


REE criticality



REE
Element

Symbol Atomic 
number

Atomic 
weight

Density 
(g/cm3)

Melting 
point (°C)

Clarke
(ppm)

Scandium Sc 21 44.95 2.989 1541 14
Yttrium Y 39 88.90 4.469 1522 21
Lanthanum La 57 138.90 6.146 918 30
Cerium Ce 58 140.11 8.160 798 63
Praseodymium Pr 59 140.90 6.773 931 7.1
Neodymium Nd 60 144.24 7.008 1021 27
Promethium Pm 61 145.00 7.264 1042 n.a.
Samarium Sm 62 150.36 7.520 1074 4.7
Europium Eu 63 151.96 5.244 822 1.0
Gadolinium Gd 64 157.25 7.901 1313 4.0
Terbium Tb 65 158.92 8.230 1356 0.7
Dysprosium Dy 66 162.50 8.551 1412 3.9
Holmium Ho 67 164.93 8.795 1474 0.83
Erbium Er 68 167.26 9.066 1529 2.3
Thulium Tm 69 168.93 9.321 1545 0.30
Ytterbium Yb 70 173.04 6.966 819 1.96
Lutetium Lu 71 174.97 9.841 1663 0.31

REE



REE – crustal abundance



REE – geochemical properties

• They are a group of 17 metallic elements (15 lanthanides + Sc and Y), with
similar geochemical characteristics

• they are all present in nature, Pm is the most rare element

• identified and distinguished only in the twentieth century

• very similar chemical properties (ionic radii and oxidation state) → very
difficult to separate

• not so “rare”: average crustal abundance 9.2 ppm

• divided in LREE (La → Eu) and HREE (Gd →Lu and Y)

• REE with even Z are more abundant than REE with odd Z

• REE are all trivalent (+3) with the exception of Ce (+4) and Eu (+2) in some
contexts

• as metal, they are silvery-white, malleable, ductile, reactive
• the electronic structure gives particular magnetic and optical properties
• REE (with the exception of Sc, Y, La, Yb and Lu) are strongly paramagnetic and
with a strong magnetic anisotropy.



REE - ethymology



REE - ethymology



REE – selected properties







REM
Mineral

Formula REO content 
(wt.%)

Aeschynite-(Ce) (Ce, Ca, Fe, Th)(Ti, Nb)2(O, OH)6 32
Allanite-(Ce) (Ce, Ca, Y)2(AI, Fe3+)3(SiO4)3OH 38
Apatite Ca5(PO4)3(F, Cl, OH) 19
Bastnäsite-(Ce) (Ce, La)(CO3)F 75
Brannerite (U, Ca, Y, Ce)(Ti, Fe)2O6 9
Britholite-(Ce) (Ce, Ca)5(SiO4, PO4)3(OH, F) 32
Cebaite-(Ce) Ba3Ce2(CO3)5F2 32
Eudialyte Na4(Ca, Ce)2(Fe2+, Mn, Y) ZrSi8022(OH,CI)2 9
Euxenite-(Y) (Y, Ca, Ce, U, Th)(Nb, Ta, Ti)2O6 24
Fergusonite-(Ce) (Ce, La, Nd)NbO4 53
Florencite-(Ce) CeAl3(PO4)2(OH)6 32
Gadolinite-(Ce) (Ce, La, Nd, Y)2Fe2+Be2Si2O10 60
Huanghoite-(Ce) BaCe(CO3)2F 39
Kainosite-(Y) Ca2(Y, Ce)2Si4O12CO3H2O 38
Knopite (Ca, Ti, Ce2)O3 n.d.
Liparite (Ce, La, Na, Ca, Sr)(Ti, Nb)O3 30
Monazite-(Ce) (Ce, La, Nd, Th)PO4 65
Parisite-(Ce) Ca(Ce, La)2(CO3)3F2 61
Samarskite-(Y) (Y, Ce,U,Fe3+)3(Nb,Ta,Ti)5O16 24
Synchysite-(Ce) Ca(Ce, La)(CO3)2F 51
Xenotime YPO4 61
Yttrocerite (Ca, Ce, Y, La)F3.nH2O 53

REE minerals



REM – rare earth minerals



REM – rare earth minerals



Bastnaesite



Monazite





REM – rare earth minerals



REE ore deposits

Distributed in a wide range of magmatic, metamorphic and
sedimentary rocks.

Geological environments with REE concentrations are essentially two:

- Primary ore deposits

linked to magmatic and hydrothermal processes

- Secondary ore deposits

linked to sedimentary processes and meteoric
alteration.



Primary ore deposits



Primary ore deposits

Linked to magmatic processes

Mountain Pass carbonatitic intrusion, Colorado (USA):

"tout-venant" with 7-8% REE, calcite (40%), barite and celestine
(25%), bastnäsite (12%), strontianite (10%), silicates (8%) and
rare sulfides (galena).

Reserves about 100 Mt @ 7% REO, annual production about
20.000 t/year.

Fe-REE ore deposits, also known as Iron Oxide Copper Gold
(IOCG) or Olympic Dam Type (with reference to the well-known
Australian Cu-U-Ag-Au-REE deposit).

REE ore deposits are hosted in a wide variety of magmatic (both
intrusive and volcanic) and sedimentary rocks.



Primary ore deposits

Linked to hydrothermal processes

Bayan Obo, Inner Mongolia (China)

Fe deposit (10 Gt @ 32.35% Fe2O3) composed of three
ferruginous bodies interlayered in the upper part of a
dolomite formation.

The REE mineralization, a by-product with grades about 6%,
is stratabound, consisting of centimetric veins of dolomite,
bastnäsite and monazite, that impregnate ferruginous
lenses with hematite and magnetite.



Fan et al., 2016

Bayan Obo mine – Inner Mongolia (China)



Bayan Obo mine – Inner Mongolia (China)

Fan et al., 2016



Fan et al., 2016

Bayan Obo mine – Inner Mongolia (China)



Bayan Obo ore



Bayan Obo mine – Inner Mongolia (China)



Bayan Obo mine – Inner Mongolia (China)



Bayan Obo mine – Inner Mongolia (China)





Mountain Pass mine (California, USA)



Mountain Pass mine (California, USA) ore concentrate



North America REE ore deposits



Secondary ore deposits 

• placers

Exclusively monazite, as a by-product of coastal sands rich in Ti
minerals (ilmenite and rutile) and zircon, e.g. Australia,
Southern India, Ceylon, south-eastern coast of China, South
Africa, Mozambique, Espirito Santo State in Brazil, the eastern
USA coast and Madagascar or alluvial cassiterite deposits
(Malesia).

• meteoric alteration – supergene enrichment: residual, lateritic

Particularly rich in REE are the lateritic horizons that are formed
over the carbonatites in tropical – equatorial climates.

REE deposits in laterites may become the major REE source of
the World.



Secondary ore deposits





Carbonatites vs. ion-adsorption ores



REE deposits of China



REE mines and advanced projects



REE mines and advanced projects



REE mines and advanced projects



REE mines and advanced projects



REE mines and advanced projects



REE deposits over the world



REE advanced projects



REE reserves – size and grade



REO world reserves



REE: ENVIRONMENTAL ISSUES

The extraction and processing of REE has a strong environmental 
impact: 

• the presence of radioactive contamination for some REM, such 
as xenotime and monazite (may contain significant amounts of U 
and Th); 

• HF and H2SO4 containing gases are released in  the environment, 
as well as acid waters and solid radioactive waste; 

• REE production requires large quantities of electricity (even 
though the same REE are used for technologies related to 
renewable energies).



REE: ENVIRONMENTAL ISSUES - Baotou (China)



REE: ENVIRONMENTAL ISSUES - Baotou (China)



REE: GREENHOUSE GAS (GHG) EMISSIONS



REE: LIFE-CYCLE ASSESSMENTS (LCAs)



REE: MINING AND PROCESSING ROUTES



REE: MINING AND PROCESSING ROUTES



Bastnäsite beneficiation flow diagram



REE extraction from bastnäsite



REE extraction from bastnäsite



REE extractants



Monazite and xenotime extraction from placer deposits



Monazite and xenotime extraction from placer deposits







REE – industrial uses

• catalysts

• metallurgy

• electrical industry, electronics and magnets,

• rechargeable batteries

• super-conductor industry

• phosphors and medical radiography

• glass and ceramic industries, abrasive

• chemical industry

• nuclear power generation

• magnetic refrigeration

• Solid oxide fuel cells (SOFC)

• wastewater treatment



REE – industrial uses





REE – industrial uses



REE – industrial uses



REE applications in the automotive industry



REE applications in wind turbines





Properties of Nd-Fe-B magnets







Production of REO between 1992-2010



REE – imports and exports



REE production and estimated reserves



REO application 
and consumption



REE - prices 



REO and metal 
prices (2011)



LREE average prices 



HREE average prices 



RECYCLING OF REE CONTAINING MATERIALS

The recovery of REE is today generally complex and
costly in terms of energy:

- different industrial applications;
- different duration of an artifact (e.g. hard drives,

electric/hybrid vehicle);
- the need for complex separation-removal.

The development of recycling technologies of REE 
containing waste will make this road more and more 
important, with less environmental problems (e.g. 
radioactivity, lower energy consumption).



Alternatives to REE



Antimony



Sb and Sb2S3 have 
been known since 
4000 B.C. The metal 
was used as coating 
to harden Cu and the 
sulfide as eyebrow 
paint.

Sb – definitions and characteristics



• Sb has strong affinity to S and metals like 
Cu, Pb and Ag. Moderately siderophile, 
moderately incompatible and lithophile. 

• “Antimony” is derived from the Greek words 
“anti” and “monos” (“not alone”).

• Sb is a lustrous silvery white, brittle, 
crystalline semi-metal (metalloid) with poor 
conductivity of electricity and heat. 

• Sb5+, Sb3+, Sb0 and Sb3-

• Clarke 0.2 ppm, basalts vary from 0.02 ppm 
and 0.8 ppm, seawater 0.15 ppb. 

• Sb substitutes for Bi, Pb, As and S in a 
variety of ore minerals. Close mineralogical 
association with Ag and Au deposits.

Sb – abundance in the Earth and mineralogy



Antimonite 



Sb – major deposit classes

• Sb occurs in several different types of ore deposits of all ages. Sb deposits are 
commonly associated with active continental margins and orogenic belts with steep 
geothermal gradients. 

• Most of Sb deposits are of hydrothermal origin. Three main Sb deposits can be 
distinguished, based on fluid generation and metal source:

1. Low-T hydrothermal (epithermal) in shallow crustal environments associated 
with magmatic fluids (calc-alkaline to peralkaline, porphyritic felsic to 
intermediate volcanic and intrusive, often in a volcanic cauldron setting). 

2. Metamorphogenic hydrothermal origin in consolidated crustal environments
3. Reduced intrusion-related Au systems. 

• Sb deposits may also be distinguished by their metal and mineralogical 
composition:
• Simple stibnite (+ Au) deposits;
• Complex polymetallic deposits of the “epithermal suite”: Au, Ag, Te, Se, Hg, 

As, Sb, Tl and, locally, base metals (Cu, Pb, Bi, Zn). 



Sb – major deposit classes



Sb – global deposit distribution



Sb – extraction methods and processing

• Mining: China, Bolivia. South Africa, Russia, Tajikistan, Turkey and Australia. Sb 

mining is dominated by few stibnite-rich deposits, with possible by-products including 

Au, Ag, W and Hg. Underground mining (shrinkage stoping) and open pit. 

• Ore processing: from hand sorting  to advanced mineral processing. The mineral 

processing stages generally include conventional crushing and grinding, followed by 

combined gravity concentration and flotation. At least six principal methods have been 

used to extract Sb from its ores, depending on the oxidation state and the ore grade. 



Sb – ore processing



Sb – beneficiation process



Sb – specifications and uses

• low melting point enhancing workability at low T;
• stability in air at room T and in water up to 250 °C;
• resistance to most cold acids; dissolution in some hot acids and in aqua regia;
• incompatibility with strong oxidizing agents (Cl, F); 
• high density (6.69 g/cm3), low hardness, brittleness;
• two allotropic forms of Sb: stable metallic and amorphous grey;
• low electrical and thermal conductivity;
• expansion on freezing, like Si, Bi, Ga and Ge.

USES

• Early uses: cast metal printing, mirrors, bell metal, pigments, bearing metal, 
medical and veterinary purposes (parasitic diseases). 

• Sb2O3 (ATO) used in flame retardants and PET; 
• NaSbO3 used mainly in cathode ray tube glass; 
• Sb (primary metal) used mainly in Pb-acid batteries; 
• Antimonial lead, mainly recycled from and re-used in Pb-acid batteries.
• Very high purity Sb: semiconductor industry, diodes, infrared detectors. 



Sb – uses and consumption



Sb – recycling and substitution

• Recycling

• For most products, such as fire retardants, Sb compounds cannot be recycled.

• Most secondary Sb is obtained from recycled Pb-acid batteries (0.6 – 1.5 % Sb).

• Recovery from small-arms ammunition, semiconductors, bearings and solders 
cannot be recycled. 

• Substitution

• Fire-retardant materials: alumina trihydrate, Mg hydroxide, Ca carbonate, Zn 
borate, etc. However, their performance is inferior to ATO. 

• Plastic catalysts and stabilizers: Ba, Cd, Ca, Ge, Pb, Sn, Ti and Zn lead to 
increased production costs. 

• Pb-acid batteries: Pb-Ca-Sn alloy. 



• Global Sb reserves: 3.4 Mt (2011).

• China is the largest Sb producer.

• USGS estimate of global Sb 1.8 Mt.

• Most current projects are focusing 
on epithermal and orogenic 
hydrothermal targets.  

Sb – resources and reserves



Sb – world mine production and prices



Sb – environmental issues

• Sb is widely dispersed in the environment as a result of natural processes (e.g. 
volcanic eruptions and erosion of Sb-bearing rocks and minerals).

• Sb is found in very low concentrations in soils, waters and air. It occurs mainly as 
Sb(III) and Sb(V) in environmental, biological and geochemical samples. 

• Sb has no known biological function, negligible health effects (respiratory irritation, 
dermatitis, pneumoconiosis, gastrointestinal symptoms).

• Sb trioxide (ATO) is classified as “suspected of causing cancer via inhalation”.

• NIOSH exposure limit: 0.5 mg/m3 40-hour TWA working week. 



Sb – outlook

The use of Sb in flame retardants is expected to remain its principal market in the 
future, although its application in the production of PET for plastic bottles, synthetic 
textiles and for the vulcanization of rubber is likely to increase. The trend for Pb-acid 
batteries is difficult to assess. 



Beryllium



Be – definitions and characteristics

Be was discovered in 1797
by the French chemist 
Vauquelin. It was named 
glucina after its sweet-
tasting salts. 

The name beryllium was 
formally adopted by IUPAC 
in 1949. 

Main physical properties: 
rigidity, low weight, heat-
absorbing capability, 
dimensional stability. 



Be – abundance in the Earth and mineralogy

• Be is a silver grey metal, noted for its 
light weight (density 1.846 g/cm3).

• Be is virtually transparent to X-rays.

• Sound travels through Be faster than any 
other metal. 

• When added to other metals, especially 
Cu (alloy), Be provides controllable 
strengthening mechanisms (good 
electrical and thermal conductivity, very 
low friction).

• Non-magnetic and non-sparking 
properties. 

• Clarke: 2.1 ppm. Mafic and ultramafic 
rocks, sedimentary rocks: < 2 ppm. Felsic 
igneous rocks: 4 ppm; two-mica granites: 
9 ppm. 



Beryl 

Bertrandite 



Be – major deposit classes

• Be can behave as a lithophile, 
chalcophile and siderophile element, 
forming a variety of minerals.

• Bertrandite and beryl are the most 
important ore minerals. 

• Potential future production may come 
from phenacite Be2SiO4 mining.

• Most commonly found in sub-alkaline 
granitic  pegmatitic suites.

• Bertrandite and phenacite are found in 
both sub-alkaline and alkaline systems.

Two principal types of deposits:

1. Granitic pegmatite deposits

2. Hydrothermal-metasomatic deposits



Be – major deposit classes

Pegmatite deposits

Granitic pegmatites may be divided into two classes:

1. Li – Cs – Ta (LCT) – related to S- and I-granites (subduction and/or collisional setting), 
generally occurring in swarms → more important source of beryl. Be, usually in the form 
of beryl, makes an early appearance in the zoned sequence close to the source granite 
intrusion. With increasing fractionation the elements Na and Cs substitute for Be in the 
beryl lattice and lower the quality. 

2. Nb – Y – F (NYF) - related to extensional (anorogenic) tectonic settings, tend to occur 
within restricted areas, proximal to their parental rocks. No commercial Be production is 
known from NYF pegmatites.  

Hydrothermal deposits

• Broad category including replacement, skarn, greisen and vein deposits. 

• The deposits are generally related to felsic magmatism. 

• The high F content depresses the freezing point of these magmas and allows protracted 
enrichment of incompatible elements, such as Be, into the late hydrothermal phase. 





Be – world deposit distribution



Be – extraction methods

• Mining
• Beryl ores are extracted by manual process or simultaneous extraction. Beryl 
can be concentrated by various novel flotation processes. 
• Bertrandite ores are extracted both in open pit and underground mines. 

Materion Brush open-pit mining 
at Spor mountain, Utah. 



Be – processing: 
hydroxide 

production



Be – processing: oxide production



Be – processing: 
metal production



Be – processing: 
final purification, 

grinding and sizing 
of Be powders



Be – specifications and uses

The three primary forms of Be used commercially are: 

1. Alloys containing small amounts of Be, especially Cu-Be (Cu-Be alloys contain < 
2% Be). Smaller Be quantities are also used to make alloys of Al and Ni → 75% Be 
consumption. 

USES
• Connector terminals for high-reliability electrical and electronic connections 

between circuit boards (e.g. ABS, ESP, airbag, telecommunications).
• Relays for industrial, domestic and automobile electrical equipment. 
• Electromagnetic radiation shielding spring strips.
• Diaphragms for P sensing in aircraft altimeters, medical stethoscopes, barometers 

and automobile timing sensors (e.g. crankshaft, camshaft).
• Long service-life springs (e.g. sprinkler water-control valves).
• Non-magnetic equipment components used in oil and gas exploration and 

production. 
• Undersea cable signal amplification “repeater” housing.
• Low-friction, high-strength aircraft landing gear, flap-bearing bushes.
• Non-sparking, high-strength tools (anesthetic gas controls, petrol refinery, etc.).
• Plastic injection and blow-moulding moulds.



Be – specifications and uses

2. Pure Be metal (> 99.5% and alloys containing > 60% Be) → 20% Be consumption. 

USES

• High technology equipment (structures to be launched into space, astronomical 
telescope mirrors).

• Window for X-ray tubes and detectors. 
• Wall-lining material for high-T gas plasma of fusion processes.
• With the addition of Al (up to 62% wt.), lightweight high-strength components of 

aerospace and electronic systems (aerospace and munitions guidance systems). 

3. Beryllia (BeO) ceramics, high electrical insulation, hardness slightly lower than 
diamond, thermal conductivity an order of magnitude greater than that of 
alumina → 5% Be consumption. 

USES

• Electrical insulator for heat sinks for radio-frequency and radar equipment, 
automotive electrical systems, laser bores and microwave waveguides. 



Be – uses and consumption



Be – resources



Be – recycling and substitution

• Recycling
• Pure Be metal components have extremely long lifetimes. 

• Some applications (space, military) do not return at all. 

• Due to its hardness, it is a difficult metal to machine. 

• Cu-Be and Ni-Be alloys are directly recycled to produce new alloys. 

• It is not economic to recover Be from Cu-Be alloys used in electronic 
components. 

• Substitution
• Substitution is difficult where its specific properties are crucial.

• Be metal or Be composites (non-critical purposes): composite materials, high-
strength grades of Al, pyrolytic graphite, Si carbide, steel or Ti  may substitute. 

• Be oxide: Al nitride or B nitride. 



Be – environmental issues

• Chronic beryllium disease (CBD) or berylliosis has been known since the 1930s. 
Most reports were derived from the nuclear weapon industry and from the 
manufacture of fluorescent lamps containing Be-bearing phosphors. In order to 
contract CBD, an individual must be exposed to airborne Be in the form of a dust, 
mist or fume. Present exposure limit: 0.2 µg/m3 8 hours TWA. 

• There has been considerable debate as to whether Be should be regarded as 
carcinogenic to humans → this is unlikely. 

• Be intake from air and dust can be increased by 2 – 3  orders of magnitude in the 
vicinity of a point source, such as a coal-fired power plant.  It is estimated that 
within the USA about 45% of airborne Be is due to anthropogenic releases. 



Be – outlook

• Since the early 1990s much of the world’s Be raw material supply has been derived 
from a single source in North America. China has developed substantial production 
capacity for the production of Be hydroxide and Cu-Be hydroxide from imported 
beryl and domestic ores. 

• Cu-Be alloys are widely used to provide an unmatched physical properties set to 
electronic and electrical components. 

• The by mixing U oxide with Be oxide increases fuel rod utilization efficiencies.

• Russia, Kazakhstan and China will respond to future market demands. 



Cobalt



Co – definitions and characteristics

Co has been utilized since the Bronze 
Age, mainly  to impart a rich blue color 
to glass, glazes and ceramics. 

It was isolated as a pure metal in 1735. 

The demand for Co increased after the 
Second World War (jet engines and gas 
turbines).

Co demand has further accelerated in 
the past 30 years, reflecting the 
increased use of Co as an essential 
constituent of materials used in high-
technology industries including 
rechargeable batteries, superalloys and 
catalysts. 



Co – abundance in the Earth and mineralogy

• Co is a d-block transition metal, silver in 
colour.

• Co has 2 main oxidation states (2+ and 
3+), and one naturally occurring isotope 
(59Co).

• Co shows siderophile and chalcophile
tendencies, has a high melting point 
(1493 °C) and is ferromagnetic. 

• Clarke: 15 – 30 ppm. Co is most 
abundant in ultramafic rocks (110 ppm). 
Seawater: < 10 ppt. 

• It preferentially bonds with Fe, Ni, Cu 
and S rather than with O, in a number of 
sulfide and sulfarsenide phases. 



Co – major deposit classes

• The majority of Co production is achieved 
through recovery as a by-product of Cu and 
Ni mining in 4 principal geological settings:
1. Hydrothermal
2. Magmatic
3. Lateritic
4. Fe-Mn nodules (unexploited)

• Hydrothermal deposits: derived from 
fluids which have interacted with a variety 
of mafic and/or ultramafic basement rocks 
or are substantially derived from within 
sedimentary basins (e.g. Morocco, Idaho, 
Katangan Copperbelt).

• IOCG deposits (magmatic – hydrothermal)

• Magmatic deposits: concentrations of Ni 
and Cu with recoverable by-product Co 
(0.04 – 0.08 % Co) from mafic – ultramafic 
magmas (Kambalda, Sudbury). 



Co – bearing Ni laterite profiles

Ni-Co laterite deposits 
contain about 70% of 
world Ni resources , but 
they also contain 
appreciable 
concentrations of Co 
(0.025 – 0.18% Co). The 
deposits are the 
product of pervasive 
weathering of 
ultramafic rocks, which 
initially contain 
between 0.06 and 
0.09% Co. Ni-Co laterite 
deposits can be 
grouped in 3 main 
categories:

1. Hydrous silicate 
deposits

2. Clay silicate 
deposits

3. Oxide deposits



Mn nodules and Co-rich ferromanganese crusts on the seafloor



Mn nodules and Co-rich ferromanganese crusts on the seafloor



Mn nodules and Co-rich ferromanganese crusts on the seafloor



Metal grade, global resource distribution and estimated tonnages



Deep sea mining



Deep sea mining of Mn-Co nodules



Deep sea mining - impact



Deep sea mining - advantages



Co – major mines and districts



Co – production by flash 
smelting of Ni sulfide ore 

and high-pressure acid 
leaching of laterite ore



Co – extraction from Cu-Co sulfide ores



Co – extraction from weathered Cu-Co ore using 
whole ore leach (WOL)



• Co continues to have few applications in its 
pure form and is most commonly used as an 
alloy constituent or chemical compound, 
where its chemical and wear resistance, 
magnetic properties and high T strength are 
used. 

• Batteries: Li-ion (up to 60% Co as Li-Co 
oxide); NiMh (hybrid electric vehicles); Co 
oxide in Ni-Cd batteries. 

• Superalloys and magnet alloys: jet engines 
and turbines, Sm-Co and Al-Ni-Co magnets.

• Catalysts: catalytic processes account for 
10% of all Co consumption. Polymerization of 
plastic resins, GTL (gas-to-liquid, Shell®).

• Binder material in hard materials, diamond 
tool applications, HSS, pigments, cancer 
treatment. 

Co – specifications and uses



Co – recycling and substitution

• Recycling
• Price volatility, geopolitics of supply and potential cost and environmental 
benefits drive the recycling of Co. 

• Scrap metal, spent catalysts and rechargeable batteries are the most readily 
amenable Co-bearing products for recycling. 

• It is not possible to recycle Co from pigments, glass and paint. 

• Recycling of alloy and hard metal scrap is generally operated by and within the 
superalloy and metal carbide sector. 

• Substitution
• Magnets: Ba or Sr ferrites, Nd-Fe-B or Ni-Fe alloys.

• Paints: Ce, Fe, Pb, Mn or V.

• Jet engines and petroleum catalysts: Ni and Ni-based alloys.

• Li-ion batteries: Fe-P-Mn, Ni-Co-Al or Ni-Co-Mn alloys. 



Co – global mine 
production



Co – environmental issues

• Co in the environment is derived from both natural and anthropogenic sources 
(mining and processing of Co-containing ores, agricultural application of Co-
containing fertilizers, combustion of fossil fuels). 

• The average concentration of Co in soils is 8 ppm.

• Co is an essential component of vitamin B12, cobalamin. Co overexposure includes 
reduced food consumption, decreased body weight, blood disorders, debility. 

• Inhalation of high concentrations of Co is linked to lung diseases such as asthma 
and pneumonia (only workers exposed to high levels of Co). 



Co – outlook

• There are many potential new sources of Co, both onshore, in Canada, Western 
Australia, the DRC, Zambia and Madagascar, and offshore in deep sea nodules. 

• Since 2002 Co consumption in Asia has increased significantly (rechargeable 
batteries and catalysts). 

• The use of Co in superalloys is expected to increase in response to continuing 
expansion of the global aerospace market. 



Gallium



Ga – definitions and characteristics

Ga was discovered in 1875 by Paul 
Émile Lecoq de Boisbaudran: he 
named the new element “gallia” 
after the Latin name for France. 

As a pure metal, Ga is silvery-white. 
It is a relatively soft metal, with a 
low melting point but a 
comparatively high boiling point. 
Combined with a low vapor 
pressure, even at high 
temperatures, this gives the longest 
liquid range of any metal. 

As a liquid it will wet glass and skin, 
and will readily contaminate other 
metals by diffusing into their lattice 
structure. 



Ga – abundance in the Earth and mineralogy

• Ga is magnetic and a good conductor of both electricity and heat. It exhibits a 
noticeable anisotropy in electrical resistivity dependent upon the orientation of 
crystals within its structure. 

• Clarke: 19 ppm. It does not occur in nature as a native metal, but instead it 
substitutes for other elements in certain minerals. 

• The main Ga-bearing mineral is gallite. Currently there are no mines worked 
primarily for Ga, because it is recovered as a by-product of processing bauxite or 
sphalerite. 



Sources of Ga

• BAUXITE: the ratio of Ga to Al, and therefore the concentration of Ga, in bauxite 
increases with greater intensity of weathering. Ga also appears to be more abundant 
where the bauxite was derived from alkali source rocks. The average Ga content in 
bauxite is ≈ 50 ppm, although it can vary from 10 to 160 ppm. 

• SPHALERITE (ZnS): Ga concentrations in the zinc ore are known to increase as the T 
of deposition decreases (e.g. MVT), although it can still be present in intermediate 
and higher-T deposits. The composition of sphalerite from each metallogenic region 
is distinctive (e.g. no Ga in European MVT deposits). 

• Ga also occurs in other aluminosilicate minerals, geothermal fields in volcanic 
zones, in association with phosphate ores and some coal deposits. Ga concentrations 
of 149 – 320 ppm have been reported in fly ash from the combustion of coal (not 
commercially viable). 



Ga – recovery 
methods and refining



Ga – specifications and uses

Ga is used in a number of different forms:

•Ga metal: eutectic alloys, magnets (Nd-Fe-B), 
molecular beam epitaxy, nuclear weapon pits 
(alloyed with plutonium), thermometers, thin-film 
deposition. 

•Ga antimonide: infrared FLIR systems for night–
time navigation, LEDs, missile homing guidance 
systems, thermal imaging, high-speed electronic 
circuits. 

•Ga arsenide: compound semiconductors, cell 
phones, military applications, Infrared Emitting 
Diodes (IREDs), Laser Emitting Diodes (LEDs); 
wireless communications. 



•Ga chemicals: Ga nitrate (pharmaceutical), 
Ga trichloride, Ga trioxide, triethyl-Ga, 
trimethyl-Ga. 

•Ga nitride: laser diodes, LEDs. 

•Ga phosphide: LEDs, photovoltaics, thin-film 
solar cells (TFSC). 

Ga – uses



Ga – GaN LEDs



Ga – growing 
single crystals of 
GaAs substrate



Ga – substitution

• Ga has some unique properties which make it difficult to substitute.

• Si can be used instead of GaAs in photovoltaic cells (reducing efficiency).

• Ge can be used as a substitute for GaAs in some electronics. 

• Organic-based liquid-crystal displays can substitute for Ga in certain LED 
applications.

• Indium phosphide can be used for infrared laser diodes, and He-Ne lasers compete 
with GaAs in visible laser diode applications. 

• GaN is the latest development in the field of semiconductors. 



Ga – secondary recovery

• Since one of the main uses of Ga is in compound semiconductor wafers, and their 
fabrication typically generates around 60% scrap, recovered Ga from this waste is an 
extremely important source of the metal. The wastes from the manufacture of Ga 
arsenide (GaAs) and Ga nitride (GaN) wafers, are the metal’s most important 
secondary source. 



Ga – virgin Ga production



Ga – secondary recovery



Ga – prices



Ga – environmental issues

• Ga does not occur in nature as a pure metal. As a compound it occurs at trace levels 
in many areas of the natural environment, including watercourses. 

• Acute exposures (ingestion) to certain rare compounds, e.g. Ga (III) chloride, can 
result in throat irritation, breathing difficulties and chest pains. 

• GaAs is potentially more toxic to humans (As).

• GaN is non-toxic and potentially suitable for biomedical implant applications. 

• Many chemicals used for the Bayer liquors associated with the production of 
alumina from bauxite. 

• Ga is an essential component of LEDs, which are an alternative to traditional 
incandescent or fluorescent electric lamps. 



Ga – outlook



Germanium



Ge – definitions and characteristics

Ge was discovered in 1886 as a 
component of the mineral 
argyrodite (Ag8GeS6) in silver 
ores.

Typically, Ge is recovered as a 
by-product from Zn and Cu ores
and coal. 

Ge is a greyish-white, brittle 
semi-metal (metalloid). Its 
electrical properties are those of 
a semiconductor, i.e. between a 
metal and an insulator, which 
makes Ge useful for many 
technical applications. 

The oxidation states of Ge are +2
and +4, with a strong tendency 
towards quadrivalence. 



Ge – abundance in the Earth and mineralogy

• Ge has 5 naturally occurring isotopes, 70Ge, 72Ge, 73Ge, 74Ge (the most common isotope) 
and 76Ge, the latter being slightly radioactive. 72Ge, when bombarded with alpha particles, 
will generate stable 77Se, releasing high-energy electrons → used in combination with Rn for 
nuclear batteries. 

• Clarke: 1.5 – 1.6 ppm (highest enrichment in deep-sea clays ≈ 2 ppm; coal and coal ashes ≈ 
2.2 – 15 ppm). Siderophile, lithophile, chalcophile and organophile characters. Considerable 
concentrations of Ge may be found in Cu-Zn-Fe-Ag sulfides (up to 3000 ppm in sphalerite)
and sulfosalts, as well as in association with organic matter. 



Ge ores and 
minerals



Ge concentrations and potential in various deposit types



Ge concentrations and potential in various deposit types



Ge – global distribution of mines and major occurrences



• Ge is a by-product in some sulfide 
ores and in some coals (surface and 
underground mining methods). 

Ge – extraction 
methods and processing



Ge – specifications and uses
Ge is used and traded in a variety of forms:

• GeCl4: optical fibres.

• GeO2 : catalyst for PET, phosphors.

• Ge single crystals: optical components in 
infrared optical systems and electronics. 

USES:
• Ge is an intrinsic semiconductor, particularly 

effective at high frequencies and low 
voltages;

• It is transparent to infrared light;
• It is a glass-former;
• It has a high refractive index;
• It has low chromatic dispersion;
• It has an ability to catalyse the 

polymerization in the production of plastic.

Gamma ray detectors, X-ray monochromators, 
thermo-photovoltaics, medical and metallurgical 
applications. 



Ge – major uses



Ge – major uses



Ge – recycling and substitution

• Recycling
• Due to its dispersion in most products and application in very low quantities, little Ge is 
recovered from post-consumer scrap (“old scrap”). Recycling from “new scrap”, however, is 
more widespread in the production of Ge-containing fibre-optic cables and infrared 
imaging devices.

• Most of the scrap is sent to Ge processors for recycling which are able to recycle material 
containing a minimum of 2% Ge.

• On a global scale, about 25-35% of the total Ge used is processed from recycled scrap, 
mainly “new scrap”. 

• Substitution
• Fibre-optic applications: Zr-In-based fluoride glass (research at an early stage).

• Electronic applications: Si, ZnSe, GASIR (infrared-transmitting chalcogenide glass).

• PET: Ti, Sb and Al-based catalysts.

• Solar cells: Inverted Metamorphic Cells, GaAs, GaP.



Ge – active and potential producers from sulfide ores



Ge – producers from Ge-rich lignite and coal



Ge – world production



Ge – prices



Ge – environmental issues

• Ge has little or no effect upon the environment (trace element in rocks).

• During processing of Ge-bearing materials, As and Cd may present potential 
problems. 

• Ge compounds also have a low order of toxicity, except for Ge tetrahydride, which is 
considered toxic. 



Ge – outlook

• Supply challenges: major Ge supply will be driven by primary Zn mine production, 
and by extraction from coal ashes. Recycling of old scrap will not be a significant 
contribution to world supply. 

• Demand drivers: fibre optics, future infrared optic applications (e.g. car safety 
systems), electronics (detectors, transistors and semiconductors), high-end LEDs, 
GeSbTe optical discs. 



Indium



In – definitions and characteristics

In was discovered in 1863 by two 
German chemists, who were testing 
zinc ores. They named it “indium” 
from the indigo blue colour seen in its 
spectrum. 

In 1924, In was found to have a 
valuable ability to stabilize non-
ferrous metals.

The early applications of In were in 
light-emitting diodes and in coating 
bearings in aircraft engines.

In-containing semiconductors
became important from the 1950s 
onwards, while the widespread use of 
In-containing nuclear control rods 
increased during the 1970s. 

Since 1992 the major application of In 
has been in the form of In-Sn oxide 
(ITO) in liquid-crystal displays. 

• In is a soft, lustrous, silver-white metal, very malleable and 
ductile and retains these properties at very low T 
approaching absolute zero, making it ideal for cryogenic and 
vacuum applications. In does not workharden and is easily 
cold-welded. 

• On heating, In reacts directly with metalloids (As, Sb, Se, Te) 
ad with halogens, S and P. 



In – abundance in the Earth and mineralogy

• In is a post-transition metal of Group 13 falling between Ga and Tl. The geochemical properties are 
such that it tends to occur in nature with base metals (Cu, Ag, Zn, Cd, Sn, Pb and Bi).

• In has two main oxidation states, +3 (III) and +1 (I).
• Clarke: 0.05 ppm (continental crust) - 0.072 ppm (oceanic crust). Seawater: 0.2 – 0.7 ppb.
• In is a highly volatile chalcophile element which behaves in a moderately to highly incompatible 

manner during mantle melting. 
• In minerals are rare, roquesite is the most important (trace component in ore minerals like bornite, 

chalcopyrite and sphalerite). Sphalerite is the most important In-bearing mineral.



In – ore



In – major deposit classes

• In occurs in different types of ore deposits of all ages.

• In deposits are most commonly associated with base-metal hydrothermal ore-forming systems 
enriched in Zn, Cu, Pb and Sn, accompanied by trace metals such as Bi, Cd and Ag.  

• The most important deposits are volcanic- and sediment-hosted base-metal sulfide deposits, 
characterized by high metal abundance and large tonnages. The concentration of In in these ores is in 
the range 20 – 200 ppm. 

• The majority of In-bearing ore deposits are associated with the subduction-related western Pacific 
plate boundaries.



In – worldwide deposit distribution



In – extraction methods and processing

The mining methods 
employed to extract In 
are related to the 
recovery of other base 
metals in massive 
sulfide deposits. 

The strict co-
enrichment with Zn 
and Cu makes Cu-
bearing Zn ores the 
most favorable for In 
recovery.  

In can be recovered 
also from Cu and Sn 
ores.



In – specifications and uses

In is traded as In metal in a wide variety of 
forms including pellets, powder, plates, sheets, 
wires and foils. The standard quality is 99.99% 
(termed “4N”), but higher purities up to 5N and 
7N (99.99999%) are also standard specifications.

• Low melting point;

• Workability at very low T (-273 °C);

• Suppleness, softer than Pb;

• Tight adhesion to other metals;

• Dissolution in acids;

• Amphoteric character; 

• No reaction with H2O, B, Si or C; 

• Reaction with O only at higher T;

• Oxidation by halogens or oxalic acids, to give 
In (III) compounds. 



In – specifications and uses
• The first large scale application for In was as a 

coating for bearings in high-performance aircraft 
engines during WW II.

• Fusible alloys, solder and electronics. 

• Indium-tin oxide (ITO): glass coatings, solar 
collectors, streetlights, electrophoretic, plasma  
and electroluminescent displays.

• Alloys and solder: low melting point alloys with 
Bi, Sn, Pb and Cd; solders and fusible alloys in the 
electronic industry. Alloys of Au and Pd used in 
dentistry often include In. In the nuclear industry 
an alloy of Ag, In and Cd is used in nuclear control 
rods. 

• Semiconductors: photovoltaic industry (CuInSe2, 
CuInGaSe2 [CIGS], CuInS2 [CIS], CuInGaS2), LEDs, 
laser diodes, photodetectors.

• Surface coating: engine bearings, plating, 
electrodeless lamps, thermal interface material in 
PCs.



In – recycling and substitution

• Recycling

• The recovery of In from production waste (“new scrap”) and, to a lesser extent, from 
recycling of In-bearing electronic scrap have become increasingly important in the last 
decade. About 2/3 (1000 t) of global In supply comes from recycling. 

• Most ITO producing countries have increased their recycling rates significantly.

• Substitution

• ITO: Sb-Sn oxide, Zn oxide with Al doping (AZO), carbon nanotube, poly(3,4-ethylene 
dioxythiophene). 

• Semiconductors: Ga arsenide.



In – resources and reserves



In – production



In – producers and prices



In – environmental issues

• The environmental impacts of the mining and processing of sulfide-rich In-bearing 
ores are dependent on a wide range of factors: ARD (acid rock drainage); tailing ponds 
containing high abundances of Pb, Zn, Cd, Bi, Sb.

• Although the toxicity of In metal is low and harmful effects are not reported, some In 
compounds are toxic (In phosphide is carcinogenic in animals).

• ITO is the predominant form in which In is currently used: it can potentially cause a 
several type of lung damage, as well as systemic toxicity in mammals (kidneys, liver, 
blood, lungs, reproductive and developmental systems).

• Much remains unknown about In natural and anthropogenic cycling and toxicity!



In – outlook

• The outlook for the In market is healthy, 
with demand predicted to grow at a rate 
of 5 – 10% per annum. 

• Demand for LCD panels may increase 
more slowly, but it will continue as the 
main use of In. 

• Another market area with significant 
potential to growth is in thin-film 
photovoltaic cells [In-Ga-selenide alloy 
(CIGS)]. 



Lithium



Li – definitions and characteristics

Li was discovered in 1817 by Johan 
Arfvedson, when he analyzed a sample 
of petalite. However, it was a year later 
when the pure metal was isolated.

Its name is derived from the Greek word 
“lithos”, which means “stone”. 

Due to its high reactivity, Li only occurs 
in nature in the form of compounds 
(silicates, clay minerals, chloride in 
brines). 

Clarke: 17 ppm, ranging from 30 ppm 
(igneous rocks) to 60 ppm (sedimentary 
rocks). Seawater: 0.18 ppm.

• Concentration levels of Li in pegmatites and ore concentrates are reported as percentage lithia (Li2O).

• Brine grades are reported as ppm, mg per liter (mg/l) or weight % Li (wt.% Li). 

• Because a great range of chemicals are produced, production tonnages are often expressed as tons of Li 
carbonate equivalents (LCEs). Li carbonate contains 0.188 Li. 



Li – mineralogy and deposit types
• Commercially viable concentrations of Li are found in pegmatites, continental brines, 

geothermal brines, oilfield brines, the clay mineral hectorite Na0.33(Mg, Li)3Si4O10(F, OH)2 

and the newly discovered jadarite Na2OLi2O(SiO2)2(B2O3)3H2O.



Li – major deposit classes

• PEGMATITES: Li-containing pegmatites are relatively rare and frequently also contain Sn 
and tantalite. Spodumene LiAlSi2O6 is the most common mineral (7.9% Li2O). Petalite
LiAlSi4O10 is less common (4.2% Li2O), and lepidolite (group name for trioctahedral Li-rich 
micas) is equally rare.  

• CONTINENTAL BRINES: the term refers to brines in enclosed (endorheic) basins where 
inflowing surface and sub-surface waters contain modest quantities of Li which has been 
released from surrounding volcanic rocks as a result of weathering. Li becomes 
concentrated along with other elements of economic interest, particularly K and B, as a 
result of high evaporation rates. 

• GEOTHERMAL BRINES: Li-containing geothermal brines are known at Wairakei in New 
Zealand (13 ppm), at the Reykanes Field in Iceland (8 ppm) and El Tatio in Chile (47 ppm). 

• OILFIELD BRINES: the Smackover Formation (Texas, Arkansas, Oklahoma, Wyoming and 
North Dakota) contains brines grading up to 700 mg/l Li (also a major source of Br).

• HECTORITE: a clay mineral Na0.33(Mg, Li)3Si4O10(F, OH)2 containing 0.53% Li. Western 
Lithium USA Inc. is developing the northern Nevada hectorite deposit. 

• JADARITE: a newly discovered mineral LiNaSiB3O7(OH) containing Li2O 7.3%. 



Li – Andean brines



Li – major deposit 
classes: salar



Li – major deposit classes: hectorite-rich clay lenses



Li – extraction methods and processing

• Currently Li is produced from pegmatite and continental brine sources. Most spodumene-
based pipeline projects will use an acid leach process to produce Li carbonate. 

• Methods of processing continental brines vary considerably depending on the overall 
chemistry. The basic aim is to concentrate the brines by solar evaporation: this involves the 
precipitation of unwanted elements such as NaCl, excess Ca, sulfate and Mg. Another process is 
ion-exchange (Hombre Muerto). 

C3 Pit at the Greenbushes pegmatite in W. 
Australia, the world’s leading source of 
spodumene.



Li – specifications and uses

The market of Li is divisible into two major 
segments:

1. Mineral concentrates with spodumene with 
minor petalite and lepidolite;

2. Large range of Li chemicals and metal.

• Non-chemical demand: glasses, ceramics and 
glass-ceramics (lithia reduces melting T and 
provides thermal shock resistance).

• Chemical demand: > 200 Li-containing products 
are marketed. 

– Li carbonate: glass and ceramics, glass ceramics, 
enamel and glazes; Al electrolysis, cathodes for Li-
ion batteries (mobile phones require 3 g Li 
carbonate for their batteries).

– Li hydroxide: lubricating greases, CO2 adsorbent 
(e.g. submarines and spacecraft). 

– Li chloride: used as a flux (Al), as a solution for 
controlling humidity.

– Li bromide: large scale absorption-refrigeration 
systems. 

– Li metal: primary (non-rechargeable) battery 
anodes, organolithium compounds (butyllithium 
for synthetic rubber), Li-Al alloys (aircraft). 



Li – metals in rechargeable batteries



Li – recycling and substitution

• Recycling
• Electric vehicle (EV) batteries differ significantly from existing batteries, and two recycling 
processes are applicable: pyrometallurgical and hydrometallurgical. The recycling chain for 
EV batteries is fairly complex. 

• Substitution
• Primary batteries (non-rechargeable): alkaline cells.

• Rechargeable batteries: Pb acid, Ni-Cd, NiMH. There is no current competition for Li-ion 
in most electric vehicles.



Li – pegmatite 
resources



Li – continental 
brines & others



Li – production



Li – exporting countries



Li – importing countries



Li – production



Li – environmental issues

• In conventional brine-based projects, the predominant waste product is NaCl.

• Any pegmatite development will require similar permits as with any new mining 
operation and when onward processing from concentrate to carbonate is proposed 
the operation of a kiln will have an impact on air quality. 

• Used batteries containing Li in cell phones and computers should be collected along 
with other electronic waste. 

• In glasses, glass ceramics and ceramics, the Li is entrained in the products from 
which it cannot be leached after disposal.

• Li products are used in the synthesis of many drugs (manic depression), as a sanitizer 
in food-manufacturing facilities, laundries, swimming pools and hospitals. It presents 
few environmental problems in these applications. 



Li – recycling



Li batteries – cathode type



Li – recycling



Li – recycling: disassembly problems



Li – recycling



Li – outlook

Estimating future Li demand is 
complicated by the extreme difficulty in 
estimating future battery demand for 
hybrid vehicles (HEVs), plug-in hybrids 
(PHEVs) or pure electric (EVs).

The requirement for the production of 
fusion energy is not included in any 
demand projections (any generating 
system will almost certainly employ a 
deuterium-tritium (DT) reaction, with 
the tritium obtained from Lithium’s 6Li 
isotope. 





Magnesium



Mg – definitions and characteristics

On account of its high strength (150 – 400 MPa 
tensile strength) and light weight, Mg is the 
most commonly used structural metal after 
steel and Al.  

About half of the Mg used today is in the 
production of alloys, most commonly with Al, 
with important applications in the food industry
and in the aerospace and military sector. Mg, in 
its structural applications, is typically used as an 
alloy casting or as a wrought alloy. Typical 
mechanical properties: tensile strength 150 –
400 MPa,  where cast alloys have lower tensile 
strength (e.g. portable electronic devices). 

Mg metal is also unique in that it can be used as 
the reducing agent in the production of several 
special metals, such as Be, Zr, U and Ti.

Mg is the only structural metal that can be 
obtained from both the lithosphere and 
hydrosphere: Mg can be produced from oxide 
resources or from chloride raw materials 
originating from saline water.  

Mg makes strongly ionic compounds with common 
halide, sulfate or phosphate anions as well as making 
weakly ionic compounds of Mg oxide and nitride. 



Mg – abundance in the Earth and mineralogy

• Mg is the fifth most abundant element in the hydrosphere and the most abundant 
structural metal ion in the ocean. In contrast, Al is only sparingly soluble in the oceans, and 
is extracted from lithospheric resources only (bauxite). 

• In the upper crust Mg is the eighth most abundant element (2.5% MgO wt.). It is an 
important constituent of major rock-forming minerals, such as pyroxenes and olivine. 

• The solid mineral phases from which Mg is extracted from the lithosphere are:
– Dolomite CaMg(CO3)2

– Magnesite MgCO3

– Periclase MgO
– Hydromagnesite 3MgCO3∙Mg(OH)2∙3H2O
– Brucite Mg(OH)2

– …and various silicates of Mg, such as olivine, serpentine and biotite. 

• The solid mineral phases of hydrospheric origin, found in evaporite deposits, are:
– Epsomite MgSO4·7H2O
– Kieserite MgSO4·H2O
– Langbeinite K2Mg2(SO4)3

– Kainite MgSO4·KCl·3H2O
– Carnallite KMgCl3·6H2O
– Bischofite MgCl2∙6H2O



Mg – major deposit classes

• Of the potential lithospheric sources dolomite is the most commonly used. Alternative sources 
are magnesite and Mg silicates. 

• In saline lake water or brines Mg is present at lower concentrations, typically < 0.7% wt., 
while in the sea the Mg content is 0.13% wt. Two major undesirable components, water and 
NaCl, must be removed from these sources before attempting to extract Mg. 

Dolomite quarry
(Pennsylvania)



Mg – extraction methods and processing

Magnesium’s 
electrolytic process

There are two main routes for making Mg metal:

1. The electrolytic method – Mg chloride is the 
feed material to this process. The Mg chloride is 
derived from Mg oxide sources (by chlorination 
of MgO or magnesite) or from chloride sources.



2. Metallothermic reduction – the dolomite
feed material is calcined and then reduced, 
either by Si or one of its alloys, or by other 
metals such as Al. 

Mg – extraction methods and 
processing

Schematic flowsheet for the production of 
Mg by the Pidgeon process (metallothermic 

reduction using ferrosilicon as reductant).



Mg – specifications and uses

For structural applications, Mg is alloyed with 
other metals to give suitable properties (A=Al, 
M=Mn, Z=Zn, etc.). Typical casting alloys, such as 
AM50, AM60 and AZ91 contain 5 to 9% Al, 0.5 to 
0.7 Zn, and 0.2 to 0.5 Mn. In terms of volume the 
largest use of Mg has for many years been as an 
additive to impart stiffness to Al alloys (e.g. Al 
foil).

Automotive and 3-C (computers – cameras –
communications) industries. E.g. VW Beetle Mg 
transmission and engine block, aircraft engine 
bearers (WW II).

Military applications: plates in military armour, 
signal system electronics, radio machinery. Mg 
powder → MRE (Mg ready to eat) food warming.

Mg powder for the reduction of S content of 
molten Fe (high electronegativity of Mg). Preferred 
reducing agent for Ti, Zr, U and Be from the 
respective chlorides or fluorides. 



Mg – automotive industry



Mg – recycling

• Recycling: Mg is easily recycled in many of its primary forms, and is also capable of being 
recycled from secondary sources when it appears as an alloy with Al. production of primary Mg 
using an electrolytic process can consume up to 35 kWh/kg, whereas re-melting Mg metal scrap 
uses less than 10% of the energy used to make primary metal. The recycling of Al cans (Mg≈ 2% 
wt.) has become a highly technical and controlled process. 



Mg – substitution

• Mg alloys are used in many applications including the aerospace, automotive and the 3-C
industries. The properties of Mg, such as its strength-to-weight ratio, its low fabrication costs, 
electromagnetic shielding, thermal and electrical conductivity and damping characteristics → 
difficult to find a direct substitute for Mg. 

• Potential problems when Mg components are being joined by choosing fasteners with similar 
thermal expansion coefficients, such as Al and Mg. Steel fasteners → galvanic corrosion and 
creep issues. 



Mg – production



Mg – prices



Mg – exporting countries



Mg – importing countries



Mg – environmental issues

• As the lightest available structural metal, the use of Mg provides the benefit of 
reducing the weight of automobiles and thereby reduces fuel consumption. 

• Benefits from the use of Mg in reducing CO2 emissions.

• The climate control aspects of GHG (“Greenhouse Gases”) release to the atmosphere 
from metal production has already prompted producers to use sulfur dioxide and 
other reagents instead of sulfur hexafluoride SF6 to provide the cover gas used in the 
production of Mg alloys. 

• Raw materials used in making Mg (except chrysotile-bearing tailings) are non toxic.

• All plants have Mg in the center of the chlorophyll molecule, essential for the 
photosynthesis → Mg is a common additive to fertilizers. 

• Mg is also important to all living cells where it plays a major role in the functioning 
of numerous enzymes. 



Mg – life-cycle inventory



Mg – outlook

• There is continuing international research and development into reducing the GHG emissions
associated with the production of Mg. In China, while the old Pidgeon process produced 
emissions of about 36 kg CO2 per Kg of Mg, this is being reduced to abut 20 kg CO2 per kg of Mg 
by better energy management. In contrast, the electrolytic Mg plant in Canada, which was 
operated with hydroelectric power and used magnesite as the starting material, produced 6.9 kg 
CO2 per kg of Mg. 

• Alternative raw materials, such as sulfate minerals are currently being investigated.

• Governments and industry worldwide are currently funding major research programmes into 
developing new uses of Mg.



PGM – Platinum group metals



PGM – Platinum group metals



PGM – definitions and characteristics

• The PGM (Platinum-group metals) are rare precious metals, although unlike Au, they are used in a 
diverse range of industrial applications as well as in jewelry. 

• Today, Pt and Pd are the most commercially important of the PGM, with their largest application being 
in the automotive industry (catalysts).

• Rh, which is also used in autocatalysts, is the third most important PGM. Ru and Ir are used in smaller 
amounts although they are becoming increasingly important in a variety of new technologies such as 
data storage, medical implants and renewable energy. 

• The name platinum is derived from the Spanish “platina”, meaning little silver. Archaeological evidence 
indicates that there is a very long history in of Pt working in South America. 

• Pd was discovered in 1803 by the English chemist William Hyde Wollaston. It was named after the 
asteroid Pallas, identified in 1801, named after the Greek goddess of wisdom. 



“Platina”



Palladium



• The PGM are transition metals, which together with Fe, Co and Ni are found in Groups 8, 9 and 10 of 
the Periodic Table. 

• Os, Ir and Ru are sometimes referred to as the IPGM (Ir sub-group), and Pt, Pd and Rh as the PPGM
(Pd sub-group), on account of their similar geochemical behavior under magmatic conditions. 

• All six PGM are chemically similar with strong siderophile and chalcophile tendencies, preferentially 
bonding with Fe, Ni, Cu and S rather than with O. The distribution of PGM in the Earth is thus 
controlled by the presence of metallic phases, being strongly concentrated in the Earth’s core after 
planetary accretion. 

• They do not dissolve in strong acids, but they do react with O at high T to form volatile oxides. The 
physical properties of the PGM vary considerably, but all display properties typical of metals, including 
the ability to form alloys, to conduct heat and electricity, and some degree of malleability and 
ductility. 

PGM – definitions and characteristics

• Pt, Ir and Os are the densest known metals. Pt and Pd 
are highly resistant to heat and to corrosion, and are 
soft and ductile. Rh and Ir are more difficult to work, Ru
and Os are hard, brittle and almost unworkable.  

• All PGM, commonly alloyed with one another or with 
other metals, can act as catalysts in a wide range of 
industrial applications. 



PGM – abundance in the Earth and mineralogy

• The PGM are very rare in the Earth’s crust, with Pt and Pd present at similar concentrations of 
approximately 5 ppb. Rh, Ir and Ru are even scarcer at about 1 ppb. 

• Relative to other rock types the PGM are enriched in ultramafic lithologies, such as peridotite, in which 
Pt and Pd concentrations are commonly 10 – 20 ppb. 

• In nature, the PGM are chiefly held either in base-sulfide minerals, such as pyrrhotite, chalcopyrite
and pentlandite, or in PGM-bearing accessory minerals. 

• The PGM rarely occur as native metal but commonly form a wide variety of alloys with one another or 
with other metals, notably with Fe, and less commonly with Sn, Cu, Pb, Hg and Ag. In other platinum-
group minerals the PGM are bonded to S, As, Sb, Te, Bi and Se. 



PGM – abundance in the Earth











PGM – major deposit classes

• Enrichment of PGM occurs in deposits of several types developed in a limited range of 
geological settings, commonly associated with Ni and Cu. 

• Magmatic  PGM deposits, found in mafic and ultramafic igneous rocks, are of two principal 
types:

1) PGM-dominant deposits which are associated with sparse, dispersed sulfide 
mineralization. Four classes of PGM-dominant deposits are recognized:

• Merensky Reef type;

• Chromitite reef type;

• Contact type;

• Dunite pipes. 

2) Ni-Cu sulfide deposits in which the PGM occur in association with sulfide-rich ores. In 
simple terms PGM-sulfide deposits are derived from magmatic processes of 
crystallization, differentiation and concentration. The magma becomes saturated with S 
and an immiscible sulfide liquid separates from the magma as disseminated droplets. On 
account of their chalcophile behavior the PGM are concentrated strongly in the sulfide 
liquid and are, therefore, scavenged from the silicate liquid. 



Bushveld complex 
(South Africa)



Bushveld complex (South Africa)



Bushveld complex (South Africa)

Bushveld chromite deposits, eastern Transvaal, South Africa. (a) Chromitite layers (black) at Dwars River. (b)
Winterveld chromitite mine showing cumulate layers on hillside dipping downward to left. The mine enters
at the base of the hill to the right.



Bushveld complex (South Africa) - potholes



Paleoproterozoic mafic-
ultramafic intrusions of 

Fennoscandia



Paleoproterozoic mafic-ultramafic intrusions of 
Fennoscandia



Ni-Cu dominant deposits

• Magmatic Ni-Cu deposits are the most important source of Ni worldwide. Cu, Co and the 
PGM, mainly Pd, are important by-products. Au, Ag, Cr, S, Se, Te and Pb are also recovered 
from some deposits.  

• The dominant ore minerals are sulfides, pyrrhotite, pentlandite and chalcopyrite, which 
generally constitute more than 10% by volume of the host rock. Ni grades typically range from 
0.5 – 3.0% Ni, with attendant Cu in the range 0.2 – 2.0%. PGM contents vary widely from a few 
ppb up to, exceptionally, 10 ppm. 

• The size of the deposits ranges from a few hundred thousand tonnes of ore up to a few of 
tens of million tonnes. 

• Magmatic sulfide deposits occur in diverse geological settings in rocks ranging in age from 
Archean to Permo-Triassic. Eckstrand and Hulbert (2007) recognized four principal classes:

1. A meteorite-impact mafic melt with basal sulfide ores (Sudbury, Canada is the only 
known example).

2. Rift- and continental flood basalt, with associated dykes and sills (Norilsk-Talnakh, 
Russia; Jinchuan, China). 

3. Komatiitic (Mg-rich) volcanic flows and related intrusions (Kambalda, Australia; 
Thompson and Raglan, Canada; Pechenga, NW Russia).

4. Other mafic - ultramafic intrusions.



The Sudbury layered igneous complex



Placer deposits



Main PGM mining districts



PGM – extraction methods and processing

• Extraction methods: dependent on size, morphology, grade and value of by-
products. The deepest currently operating mine is Zondereinde (Northam Platinum 
Ltd, W limb of the Bushveld Complex), where mining takes place at a maximum depth 
of 2.2 km (“hydropower”, water at 5 °C). 

• Processing: crushing the ore and separating PGM-bearing and gangue minerals, 
using a range of physical and chemical processes. Different procedures are used for 
processing sulfide-poor ore (e.g. Merensky and UG2) and sulfide-dominant ores (e.g. 
Norilsk) due to their contrasting chemical, mineralogical and physical properties. 



Schematic flowsheet for the 
processing of PGM-dominant

and Ni-Cu dominant ores.

PGM – processing

1350 °C



PGM – extraction methods and processing



Pt and Pd – specifications and uses



Pt and Pd – specifications and uses



Pt and Pd – specifications and uses



PGM – uses



Pt compounds as anti-cancer drugs



Pt and Pd – main applications



PGM – recycling and substitution

• Recycling
• The durability of PGM in use, combined with their high prices, has ensured a growing 
interest in using them efficiently and recycling them whenever possible. For Pt, 
approximately 23% is derived from recycling, 19% for Pd and 27% for Rh. The largest 
contributions come from autocatalysts, jewellery and electronic scrap. High recycling rates 
are also achieved in the manufacture of chemicals and oil refining, where the spent 
catalysts are returned directly to a recycling company. 

• Medical and biomedical uses, spark plugs, sensors and hard disks are dissipated. 

• Substitution
• In many applications one PGM can substitute for another (e.g. Pt and Pd in autocatalysts)

• Electronic applications: Ni and Cu (reduction in performance). 

• There is considerable interest in reducing the amount of PGM used in fuel cells. 



PGM – resources and reserves

• The Merensky, UG2 and Platreef in South Africa dominate world PGM resources (> 
250M oz t, 800M oz t?). Proven and probable ore reserves in the Norilsk-Talnakh area 
(Russia) are about 55M oz tof Pd and 13M troy ounces of Pt.[1 oz t (troy ounce)=31.103 g]. 



PGM – production



PGM – main exporters



PGM – major importers



PGM – prices



PGM – global PGM demand



PGM – European PGM demand



PGM – environmental issues

• In metallic form the PGM are generally regarded as inert, non-toxic and non-
allergenic. However, some of their compounds, particularly certain PGM-
chlorinated salts, are both highly toxic and allergenic (platinosis), and DNA 
damage due to PGM exposure has been reported. 

• The greatly increased use of PGM in recent years has raised the level of PGM 
emissions into the environment (especially autocatalysts). High PGM 
concentrations have been recorded in dust, silt, soils and waters close to major 
highways and in urban areas. Furthermore, complexation of PGM derived from 
autocatalysts has been shown to give rise to mobile species with possible 
associated increase in bioavailability. 

• The main environmental issues associated with the mining and processing of 
sulfide-bearing ores of any type, including PGM ores, include: the generation of 
acid mine drainage, ore dumps, treatment plant and tailings release of associated 
trace elements (As, Pb, Sb).



PGM – environmental issues



PGM – airborne particles in urban air



PGM – outlook

• China uses large and increasing quantities of PGM to support its rapidly growing 
economy, the modernisation of its industries and the spread of prosperity among its 
population (Pd for gasoline-powered vehicle fleet, jewellery, glass electronics, fuel 
cells, biomedical applications, superalloys, photovoltaics).

• The high level of concentration of PGM production in South Africa and Russia has 
given rise to concerns about supply security. 

• New supply could be derived from 
mining PGM-dominant ores in Canada, 
Greenland, Australia and Brazil, although 
bringing new PGM production capacity on 
stream is a lengthy and expensive process. 

• Technical challenges related to mining 
and processing new ore types and lower 
grade ores, mining at greater depths, and 
more efficient recycling. 



Rhenium



Re – definitions and characteristics

• Re is reported by many sources to be the last element 
to be discovered. Its discovery in 1925 is credited to Ida 
Tacke, Walter Noddack and Otto Berg. 

• Much of early work developing Re processing was done 
in the USA by Kennecott and many patents related to 
re  recovery from molybdenite processing were 
granted to this company. 

• Today the main use of Re is in superalloys for gas 
turbines in aircraft and in land-based applications, 
while its use in petroleum-reforming catalysts 
accounts for about 10% of total consumption. 

• Naturally occurring Re consists of two isotopes: 187Re (radioactive with a half-life of 4.3 x 1010 years) 
which accounts for 62.6% of the total, and 185Re, which makes up the balance of 37.4%. 

• The chemical properties of Re resemble metals in the Mn group (Group 7) of the Periodic Table. The 
physical properties, however, are much more similar to those of the refractory metals of Groups 5 and 
6, particularly Mo and W. Re is considered a refractory metal because of its high melting point (3180 
°C). However, in contrast to other refractory metals, Re does not form carbides. 

• Re exhibits several valences from -1 to + 7, with the most common being +7, +6, +5 and + 4. It easily 
changes from one valence to another, a property which makes it ideal for use as a catalyst. 



Re – abundance in the Earth and mineralogy

• Re does not have a ductile-to-brittle 
transition temperature → the 
addition of Re to W and Mo 
significantly reduces the brittle 
characteristics, increasing the 
recrystallization T, ductility and 
ultimate tensile strength. 

• Re is one of the most dispersed 
elements, Clarke 0.2 – 2 ppb. 

• Re minerals are also rare and 
relatively few minerals concentrate 
Re to a significant degree. 

• Although Re has an affinity for sulfide phases, its concentration in most sulfide minerals is relatively 
low. However, the ionic radius of Re4+ is very close to that of Mo4+, which allows for a limited 
substitution of Re for Mo in molybdenite and other Mo minerals, such as  castaingite. 

• Re is similar geochemically  to Mo, which it commonly accompanies through magmatic and related 
hydrothermal processes, and is commonly concentrated in molybdenite with various types of granite-
related deposits, particularly porphyry deposits. The Re content of most molybdenites is generally 
within a range of a few ppm to several thousands of ppm (typically 200 – 1000 ppm). 

• Other minerals in which Re may be concentrated in significant levels (> 1ppm) include uraninite and 
gadolinite. 



Re content of molybdenite in porphyry deposits



Re content of molybdenite in porphyry and vein deposits



Re – deposit types

• Porphyry deposits are large, low-grade deposits in which ore minerals occur in extensive 
zones of fracturing and brecciation associated with porphyritic granitic intrusions. They are the 
world’s most important source of Cu and Mo, and are major sources of Au and Ag. They also 
account roughly 85-90% of primary Re production. The average Re content of molybdenite from 
porphyry deposits varies from < 10 ppm to 4000 ppm. Porphyry Mo deposits have the highest 
Mo grades (0.07 – 0.24% Mo) but the lowest Re content in molybdenites (10- 100 ppm). 

• Vein deposits occur in various structural settings such as faults, fault systems and breccia 
zones and, in some cases, include replacement zones in associated host rocks. Unlike porphyry 
deposits, they are typically small, but are highly varied in size and metal contents. In many vein 
deposits, molybdenite has Re content comparable to molybdenite from porphyry Mo deposits 
(< 100 ppm). The recently discovered Merlin deposit (Australia) contains an average of 1.3% Mo 
and a high Re content in molybdenite.  

• Sediment-hosted Cu deposits consist of disseminated to veinlet Cu sulfides that occur in 
zones more or less concordant with the stratification of their sedimentary host rocks. Re is 
recovered from the processing of Cu  concentrates (chalcopyrite, bornite and chalcocite).

• Uranium deposits: the Re content varies from < 1 to 5 ppm. Re is closely associated with Mo 
(jordisite MoS2, amorphous), but some Re may be also present in U minerals (uraninite UO2). 

• Magmatic Ni-Cu-PGE deposits: potentially significant source of Re (strong affinity for metallic 
or sulfide phases). E.g. Norilsk – Talnakh (Russia). 



Global distribution of important Re-bearing deposits



Re content in molybdenite vs. Mo grade in porphyry deposits



Re grade vs. tonnage



Re – recovery 
processes



Re – production

• Re metal powder is produced by traditional powder metallurgy techniques. Ammonium 
perrhenate (NH4ReO4) is reduced using H in common boats-in-tubes type furnaces. 

• Re for alloy production is produced by pressing the powder into pellets of varying size. The 
pellets then are sintered to improve physical integrity as well as to reduce gases further. 



Re – specifications and uses

The main form of Re in which it is traded is 
ammonium perrhenate (APR, NH4ReO4), 
ready to be processed further for use in one 
of its 2 main industries:

1. Superalloy for casting into single-crystal 
turbine blades for aero-engines.

2. Solution for the manufacture of reforming 
catalysts. 





Re – catalyst and superalloy grade



Re – recycling and substitution

• Recycling
• Catalysts: the value of Pt with which Re is allied (Pt 0.3% and Re 0.3%) provides the 
incentive for recycling (15 t Re per year). 

• Superalloys: the growth of a recycling industry has been slow and spasmodic (prices were 
mostly below the cost of recovery). The incentive for greater efficiency in recycling Re-
bearing alloys came when Re reached USD 12000/kg. Two approaches are employed by 
recyclers: 

• Chemical decomposition of the complex alloy followed by an ion-exchange process to recover 
Re in the form of APR;
• Pyrophoric process where Re is evaporated as the heptoxide and subsequently captured and 
then precipitated as APR. 

•Substitution
• Re has non substitute in its main use as a 3% constituent in complex Ni-based alloys for 
single-crystal turbine blades. Here, the main purpose of Re is to increase the presence of 
the gamma prime (γI) phase which increases creep resistance. 

• In the catalyst industry, mono-metallic catalysts, consisting solely of Pt, are regularly used 
but, in most applications, Re is preferred alongside Pt because it increases efficiency. 



Re – production



Re content in superalloys and prices



Re – price trend



Re – environmental issues

• Re is radioactive in all forms because of the content of the isotope 187Re. However, it 
decays by emission of very low energy β particles (electrons) that pose minimal risk to 
human health.

• Re contributes to high operating temperatures, increased fuel efficiency of gas 
turbines, reduction of nitrous oxide emissions, and blade longevity. 

• The recovery of Re units from aerospace industry will never be as efficient as the 
catalyst industry due to the wide dispersal of re units in end-life blades, the cost of 
recovery and the length of time (up to 12 months) from the recycling of used blade to 
production of new Re pellet. 



Re – outlook

• There seems to be more Re coming available now with offers from such as 
Uzbekistan for 500 kg per month of APR, recovery from Mongolian ores being toll 
roasted, as well as the promise of more from deposits yet to be mined such as Merlin 
in Australia and Pebble (Alaska). 

• The reduction of Re use by aircraft engine producers has resulted in increased Re 
availability for some of the other applications such as land-based gas turbines for use 
in power generation. 

• The use of X-ray tube target 
production seems to be one area 
where Re demand is on the increase. 

• Re used in Ni-based superalloys for 
the production of single-crystal 
turbine blades is set to remain 
rhenium’s main market for many years 
to come. 



Tantalum and niobium



Nb and Ta – definitions and characteristics

• Ta derives its name from king Tantalus in Greek mythology.  His daughter was Niobe, after which the 
element Nb is named. In the geochemical literature, these elements are referred as “geochemical 
twins”, because their behavior is very similar. 

• Charles Hatchett discovered Nb, first called columbium, in 1801. Anders Gustav Ekeberg first 
discovered Ta in 1802, but it was difficult to distinguish Ta from Nb. This issue was not resolved until 
Heinrich Rose in 1844 and Jean Charles Galissard de Marignac in 1866 were able to demonstrate that 
Nb and Ta were two different elements. 



Nb and Ta – physical and chemical properties

• Nb sits above Ta in the Periodic table and 
both have very high melting temperatures.

• Nb has only one stable isotope 93Nb, but has 
8 radiogenic isotopes (89Nb → 97Nb).

• Ta has two stable isotopes: 99.988% occurs 
as 181Ta and 0.012% as 180Ta. It also has 6 
radiogenic isotopes (177Ta → 183Ta).

• Nb and Ta both have a valency of +5 under 
most natural redox conditions and nearly the 
same ionic radius. 

• These elements have a high charge to ionic 
radius and, because of this, they are insoluble 
in most geological fluids, are strong Pearson 
acids that are only complexed by strong 
ligands such as O2-, OH-and F-. However, these 
elements are soluble at wt.% levels in silicate 
melts, particularly alkaline melts, and can 
attain even higher solubilities in carbonatite 
melts. 



Nb and Ta – abundance in the Earth and mineralogy

• The estimated abundances of Nb and Ta in 
the upper continental crust are 12 and 0.9 
ppm, respectively, which is enriched relative 
to the bulk continental crust (Clarke), 8 and 
0.7 ppm, respectively. These values are much 
higher than the estimated concentrations in 
primitive mantle (548 ppb Nb and 40 ppb Ta). 

• Both elements are highly incompatible, are 
enriched in alkaline magmas and are 
characteristically depleted in calk-alkaline 
melts. 

Columbite - tantalite

• Apart from minerals of Nb, Ta and Sn, the highest concentrations of Nb and Ta are observed 
in Ti-bearing minerals, notably rutile TiO2 and titanite CaTiSiO5.  

• Nb and Ta do not occur naturally as free metals. The charge to ionic ratio of Ta and Nb 
results in strong bonds being formed with O; in fact, most Nb-Ta minerals are oxides. The 
two most important groups of minerals by far are columbotantalite and pyrochlore. 

• Nb deposits are predominantly hosted by carbonatites (→ pyrochlore group).

• Ta deposits are hosted by peraluminous pegmatites and granites [→ columbotantalite, 
wodginite (Ta, Nb, Sn, Mn, Fe)16O32 and microlite (Na, Ca)2(Ta, Nb)2O6(O, OH, F)]. 



Nb and Ta – abundance in the Earth and mineralogy

• The columbotantalite group minerals are the most common and contain both Nb and Ta 
(“coltan”). 

• Another source of Ta is as a by-product of Sn mining (cassiterite can contain wt.% of Ta and Nb). 



Nb and Ta – deposit types

• All primary Nb and ta deposits are associated with igneous rocks and can be 
classified on the basis of the associated igneous rocks. Three types of deposits are 
recognised:

1. Carbonatite-hosted deposits (Nb and industrial minerals).

2. Alkaline to peralkaline granites and syenites (Nb, Y, REE, Zr, Sn, Ta). 

3. Peraluminous pegmatites and granites (Ta, Nb, Sn, W, Cs, Li).

• Ta and Nb minerals are also resistant to mechanical and chemical weathering, and 
have high specific gravities → placer and alluvial deposits.

• A number of Sn deposits also contain Nb and Ta, particularly in SE Asia. 



Nb and Ta mines – global distribution



Nb and Ta – carbonatite deposits

• Carbonatites are igneous rocks that 
contain > 50% carbonate minerals. Most 
carbonatites occur in rift settings, but it is 
clear that there are several different types 
of carbonatites, many of which are 
unmineralised. 

• Carbonatites are genetically related to 
strongly alkaline silicate rocks, but it is 
not clear whether these are related by 
fractional crystallization or by silicate-
carbonatite melt immiscibility → both 
are interpreted to be the product of 
melting of a metasomatised mantle. 

• The most important carbonatite-hosted 
Nb deposits are in Brazil (92% of the 
world’s Nb). E.g. Araxá deposit ≈ 808 Mt 
ore, average grade 2.3% Nb2O5. 



Nb and Ta – alkaline to peralkaline granites and syenites

• Significant concentrations of Nb and Ta occur in alkaline to peralkaline granites and 
syenites. These intrusions also contain high concentrations of Zr, Y and REE, and 
generally occur in rift or failed rift tectonic settings, although there are exceptions 
(e.g Lovozero and Khibiny intrusions, Kola Peninsula – Russia). 

• This style of mineralization has received considerable interest recently because of 
related high Y and REE content. 

• One of the characteristics of this deposit type is the wide range of Zr, Nb and REE 
minerals that are present (including hydrous and anhydrous silicates, phosphates, 
oxide and mixed silicate-phosphate mineral phases). 

• The dominant mineral of Nb and Ta is pyrochlore, but other complex phases such 
as eudialyte and secondary fergusonite are also important carriers of Nb. 

• There are no current producing mines of this type, but they are potential sources 
of a variety of metals in the future. 



Nb and Ta – peraluminous pegmatites

• Peraluminous pegmatites have historically been the most important source of Ta, and are commonly 
associated with peraluminous S-type granites, and occur as late syn- to post-tectonic intrusions in 
collision belts, typically in association with shear zones. Other elements of economic significance include 
Li, Cs, Be, Rb, Nb and Sn. These pegmatites are assigned to the Li-Cs-Ta (LCT) family of pegmatites 
(relatively high T and P, from 750 °C and 5 kbar to a greisen and metasomatic stage at 620 °C and 5 kbar).



Nb and Ta – peraluminous pegmatites



Nb and Ta – extraction methods and processing

• Extraction: Ta and Nb minerals are recovered through industry-standard open pit, 
underground and placer mining methods. 

• Processing: 

• Pyrochlore ores are concentrated by flotation, preceded by removal of 
irrecoverable ultrafines to achieve acceptable concentrate grades, generally in 
excess of 50% Nb2O5, and rejection of unwanted contaminants. Several flotation 
stages as well as electrical separation are required. 

• Columbotantalite ores almost exclusively utilize standard wet gravity 
concentration equipment. 

Coltan ore



Nb – pyrochlore 
extraction methods and 

processing



Ta – preparation of concentrates



Ta – production of Ta from concentrates, tin 
slags and scrap



Nb – specifications and uses

• Close to 90% of Nb production is used to make high-strength low-alloy steels. The addition 
of Fe-Nb to steel increases strength and toughness, as well as reduces the weight. 

• The electrical resistance of Nb-Ti and Nb-Sn alloy wire drops to virtually zero at or below T 
of liquid He (-268.8 °C) → these alloys are utilized in superconducting magnetic coils in 
magnetic resonance imagery (MRI), magnetoencephalography, magnetic levitation 
transport systems and particle physics experiments.  

• Nb is also used for alloys and chemicals, including carbides (Nb carbide is used for cutting 
tools). Niobium oxide (Nb2O5) is used to manufacture Li niobate (LiNbO3) for surface 
acoustic wave filters, camera lenses, coating on glass for PC screens and ceramic 
capacitors. 



Ta – specifications and uses

• The first uses of Ta were in light-
bulb filaments and optical glasses.

• Its widespread usage arose with the 
advent of the transistors and solid-
state avionics. These applications 
continue to account for over 50% of 
all Ta consumption, with the most 
significant segment being the Ta 
capacitor, used not just in 
consumer electronics, but also in 
many automobile components 
(ABS, airbag activation, GPS, engine 
management modules). 

• Aircraft and medical appliances (pacemakers, defibrillators and hearing aids), 

• Electronics: hard-disk devices, ink-jet printer heads. 

• A significant growth area is for sputtering targets, with Ta being used as the diffusion barrier 
between interconnects on Cu-based semiconductors. 

• Li tantalate is used in surface acoustic wave filters (mobile phones, audio systems and TV).

• Ta oxide has a high refractive index → lenses in mobile phones and high-end digital cameras. 

• Corrosion resistant objects, high-T alloys for turbines, single-crystal alloys (3 – 11% Ta).



Nb and Ta – recycling and substitution

• Recycling
• Nb is recycled (≈ 20%) when Nb-bearing steels and superalloys are recycled, but scrap 
recovery specifically for Nb is negligible. 

• Ta is recycled (≈ 25%) from electronic components and from Ta-bearing cemented 
carbide and superalloy scrap.

• Substitution
• As Ta prices rose in the early 2000s, Nb was more widely substituted into electronic 
capacitors (but failed to make military specifications in many critical end uses). 

• Ta capacitors: low potential for substitution.  For airbag triggers the Ta capacitor is a 
must. 

• Ta-carbide: W (lower performance).



Nb – resources and reserves



Ta – resources and reserves



Nb – production



Ta – production



Nb and Ta – prices



Nb and Ta – environmental issues

• Nb and Ta ores do not pose any special environmental problems (lack of 
sulfides).

• Ta concentrates produced from pegmatites generally contain minute quantities 
of natural U and Th. Next-generation concentrates (alkaline and peralkaline 
deposits) will almost certainly have higher levels of these radioactive elements. 

• The pyrochlore concentrates used to produce Fe-Nb also contain Th and U. 

• The solid forms of Nb and Ta do not pose special environmental problems 
(powders can be irritant → Ta capacitors). 



Nb and Ta – outlook

• The known global resources of Nb are exceptionally large. More problematic, 
however, is a lack of suppliers (e.g. policies of Brazil).

•A major use of Nb is in steel and other alloys essential to the development of 
infrastructure (railways, pipelines and automobiles). 

• The role of Nb and its utility in electronics is still in the early stages of 
development.  It now finds its way into computer chips and superconductors for 
medical technologies. 

• Ta: the capacitor marked has declined, 
while in other sectors it has increased. It 
will remain a critical component in 
electronic uses. 



Tungsten



W – definitions and characteristics

• Tungsten, also known as wolfram, was 
discovered in 1781 when Carl Wilhelm Scheele, 
produced tungstic acid from scheelite. 

• The name tungsten comes from the Nordic 
words “tung” and “sten”, meaning “heavy” and 
“stone”. The name “wolfram” has older roots, 
and is believed to have been used because the 
yield of Sn during smelting was reduced if W 
minerals were present. 

• The main applications of W are in “hard 
metals”, i.e. W carbide and cemented 
carbides, used for cutting, drilling and 
cemented carbides. 

• W is a hard, very dense, steel-grey to greyish-white metal. It has the highest melting point 
of all non-alloyed metals and the second highest of all elements behind C. Of all pure 
metals, W has the lowest coefficient of expansion and the highest tensile strength at 
T>1650 °C. 

• W is also known for its high density (similar to Au), high thermal and electrical 
conductivities, excellent corrosion resistance, does not react with air and water at room T 
and is largely unaffected by most acids. 



W – abundance in the Earth and mineralogy

• Average abundance of W in the Earth’s continental crust ≈ 1 ppm. The upper crust contains 
≈ 1.9 ppm W, whereas the middle and lower ≈ 0.6 ppm. The abundance of W in the oceans
is ≈ 0.1 ppb. The average concentration in workable ores is usually between 0.1 – 1.0 % 
WO3. 

• W does not occur in nature as a free metal. Only scheelite (blue-white fluorescence in UV 
light) and wolframite group minerals are abundant enough to be considered ores. 
Secondary W minerals, such as hydrotungstite H2WO4·H2O can be produced by alteration 
processes or weathering and may cause problems during processing. 



Wolframite

Scheelite



W – major deposit classes

• W deposits usually occur within, or near to, orogenic belts resulting from subduction-
related plate tectonics. All major deposits types are associated with granitic intrusions or 
with medium- to high –grade metamorphic rocks. Werner et al. (1998) classified major W 
deposits into seven types:

1. Vein/stockwork
2. Skarn
3. Disseminated or greisen deposits
4. Porphyry
5. Stratabound
6. Placer 
7. Brine/evaporite.



W – major deposit classes



W – major deposit classes

• Vein and stockwork deposits: genetically related to the development of fractures that occur 
in or near granitic intrusions during emplacement and crystallization. These fissures are 
frequently filled with quartz and can be up to several meters in width. The veining is 
commonly bordered by greisen, and the mineralogy of vein deposits range from the simple 
Qtz + wolframite, to the complex (> 50 vein-forming minerals, containing Sn, Cu, Mo, Bi, Au, 
U, Th, REE and phosphates). 

• Skarn deposits: skarns are coarse-grained rocks dominated by calc-silicate minerals that 
have formed by metasomatic processes in sequences containing carbonate-bearing rocks. 
Most are found adjacent to plutons, but they can also occur along faults, major shear zones 
and shallow geothermal systems. Scheelite CaWO4 is the principal W mineral and this may 
occur as disseminated grains or fracture filling. 

• Disseminated or greisen deposits: wolframite or scheelite are disseminated in highly 
altered (greisenised) granite or granitic pegmatite. They usually occur near to the upper 
parts that are emplaced at depths of between 0.5 and 5 km, where fluids can boil but are 
prevented from escaping to the surface. 

• Porphyry deposits: extensive, low-grade deposits formed following the separation of 
metal-rich fluids from a crystallizing wet magma. W (wolframite or scheelite) tends to 
concentrate in stockwork zones.



Vein-type W deposits



W – extraction methods and 
processing

• Extraction: most W is mined from sub-
surface (underground) mines. 

• Processing: the first phase of processing the 
ore is beneficiation at the mine site to 
increase the W content. The resulting 
concentrate containing > 65% WO3 can either 
be used directly for production of ferro-
tungsten and steel manufacture, converted to 
a number of intermediate W compounds (e.g. 
ammonium paratungstate, APT) by 
hydrometallurgical processes or further 
refined to pure W using pyrometallurgical 
techniques (the calcination under oxidizing 
condition converts APT to W trioxide). 



W – processing



W – specifications and uses

• Ammonium paratungstate (APT):
(NH4)10(W12O41)∙5H2O is the main W raw material 
traded in the market, usually calcined to yellow 
trioxide (WO3) or blue oxide (W20O58).

• Ammonium metatungstate (AMT): 
(NH4)6H2W12O40∙xH2O is a highly soluble white 
crystalline powder. Produced from APT in an 
electrolytic cell. 

• Tungsten trioxide (WO3)

• Tungsten blue oxide (TBO) WO2.97

• Tungsten metal powder: produced from yellow or 
blue W oxide in hydrogen reduction furnaces. 

• Tungsten heavy-metal-alloy (WHAs): W alloy that 
typically contain 90 – 98% wt. W in combination with 
a mix of Ni, Fe, Cu and/or Co. 

• Tungsten carbide (WC) and semi-carbide (W2C): 
produced by the reaction of W metal powder with 
pure C powder at 900 – 2200 °C (carburization). High 
melting point (2870 °C) and extremely hard. 



W – specifications and properties

• Ferrotungsten (FeW and Fe2W): remarkably robust 
alloy, high melting point. By combining Fe with W, 
the brittleness of metallic W is much reduced. 

• Non-ferrous tungsten alloys: composites with Cu, 
Ag, Ni and rare metals. Hard, heat-resistant 
materials, superior wear resistance, robust physical 
properties at high T. 

• Superalloys: usually with Ni, Co or Fe-Ni. Excellent 
mechanical strength and creep resistance at high T

PROPERTIES OF W

• Very high melting point

• Very high density

• Extreme strength

• High wear resistance

• High tensile strength

• Low coefficient of expansion

• High thermal and electrical conductivity



W – uses

• Hard metals: W carbides and cemented carbides (W 
carbides and Co, or Ti, Ta, Nb) → cutting, drilling, 
wear-resistant parts or coatings. Important in metal-
working (40%), mining (30%) and petroleum (20%) 
industries.

• Steel and other alloys: high-speed steel (HSS), heat-
resistant steel and tool steel.

• Superalloys: aerospace, industrial gas turbines and 
marine turbine industries (e.g flue-gas desulfurization, 
heat exchangers, industrial furnaces, jet-engine 
combustion chambers). 

• Mill products (wire, sheets or rods): ideal for 
electrical and electronic applications (e.g. bulb 
filaments, discharge lightning electrodes, vacuum 
tubes, heating elements, medical X-ray tubes, 
automotive ignition systems), welding electrodes 
(TIG).

• Chemical and other applications:
– APT → colouring agent in porcelain industry or catalysts
– AMT → reagent for chemical analysis and corrosion inhibitor
– WF6 → semiconductor circuits (200 t/year)



W – recycling and substitution

• Recycling: more than 30% of total world’s supply is from recycled sources. 

• Old scrap (cemented carbide parts, W and W alloys, old superalloy scrap, W-bearing catalysts)

• New scrap: generated during the processing of W concentrates.

• Unrecovered scrap: chemical applications (except catalysts), wear of cemented carbide parts, 

erosion of electrical contacts.

• Recycling methods: metallurgical and hydrometallurgical techniques. 

• Substitution
• Limited options for substitution in many applications (especially high-T).

• Mill products: Mo.

• W steels: Mo.

• Bulb filaments: fluorescent lamps and LEDs.

• Weights and armor-piercing projectiles: depleted U.



W – resources, reserves and production



W – production



W – evolution of W production



W – major deposits under development



W – main tungsten exporting countries



W – main tungsten importing countries



W – tungsten ore and APT price trend



W – environmental issues

• W is much less toxic than other metals (e.g. Pb and Hg, for which it is sometimes 
used as a substitute, e.g. in ammunition). 

• Particles of W metal could oxidize in air and then dissolve into soil through the 
action of rainwater. Elevated levels of W have been found in soils, trees, plant tissues, 
aquatic systems, atmosphere, animals and humans.

• The dissolution of W powders appears to cause soil acidification with associated 
adverse consequences on the micro-organisms, invertebrates and plant communities. 

• The geochemistry of W is complicated and its mobility, bioavailability and toxicity in 
the environment depends upon the exact form of W compounds, pH, oxidation states 
and the nature of the exposure pathway. 



• The worldwide supply of W is 
dominated by China (> 70% of 
total world production).
• Several new non-Chinese 
mines are likely to start 
production in the near future.
• W use is largely influenced by 
conditions in the global 
economy. 
• Future developments of 
specialist steel alloys and 
“superalloys” (high-T and wear 
resistance) are likely to require 
significant quantities of W → 
aerospace, industrial turbines, 
fusion reactors. 

W – outlook


