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Glossary of terms

Basket price:

The theoretical price (usually in US$/kg) that could be obtained for one kilogram of fully
separated rare-earth oxides, containing rare-earth oxides in the same proportions as
found in-situ within the deposit.

Concentrate:
A processing product containing the valuable ore mineral from which most of the waste
material has been eliminated.

Cut-off grade (CoG):
The minimum mineral grade at which material can be economically mined and processed
(used in the calculation of reserves).

Deposit:

According to the Mongolian Minerals Law, clause 4.1.9: Mineral deposit means mineral
concentration that has been formed on the surface or in the subsoil as a result of geo-
logical evolutionary processes, where the quality and proven reserve makes it feasible to
economically mine the natural resource.

Feasibility Study:

A comprehensive study of a deposit in which all geological, engineering, operating, eco-
nomic and other relevant factors are considered in sufficient detail that it could reasona-
bly serve as the basis for a final decision by a financial institution to finance the develop-
ment of the deposit for mineral production.

Grade:
The amount of mineral in each ton of ore.

Leaching:
A method of extraction in which a solvent is passed through a mixture to remove some
desired substance from it. Leaching is used to remove metals from their ores.

Mineral Reserve:

The economically mineable part of a Measured or Indicated Mineral Resource demon-
strated by at least a pre-feasibility study. This study must include adequate information on
mining, processing metallurgical, economic and other relevant factors that demonstrate,
at the time of reporting, that economic extraction can be justified. A Mineral Reserve
includes allowances for dilution and losses that may occur when the material is mined.

Proved Mineral reserve:

An economically minable part of a Measured Mineral Resource that therefore holds the
highest level of geological confidence. The deposit is also proved minable in terms of eco-
nomic, mining, metallurgical, marketing, legal, social and governmental factors.

Probable Mineral Reserve:

The economically mineable part of an Indicated Mineral Resource and in some circum-
stances a Measured Mineral Resource demonstrated by at least a pre-feasibility study.
The pre-feasibility study must include adequate information on mining, processing,
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metallurgical, economic, and other relevant factors that demonstrate, at the time of re-
porting, that economic extraction can be justified.

Mineral Resource:

A concentration or occurrence of natural, solid, inorganic or fossilized organic material in
or on the earth's crust in such form and quantity, and of such a grade or quality, that it has
reasonable prospects for economic extraction. The location, quantity, grade, geological
characteristics and continuity of a Mineral Resource are known, estimated or interpreted
from specific geological evidence and knowledge.

Measured Mineral Resource:

That part of a Mineral Resource for which quantity, grade or quality, densities, shape and
physical characteristics are so well established that they can be estimated with confidence
sufficient to allow the appropriate application of technical and economic parameters, and
to support production planning and evaluation of the economic viability of the deposit.
The estimate is based on detailed and reliable exploration, sampling and testing informa-
tion gathered through appropriate techniques from locations such as outcrops, trenches,
pits, workings and drill holes that are spaced closely enough to confirm both geological
and grade continuity.

Indicated Mineral Resources:

That part of a Mineral Resource for which quantity, grade or quality, densities, shape and
physical characteristics can be estimated with a level of confidence sufficient to allow

the appropriate application of technical and economic parameters, and to support mine
planning and evaluation of the economic viability of the deposit. The estimate is based
on detailed and reliable exploration and test information gathered through appropriate
techniques from locations such as outcrops, trenches, pits, workings and drill holes that
are spaced closely enough for geological and grade continuity to be reasonably assumed.

Inferred Mineral Resources:

That part of a Mineral Resource for which quantity and grade or quality can be estimated
on the basis of geological evidence and limited sampling and reasonably assumed but
not verified geological and grade continuity. The estimate is based on limited information
and sampling gathered through appropriate techniques from locations such as outcrops,
trenches, pits, workings and drill holes.

Mineral prospect (also: mineral occurrence):
A mineral prospect has the least level of confidence and refers to an occurrence of geolog-
ical interest that does not yet have economic value.

Ore:
Metal or mineral, or a combination of these, of sufficient value in terms of quality and
quantity to enable it to be mined and processed at a profit.

Ore body:
An ore body may correspond to an ore deposit, but more often the deposit includes sever-
al ore bodies.

Placer:
A surface mineral deposit with mineable concentrations of relatively heavy or hard miner-
als which have accumulated as a result of physical processes.
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Pre-feasibility study:

A comprehensive study of the viability of a mineral project that has advanced to a stage
where the mining method, in the case of underground mining, or the pit configuration,

in the case of an open pit, has been established. It includes a financial analysis based on
reasonable assumptions of technical, engineering, legal, operating, economic, social, and
environmental factors, and the evaluation of other relevant factors which are sufficient for
a Qualified Person, acting reasonably, to determine if all or part of the Mineral Resource
may be classified as a Mineral Reserve.

Qualified Person:

Means an individual who (a) is an engineer or geoscientist with at least five years of expe-
rience in mineral exploration, mine development or operation or mineral project assess-
ment, or any combination of these; (b) has experience relevant to the subject matter of
the mineral project and the technical report related thereto; and (c) is a member in good
standing of a professional association as defined by NI 43-101 (According to CIM - Canadi-
an Institute for Mining, Metallurgy and Petroleum; other national definitions may vary).

Recovery:

A term used in process metallurgy to indicate the proportion of valuable material physical-
ly recovered in the processing of an ore. It is generally stated as a percentage of valuable
metal in the ore that is recovered compared to the total valuable metal originally present
in the ore.

Waste : ore ratio:

The tonnage or volume of waste material which must be removed to allow the mining of
one tonne of ore in an open pit; expressed as tonnes of waste to tonnes of ore. Not to be
confused with overburden: ore ratio, where the overburden is given as volume (cubic yard
or cubic metres, and the ore as tonnes).
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List of abbreviations

BGR
Bundesanstalt fir Geowissenschaften und Rohstoffe - Federal Institute for Geosciences
and Natural Resources

BMz
Bundesministerium fir wirtschaftliche Zusammenarbeit und Entwicklung - Federal
Ministry of Economic Cooperation and Development (Germany)

CapEx
Capital expenditure

CRIRSCO
Committee for Mineral Reserves International Reporting Standards

JORC
Joint Ore Reserves Committee - Australian standard of disclosure for mineral projects

MMHI
Ministry for Mining and Heavy Industry

MPIGM
Mongolian Professional Institute of Geosciences and Mining

MRC
Mongolian Code for the Public Reporting of Exploration Results, Mineral Resources and
Mineral Reserves (The MRC Code)

MRPAM - prior MRAM
Mineral Resources and Petroleum Authority of Mongolia

MSPCMR
Mongolian State Professional Committee on Mineral Resources

MUST
Mongolian University of Science and Technology

NGS
National Geological Survey (of Mongolia)

NI 43-101
National Instrument 43-101 - Canadian standard of disclosure for mineral projects

OpEx
Operational expenditure

PEA
Preliminary Economic Assessments

RE - (L/H)REE - (T)REO
Rare earths - (light/heavy) rare earth elements - (total) rare earth oxides



Objective of the study

This report was initiated as part of the German-Mongolian cooperation project “Capacity
development in mineral resources economics of the mining sector in Mongolia II", which
was funded by the German Federal Ministry of Economic Cooperation and Development
(BMZ). It was prepared by the project partners BGR and MRPAM and is an update of the
first version of the report from 2013 (MUFF AND TAMIRAA 2013).

The main objective of the study is to classify Mongolian rare earth (RE) deposits and occur-
rences in the global market and to compare the international RE projects and Mongolian
occurrences based on relevant evaluation criteria. For this purpose, a comprehensive de-
scription of basic concepts and technical background, e.g., on the reporting of exploration
results and ore mineral inventories, RE mining and processing and the global supply and
demand situation is provided. Compared to the first version of the report, not all sections
are entirely new, but in some cases only updated and directly adopted where information
is still valid. The main innovation is the fully updated peer comparison table of selected

RE projects in Appendix 1, which forms the basis for the assessment of RE resources in
Mongolia. However, this study is not an evaluation of the global RE market and does not
elaborate on the political and strategic importance of RE as reflected in various Europe-
an and U.S. initiatives. For a further description of the geology in Mongolia linked to RE
mineralization, the reader is advised to relevant literature (e.g., GEREL et al. 2021 ; DOSTAL
and GEREL 2023).

Methodology

The authors thoroughly studied the technical reports and other information (web page,
newsletter) made publicly available by companies as well as scientific literature for
information on RE exploration projects worldwide. Additionally, commercially available
information on the RE market by Roskill and S&P Global has been considered. Information
on global reserves, resources, supply and demand is based on internal BGR statistics and
publicity available sources (e.g. USGS 2023).

Information on RE deposits and occurrences in Mongolia was compiled exclusively by
MRPAM from data submitted through the Mongolian State Professional Committee on
Mineral Resources (MSPCMR) and from previous studies (e.g., ELSNER et al. 2011), publicly
available information, field visits, and interviews.

The geological occurrence and morphology of ore deposits and the type of minerals that
host REE have a strong influence on the economic viability of an RE deposit. Therefore,
the basics of RE occurrences, their extraction and processing are briefly explained in the
Chapter on "Basic concepts and technical background".

Mongolian RE deposits were evaluated through peer comparison, as no project is beyond
pre-feasibility status and thus there is insufficient precise data for economic or technologi-
cal evaluation methods.

Rare Earths of Mongolia
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In June 2012, MRAM (former name of MRPAM) and BGR staff conducted a week-long field
trip to the South Gobi to collect on-site information on the RE prospects of Khotgor and
Mushgai khudag. Selected samples were analyzed at BGR laboratories using SEM (scat-
tered electron microscopy) to map the distribution of REE in the rock samples. Additional
information on Mushgai khudag is based on resource data from Mongol gazar LLC, a
national mining company, submitted to the MSPCMR.

Units in this study are in the metric system unless otherwise indicated. Prices and costs
arein U.S. dollars (US$) unless another currency unit is specified.



Basic concepts and technical
background

Reporting of exploration results and ore mineral
inventories

The mining cycle

A full mineral resources project cycle goes through the following stages, starting with the
prospection & exploration phase:

« Conceptual planning (literature review)

* Reconnaissance and Prospection (analysing surface grab-samples, mapping and tren-
ching, potential application of airborne geophysical exploration methods)

+ General exploration (ground geophysics, first metallurgical studies, preparing techni-
cal reports as NI 43-101 or JORC)

+ Detailed exploration (deposit modelling, metallurgical studies, test mining, economic
evaluation for feasibility/bankable feasibility study)
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Figure 1: Schematic illustration of the mining cycle. The blue line indicates the increasing costs
accompanied with each development step. Simultaneously, prospects of success that the de-
posit in fact goes into production increase with proceeding exploration activities and especially
with the prefeasibility study (red line).
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The exploration phase until a feasibility study is carried out is very time-consuming and
takes at least eight, rather up to 18 years. At the same time, until a scoping study is con-
ducted, the probability of the project going into production is relatively low. With further
exploration progress, the prospects of success increase sharply, but this is also accom-
panied by rising costs (Figure 1). With a positive feasibility study, mineral reserves can be
defined (see below) and, with sufficient funding, the production phase can begin with the
following steps:

+ Mine development (acquiring permits, securing finances, construction of mine infra-
structure)

* Production (mining, processing, separation with a saleable product)

* Mine closure: Decommissioning and rehabilitation.

The concept of documenting mineral inventories

Within the first steps of exploration (conceptual planning, reconnaissance, prospection),
the potential of mineral resources are inferred as sketched in Figure 1. With increasing
exploration activities that include more detailed analytical methods, the mineral re-
sources can be measured. Proved mineral reserves cannot be reported before a (bankable)
feasibility study is completed that confirm an economic feasible extraction of the desired
commodity. Reserves are the basis for production planning and their tonnage varies with
the commodity price and available mining and metallurgical technology (see modifying
factors, Figure 2). Reserve figures may be utilized to estimate the production time (not life
time) of a mine. However, for estimating future supply security and strategic considerati-
ons, resource figures should be used.

Since the harmonization of mineral resource and mineral reserve definitions by UN-ECE
(United Nations Economic Commission for Europe) and CRIRSCO (Committee for Mineral
Reserves International Reporting Standards), the internationally accepted classification of
mineral resources and reserves follows the pattern outlined in Figure 2.

Exploration Results

Mineral Resources Ore Reserves
Inferred
e H
. 1 1]
lncreusmg level ; Indicated <t »  Probable i
of geoiog|c0| ] I o !
knowledge and | -« :
confidanca ] Measured < g Proved 1
i :
Consideration of mining, metallurgical, economic, marketing,
legal, environmental, social and governmental factors

—» (the “Madifying Factors”) ————»

Figure 2: CRIRSCO reporting scheme for reporting mineral resources inventories (Exploration
Results, Mineral Resources and Ore reserves) according to JORC and the NI 43-101.

The system outlined in Figure 2 is recognized by the internationally important organiza-
tions (JORC - Australasia, SAMREC - South Africa, NI 43-101 - Canada, SEC — USA, and the
IMM - UK). The system follows the logic that the level and intensity of geological investiga-
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tion (as illustrated in Figure 1) and "modifying factors" qualify and quantify mineralization.
Modifying factors consider mining, metallurgical, economic, marketing, legal, environ-
mental, social, and governmental conditions, which demonstrate at the time of reporting
that economic extraction is justified.

In Mongolia, ore inventories are reported to the authorities and the Professional Reser-
ve Committee applying the Mongolian Mineral Resources/Reserves Classification. This
system closely resembles the system used in the Russian Federation that divides seven
categories of mineral concentrations. These are assigned to three major groups, based on
the level of exploration:

+ fully explored reserves or resources (A, B, C1)
+ evaluated reserves or resources (C2)
* prognostic resources (P1, P2, P3)

Reserves and resources that can be matched to the usual international categories from
reporting codes as JORC and NI 43-101, are classified into five main classes designated
by the symbols A, B, C1, C2 and P1 (Table 1). However, the international codes are only
applied in Mongolia by those companies seeking for international investment.

Table 1: Approximate correlation of terms used in the Mongolian Mineral Resources/Reserves
Classification and the comparable Russian Resource/Reserve Classification with the terms of
the Australian JORC and Canadian NI 43-101 reporting codes.

Russia
(also applied
Mongolia in Kazakhstan, Australia Canada
Uzbekistan,
Ukraine, etc.)

Mineral Resources/ Mineral Resources/

Reserves Reserves JORC NI 43-101
Classification Classification
A A A+B+C1 Measured Proved Measured
Demon- Resource Reserve = Resource
strated
B’ B c2 Reserve Indicated Probable Indicated
Resource Reserve  Resource
C C2+P1 Inferred Resource Inferred Resource
P1 P1 Prognosticated
P2 P2 Undiscovered
Speculative
P3 P3

13
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The Mongolian stock exchange recommends mining companies to use the Mongolian
Code for the Public Reporting of Exploration Results, Mineral Resources and Mineral Re-
serves. The so-called MRC Code was prepared in 2014 by the Mongolian Mineral Resources
and Reserves Committee (MRC) of the Mongolian Professional Institute of Geosciences
and Mining (MPIGM) with participation of the Committee for Mineral Reserves Internatio-
nal Reporting Standards (CRIRSCO) and the Mongolian State Professional Committee on
Mineral Resources (MSPCMR). However, until now there is no practical implementation of
the MRC Code. Thus, the MRC Code is not explained in detail here.

In 2015, the Ministry for Mining and Heavy Industry (MMHI) has made efforts and in-
troduced a Mongolian reserve and resource classification to harmonize Mongolian and
previously applied Russian reporting standards with recognized international standards.
To this end, the School of Geology and Mining, which is part of the Mongolian University of
Science and Technology (MUST), has developed most of the guidelines for the application
of resource/reserve classification for a total of 30 minerals . To improve the conversion

of old and new resource/reserve classifications and their inclusion in reserve calcula-
tion, MMHI, MRPAM and the National Geological Survey (NGS) intend to collaborate on a
working group. That harmonization with international reporting standards is absolutely
necessary is also evident with regard to the partially inconsistent and erroneous resource
and deposit-related data of rare earth occurrences registered in the MSPCMR.

As illustrated in Figure 1, the prospection and exploration phase may last up to 18 years
and the prospect of success is relatively low until at least a prefeasibility study is con-
ducted. Afterwards, investment for the increasing costs associated with the extensive
work during the detailed exploration is required in order to obtain a bankable feasibility
study. Thus, despite a high number of rare earth exploration projects globally (cf. chapter
Global supply and demand situation and resources of RE) only few projects will go into
production. The main reasons for the delays or suspensions of (RE) mining projects are
difficulties in raising the large amount of capital needed; but also, permitting problems
caused by environmental issues (mainly the handling of hazardous wastes) cause delays
because almost all RE mineralization is associated with radioactive minerals. Another
reason for delays is the complicated elaboration of an efficient flow sheet for the concen-
tration, chemical extraction and separation of the REE.



Definition of rare earths

Table 2: Rare earth elements divided in light and heavy rare earths. Shown is the element
symbol with the atomic number (upper left) and the atomic weight (upper right) as well as the
main technological use of the element.

L ight rare earth elements (LREE)

5 138,91

La

Lanthanum

58 140,12

Ce

Cerium

59 14091

Pr

Praseodymium

60 14424

Nd

Neodymium

61 146,92

Pm

Promethium®

62 150,36

Sm

Samarium

63 151,96

Eu

Europium

* Petroleum refining
* High-index glass

* Flints

* Hydrogen storage
* Battery electrodes

+ Catalytic converters

+ Oxidizing agents

* Polishing powders

* Yellow glass/ceramic

+ Catalysts in
self-cleaning ovens

* Magnets, lasers

* Green glass / ce-
ramics

* Flints

* Pollution control

* Magnets

* Lasers

* Violet glass /
ceramics

+ Capacitors

* Nuclear batteries

* Magnets

* Lasers

* Neutron capture
* Masers

* Red/blue phosphors

* Lasers

* Fluorescent lamps

* Mercury vapour
lamps

Heavy rare earth elements (HREE)

64 157,25

Gd

Gadolinium

65 158,93

Th

Terbium

66 162,50

Dy

Dysprosium

67 164,93

Ho

Holmium

68 167,26

Er

Erbium

69 168,96

Tm

Thulium

70 173,04

Yb

Ytterbium

7 174,97

Lu

Lutetium

33 88,91

Y

Yttrium

* Magnets, high-
index glass

* Lasers

* X-ray tubes

» Computer memory

* Neutron capture

* Green phosphors
* Lasers
* Fluorescent lamps

* Magnets
* Lasers

*Lasers

* Lasers (for
communications)
* Vanadium steels

* Electron beam
tubes

* Medical imaging
systems (X-ray
detection)

s Infrared lasers
*Electrical stress
gauges

* Reducing agent

« Scintillation
counters

» Automotive use
* Microwave

communications
* Lasers

Rare Earths of Mongolia
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The rare earth elements (REE) are a set of the 14 stable elements of the Lanthanides
(excluding the radioactive promethium (Pm)) plus yttrium (Y), all of which are found in the
3rd secondary group of the Periodic Table of the Elements. Contrary to what their name
suggests, most rare earth elements are not rare - the average enrichment in the earth's
crust is similar to copper - but REE are less often concentrated in mineable deposits. The
REE are divided into the more abundant light REE (LREE; La to Eu; see Table 2) and the less
common heavy REE (HREE; Gd to Lu +Y; see Table 2)). LREE occur much more frequently

in most deposits than HREE (> 90 %). However, the rare earths can only be mined together.
The recoverable amount of individual rare earth oxides (REO) thus depends on the deposit
composition. Increased demand from applications that require individual rare earths or
rely on rarer REE can create an imbalance between mine production and demand. In parti-
cular, demand for Nd and Dy (for NdFeB magnets) is high compared to supply, while there
is a significant oversupply for lanthanum and cerium.

In some definitions, Scandium (Sc) is also assigned to REE. However, while the Lanthanides
and Y have very similar physical and chemical characteristics and commonly occurs in the
same ore deposit due to its natural association, Sc differs in several properties and, thus, is
not considered here. This classification follows the practice of the mining sector.

Although industrial demand for REE is relatively small in tonnage terms (131,500t in 2020;
RoskiLL 2021), they are essential for a diverse and expanding array of high-technology ap-
plications (Table 2). REE-containing magnets and lasers as well as metal alloys for batteries
and lightweight structures are essential for many current and emerging alternative energy
technologies, such as electric vehicles, autonomous systems, and wind power. Moreover,
many other future technologies as lasers for autonomous vehicle (for a further elabora-
tion see chapter Supply).

Classification of RE deposits and mining of RE ore
RE Minerals

A large number of complex RE-containing minerals (~245 silicates, oxides, carbonates and
phosphates) are known. Economically important are currently mainly bastnaesite, mona-
zite and xenotime. Most present day production comes from bastnaesite, followed to a
much smaller extent by monazite in second place.

Bastnaesite is a fluorocarbonate mineral that carries mainly the LREE and a relatively low
amount of thorium. Its chemical composition is LREE(CO,)F. Bastnaesite contains from
70-74% REO and it is the RE mineral of the carbonatite hosted REE deposits.

Monazite is a phosphate mineral with a composition of LREE(PO,). It contains about 35-

60 % REO and may carry a high content of thorium. Depending on the most common rare
earth element in monazite, the mineral is designated as "monazite-Ce", "monazite-La", and
so forth. Primary monazite occurs as an accessory mineral in igneous rocks and is the RE
mineral in alkaline igneous complexes. It is very resistant to weathering and abrasion, and
therefore it accumulates in placer deposits and beach sands. Another phosphate mineral
that can contain significant amounts of REE is apatite. It can be enriched with REE either
during formation or during a later hydrothermal alteration (OWENs et al. 2019).

The RE minerals xenotime and loparite should also be mentioned although they are pres-
ently of minor economic importance in REE production. Xenotime is a phosphate mineral
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(YPO,, where Y may be replaced by HREE) and contains 52 -67 % REO, mostly of the
heavy RE group. Xenotime is a heavy mineral with a high resistance to weathering and
thus often accumulates in beach sands and placer deposits together with monazite.
Loparite ((LREE, Na, Ca) (Ti, Nb) O,) is basically a niobium ore mineral that may carry
32-34% REO.

Many global exploration projects have recently focused on (per)alkaline deposits with
alkaline igneous rocks (currently only one production site (Lovozersky, Russia), see
below). In the future, (Zr-)silicate minerals such as eudialyte may gain importance due
to their relatively high content of “magnet” REE (Nd, Dy) and their low radioactivity.
However, processing of these minerals is very complicated and not yet economical.

Two more REE bearing carbonate minerals should be mentioned here because they are
described in the studies on Mongolian RE deposits, although they are not yet of econo-
mic importance. These are:

1. Parisite with the chemical formula Ca(Ce,La),(CO,),F,. It contains about 27 % La,0,and
34% Ce,0,
2.Synchysite with the chemical formula CaY(CO,),F. It may contain about 42% Y,0,.

RE Deposits

The minerals of RE occur in a variety of geological environments. They may be found
in rocks related to magmatic activity. RE accumulations formed in this way are called
"primary deposits". The most significant RE deposits for current supply are carbonatite
intrusions (e.g., Bayan Obo and Maoniuping in China, Mt. Weld in Australia, Mountain
Pass in the U.S.) with the main value minerals bastnaesite and monazite.

Weathering and other surface processes may redistribute and concentrate the RE mine-
rals occurring in primary deposits. Concentrations formed this way are called "seconda-
ry deposits". Next to placer deposits, ionic clays are a major source for REE, mainly for
HREE. They are a product of extensive weathering of RE bearing minerals and the REEs
are adsorbed on the surface of the clays. As these ores only occur in tropical regions
(predominantly in Southeast Asia), ionic clay deposits are not observed in Mongolia and,
thus, not further considered in this study.

The mineral content, chemical composition, and style of mineralization of RE deposits is
strongly influenced by the way the deposit formed. Therefore, the primary and secon-
dary mineral deposit classes are commonly further subdivided (see USGS, BGS and
many technical reports on REE deposits).

New extraction technologies makes it feasible to mine deposits in that rare earths are
only one of many components within a bouquet of other value-elements. Additionally,
projects have been considered that have been ignored in the past because of their low
ore grade or complex mineralogy. For example, numerous known peralkaline deposits
also have great potential, especially for HREE with relatively low radioactivity (e.g., in
Sweden, Greenland, Canada, Australia; see Figure 7 in Global supply and demand situ-
ation and resources of RE). However, they cannot be extracted economically at present,
especially because of the complex processing. The only active mining of peralkaline
magmatites is currently taking place in Lovozersky, Russia. RE enrichments can also oc-
cur in phosphorites and hydrothermal vein deposits. One unusual project investigates
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RE enrichments along a regional fault without evidence of magmatic origin (La Paz, USA;
see Appendix 1).

Recently, mine tailings that contain significant amounts of RE but have not been mined in
the past for technical and/or economic reasons have come into focus. Already in produc-
tion is the extraction of monazite from the Eneabba tailings, which were created by mining
heavy mineral sands from the associated placer deposit. Additionally, ore processing was-
te from uranium or coal mining is as an RE resource is part of basic research. These "tech-
nogenic deposits" may contain recoverable RE contents and the raw material is available
without spending additional money on mining. In cases where improperly disposed waste
from former uranium mining or abandoned uranium mines left a hazardous heritage, re-
processing of these waste piles and the proper disposal of the residue may even contribu-
te to an environmental clean-up.

RE can thus be mined as main products or by-products. A main product bears all mining
costs and production may be adapted to demand changes while production of by-pro-
ducts may not respond even when price increases are very strong. However, extraction of
by-products is associated with only limited additional costs. Thus, the paired occurrence
of RE with other products has important implications on the reaction to demand chan-
ges. Mines that produce REE as by-products may not react adequately to changes on the
demand side. On the other hand, they are economically more robust in times of volatile
RE prices because other minerals contribute more to the mine revenue than the RE.

The Mongolian RE deposits and occurrences investigated in this study are associated
with carbonatite rocks (Mushgai khudag, Khotgor, Lugiin gol), hydrothermal-metasomatic
alteration (Ulaan del) or located in an alkaline intrusive complex (Khalzan buregtei) and a
monazite placer (Tsagaan chuluut), respectively.

Mining of RE Ore

The economic viability of an ore deposit is also dependent on the mining method ap-
plied to extract the ore. The selection of a mining method depends on many parameters.
Proximity to the surface and a low waste: ore ratio are strong criteria for open pit mining.
Other parameters for the selection of mining methods are morphology of the ore body
(geometric outline and attitude), nature of the contact between ore and sterile host rock,
internal distribution of ore grade within ore body (because of ore dilution) and geotechni-
cal properties of ore and host rock.

Most RE deposits are mined in open pit operations. Open pit mining costs are approxima-
tely 1/3 of underground mining costs. However, underground mining is reasonable when
access to the ore body is not possible via the surface (e.g., ore body under a lake), the cost
of overburden removal is too high, the ore occurs in small, tabular bodies, or when under-
ground mining facilitates the storage of hazardous waste by paste backfilling.

The cost for mining in the RE supply chain is relatively low compared to downstream
processing. With an average intended ore throughput of about 1,000 to 5,000 tons per day
at the RE projects considered (except for outliers, excluding placer deposits), the mass of
material moved (waste and ore) is small compared to base metal mining. Mining costs are
addressed in the chapter "The production chain of RE: from ore to metal oxide".

Waste streams and hazards of RE ore processing and refining

All waste streams from mining and processing rare earths can create radioactive hazards
because RE minerals are naturally radioactive, mainly because of accessory uranium and
thorium.
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The disposal of radioactive substances and other mining waste is costly, prone to acci-
dents. It has caused significant environmental damage and several permitting delays.
Examples are :

+ At Bukit Merah, Perak, Malaysia, the REE extraction from monazite- and xenotime-be-
aring by-products of the regional tin placer between 1975 and 1994 had generated
large quantities of radioactive residues (2,250t per year with 328t ThO, and 13tUO,).
It became one of the largest radioactive waste remediation cases in Southeast Asia
due to inadequate waste management by the operator Asian Rare Earth, in which the
Japanese company Mitsubishi Kasei was the major shareholder and is still engaged in
an US$ 100 million clean-up.

+ The LAMP (Lynas Advanced Material Plant) in Kuantan, Malaysia was behind schedule
because of permitting delays for the tailings and is still affected by the long-lasting
social conflicts and protests related to the further processing of RE concentrates.

+  Prior to closure in 2002, the Mountain Pass RE mine in California, USA, was discharging
over 3,000 I/min of saline radioactive wastewater into inadequately sealed tailings
ponds. Pollutants leaking from pipelines were the main reason for the (temporary)
closure. Today, the Mountain Pass mine, with its largely closed water circuit, is one of
the positive examples of RE mining.

+ One of several reasons why China is strictly controlling the RE output is the environ-
mental impacts caused by RE mining and processing. With the intention of lowering
the ecological damage, China has strongly consolidated the national RE market and
has closed illegal operations.

+ The Kvanefjeld rare earth project in Greenland, one of the largest RE deposits out
of China, is on hold because the new government recently passed a law setting the
uranium threshold limit at 100 parts per million that cannot be met with the existing
operation plan.

In Mongolia, the Minerals Law, the Environmental Law, and the Law on Nuclear Ener-
gy regulate environmental matters related to the mining and processing of rare earth
elements.

The original exploration literature of the Russian geologists, and later exploration cam-
paigns and field visits, show the presence of uranium and thorium. In fresh samples from
Mushgai khudag, the occurrence of the RE mineral monazite, which is a carrier of thorium,
has been shown by GRAUPNER (2012). The fact that Gama-spectrometry is a common ex-
ploration tool in RE exploration, highlights the presence of radioactive minerals. For the
Khalzan buregtei deposit in western Mongolia, it was found that the concentrations of
thorium and uranium are correlated with the REE contents, that is, ore with higher grade
contains higher levels of radioactive elements (see ELSNER et al. 2011).

Despite the lack of detailed investigations on the presence of radioactive elements in the
Mongolian RE deposits, it is beyond speculation that radioactive substances will accumu-
late in the waste stream. Whether the amount of radionuclides will reach a level, which
makes it necessary to separate the waste into "non-hazardous" and "hazardous" waste can
be clarified once technological investigations are completed.

Traces of sulfide minerals have been described in the carbonate ores of Mushgai khudag,
Khotgor and Lugiin gol, but acid mine drainage will not be a problem. The acid generation
potential is extremely low due to the neutralizing properties of the carbonate minerals.

The Labor Safety Law and the Nuclear Energy Law clause 43 addresses the hazards rela-
ted to the inhalation of dust containing radioactive isotopes of the uranium or thorium
families.
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The production chain of RE: from ore to metal oxide

Production steps

REO-concentrate
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Figure 3: Simplified process chain for the production of 1 kg neodymium modified according

to SCHREIBER et al. (2016) and MARx et al. (2018). The values (blue) refer to mining in Bayan Obo
and further processing in Baotou (China; simplified mass balance based on literature data for
ore grade and recovery rate). The Lynas production process in Mt. Weld (Australia) or Kuantan
(Malaysia) follows the same principle (the process steps marked with * do not take place here).
After leaching of ion adsorption clays (orange route), no further processing steps are necessa-
ry, and the basic steps of further processing are generally comparable (individual process steps
may be modularly adapted).

Milling and beneficiation: this step grinds the ore and produces a concentrate of REE mine-
rals by gravity, magnetic and flotation techniques. The rock is ground down to a powder with
a grain size smaller than the grain size of the ore minerals. The finer grained the ore, the
more costly the milling process. The product of this step is a physical concentrate.

The RE concentrate is dried, afterwards roasted with the addition of sulfuric acid and then
digested with sulfuric acid. The dissolved RE are precipitated from the solution with ammo-
nium hydrogen carbonate and subsequently washed and dried. In a new leaching step, the
precipitates are transferred to a chloride solution with 92 % RE content via the addition of
hydrochloric acid for subsequent separation by solvent extraction.

Solvent extraction (alternatively ion exchange): The individual RE can then be selectively se-
parated using organic solvents. At least twelve extraction steps must be carried out for each
RE element (SPRECHER et al. 2014). Potential impurities such as Fe or Th require additional
complex purification procedures.

The RE chloride solution generated by solvent extraction is precipitated with oxalic acid
followed by calcination resulting in separated REO with a purity of 99.99 %. For the produc-
tion of a pure RE metal, e.g. Nd for magnet production, fused-salt electrolysis is used in the
following. For the production of dysprosium, further process steps not specified here are
necessary (mainly relevant for concentrates from ion adsorption clays).



RE production is much more complicated than the production of well known base and
precious metals. This is because the individual rare earth elements, which are mined as a
group, must be separated from each other. Years are spent on testing at a laboratory and
pilot plant scale for the most efficient and economic method to recover the RE from the
ore.

It is beyond the scope of this study to provide a detailed description of the RE metallurgy,
and therefore only a generic process chain of RE ore from a carbonatite deposit, to which
for example Mushgai khudag, Khotgor and Lugiin gol of Mongolia belong, is outlined in
Figure 3. Further processing of RE concentrates from bastnaesite and monazite is com-
parable for most basic process steps. However, it can be assumed that the process steps
differ significantly in detail, simply because of the different composition of the ores.

Production costs and prices of RE
Cost estimates

Operating and capital expenditures can be optained from technical reports and Prelimi-
nary Economic Assessments (PEA) disclosed by many companies. The cost data used in
this study have been collected from literature and technical reports. Cost estimates for the
final production step, that is the metal refining stage, are not included.

Capital expenditures (CapEx)

The capital costs for RE mining and processing facilities are in the order of several hund-
red million to more than one billion US$. Due to the relatively low tonnage mined per day,
investments in the mining stage generally account for less than 15 % of total CapEx (inclu-
ding shipping and transport of the equipment to the site, plus initial stocks of spares).

Capital expenditures related to the processing of RE (concentrator plant, acid cracking
plant, acid storage facilities) are above 1/3 of all the capital expenditures.

Investments in infrastructure depend strongly on available public transport infrastructure
and the availability of electric power from a power grid. Because of the wide spread of
capital expenditures published for construction, no numbers are quoted here for compa-
rison.

The preparation and operation of waste disposal sites and tailings ponds, as well as mine
closure and rehabilitation, also require high levels of investment. For a mine with a capaci-
ty of 4,000t of ore per day and a life of 25 years, it seems reasonable to earmark 5to 10 %
of the total investment for waste management and mine closure.

Operating expenditures (OpEx)

Mining operating costs fluctuate throughout the life of the mine as total cycle time increa-
ses as the mine deepens. The data used are average life of mine assumptions, without
considering inflation. Processing costs depend on the quality of the ore and the ore grade.
Low-grades and fine-grained ores with complex intergrowths and mineral assemblages
cause the highest operating costs. A superficial calculation of OpEx estimates in technical
reports, still subject to uncertainty, indicates a cost for conventional ores (mainly carbo-
natite and peralkaline deposits in Australia and Canada) of about US$ 100 to US$ 400 pert
ore processed (cf. Appendix 1).
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By and large, the cost of projects in cold climates is higher than in more southern areas
because of the need to build confined and thermally insulated workspaces and the limited
efficiency of mechanical equipment.

A breakdown of the OpEx by production stages gives the following proportions:

a) Mining: The mining phase accounts on average for 5 to 10 % of total operating costs
(i.e. ~US$ 5 to US$ 40/t ore). Energy costs (e.g. diesel) and maintenance (including
spare parts) are the main cost components of mining. Underground mining is about 3
to 5 times more expensive than open pit mining. Due to climatic conditions, open pit
mining costs for Mongolia's RE deposits would be at the high end compared to other
countries.

b) Processing: In most published cost estimates, the operating costs for the milling and
beneficiation stages, leaching and separation steps are cumulated and published as
"processing costs". They cause up to 80 % of total OpEx (i.e. ~US$ 80 to US$ 320/t ore).
Chemical reagents are the most costly consumable in this step. Some sources indicate
that 1/3 of the processing costs are incurred in the milling and flotation unit, and 2/3 of
the OpEx are incurred in the hydrometallurgy and precipitation facilities.

c) Sales, General & Administration (SG&A) as product transport and tailings operation
account for the remaining OpEx.

Not included in the OpEx are costs for mine closure and remediation and the exploration
costs outside of the mining license area.

Capital and operating expenditures are strongly dependent on the performance of the
processing plant, the recovery, and the consumption of reagents. For the Mongolian RE
deposits, these processing tests have only been conducted on a laboratory scale (see
Appendix 2: Mongolian RE deposit passports). Pilot scale processing tests are necessary
before a reliable assessment of the economics of Mongolian RE deposits can be made.

RE price development

Prices of individual RE elements vary widely and ores containing a high proportion of
high-priced REE have a clear economic advantage. The unit price of RE ore is expressed by
a "basket price", which is the theoretical price that could be obtained for one kilogram of
fully separated RE oxides, containing RE oxides in the same proportions as found in-situ
within the deposit. In addition to RE, many by-products can contribute to mine revenues.
Niobium, zirconium, uranium, tantalum are often by-products or co-products of RE de-
posits associated with alkaline intrusive complexes, while phosphate, fluorine, and iron
can be recovered as by-products from carbonatite-type ore.

With regard to Mongolia, the results of systematic sampling of the entire ore bodies, de-
termination of the REE basket price, the technological investigations on the recovery of
REE and feasibility of by-products or co-products are not available, but are important for
evaluating deposits and should be included in any assessment scheme. At least for the Lu-
giin gol deposit a bulk sample (total 50t oxidized and primary carbonatite ores) have been
sampled from a representative ore body and tested in Poland for extraction of valuable
concentrates of total (T)REO. Processing tests showed possible extraction of REO concen-
trate with >33 % TREO from carbonate ore by flotation.

Primarily due to the increasing influence of speculators and the artificial tightening of sup-
ply by Chinese manufacturers in 2010 and 2011, RE prices have risen dramatically, leading

to an intensification of RE exploration. However, it was the demand side, which calmed the
tense market situation by substitution and miniaturization of appliances. Thereafter, prices



for RE settled back to a relatively low level (Figure 4 top). With the recovery of the global
economy after the first wave of the corona pandemic, there has been a sustained increase
in the price of most rare earths, pa