Monazite
Source of Rare Earths or Future Fuel Source
V.V. M

SUPPLY RISK

Critical List of Raw Materials (EU generated)

ECONOMIC IMPORTANCE

Monazite is a reddish-brown phosphate mineral containing rare-earth metals
• Monazite is a reddish-brown phosphate mineral containing rare-earth metals.
• It represents a group of minerals.
• The most common species of the group is monazite-(Ce), the cerium-dominant
member of the group.
• It occurs usually in small isolated crystals. (slightly softer than zircon)
• Specific gravity: ~ 4.98–5.43 for monazite
• Other characteristics: Radioactive if thorium-rich Operational/health issues.
• Category: Phosphate minerals

Monazite – source of rare earths
• The escalating demand of rare earth metals (REMs) in various applications & their
depleting ores have encouraged the possibility to produce metals from their
complex resources.
• Possibly the commercial processes based on pyro–hydro or hybrid techniques as
well as systematic research for process development to recover rare earth from
monazite.
• The salient findings on mining & physical beneficiation of different beach sand
deposits containing monazite are reviewed.
• Monazite concentrate obtained are processed under different condition of time,
temperature & concentration using acidic or alkaline solution.
• They are usually processed using thermal treatment followed by REMs recovery
under optimized conditions of leaching and their extraction via solvent extraction,
precipitation, etc. to produce salts/concentrate of REMs from the leached
solution.
• The processes developed to recover REMs are being considered.

Source of Rare Earth Elements

Monazite - Sources, Stockpiles & REE

Possible Monazite projects

extraction plants

The Significance of Rare Earth Elements
Rare earth elements (REE) are the collection of 17
earth elements in the periodic table, namely
scandium, yttrium, & 15 lanthanides.
Because of their unique magnetic, fluorescent &
chemical properties, REM & REE are key materials
used in scientific innovation.
Major rare earth applications are used in hybrid
vehicles.
E.G. the Toyota Prius, contains 30 kg of REE.
Rare earth elements are used in motors, metal
hydride batteries, glass, auto-catalysts, &
electronics etc.
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Principal Uses

Lanthanum

Re-chargeable batteries

Cerium

Catalysts, glass, polishing

Praseodymium

Magnets, glass colourant

Neodymium

Magnets, lasers, glass

Samarium

Magnets, lighting, lasers

Europium

TV Colour phosphors: red

Terbium

Phosphors: green, magnets

Dysprosium

Magnets, lasers

Gadolinium

Magnets, superconductors

Yttrium

Phosphors, ceramics, lasers

Monazite used for REO – Historic data

Source: G. M. Mudd & S. M. Jowitt (2016) Rare earth elements from
heavy mineral sands: assessing the potential of a forgotten resource,
Applied Earth Science, 125:3, 107-113, DOI: 10.1080/03717453.2016.1194955

Lynas' Mount Weld mine in Western Australia, the richest
known rare earths deposit in the world.

Steenkampskraal - a high-grade, hard-rock, vein monazite deposit

The Steenkampskraal mine has a
compliant Mineral Resource
Estimate that confirms the
presence of 605,000 t of ore at
an average grade of 14.36% & a
total rare earth content of 86,900
tonnes

• The mine has the highest
grade of rare earth
elements (REE) in the
world.
• There is the potential to
further increase the
resource within &
beyond the current
mining right area.
• The neodymium grade,
on its own, is 2.58%
which is higher than the
total rare earth grades in
most other rare earth
deposits.
• The total quantity of
neodymium in the mine
is 15,600 t.

Steenkampskraal Monazite Mine (Pty.) Ltd. (SMM)
SKK is a “shovel-ready” project that could become a
significant supplier of rare earths to world markets at a
very low cost and in a very short time.
Further information about the project on the company’s

website: www.steenkampskraal.com
OPERATING COSTS
❑ With its high average grade, SKK will mine & process only
about 10 t of ore, including some dilution, to produce one t
of rare earths.
❑ A rare earth project with a grade of 2% (two percent) must
mine & process 50 t of ore to produce one t of rare earths.
As a result of these high grades, SKK will have relatively low
operating costs.
❑ SHL estimates that the total operating costs, including
mining, monazite concentration and caustic cracking, to
produce cerium-depleted mixed rare earth carbonate at SKK,
will be about USD 3.25 per kilo of contained TREOs.
❑ Most rare earth projects have production costs that are
many times higher than SKK.
❑ The Resource contains about 145,000 t of monazite.
❑ Note-Management are seeking partners for this project.

Monazite as a feedstock for Nd-Pr

Simplified Introduction to Rare Earth Elements
The rare earths are a group of 17 elements composed of scandium, yttrium & the lanthanides. Their notoriety,,
applications & need are growing with the increasing importance of alternative energy sources and uses, such as
electric vehicle motors, wind turbines, magnets, fuel cells, lightweight aluminium & smartphones.
Notably, just to meet the production projections of electrical vehicle manufacturers, the REE mining sector
would have to double production by 2030.

Steps to process Monazite

Summary of uses for permanent magnets
Automotive

Starter motors, anti-lock braking systems, motor drives for wipers, injection pumps, fans and controls
for windows, seats etc, loudspeakers, eddy current brakes, alternators, speedometers.

Telecommunications

Loudspeakers, microphones, telephone ringers, electro-acoustic pick-ups, switches and relays.

Data Processing

Disc drives and actuators, stepping motors, printers.

Consumer Electronics

DC motors for showers, washing machines, drills, citrus presses, knife sharpeners, food mixers, can
openers, hair trimmers etc, low voltage DC drives for cordless appliances eg drills, hedgecutters,
chainsaws, magnetic locks for cupboards or doors, loudspeakers for TV and audio, TV beam correction
and focusing devices, CD drives, video recorders, computers, electric clocks, analogue watches.

Industrial

DC motors for magnetic tools, robotics, magnetic separators for extracting metals and ores, magnetic
bearings, servo-motor drives, lifting apparatus, brakes and clutches, meters and measuring equipment.

Electronics and
Instrumentation

Sensors, contactless switches, NMR spectrometers, energy meter discs, electro-mechanical
transducers, crossed field tubes, flux-transfer trip devices, dampers.

Astro and Aerospace

Frictionless bearings, stepping motors, couplings, instrumentation, travelling wave tubes, autocompass.
Dentures, orthopaedics, wound closures, stomach seals, repulsion collars, ferromagnetic probes,
cancer cell separators, magnetomotive artificial hearts, MRI scanners.

Bio-surgical

Evolution of high flux permanent magnets

flux

Rare earth (RE) magnets have revolutionised the properties and applications of permanent magnets.
They offer many advantages, and have drastically increased flux compared to traditional magnets with
comparable volumes.

Size comparison
of a lodestone,
strontium ferrite
& NdFeB-type
magnets all
producing the
same magnetic
energy

Possibility of new significant operator
Key target REE
Neodymium
Dysprosium
Terbium
Praseodymium

Monazite compared to other key heavy mineral sands.

Softer than
zircon & rutile
so tends to be
smaller grains
Monazite and xenotime present in HM sands deposits are potential sources of rare earth oxides (REOs).
According to Mudd & Jowitt (2016) , monazite & xenotime typically contain about 55–60% REOs in HM
sands.
Monazite is typically dominated by the following rare earths : cerium (∼25–48% CeO2), lanthanum
(∼10–23% La2O3), neodymium (∼10–20% Nd2O3), praseodymium (∼3–5% Pr6O11) and yttrium (∼1–
3% Y2O3), along with ∼6–8% thorium (as ThO2) and minor uranium (∼0.3% U3O8).
Source: Cameron Perks & Gavin Mudd, RMIT. Elsevier Ore review.

Mineral system classification of rare earth element deposits
(Australian deposit examples in blue font)

Rare earth elements & Thorium

Kerala monazite sand beaches, India

Monazite minerals concentrate in alluvial sands

• Because of their high density, monazite minerals concentrate in alluvial sands when released
by the weathering of pegmatites.
• These placer deposits are often beach or fossil beach sands & contain other heavy minerals
of commercial interest such as zircon & ilmenite.
• Monazite can be isolated as a nearly pure concentrate by the use of gravity, magnetic, and
electrostatic separation.
• Monazite sand deposits are inevitably of the monazite-(Ce) composition.
• Typically, the lanthanides in such monazites contain about 45–48% cerium, about 24%
lanthanum about 17% neodymium,~ 5% praseodymium & minor quantities of samarium,
gadolinium & yttrium. Europium concentrations tend to be low, about 0.05%.
• South African "rock" monazite, from Steenkamskraal, was processed in the 1950s & early
1960s by the Lindsay Chemical Division of American Potash & Chemical Corp, at the time the
largest producer of lanthanides in the world.
• Steenkampskraal monazite provided a supply of the complete set of lanthanides.
• Very low concentrations of the heaviest lanthanides in monazite justified the term "rare"
earth for these elements, with prices to match.
• Thorium content of monazite is variable and sometimes can be up to 20–30%. Monazite
from certain carbonatites or from Bolivian tin ore veins is essentially thorium-free.
• Commercial monazite sands typically contain between 6-12% thorium oxide.

Rare earth elements & Thorium Focus W.A
Beach sand heavy mineral deposits along fossil
beach strandlines in the Perth Basin W.A.

Chemical composition of monazite from selected deposits world wide (Elsner, 2010)

Western Australia Monazite

Distribution of types of rare earth elements in monazite from selected locations

Source: modified from Mukherjee, 2007

Western Australia Monazite

Said to be ~500,000t of monazite
stockpiled a few metres in pits,
awaiting transformation when
economics & legality allows for this.

Cross sections showing HMS concentrations
near Calypso (modified from Image Resources

Rare earth elements & Thorium

Key target REE
Neodymium
Dysprosium
Terbium
Praseodymium

Key target REE
Neodymium
Dysprosium
Terbium
Praseodymium

Rare earth Prices guidance late 2019
Rare Earth Material

RMB/kg

USD/kg

NdPr oxide
NdPr metal

330
415

47
60

Neodymium oxide
Neodymium metal

330
415

47
60

Praseodymium oxide
Praseodymium metal

385
775

55
110

Dysprosium oxide
DyFe

1,910
1,910

272
272

Terbium oxide
Terbium metal

3,910
5,120

560
730

Note- to be indicative guide only Prices vary widely, and can change
weekly depending on supply/demand.

Source: China newsletter

Rare earth materials - Growth in Demand

Source: REMTech Fund - European Investment Fund

Source: Iluka

Concentration Process Flow Chart

Typical Dry Mill Process Flow
Chart

Source: Iluka

Magnetic separators

Electrostatic Separators

Source: Iluka

Monazite - supply chain consists of six steps
These may be undertaken by the same company or by
a number of separate entities at different locations:

(1) Mining ores
(2) Generation of a concentrate
(often at or close to the mine site)

(3) Extraction to produce a pure mixed rare
earth product like a carbonate
(4) Separation of RE elements usually as
oxides
(5) Smelting to produce RE metals
(6) Manufacture of the final RE products such
as an FCC catalyst or magnet.

Global Distribution of Rare Earth Elements 2018

Rare earth Production by Country
The element thorium was
discovered in 1828. More than a
100 years later, in 1941, its
potential as an energy source was
proved.
Thorium is estimated to be three
to four times more abundant than
uranium in the Earth’s crust and it
is one of the most energy dense
elements found in nature.
The element has some favourable
characteristics making it an ideal
nuclear fuel for next generation
reactors; it is safe, clean,
affordable and scalable. You can
hold your entire lifetime's energy
need in the palm of your hand.

Thorium as an Element
❖

Thorium is a naturally occurring radioactive chemical element
with the symbol Th & atomic number 90
❖ Pure Thorium is a soft, silvery-white metal that is air-stable &
thus tarnishes extremely slowly
❖ Thorium was identified in 1828 by the Swedish chemist Jöns
Jakob Berzelius
❖ The element was named after Thor, the Norse god of thunder
❖ In 1898, thorium was discovered to be radioactive by Gerhard
Schmidt, & Marie Curie used it in her famous work on
radioactivity
❖ Nearly 100% of Earth’s thorium is thorium-232, which is only
slightly radioactive because of its long half-life (14.05 billion
years)

Conceptual design for a
compact, high magnetic field
fusion power plant.

Numbered components are as follows:

•
•
•
•

•
•

•
•
•
•
Source: Massachusetts Institute of Technology

1. Plasma
2. The newly designed divertor
3. Copper trim coils
4. High-temperature superconductor (HTS) poloidal
field coils, used to shape the plasma in the divertor
5. FLiBe blanket, a liquid -collects heat from emitted
neutrons
6. HTS toroidal field coils - shape the main plasma
torus
7. HTS central solenoid
8. Vacuum vessel
9. FLiBe tank
10. Joints in toroidal field - can be opened to allow
for access.

Estimated reserves of beach sand minerals in India

India Rare Earth Ltd – Mineral sand products

(India Rare Earth Ltd)

Neodymium Block magnet
• This super-strong Neodymium Block magnet has
equidistant 50mm sides and a height of 25mm.
Magnets of this size should be handled with extreme
care to avoid personal injury.
• Most square or rectangular shaped magnets are axially magnetized, or in
other words, the magnetic field flows through the thickness dimension
with the North and South poles appearing on the two largest surfaces.
Block shape magnets with angular sides sit well inside the u-shaped
channel and are not easily dislodged. This huge block magnet has
industrial strength magnetic power that is capable of holding 100kg of
weight. This power can be harnessed and incorporated into the design of
metal separation and extraction machinery that are used throughout the
recycling and material recovery industries...The exposed surface area of
Block magnets is larger than the exposed area of a Disc or round shape
and is more suitable to thoroughly screening large amounts of waste
material and retrieving any ferrous recyclable metals...Magnets
positioned near conveyor belts can intercept dangerous tramp metals
and remove them from the processing line.
• Large Block shaped magnets are found in DC electric motors where they
convert electrical power into rotational mechanical movement and
conversely in electricity generators where kinetic energy is transformed
into electricity. Such is the case on a wind farm. These high energy
magnets are also utilized in many areas of both fully electric and hybrid
vehicles. Large Neodymium magnets have also made Medical and
Scientific innovations possible and have been crucial in the development
of high-tech MRI technology and many scientific research advancements.

Neodymium Block Magnet 50x50x25mm N48
www.frenergy.com.au/flux-calculator.html

Medallion Resources Canada Strategy

Now based in Australia

Medallion Resources – rare earths from monazite

Possible opportunity for using Australian MONAZITE STOCKPILES

mineral sand waste

Rare earths in Electric Vehicles

Thorium Energy
• The element thorium was discovered in 1828 then
113 years later, in 1941, its potential as an energy
source was proved.
• Thorium is estimated to be 3-4 times more abundant
than uranium & is one of the most energy dense
elements found in nature.
• The element has some favourable characteristics
making it an ideal nuclear fuel for next generation
reactors; it is safe, clean, affordable and scalable.
• There is more energy available in Thorium than all
coal, gas, oil and uranium combined.
• It has been estimated that 30 times more thorium
than what is required to supply the entire world's
energy demand is mined as a by-product every year.

You can hold your entire
lifetime's energy need in
the palm of your hand

Thorium reserves in various countries
• Thorium is estimated to be 3-4 times more abundant
than uranium
• It is found on all continents.
• Thorium is mainly refined from monazite sands as a byproduct of extracting rare earth metals.
• The largest known thorium concentrations are located in
India, Turkey, Brazil, Australia, & USA
• There is no international or standard classification for
thorium resources, & therefore, estimates vary depending
on source

Thorium resources in t
Source: OECD NEA & IAEA,
Uranium 2014: Resources,
Production & Demand ('Red
Book')

Acid Cracking of Monazite
• Original process for "cracking" monazite so as to
extract the thorium & lanthanide content was to
heat it with concentrated sulphuric acid to
temperatures between 120 - 150 °C for several
hours.
• Variations in the ratio of acid to ore, heating & the
water was added afterwards led to several different
processes to separate thorium from the
lanthanides.
• One of the processes caused the thorium to
precipitate out as phosphate or pyrophosphate in
crude form, leaving a solution of lanthanide
sulphates, from which the lanthanides could be
easily precipitated as a double sodium sulphate.
• The acid methods led to the generation of
considerable acid waste, & loss of the phosphate
content of the ore.

Alkaline Cracking of Monazite
• A new process uses hot sodium hydroxide solution (73%) at about 140 °C.
• This process allows the valuable phosphate content of the ore to be recovered as crystalline
trisodium phosphate.
• The lanthanide/thorium hydroxide mixture can be treated with HCl acid to provide a solution
of lanthanide chlorides, & an insoluble sludge of the less-basic thorium hydroxide.

Caustic crack
process

Flowchart of the liquid–liquid extraction process for the
recovery of high-purity thorium oxide (Christensen and Prater, 1960).

Kenmare’s Dredge Operation at Moma Deposit
Monazite from this resource maybe possible and become an additional revenue stream

Coastal deposit in Mozambique

Kenmare Resources Strategy - Monazite as an additional product stream

Logistics including suitable jetty is vital to most operations

Process developments to recover rare earth metals from monazite

Autoclave
Leaching

Roasting/
Cracking

Thorium as a nuclear fuel
• In the long-term perspective, thorium fuels can
provide avenues to improve the credentials for
nuclear energy by:
• Achieving more sustainable energy generation in
which mined nuclear material is used more
effectively. This draws on the possibility for high
conversion and eventually breeding of fissile 233U
from thorium fuels.
• Employing fuels that generate less problematic
waste streams, and that can also transmute
(destroy) actinide components in currentgeneration thermal reactor systems.

Thorium
• Thorium is an element
that can be used as a fuel in
the nuclear cycle.
• It is an alternative to uranium,
& the technology to facilitate
the use of thorium has been
around since the 1960s. All
the thorium mined can be
used as a fuel compared to
less than 1% of
mined uranium.
Discovered in 1828 by a Swedish chemist who named the element after the Norse god of thunder, Thor, thorium is a slightly
radioactive element that is naturally occurring in the Earth’s crust. It is more abundant in nature than uranium and is fertile
rather than fissile, meaning it can be converted into fissile material through radiation. It is meant to be used alongside fissile
materials, which are able to go through nuclear fission, like recycled plutonium and uranium.

Thorium exploration
• Thorium is present in small
quantities in soils and
rocks everywhere, and it’s
estimated to be about four
times more plentiful than
uranium. India holds
the largest natural thorium
reserves in the world,
though reserves are also
significant in China,
Australia, the US, Turkey &
Norway.
• The metal can be found
in epigenetic vein
deposits, low-grade
deposits & black sand
placer deposits.

• A report into nuclear energy – initial
approval process for a future nuclear
plant.
• “Nuclear energy should be on the table for
consideration as part of our future energy mix”
• “Australia could say a conditional ‘Yes’ to new
and emerging technologies such as small
modular reactors.
• The Australian Government may undertake a
body of work to deepen the understanding of
nuclear technology which would include
economic, technological & readiness
assessments.
• Furthermore, the report recommends that the
partial-lift of the moratorium be subject to a
technology assessment & a commitment to
community consent as a condition of approval
for any nuclear power or nuclear waste disposal
facility.

Reactors able to use thorium
There are seven types of reactor into which thorium can be introduced as a
nuclear fuel. The first five of these have all entered into operational service
at some point.
• 1. Heavy Water Reactors (PHWRs): These are well suited for thorium fuels due to
their combination of: (i) excellent neutron economy (their low parasitic neutron
absorption means more neutrons can be absorbed by thorium to produce useful U233), (ii) slightly faster average neutron energy which favours conversion to U-233,
(iii) flexible on-line refuelling capability. Furthermore, heavy water reactors
(especially CANDU) are well established and widely-deployed commercial
technology for which there is extensive licensing experience.
• 2. High-Temperature Gas-Cooled Reactors (HTRs): These are well suited for
thorium-based fuels in the form of robust ‘TRISO’ coated particles of thorium
mixed with plutonium or enriched uranium, coated with pyrolytic carbon and
silicon carbide layers which retain fission gases. The fuel particles are embedded in
a graphite matrix that is very stable at high temperatures. Such fuels can be
irradiated for very long periods and thus deeply burn their original fissile charge.
Thorium fuels can be designed for both ‘pebble bed’ and ‘prismatic’ types of HTR
reactors.

Reactors able to use thorium
• 3. Boiling (Light) Water Reactors (BWRs): BWR fuel assemblies can be flexibly
designed in terms of rods with varying compositions (fissile content), and structural
features enabling the fuel to experience more or less moderation (eg, half-length
fuel rods). This design flexibility is very good for being able to come up with suitable
heterogeneous arrangements and create well-optimised thorium fuels.
• 4. Pressurised (Light) Water Reactors (PWRs): Viable thorium fuels can be
designed for a PWR, though with less flexibility than for BWRs. Fuel needs to be in
heterogeneous arrangements in order to achieve satisfactory fuel burn-up. It is not
possible to design viable thorium-based PWR fuels that convert significant amounts
of U-233.
• 5. Fast Neutron Reactors (FNRs): Thorium can serve as a fuel component for
reactors operating with a fast neutron spectrum – in which a wider range of heavy
nuclides are fissionable and may potentially drive a thorium fuel. There is, however,
no relative advantage in using thorium instead of depleted uranium (DU) as a fertile
fuel matrix in these reactor systems due to a higher fast-fission rate for U-238 and
the fission contribution from residual U-235 in this material.

Reactors able to use thorium
• These last two are still conceptual:
• 6. Molten Salt Reactors (MSRs): These reactors are still at the design stage
but are likely to be very well suited for using thorium as a fuel. The unique
fluid fuel can incorporate thorium and uranium (U-233 and/or U-235)
fluorides as part of a salt mixture that melts in the range 400-700ºC, and this
liquid serves as both heat transfer fluid and the matrix for the fissioning fuel.
• 7. Accelerator Driven Reactors (ADS): The sub-critical ADS system is an
unconventional nuclear fission energy concept that is potentially ‘thorium
capable’. Spallation neutrons are produced when high-energy protons from
an accelerator strike a heavy target like lead. These neutrons are directed at
a region containing a thorium fuel, eg, Th-plutonium which reacts to
produce heat as in a conventional reactor. The system remains subcritical ie,
unable to sustain a chain reaction without the proton beam.

India's operating 22 nuclear power reactors
Reactor

State

Tarapur 1&2

Maharashtra

Kaiga 1&2
Kaiga 3&4

Type

MWe net (each)

Commercial
operation

Safeguards status*

GE BWR

150

1969

Item-specific, Oct 2009

Karnataka

PHWR

202

1999, 2000

nil

Karnataka

PHWR

202

2007, 2012

nil

Kakrapar 1&2

Gujarat

PHWR

202

1993, 1995

December 2010 under
new agreement

Madras 1&2 (MAPS)

Tamil Nadu

PHWR

202

1984, 1986

nil

Narora 1&2

Uttar Pradesh

PHWR

202

1991, 1992

From Jan 2015 under
new agreement

Rajasthan 1&2

Rajasthan

Candu PHWR

90, 187

1973, 1981

Item-specific, Oct 2009

Rajasthan 3&4

Rajasthan

PHWR

202

1999, 2000

March 2010 under new
agreement

Rajasthan 5&6

Rajasthan

PHWR

202

Feb & April 2010

Oct 2009 under new
agreement

Tarapur 3&4

Maharashtra

PHWR

490

2006, 2005

nil

Kudankulam 1&2

Tamil Nadu

PWR (VVER)

917

December 2014, April
2017

Item-specific, Oct 2009

Total (22)

6,219 MWe

Thor Project – underway in Halden Norway
~115 km south east of Oslo.

Thor Energy – Light water reactors
• Thor Energy is developing a nuclear fuel technology
based on thorium as an alternative to uranium.
• Developed an advanced thorium based oxide fuel &
established a consortium ensuring implementation of
a five year irradiation project.
• Objective is to qualify thorium fuel for use in existing
& future generations of light water reactors.
• Thor Energy’s largest shareholder is Thor Corporation
• This holding company also owns stakes in another
company related to thorium fuels, Fen Minerals which
has extensive rights in the Fen complex which
contains large deposits of thorium & rare earth
elements.
• Thor Energy also has a “sister company”, REEtec AS,
which is in the process of commercializing a new
method for efficient separation of REE.

Thor Energy’s high density ThMox Pellets are
ready for licensing in a commercial reactor
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