOR AFRICA CONT’D

Figure 15: Threats to health from reduced air quality (Source: HRW 
2018 Report) 

Figure 16: Degradation of remaining land and sources of income 
(Source: HRW 2018 Report) Why? This needs an explanation.
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Social and Environmental and Risks

• In Ghana, the Atewa Forest reserve, which is one of only two reserves with upland

evergreen forests in Ghana, is at risk. It hosts important bauxite resources which the

government envisages to mine in a joint venture with China in order to develop an

integrated bauxite-aluminum Industry in Ghana (Purwins, 2020)

• While from an economic perspective this could results in more revenue generation

and more employment, the social and environmental risks cannot be overlooked.

RISK FOR AFRICA CONT’D
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Figure 17: Bauxite-aluminum process steps: Future GHG emissions (Widder and al, 2019)

Environmental Impacts (Greenhouse Gas (GHG) Emissions)
With the expansion of the bauxite industry in Guinea (investments, concession agreements and

extraction and refining operations in the country), the GHG emissions contributing to global

warming will increase with the production of aluminum (Widder et al., 2019)

Figure 18: Smoke cloud from a bauxite processing plant Guinea

RISK FOR AFRICA CONT’D

321



Economic and Geopolitical Risk

• Given that mining contributes to the Gross Domestic Product (GDP) of many

countries, a collapse in the market will mean a collapse in the source of revenue and

hence a collapse of the country’s economy. This is only true for countries with a very high percentage of GDP coming from mining and

also if the mining sector is not diversified.

• Bauxite mining in Guinea accounts for 25 % of the GDP of the country (IFC, 2016), this

means that if the price of bauxite falls and bauxite mines close, then that source of

revenue will be lost and can lead to the country’s collapse especially given the country

is already classified a poor country. This is exactly what I am saying above

• This is further compounded by the absence of Al processing plants in Africa which

could serve to limit export of bauxite. In the previous slide you have a photo of a processing plant in Guinea

RISK FOR AFRICA CONT’D
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Economic and Geopolitical Risk

• There is a political risk associated with bauxite mining just like mining of other mineral

commodities in Africa where there is poor governance and the population live in poverty.

• A study by Bah (2014) concluded that even for a country like Guinea with vast mineral

wealth including bauxite, and which has never experienced political instability (is this really

true?), the risks of instability is present unless Guineans get more benefits from the

country’s natural resources, given that the population is living in abject poverty.

• This conclusion is further supported by studies which show natural resource abundance

alongside extreme poverty is strongly associated with armed conflicts in West African

nations (Bah, 2014)

RISK FOR AFRICA CONT’D
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THE WAY FORWARD

• The principles of sustainable bauxite mining practices in Africa should be

focused on reducing impacts on biodiversity, land and water; promoting

community engagement and integrated rehabilitation and closure activities

(World Aluminium, 2018). General comment: be consistent, use either

aluminium or aluminum

• In order to improve the governance of Africa’s abundant natural resources

there is a need to strengthen institutions and policy frameworks to reduce the

inherent risks and enhance revenue mobilization.
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• Faced with development challenges and increased aluminum needs, Africa must place

more emphasis on bauxite value addition to play a major role in the aluminum supply

chain for the energy transition and high technology. African countries need to advocate

responsible mining while respecting the environment, optimizing the use of metals

throughout their life cycle, and implementing recycling processes in a circular economy

approach.

CONCLUSION

325



326

THANK YOU



• Bárdossy, G. and Aleva, G.J.J. (1990), “Lateritic Bauxites”, Elsevier: Amsterdam, 624 pp.
• Ferro, P. and Bonollo, F. (2019), “Materials selection in a critical raw materials perspective.

Materials & Design”, 107848.doi:10.1016/j.matdes.2019.107848
• F.M. Meyer (2004), “Availability of bauxite reserves”, Natural resources Research, Vol.

13, No.3, pp. 161 – 172.
• Ujaczki, É., Feigl, V., Molnár, M., Cusack, P., Curtin, T. Courtney, R. and Lenz, M. (2018), “ Re-using 

bauxite residues: benefits beyond (critical raw) material recovery”, Journal of Chemical 
Technology & Biotechnology, 93(9), 2498–2510. doi:10.1002/jctb.5687

• Collier, P., and Venables, A. (2010), “Natural Resources and State Fragility”, European University 
Institute, RSCAS Working Papers.

• “United Nations. Economic Commission for Africa (2018). Annual report 2018: Economic and 
Social Council official Records, 2018 supplement No. 18. Supplement. No.18, 158 p.: ill.. Addis 
Ababa:. © UN. ECA,. ”

• Van der Ploeg, (2008), “Challenges and Opportunities for Resource Rich Economies”, Oxcarre WP 
2008. 

• Widder, Lynnette and Pacioni, Thomas & Bocoum, Ousmane. (2019). Sustainably Growing 
Guinea’s Bauxite-Aluminum Industry. 10.5772/intechopen.86471.

SELECTED REFERENCES

327



• https://www.alcircle.com/news/european-commission-recognizes-bauxite-as-critical-raw-materials-57988

• https://www.cminingcorp.com/bauxite
• http://itie.sn/gouvernance/

• https://www.statista.com/statistics/1038455/african-bauxite-production/
• https://www.canyonresources.com.au/

• https://www.alcircle.com/news/top-bauxite-exporters-from-africa-guinea-remains-the-leading-bauxite-
supplier-while-china-drives-the-export-31764

• https://www.modernghana.com/news/937152/to-mine-bauxite-in-atewa-or-to-preserve-reliving.html
• https://www.usgs.gov/centers/nmic/bauxite-and-alumina-statistics-and-information?qt-

science_support_page_related_con=0#qt-science_support_page_related_con

• https://www.miningafrica.net/natural-resources-africa/aluminium-ore-bauxite-in-africa/
• https://www.who.int/airpollution/ambient/health-impacts/en/
• https://www.hrw.org/report/2018/10/04/what-do-we-get-out-it/human-rights-impact-bauxite-mining-

guinea

• https://www.ifc.org/

SELECTED REFERENCES

328

https://www.alcircle.com/news/european-commission-recognizes-bauxite-as-critical-raw-materials-57988�
https://www.cminingcorp.com/bauxite�
http://itie.sn/gouvernance/�
https://www.statista.com/statistics/1038455/african-bauxite-production/�
https://www.canyonresources.com.au/�
https://www.alcircle.com/news/top-bauxite-exporters-from-africa-guinea-remains-the-leading-bauxite-supplier-while-china-drives-the-export-31764�
https://www.alcircle.com/news/top-bauxite-exporters-from-africa-guinea-remains-the-leading-bauxite-supplier-while-china-drives-the-export-31764�
https://www.modernghana.com/news/937152/to-mine-bauxite-in-atewa-or-to-preserve-reliving.html�
https://www.usgs.gov/centers/nmic/bauxite-and-alumina-statistics-and-information?qt-science_support_page_related_con=0�
https://www.usgs.gov/centers/nmic/bauxite-and-alumina-statistics-and-information?qt-science_support_page_related_con=0�
https://www.miningafrica.net/natural-resources-africa/aluminium-ore-bauxite-in-africa/�
https://www.who.int/airpollution/ambient/health-impacts/en/�
https://www.hrw.org/report/2018/10/04/what-do-we-get-out-it/human-rights-impact-bauxite-mining-guinea�
https://www.hrw.org/report/2018/10/04/what-do-we-get-out-it/human-rights-impact-bauxite-mining-guinea�
https://www.ifc.org/�


SGA VIRTUAL SEMINAR on Green metals 2020 

329 
 

TITANIUM resources and reserves in Africa 
For worldwide use in green technologies 

Terence Cho Ngang 
Economic Geology and Petrology, University of Bamenda (UBa), Cameroon, Africa.  

 
chongang24n@yahoo.com 

 
The surest way of meeting the UN sustainable development goals is to develop and 
use technology, products and services that improve operational performance while 
reducing costs, energy consumption, wastes or negative effects on the environment. 
Titanium is an element with the highest yield strength to density ratio compared to 
any other natural metal and a high resistance to corrosion. Additionally, titanium 
dioxide base pigments have the ability to absorb UV light, making them suitable for 
use in coatings, plastics, fiber and paints – the end result being energy efficiency, 
product durability and less waste production. The main or minerals from which Ti is 
extracted are Ilmenite (FeTiO3) and Rutile (TiO2). The world produces 7.6 Mt of 
titanium ore annually, with 33% coming from Africa. The United States Geological 
Survey (USGS) considers titanium as a critical material, because proven ore 
reserves are very limited (835 Mt), when compared to projected future demand and 
use, thereby posing an apparent supply risk in the future. Although the African 
continent only hosts about 12% (103 Mt) of these reserves, a majority of heavy 
mineral sands (HMS) projects are being developed in Africa, and estimated to hold 
up to 1 billion tons of titanium ore. All geological settings are potential hosts for 
titanium mineralization, although the most economically important remain beach sand 
placers and paleo-alluvial plains. Africa seems to be at a market disadvantage, since 
most of its ore production is exported without any value added. Establishing pigment 
producing plants on the continent, therefore, seems to be the way out, for an 
equitable and fairer trade in the titanium industry. 
Keywords: Titanium, Green technology, Africa, Ore reserves, Heavy mineral sands.
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1.  INTRODUCTION

 Titanium is a silvery, light weight, high
strength, low corrosion structural metal.
The average crustal abundance is 0.44
wt% (Britannica, 2020). The two most
important ores minerals are Ilmenite
(FeTiO3) and Rutile (TiO2).
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 The world produces about 7.6 Mt (33% in Africa) of titanium ore concentrate
annually. JORC compliant reserves are estimated at 835 Mt (12% in Africa) –
(USGS, 2020).

 The USGS considers Ti a critical mineral resource because most of the
reserves are located in Asia and Africa, posing high supply risks, due to
political uncertainties, and also because Ti has no satisfactory substitutes.

 At least 8 African countries host Ti-reserves;
Cameroon, Kenya, Madagascar, Mozambique, Senegal, Sierra Leone, South
Africa and The Gambia (Rozendal, 2017).

 Ti is used as TiO2 pigments (90%) and as the metal itself (10%).

INTRODUCTION CONT’D
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Titanium dioxide (TiO2) pigments are used in a variety of products ranging from 
paints and coatings, and printing inks to plastics and food. About 90% of all titanium 
feedstock goes to the production of pigments, which have a very high refractive 
index, protect against UV radiation, and prevent fading and cracking.

INTRODUCTION CONT’D

White powder (TiO2 pigment) Paints

SGA VIRTUAL SEMINAR 2020 – GREEN METALS FOR A SUSTAINABLE SOCIETY 334



2. APPLICATIONS OF TITANIUM IN GREEN TECHNOLOGY

Green Technology is environmental friendly! The term describes products and services
that improve operational performance while reducing costs, energy
consumption, waste or negative effects on the environment.
2.1 High-strength/low-weight alloys.
Titanium metal is combined with other metals such as Al, Fe, Pd, Mo, Sn and V to
produce alloys with a very high strength and corrosion resistance, for use in
aeronautics, space and defense. (Energy efficiency, resource conservation).
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F22 bomber jetSatelite in orbitAirbus 380 Jumbo
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2.2 Renewable Energy Production: (Emission reduction)

 The fan blades of wind energy
turbines contain Titanium alloys
to allow for resistance to wear
and tear.

 Some solar panels contain ultra-thin TiO2 layers to
collect solar power more efficiently and with less space
required. Best for use within cities (Science
Daily, 2018).
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2.3. Heat Exchange Industrial systems (Resource Conservation)
Industrial equipment that involves heavy heat exchange is constructed from Ti
alloys. These include nuclear reactors, and industrial tanks (refineries and
breweries).

Nuclear reactor Refinery
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• 2.4. Ocean Engineering– (Resource Conservation)
• Because Ti metal does not oxidise easily, and is resistant to chemicals and sea

water, it is often used in Ocean engineering applications such as water
desalination, vessels and construction of offshore drilling platforms.

Water desalinization War ship Oil platform
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2.5. Applications in Medicine (Health preservation)
• Because titanium metal is biocompatible, inert to body fluids and has the innate

ability to join with the human bone, it is widely used in the medical field. Most
common uses include hip and knee joints, bone screws, dental implants. Ti is non-
toxic.

Dental implants and bone screw applicationsKnee joint
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2.6. Waste Reduction and control
From plastics to Titanium….
Drinking Straws, water bottles and many other household utensils like boilers, cups 
and mugs can also be made from Ti alloys. The end result is a reduction in the 
several environmental problems caused by plastics.
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3. TITANIUM PRODUCTION,  RESOURCES AND RESERVES – THE 
PLACE OF AFRICA IN THE WORLD

World Ti-mine production (IL+RL) Data source: updated from USGS 2019

11%
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28%

4%

3%

6%

1%

2%

33%

2%

China

Canada

Others

AFRICA

The world produces 7.61 Mt of Titanium
ore (Ilmenite + Rutile) annually and
holds reserves estimated at 835
Mt, (USGS 2020).

The African continent is currently the
leading global producer of various
titanium feedstocks (2.521 Mt/yr>>33%)
while Australia holds the largest proven
titanium ore reserves in the world
(279 Mt).
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World Titanium ore reserves (IL+RL) 

12% (103Mt) of global Titanium
ore reserves are located in
Africa.

There are minimal future supply
risks. Heavy mineral sand
resources currently being
developed, are estimated to hold
at least 2 Bt of titanium ore
minerals. Most of them occur in
Africa.

Data source: updated from USGS 2019
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Distribution of Ti ore reserves in Africa

Kenya: (Kwale South Dune) -
Company: Base Resources
Ltd**
Reserves: 1.2Mt ILT + RTL
(August 2020) -Operating mine

Mozambique: 
(Moma), Moma is the 
Worlds largest Ti deposit. 
(Mine life 100ys)
Reserves: 14.8Mt ILT +RTL 
(2020) – Kenmare Resources

Cameroon - Akonolinga
Company:-(ERAMET) - Developing
Reserves: 3Mt Rutile (1992)-BRGM

SL: Sierra Rutile
Worlds largest rutile mine
Reserves: 8.911Mt mostly RTL
(2016)

Senegal: Grand Cote. TiZir, mining since
2014. Reserve: 18.7Mt ILT. Mine life
33yrs. (2018)
Inferred Rs. 500Kt HMC. Mine pdn:
0.57Mt/yr.

SA: 2nd largest global mine producer
(22%). Largest producer of Ti-slag
(1mt/y) in the world (Richards Bay
Minerals). Reserves: RB (RT) + Namakwa
sands (TRONOX) = 41mt

Madagascar: Toliara (Base resources Ltd)
Reserves: HMC 38Mt of which 75% are Ti
ores (2019 statement).
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Despite having only about 12% of JORC compliant titanium ore reserves, Africa is
considered the largest depository of Ti-rich heavy mineral resources
(Rozendal, 2017). In addition to the reserves cited above, there exist at least 30
other HMS projects, which are under development. Examples are;

1. Reudenhewel, SA (1.4bt), operated by Zirco PTY
2. Corridor Sands, Mozambique (1.77bt), operated by BHP Billiton
3. XaXai, Mozambique (26Mt ILT), being developed by Kenmare Resources
4. Green river, SA (420mt) - Tronox
5. Mutamba, Mozambique (7-12bt) – Rio Tinto
6. Tigen, Mozambique (1.2bt) – BHP Billiton
7. Rotifunk, SL (170mt) – Titanium resources
8. Killifi, Kenya (2.1bt) – Base Resources

These projects can yield in excess of 1bt of Ti ore minerals.

Data source: Rozendal, 2017: Data is quoted as tons of HMS

SGA VIRTUAL SEMINAR 2020 – GREEN METALS FOR A SUSTAINABLE SOCIETY 344



About 90% of all titanium mineral deposits are placers on continental beach sands and
inland alluvial plains (Rozendal, 2017).

4. GEOLOGICAL CONTROLS ON TITANIUM 
MINERALIZATION

(Koma & Wang, 1984)

Minor deposit Beach sand Ilmenite, Tamil Nadu, India

Ilmenite settles very close to source
due to the high density (>4.5 g/cm3),
It forms deposits on the beach.

Cristalline Hinterland
Mineral Sand Resource
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 Important hard rock mineralization (10%) occurs in Precambrian magmatic
and metamorphic rock units, mostly of mafic composition.

 The initial magma composition, fO2 and cooling history will determine the
mineralogy of the Fe-Ti oxides in magmatic deposits (Liao et al, 2016).

 During cooling (T≤7000C) of a titanium-rich magma, some hematite (Fe2O3)
separates from the oxide phase into thin lamellae within Ilmenite crystals, forming
the composite mineral Hemo-ilmenite, which dominates the largest and most
economically important magmatic deposits (USGS, Woodruff et al, 2017).

(Reflected light photographs of hemo-ilmenite.
Source:Woodruff et al, 2017).

Ilmenite

Hematite lamella

Magma chamber
Source of all minerals
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 In more iron-rich magmas, a titanium rich phase will separate from magnetite to
form titanomagnetite, with thin exsolution lamellae of ilmenite.

Characteristic of many low-grade magnetite deposits, where mining is complicated
by the absence of sufficient beneficiation techniques and very low ilmenite grades

(Reflected light photographs of titanomagnetite.
Source:Woodruff et al, 2017).

Ti mineral phases
separate at T<7000C
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 The main titanium mineral phase
forming during prograde
metamorphism is Rutile.

With increasing metamorphic
grade, the breakdown of ilmenite
and Ti-bearing silicates (e.g garnet)
will release titanium, which then
crystallizes into rutile – a highly
stable mineral (Woodruff et
al, 2017).

 Important deposits are mainly
associated with medium to high
grade metamorphic rocks such as
Eclogite and amphibolites.

P-T diagram for metamorphic grading
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Deposit type - host rock Mineralogy Tectonism Example

Massive  Anorthosite plutonic  
bodies, (Proterozoic age) Hemo-Ilmenite, Ilmenite Magmatic

Allard lake, Canada; Tellnes, 
Norway

Layered mafic (gabbro) 
intrusion Ilmenite; titanomagnetite Magmatic Panzhihua, China

Eclogite-hosted Rutile Metamorphic Piampaludo, Italy

Amphibolite hosted Rutile Metamorphic Daixian, China

Hydrothermal porphyry 
deposit Rutile Hydrothermal El Teniente, Chili

Table 1: Summary of hard rock Ti deposit types. (Source:Woodruff et al, 2017).
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5. FROM MINE TO MILL: EXTRACTION, PROCESSING AND 
ENVIRONMENTAL CONSIDERATIONS

The main ores for Ti extraction are ilmenite (FeTiO3) and rutile (TiO2). Leucoxene is
the weathering product of Ilmenite with a variable TiO2 composition between 70% and
90%. The mineral assemblage for placers is usually;
ilmenite/rutile/leucoxene, zircon, kyanite, while Vanadium, magnetite/hematite
dominate in hard rock deposits. I have no idea what the red part of the sentence
means.

Hemo-Ilmenite
(FeTiO3)

Zircon
(ZrSiO4)

Rutile
(TiO2)

Kyanite
(Al2SiO5)

BSE image of a polished section of altered Ilmenite
into leucoxene. (Source: Walmach, 2012)
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 HMS are mined by dredging or dry
mining techniques while hard rock
deposits are mined by open pit.

 Simple ore body in dunes without
overburden, free flowing sands and
minimal slimes => uncomplicated
mining by conventional dredging &
processing

 Dredging through the dunes using the
area’s shallow water table.

 Sand mining from the front of the
dredge pond.

 Pumping slurry to the floating
concentrator.

Fig 4. Grand Cote operations (Senegal) - Eramet
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 Washing sands through
spirals, separating the heavy mineral
concentrate. from lighter quartz sand
(tailings deposited in mined out areas
restoring the landscape)

 Heavy mineral separation by
magnetic, electrostatic & gravity
processing:
zircon, ilmenite, rutile, leucoxene

 Environmental-friendly: No chemicals
used

 Given that leucoxene is lighter than
ilmenite, it is of critical importance to
determine its content in ilmenite
feedstock, in order to make necessary
equipment adjustments to avoid losing
material during beneficiation.

Ilmenite concentrate 
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 Allard lake (Canada) is the largest hard rock titanium deposit in the world
(200mt ilmenite reserve @ 34.3% TiO2) – Charlier et al, 2017.

 Hard rock deposits are mined by open pit.
 Usually hemo-ilmenite and titano-magnetite deposits
 Rock is crushed and milled to typically <85microns
 Magnetic and gravity separation employed to eliminate gangue from the Ti-Fe±V

concentrate
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Rutile 
(Natural or Synthetic)

90-96%TiO2

Upgraded Slag
(UGS)

85-87% TiO2

TiO2 (>99.9%)
(White powder)

Titania Slag
(High Ca and Mg 

content) – 70% TiO2

Titanium Metal
(Sponge)

High purity pig 
Iron (HPPI) Ilmenite 

(40-65%TiO2 
Content)

Pyrometallurgy

Pyrometallurgy

P
y
r
o
 Kroll Process
 Hunter Process

Becher Process (beneficiation)

Kroll or Hunter processes

Electric arc furnace
(pyro+electrical

Leaching with HCl

By-product

Summary of the main steps involved in the processing of Titanium ores 
(Sources: Gasquez et al, 2017; EU commission, 2007 and Caccia et al, 2019) 
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Sn Stage Environmental and health risks Mitigation

1 Mine Extraction Release of radio nuclides; toxic metals into aquatic 
system; toxic gases (SOx,Hg) from hard rock mines
Where does the radiation come from?

Continuous monitoring, testing and evaluation of 
radiation levels. Use of PPE (mask googles, etc)

2 Becher process
(Beneficiation)

CO, Cl gases, Ammonium sulphate, SOx, H2S Ammonium is sold as fertilizer; CO thermally
oxidized to CO2; Cl gas is removed by caustic 
scrubbing

3 UGS upgrading More energy use; equipment corrosion; waste acid Neutralization with caustic soda to remove 
excess acid

4 Kroll process HCl gas (risk of fumes explosion); Cl gas is used, 
MgCl2 as byproduct

MgCl2 recycled (electrolysis) to Cl2 and Mg and 
reused on new feed batches;

5 Chloride process CO, Cl2, VOCl2 (sludge), TIO2 dust is produced 
during milling and finishing

Dust captured by cyclone extractors and heads 
for landfill: Cl gas recycled; CO and COS 
thermally oxidized to CO2 (less harmful).

6 Sulphate process S, SOx, H2S, TiO2 dust, H2 gas (risk of explosion), 
solid waste, acid filtrate, residual solid metals

Scrubbing with waste-water – sulfur is removed 
and sold as by-product. Sulphates ppt’d ? with 
lime to gypsum and sold as byproduct; 
Neutralization with caustic soda to remove 
excess acid; dust remove by use of cyclone 
extractors.

Table 2. Environmental hazards and mitigation at each processing stage of Titanium (Source: EU commission, 2007).
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6. MARKET FORCES AND PROSPECTS
The three main end products of Titanium are;
 Titanium dioxide pigments (>90%) demand
 Titanium metal (sponge) – 5%
 Titanium welding flux – 5%

90%
Pigments

5%
5%

Ti Metal

Welding flux

Global demand for Ti end products (Source: Iluka mining, 2019)
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Demand trend for TiO2 pigment, future projections 

Titanium 
feedstock/End 
product

Price (USD/ton) Comment

Rutile (>95%TiO2) 1100 High quality, less 
waste and energy

Slag (80-
95%TiO2)

740 - 900 Stable

Ilmenite 180 (falling from 
previous years)

Falling prices due 
to excess supply 
from Mozambique 
and Senegal

Upgraded slag NA Undisclosed

TiO2 pigment 2600 - 3100 Stable prices

Titanium sponge 8500 Falling prices since 
2012

Current prices of various Ti feedstock/end products (from USGS, 2020)

(source: Paints and coatings industry, PCI, magazine)

Demand

Year
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Unexpected Global Economic recovery 
(2010-2012)

Current price: $ 8.5/Kg

Price trends for titanium sponge, last ten years (PCImag).Selected Annual Mineral Sands Prices (Iluka Res, 2019 report)
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World production of TiO2 pigment (USGS, 2020)

45%14%

25%

Top TiO2pigment producers in the world (Iluka, 2018)

World Consumption of TiO2pigment (HS Markit, 2018)
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Segment Application Growth drivers

Architectural coatings Residential and commercial paint New home starts, construction activity 

Other coatings Marine, Aeronautical, Appliances,
Automotive

International trade, air traffic and travel , 
industrial production, car sales 

Plastics Packaging, piping, window frames, 
appliances 

Discretionary spending, construction, car 
sales

Paper Stationery, packaging, laminates Advertising, construction

Fiber Carpets, synthetic fibres Construction, durable goods spending

Ink Printing, packaging Consumption spending
Others (Pigments) Cosmetics, food, pharmaceuticals Disposable income consumption

Metal (sponge) Defense systems, space, aviation War, instability, space exploration, 
international travel

Welding (flux) Ship building, steel making International travel

Table 3. Titanium applications and market growth drivers (Source: Iluka, 2019 report).
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DISCUSSION AND CONCLUSION 

 Africa has the mineral resources and potential to maintain leadership in the
production of titanium feedstock for a protracted period of time. However, the global
demand and supply of titanium products is in equilibrium, making it difficult for new
actors to come in (Rozendaal, 2017) – COVID-19 further complicates everything.

 Notwithstanding, the current global inclination towards green tech and renewable
energy could be a booster for the African titanium industry, as the metal and its
derivatives is set to enjoy a central role in the energy and technological revolution.

 Africa seems to be at a market disadvantage, despite producing most of the
feedstock (33%) for the world. The absence of pigment producing companies
means less value for the raw material and the least gains for the continent.

 Africa must therefore target TiO2 pigment production, to reap maximum benefits off
her enormous titanium resources.
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THANK YOU
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Testimonials from participants at the end of the seminar 

 
From Neila SERAY ALGERIA 
«thank you very much Beate and Ismahane for this great experience. Very nice meetings I 
took a lot of pleasure working on my theme especially with extraordinary people (Halleluya 
and Doro). » 
 
From Cho NGANG CAMEROON 
« Thanks Beate ! This whole project was very enriching.  
We all hope to share that meal next year. Thanks a million! » 
 
From Doro NIANG SENEGAL 
« Thank you so much Ismahane and Beate for this great initiative. 
It's was very instructive for us! 
Many thanks Neila! It is also a real pleasure for me to work with this good team. 
Big up to you and Halleluya! » 
 
From Bafon GODLOVE CAMEROON 
« Thanks Beate. It was quite a wonderful experience.  
I am so looking forward to sharing that meal next year.... » 
 
From GHANI ALGERIA 
«dear all  
It was an honour a pleasure and a great privilege to be a part of this seminar we all learned a 
lot from each other and worked together to make it happen.  
We met nice people from around the world and especially my colleagues with whom I 
prepared the presentations. 
Thank you Beate and Ismahane for this experience and for helping us and leading us to a 
quality work. » 
 
From @Cameroon CAMEROON 
«Special thanks to Beate& Ismahane. it was nice making friends at international level. we are 
looking forward for that great meal next year. » 
 
From Malick FAYE SENEGAL 
« Thanks to everyone especially to Beate @Ismahene SGA Algérie who had the idea to 
launch this initiative and involve some local SGA representatives in the organizing 
committee! The SGA community is growing, after the Ivory Coast workshop, here we are 
again on another virtual platform! It was one more experience!  
I congratulate my team @Crypto @bafongodlove, the team of SGA Senegal🇸🇸🇳🇳 @Doro 
Panafricain and Aissatou, Ivory Coast, Algeria, Cameroon .... » 
 
From @Crypto GHANA 
«I will also like to thank everyone especially Beate, Ismahane and the other organizers 
for making this come through. It was such an experience to work on international 
level with other colleagues. I am much grateful to @bafongodlove 
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and @Malick Faye ... It was such an experience to have diverse views on the topic !!! 
We looking forward to do this again !!! » 
 
From Neneh CAMEROON 
« Thanks to everyone for the time invested to achieve this great project. Thanks so 
much to the organizing committee, my team members and to SGA for this great 
opportunity. Kudos @Beate SGA Paris @Ismahene SGA Algérie @Mary Barton » 
 
From Ismahane SGA ALGERIA 
«Hi congratulations everyone. You've been excellent. Thankyou for the effort you 
have made and for the quality of the work. It was a pleasure for me to participate in 
this seminar.  Good luck » 
 
From Beate SGA PARIS 
« Dear all, congratulations to all of you. 
Working at international level in different time zones with people of different 
Geological and culture background is not an easy task: you showed that this is 
possible and even with a lot of fun.  

For me, it was a great pleasure and I enjoyed very much this seminar. I hope 
we meet next year in person and have good meal together for celebration. 
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