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Abstract 

Rare earth elements (REE) play crucial roles in modern industry, technology 

applications, medical treatments and renewable energy system. Due to their unique 

physical and chemical properties, REE permanent magnets, alloys, phosphors, 

electronics and chemical catalysts have become indispensable components in a 

broad range of renewable energy technologies including wind turbines, electric 

vehicles (EV), photovoltaic (PV) thin films, and fluorescent lighting systems. The lack 

of comprehensive studies of current global REE supply chain severely limits our 

understanding of the comprehensive environmental burdens associated with the 

exploitation of these critical elements. There is an urgent need to establish a 

comprehensive and quantitative life cycle impact assessment (LCIA) based on robust 

REE mineral resources database and reliable rare earth elements (REE) processing 

information for global REE supply chain from the mining through refining to use 

stages which include impacts during production as well as benefits. In this way, the 

long-term future security of global REE supply can be modelled and assessed, thus 

ensuring sustainable REE uses. 

This thesis established a novel, systematic, comprehensive and transparent REE 

deposit geological classification system that covers all known and potential types of 

REE mineralization and deposit formation to categorize current available REE 

mineral resources. Then, based on this new classification scheme and mineral 

resources accounting, the first global REE mineral resources dataset based on 

statutory mining codes (e.g., JORC, NI43-101, SAMREC) has been compiled, which 

enables quantitative analyse the long-term REE resources availability and numerous 

key aspects (e.g. ore grade, mineral resources, principal mineralogy, by/co-products, 

deposit types, individual REE concentrations etc.) of future global REE supply. The 

results suggest REE geological scarcity is not an immediate problem. However, other 

issues such as associated environmental impacts, economic and social constraints 

will strongly influence the development of REE resources. 

Furthermore, a “cradle to gate” scale LCIA study based on 26 operating and potential 

REE mining projects in conjunction with their industrial reported REE mineral 

resources and processing data has been carried out. It showcases the possibility and 

necessity to systematically analyse the interconnections between critical aspects of 

REE production (e.g. project configurations, deposit types, ore grades, principal REE 

mineralogy, significant by/co-products) and consequent environmental impacts.  

Results suggest the development of cleaner REE refining technology based on 



project specific geological condition and mineralogy would be critical in optimizing the 

overall environmental performances long-term global REE supply chain. 

Finally, this thesis presents an indicative LCIA case study to assess future global 

REE demands and associated environmental implications in wind turbine industry, 

hence, It filled significant knowledge gaps between the comprehensive environmental 

benefits for REE consumption in downstream renewable energy system. The results 

suggest that the utilization of REE permanent magnet would not compromise but 

enhance the wind turbine’s sustainable performances. The consequential 

environmental benefits from wind energy generation significantly offset the 

environmental impacts for REE mineral production stages.  
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1.1 Introduction  
 
The Rare earth elements (REE), as illustrated in Figure 1.1, REE consist of the 

lanthanide family of elements plus scandium and yttrium, and exhibit similar yet 

distinctive chemical and physical properties. REE are now widely being considered 

as crucial strategic metals by many developed countries (e.g. EC, 2014; ECEI, 2010; 

Hoatson et al., 2011; Hoenderdaal et al., 2013; Humphries, 2013; Morrison and Tang, 

2012; Moss et al., 2013; Moss et al., 2011; USDoE, 2011) due to their fundamental 

roles in modern technology, especially energy efficiency, consumer electronics, 

renewable energy and other environmentally-focussed technologies (as shown in 

Figure 1.2), with growing demand for uses in a wide variety of emerging technologies, 

including magnets, alloys, phosphors, electronics and chemical catalysts, amongst 

others.  

 

 
Figure 1.1: Periodic Table of Elements with REE Indicated in Blue Front 

and Contained within Red Boxes (Hoatson et al., 2011).  
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Figure 1.2: Primary Uses of REE (USDoE, 2011). 

 
At present, global REE supply is dominated by China, which accounted for 97.1% of 

global production in 2006 (SCIO, 2006; USGS, various-a, b). Since then, Chinese 

government have attempted to restrict exports based on the significant environmental 

and social impacts associated with operating REE mines in China (CSRE, 2002; 

SCIO, 2006; WTO, 2014).  It exemplifies the long-term supply risk inherent in having 

the global supply of the REO dependent on a dominant supplier or country, which 

obviously poses significant risks to the security of supply of these essential elements. 

This situation has led to a widespread interest in quantifying the availability of these 

essential elements (e.g. ECEI, 2010; Moss et al., 2013; Naden, 2014; USDoE, 2011). 

 

In global terms, the REE are not ‘rare’ from a geological abundance perspective – as 

some REE have a similar abundance as copper in the planet’s crust. However, the 

projection of future global REE supply chain is not thoroughly analyzed due to limited 

knowledge of REE deposits outside China. As such, there is a need for a 

comprehensive assessment of global REE mineral resources to identify key 

opportunities, uncertainties and challenges for the global REE industry. The critical 

aspects required for such an assessment include identifying major REE mineral 

deposit types, classifying these deposits by REE mineralogy, and identification of the 

presence or absence of potential by/co-products (e.g. Fe, Ti, Nb, Zr) and/or 

hazardous impurities (e.g. U, Th). These data will provide a rigorous foundation for 
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REE industries and governments to initiate the development of sustainable, secure 

and economic global REE supplies. 

 

Secondly, current life cycle impact assessment (LCIA), all inputs and outputs are 

allocated to the primary metal being mined, such as copper, or allocations are based 

on proportional revenue from the two or three metals being mined (eg. copper, gold, 

silver). For REE, there are 17 elements plus associated co/by-products (such as 

scandium or yttrium, and sometimes iron, niobium, gallium or zirconium), and the 

separation and refining stages to pure products are very intensive. However, given 

that most REE mines are in China and that there is a paucity of operational data for 

REE mines and refineries, this means that there is minimal reliable LCIA data with 

which to assess the environmental footprints of the REE. Given REE as the critical 

function component in a range of essential environmental technologies (eg. wind 

turbines, electronic vehicles, high-efficiency lighting systems) and the often 

challenging environmental impacts associated with REE extraction and processing 

(e.g. USEPA, 2012; Yang et al., 2013; Zaimes et al., 2015), there is an urgent need 

for a novel and comprehensive approach that quantitatively assesses the life cycle 

environmental benefits and impacts associated with full REE production and 

consumption cycles of various sustainable technologies. The proposed structure for 

the comprehesive LCIA apporach of REE prodcution and uses is illustrated in Figure 

1.3. In this way, the long-term future security of rare earth can be modelled and 

assessed.   
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Figure 1.3: Proposed LCIA Approach for REE Production and Uses 

 

This thesis aims to establish a comprehensive and quantitative life cycle impact 

assessment based on robust REE mineral resources database and reliable REE 

processing information for global REE supply chain from the mining through refining 

to use stages which include impacts during production as well as benefits. Results 

from this research should fill a significant gap in the literature and address the global 

industrial need to identify REE production bottlenecks, seek efficiencies, reduce 

costs and minimize environmental impacts and risks. Furthermore, given the use of 

rare earths in a range of advanced technologies, most of which are considered 

crucial to meet a variety of modern societal demands and/or environmental needs 

(eg. plasma screens, batteries, energy efficiency and renewable energy), it is 

important to link the LCIA of rare earths to these uses and technologies. In this way, 

the long-term future security of rare earth can be modelled and assessed, ensuring 

sustainable resource use.  
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Chapter 2 
Literature Review 

 

This section summarises current literature associated with REE industry 
including historical background, basic chemistry, and mineralogy, 
production, demand, primary uses, uncertainties and criticality involved 
within its long term supply. 
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2.1 Background of REE 
 
2.1.1 Brief Historical Review 
The history of rare earth elements (REE) can be traced back to the discovery of the 

unique black rock named Ytterbite, by Lieutenant Carl Axel Arrhenius in 1787 at the 

Ytterby quarry/mine, Sweden (Gschneider, 1987; Klinger, 2015). It was renamed 

Gadolinite in 1800, along with the discovery of gadolinium (Gd; Vlasov, 1966). In 

1794, the Finnish chemist Johan Gadolin discovered the first REE compound yttria 

(Gadolin, 1794) or yttrium oxide (Y2O3) from Ytterbite samples. Cerium (Ce) was the 

second REE to be discovered in 1803, by Berzelius and Hisniger, through the 

successful separation of ceria (Ce2O3) from the aniron-tungsten mineral from the 

Bastnäs mine, in Sweden (Behrsing et al., 2014). From 1839 to 1840, Carl Gustave 

Mosander had recovered other REE, like lanthanum (La), didymium (which was 

further separated as neodymium (Nd) and praseodymium (Pr) in 1885 (Welsbach, 

1885), erbium (Er) and terbium (Tb). As summarised in Table 2.1, throughout the 19th 

century, the continuous scientific pursuit of new REE has led to the discovery of 17 

new elements (15 lanthanide group elements, plus yttrium (Y) and scandium (Sc), 

into the periodic table. The REE that was found most recently was promethium (Pr), 

in 1945, as a by-product of the Manhattan Project (Marinsky et al., 1947).  

 

From the 1930s until the 1960s, with the evolution of nuclear physics and the global 

conflicts (e.g. World War II, the Cold War), the scientific research on the applications 

of REE was focused on their chemical properties as strategic minerals for the nuclear 

weapon program. The production and exploration of REE were often regarded as 

matters of national interest, especially since uranium and thorium were considered as 

a part of the REE group during this period (Klinger, 2015). The significant relationship 

between the REE industry and the nuclear program is exemplified by the discovery of 

the ion exchange process, which continues to be one of the most efficient methods 

for the recovery of REE. It was originally developed to separate REE and other U235 

fission products from the un-fissioned uranium and plutonium after the chain reaction 

(Spedding et al., 1950).  
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From the 1970s until the early 2000s, with economic growth, the development of 

consumer electronics and the emerging personal computer industry in most 

developed countries, the global REE consumption shifted towards civilian 

applications. Due to the exceptional magnetic and conductive properties of REE, 

these elements, either as pure metals or alloys, become important compounds in 

consumer electronics, and as catalysts in automobile and petroleum refining 

(Humphries, 2013). During this period, rare earth oxides (REO) began to be accepted 

as the conventional commodity in the global REE trading.  

 

Since the latter part of the 20th century, REE became essential in the development of 

the modern society, through their use in communication technologies and digital 

applications. The global demand of REE is exemplified through the rapidly growing 

markets of diverse REE-dependant applications, such as permanent magnets 

(Nd2Fe14B), hydrogen storage alloys (LaNi3), liquid-crystal-display (LCD) screen (Tb, 

Lu, Sc alloys), and high-temperature superconductors (YBa2CuO2). They are an 

essential and fundamental component for various advanced technologies (e.g. 

electric vehicles, high-efficiency solar system, and wind power turbines, etc.) used for 

climate change mitigation. Furthermore, recycling of these REE-dependant 

components is difficult (Binnemans et al., 2013) and in most cases, no substitute 

material is available (Massari and Ruberti, 2013; Moss et al., 2013; Moss et al., 

2011). In the foreseeable future, the growth of REE-dependent technologies and the 

discovery of REE applications towards a low-carbon society will significantly increase 

the global demand for REE, leading to the expansion of the scale of REE mining and 

processing operations across the world (Hoenderdaal et al., 2013; Humphries, 2013; 

USDoE, 2011). 
 

2.1.2 Chemistry and Formal Classification 
The classification of the rare earth group elements is formally defined by The 

International Union of Applied and Pure Chemistry (IUPAC) as the 15 lanthanide 

elements plus scandium and yttrium. It is important to understand that, each REE 

has distinctive physical and chemical characteristics, and hence, the different 

downstream uses. The term light rare earth elements (LREE; La to Gd) and heavy 

rare earth elements (HREE; Tb to Lu), defined by similar electron shell configuration 

of elements, are commonly used to classify the lanthanide elements more accurately. 

Despite having a relatively small molecular weight, yttrium is typically classified as a 

HREE, and scandium is not formally classified as either a LREE or a HREE due to 

the lack of similarities to either group; yet, it is included with the REE as a whole. 
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Typical REE abundance in the Earth’s crust varies significantly, as shown in Table 

2.1. Ce has an average crustal concentration of 63 ppm, which is higher than several 

base metal elements like copper (Cu, 28 ppm) and lead (Pb, 17 ppm), in the Earth’s 

upper crust (Rudnick and Gao, 2014). In comparison, Tm and Lu have average 

upper crustal concentrations of 0.3 ppm and 0.31 ppm, respectively, which are much 

lower compared to the majority of other significant economic metals, but higher than 

gold (Au), silver (Ag) and the platinum group elements (Rudnick and Gao, 2014). 

Similar results of REE abundances have also been indicated by Hoatson et al. (2011), 

and Walters et al. (2010).  
 

Table 2.1. Summary of the chemistry and average crustal 
abundances of the REE 

Element Atomic 
number Element Name Classification# 

(IUPAC) 
Average Crust 

(ppm)§ 
Discovery 

Year* 

La 57 Lanthanum Light 31 1839 

Ce 58 Cerium Light 63 1803 

Pr 59 Praseodymium Light 7.1 1885 

Nd 60 Neodymium Light 27 1885 

Pm 61 Promethium Light N/A$ 1945 

Sm 62 Samarium Light 4.7  1879 

Eu 63 Europium Light 1 1896 

Gd 64 Gadolinium Light 4 1880 

Tb 65 Terbium Heavy 0.7 1878 

Dy 66 Dysprosium Heavy 3.9 1886 

Ho 67 Holmium Heavy 0.83 1879 

Er 68 Erbium Heavy 2.3 1843 

Tm 69 Thulium Heavy 0.3 1879 

Yb 70 Ytterbium Heavy 2 1878 

Lu 71 Lutetium Heavy 0.31 1907 

Sc 21 Scandium N/A 14 1879 

Y 39 Yttrium Heavy 21 1794 

Notes: We have provided the International Union of Applied and Pure Chemistry (IUPAC) definition of the REE based 

on the electron configuration of the elements. #The chemical classification of the REE uses the configuration of 

electrons in the outer shell of the element, with the LREE having no paired clockwise and counterclockwise spinning 

electrons, whereas the HREE have both clockwise and counterclockwise spinning electrons. Sc and Y are chemically 

similar to these elements and are also included, with Y classified as an HREE, and although the chemical properties 

of Sc are not similar enough to either LREE or HREE to allow further chemical classification. §From Rudnick and Gao 

(2014). $Concentration too low to assess as a result of the short radioactive half-life of this element. *From Klinger, 

2015 and Gschneider, K. A., 1987.  

 

In the early stages of REE discovery, the term “rare” originated from the scientific 

hypothesis around the scarcity of these new elements when the only known source 
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of supply was Ytterby, Sweden (Gschneider, 1987; Klinger, 2015). The term “earth” 

was an archaic reference to oxidic materials in the nineteenth century (Zepf, 2016) – 

despite the fact they were metallic elements (IUPAC, 2005). With scientific 

advancement in REE exploration and utilisation, during the past two centuries, both, 

the perceptions of REE’s geological scarcity and its chemical properties, have proven 

to be obsolete. REE are far from being ‘rare’ within the earth’s crust. However, the 

key question that remains is, what proportion of these elements are extractable and 

how these elements can be utilised in an efficient way that maximises their benefits 

for the human society in future.  

 

2.2 REE End Uses 
As briefly discussed in section 2.1.1, the primary end use of REE, either as REO, 

pure metals or alloys, has expanded from being strategic materials for the nuclear 

program, to substantial elements in numerous applications in the chemical industry, 

energy system, national defence, communication technology, medical 

implementations, green technologies and consumer electronics. As summarized in 

Table 2.2, although the 17 elements in the REE family share similar electron 

configurations, their distinctive physical and chemical properties lead to a broad 

range of differing end uses. For example, by utilising their phosphorescence, 

europium-based phosphors enabled the massive production of colour television in 

the 1970s (Klinger, 2015). In the 1960s, lanthanum, cerium, neodymium and 

praseodymium salts were introduced as catalyst stabilisers and hydrocarbon fraction 

controls into fluid catalytic cracking (FCC), which revolutionised the global petroleum 

industry (Sousa-Aguiar et al., 2013). During the past two decades, the increasing 

demand for high-performance REE materials in novel technological applications has 

also altered the definition of end-products of the global REE supply chain. This is 

exemplified by the utilisations of REE ‘mischmetals’ in the permanent magnet 

industry. Superior magnetic strength of the neodymium iron boron (NdFeB) magnet 

and the ability of the samarium cobalt (SmCo) magnet to retain the magnetic 

characteristics even at elevated temperatures make them both essential components 

in precise weaponry system, electric vehicles and wind turbines (Sprecher et al., 

2014; Zimmermann and Gößling-Reisemann, 2013). The consistent growth of REE-

dependent technologies and applications will continue to find new end uses and 

technologies for these crucial elements in the foreseeable future. 
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Table 2.2. Summary of the primary usage for REE 

Element Common Uses 

La Optics, batteries, catalysis 

Ce Chemical applications, colouring, catalysis 

Pr Magnets, lighting, optics 

Nd Magnets, lighting, lasers, optics 

Pm Limited use due to radioactivity, used in paint and atomic batteries; 
very rare in nature 

Sm Magnets, lasers, masers 

Eu Lasers, colour TV, lighting, medical applications 

Gd Magnets, glassware, lasers, X-ray generation, computer 
applications, medical applications 

Tb Lasers, lighting 

Dy Magnets, lasers 

Ho Lasers 

Er Lasers, steelmaking 

Tm X-ray generation 

Yb Lasers, chemical industry applications 

Lu Medical applications, chemical industry applications 

Sc Alloys in aerospace engineering, lighting 

Y Lasers, superconductors, microwave filters, lighting 

Notes: REE end uses are summarized from (Hoatson et al., 2011; Hoenderdaal et al., 2013; Zepf, 2016) 

 

However, the unique characteristics and the associated complexity of REE in the 

downstream REE-dependent consumptions often make them extremely difficult to 

recycle. Binnemans et al. (2013) suggest that, in 2011, less than 1% of REE were 

recycled. Finding substitutions for REE in most applications is also difficult, if not 

impossible (Graedel and Nassar, 2013; Habib and Wenzel, 2014; Zepf, 2016). For 

example, for NdFeB-based permanent magnets (generally regarded as the strongest 

permanent magnets discovered), the possible alternative for neodymium is 

praseodymium, with a loss in magnetic strength. For dysprosium, there is no feasible 

alternative element till date (Moss et al., 2013; Moss et al., 2011). REE have an 

extensive range of crucial and irreplaceable end uses in modern industry. The 

assessment of the resource scarcity of REE, its potential suppliers, and supply chain 

security have been prioritised in various national and organisational strategies (e.g. 

Hoatson et al., 2011; Humphries, 2013; Moss et al., 2013; Moss et al., 2011; US DoE, 
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2011). Hence, there is an urgent need to quantitatively assess the long-term 

availability of these indispensable elements (e.g. Moss et al., 2013; Moss et al., 2011; 

Naden, 2014; US DoE, 2011). 

 

2.3 Global Supply and Demands of REE 
 
The global production of REE began in 1788, followed by the discovery of Ytterbite in 

Sweden. The main purpose of REE production was to provide rock samples for the 

scientific research of these newly discovered elements (Greinacher, 1981). With little 

industrial use and only one REE project, the amount of global REE production during 

this period was negligible. The first primary industrial application of REE was 

introduced in the late 1880s (Eliseeva and Bunzli, 2011). Cerium, along with thorium, 

which was classified as REE then, began to be utilised for the mantle in the gas 

lantern. Despite the fact that cerium accounts for only 1% of the total mass, demand 

for this product initiated the first era of industrial-scale separation and production of 

REE (Eliseeva and Bunzli, 2011). The second main industrial usage of REE came 

from the blending of REE wastes from used mantle with iron, to produce flint stone or 

‘mischmetal’. The increasing demand for gas lantern mantle and flint stone 

productions had expanded the exploration and extraction of REE from monazite 

enriched beach sands in North and South Carolina in the United States of America 

(USA; Levy, 1915), to India and the monazite placer projects in Brazil (Mertie, 1953). 

 

As summarised in Figure 2.1, the global REE supply was dominated by monazite 

extraction until major weathered carbonatite projects came into production. The 

Mountain Pass project was discovered in 1949 (Olson et al., 1954), and was the 

world’s largest REE supply until the early 1990s. During the same period, REE-

enriched bastnäsite extracted from Mountain Pass (then Bayan Obo mine in China) 

had also become the primary source of global REE supply chain (Castor, 2008; 

Mariano and Mariano Jr, 2012; USEPA, 2012). Since the 2000s, the global REO 

market has been evidently dominated by Chinese production. In 2006, China’s 

annual production peaked at 133,000 tonnes REO (t REO), accounting for 97.1% of 

the global REO production that year. Since then, the Chinese REO production has 

maintained this dominance. This is exemplified by the fact that the USA, which was 

self-reliant on REO production throughout most of the twentieth century, had become 

nearly 100% dependent on imports by the late 1990s (Hong, 2006; Humphries, 2013; 

US DoE, 2011). It is also worth mentioning that over 90% of the total REO produced 
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from China is from the largest REE industrial complex – Bayan Obo, alone (Gao, 

2009).  

 

 

Figure 2.1: Global Annual REO Mine Production 

Data sources: (USBoM, various; USGS, various-a, b); Australian REOs based on monazite production data from 

(BoMRGG, various) and under the assumption of minimum 60% contained REO. 

 

From 2006 to 2011, the REO export quota for the Sino-foreign joint ventures in China 

decreased from 16,070 t to 7,746 t, while the export quotas for the domestic REE 

producers and traders reduced from 45,000 t to 22,512 t (Morrison and Tang, 2012). 

These restrictions led to a decrease in the Chinese REO export quota from 61,560 t 

in 2006 to 30,246 t in 2011, followed by a gradual decline from 133,000 t in 2006 to 

95,000 t in 2013 (USGS, various-b). The Chinese restrictions on REO exports 

caused a significant increase in global REO prices (Humphries, 2013). As a result, 

concern about the long-term supply of REE resources became strategic issues for 

major REE consumers like the USA and the European Union (EU) (e.g. Hayes-

Labruto et al., 2013; Morrison and Tang, 2012; Moss et al., 2013; Moss et al., 2011; 

Wübbeke, 2013).  
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The scale of the global REE market is almost negligible compared to other mining 

industries such as copper, iron ore and coal. Also, other risks like turbulent 

commodity prices, monopoly of the supplier (i.e. China), economic and geopolitical 

conflicts, implementation of REE-dependant technologies, etc., could further 

destabilise the global REE market (Hayes-Labruto et al., 2013; Moss et al., 2013; 

Moss et al., 2011; Wübbeke, 2013). Furthermore, the volatile and complex nature of 

long-term global REE supply is apparent in the production perspective as well. When 

a single new project with a significant amount of REE resources (e.g. Mountain Pass 

or Bayan Obo) comes into production, the entire global REE supply chain, from the 

mineral extraction, upstream, to the manufacturing, downstream, could change 

entirely as well. For example, the primary source of the global REE supply changed 

from monazite-based REE mining in Brazil and India, to bastnäsite production from 

carbonatite mines in the USA and China within merely three decades (the 1960s to 

1990s). Hence, although the current global REE production is dominated by hard 

rock based carbonatite or weathered carbonatite REE projects (e.g. Bayan Obo), it 

could rely heavily on other types of REE mineralisation in next decade. 

 

Shifting from a single dominant supplier (i.e., China), type of deposit (i.e. carbonatite), 

and mineralogy (i.e. bastnäsite) to a more diverse global REO supply chain is 

essential to ensure the security of long-term supply of REE while meeting the 

increasing demands of these elements. Unfortunately, the current scientific literature 

and research are insufficient to systematically address the availability of REE mineral 

resources and the potential production capacity outside China, let alone other crucial 

details such as the ore grades, a promising REE mineralogy, and suitable upstream 

and processing technologies. The lack of fundamental information severely limits our 

capacity to comprehensively assess the future of the global REE supply chain.  
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2.4 REE Mineral Resources 
 
2.4.1 Deposit Types and Mineralogy 
The REE are rarely (if ever) present as native metals in the natural environment; 

instead, they often substitute for other elements within the matrix of certain minerals, 

especially phosphates, and carbonates (Jowitt et al., 2013a). These REE-bearing 

minerals form as a result of a broad range of geological processes, because of which, 

they are found in a diverse range of igneous, sedimentary and metamorphic rocks 

(Christie et al., 1998; Hoatson et al., 2011; Jowitt et al., 2013a).  

 

There are three main types of REE-bearing minerals, which are known to be the 

primary or potential sources of global REE production, namely bastnäsite ((Ce, 

La)(CO3)F), monazite ((Ce, La, Nd, Th)PO4) and xenotime (YPO4; Jordens et al., 

2013). However, there are already more than 200 individual minerals known to have 

REE substitution potentials (Table 2.2; Hoatson et al., 2011; Jones et al., 1996). In 

other words, all of these minerals could also become sources of global REE 

production in the future. The substitution-dominated nature of REE minerals and the 

little difference in density between these minerals and their associated gangue 

means that REE ores are difficult to process, especially when compared to the more 

commonly processed sulphide and oxide ores (e.g. Cu, Pb, and Zn). For example, as 

suggested by Spear and Pyle (2002), Y can act as a substitute for other REE with the 

uncoupled substitution, while Th, U, and Calcium (Ca) dominate the brabantite 

substitution of REE (especially LREE) in metamorphic monazite. 
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Table 2.3. Summary of the primary uses for REEs 

Mineral Mineral Chemistry Average REO 
Fraction (wt%) Origin of Discovery  

Aeschynite (Ce,Ca,Fe,Th)(Ti,Nb)2(O,OH)6 36 Norway; Ural Mountains,Russia 

Allanite (orthite) (Ce,Ca,Y)2(Al,Fe)3(SiO4)3(OH) 3 to 51 1810: Aluk Island, Greenland 

Anatase (Ti,REE)O2 3 1801: St Christophe-en-Oisans, France 

Ancylite–(Ce) SrCe(CO3)2(OH)•H2O 46 to 53 1899: Narssârssuk, Narsaq, Greenland 

Apatite Ca5(PO4,CO3)3(F,Cl,OH) 19 Bronze Age (3300–1200 BC); widespread 

Bastnäsite– (Ce) (Ce,La)(CO3)F 70 to 74 1838: Bastnäs mine, Västmanland, 
Sweden 

Brannerite (U,Ca,Y,Ce)(Ti,Fe)2O6 6 1920: Kelly Gulch, Stanley, Idaho, USA 

Britholite–(Ce) (Ce,Ca)5(SiO4,PO4)3(OH,F) 56 1901: Naujakasik, Narsaq, Greenland 

Brockite (Ca,Th,Ce)(PO4)•H2O N/A 1962: Bassick mine, Colorado, USA 

Calcio–ancylite (Ce) (Ca,Sr)Ce3(CO3)4(OH)3•H2O 60 Kola Peninsula, Russia 

Cerianite–(Ce) (Ce4+,Th)O2 81 1955: Firetown, Sudbury, Ontario, Canada 

Cerite–(Ce) Ce9
3+Fe3+(SiO4)6[SiO3(OH)](OH)3 60 1751: Bastnäs mine, Västmanland, 

Sweden 

Cheralite–(Ce) (Ce,Ca,Th)(P,Si)O4 5 Chera, Travancore, India 

Chevkinite (Ca,Ce,Th)4(Fe2+,Mg)2(Ti,Fe3+)3Si4O2

2 
N/A 1839: Ural Mountains, Russia 

Churchite–(Y) YPO4•2H2O 44 1923: Maffei mine, Bavaria, Germany 

Crandallite CaAl3(PO4)2(OH)5•H2O N/A 1917: Brooklyn mine, Silver City, Utah, 
USA 

Doverite 
(synchysite–(Y) YCaF(CO3)2 N/A 1951: Scrub Oak mine, New Jersey, USA 

Eudialyte Na4(Ca,Ce)2(Fe2+,Mn2+,Y); 
ZrSi8O22(OH,Cl)2 

1 to 10 1819: Kangerdluarssuq Firth, Narsaq, 
Greenland 

Euxenite–(Y) (Y,Ca,Ce,U,Th)(Nb,Ta,Ti)2O6 <40 1840: Jølster, Sogn og Fjordane, Norway 

Fergusonite–(Ce) (Ce,La,Y)NbO4 47 1806: Kikertaursak, Greenland; Ukraine 

Fergusonite–(Y) YNbO4 N/A 1826: Kikertaursak, Greenland 

Florencite–(Ce) CeAl3(PO4)2(OH)6 32 pre-1951: Mata dos Criolos, Minas Gerais, 
Brazil 

Fluocerite–(Ce) (Ce,La)F3 N/A 1845: Broddbo and Finnbo, Dalarna, 
Sweden 

Fluocerite–(La) (La,Ce)F3 N/A 1969: Zhanuzak, Kazakhstan 

Fluorapatite–(Ce) (Ca,Ce)5(PO4)3F 0 to 21 1860: Greifenstein Rocks, Saxony, 
Germany 

Fluorite (Ca,REE)F N/A 1530: England; Czech Republic; Germany 

Gadolinite (Ce,La,Nd,Y)2Fe2+Be2Si2O10 40 1788: Ytterby mine, Resarö, Sweden 

Gagarinite–(Y) NaCaY(F,Cl)6 N/A pre-1961: Akzhaylyautas 
Mountains,Kazakhstan 

Gorceixite (Ba,REE)Al3(PO4)(PO3OH)(OH)6 N/A 1906: Ouro Preto, Minas Gerais, Brazil 

Goyazite SrAl3(PO4)2(OH)5•H2O N/A 1884: Diamantina, Minas Gerais, Brazil 

Hingganite–(Y) (Y,Yb,Er)2Be2Si2O8(OH)2 N/A 1984: Greater Hinggan Mountains, China 

Huanghoite–(Ce) BaCe(CO3)2F 38 1960s: Bayan Obo deposit, Inner Mongolia 

Hydroxylbastnäsite–
(Ce) (Ce,La)(CO3)(OH,F) 75 Kola Peninsula and Ural Mountains, 

Russia 

Iimoriite–(Y) Y2(SiO4)(CO3) N/A pre-1970: Honshu Island, Japan 

Kainosite–(Y) Ca2(Y,Ce)2Si4O12(CO3)•H2O 38 1885: Hidra, Vest-Agder, Norway 

Loparite–(Ce) (Ce,Na,Ca)(Ti,Nb)O3 32 to 34 1925: Maly Mannepakhk, Kola 
Peninsula,Russia 
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Table 2.3. Summary of the primary uses for REEs (cont’d) 

Mineral Mineral Chemistry Average REO 
Fraction (wt%) Origin of Discovery  

Monazite–(Ce) (Ce,La,Nd,Th)PO4 35 to 71 1823: Ilmen Mountains, Ural 
Mountains,Russia 

Mosandrite (Na,Ca,Ce)3Ti(SiO4)2F <65 1841: Låven Island, Larvik, Norway 

Parisite–(Ce) Ca(Ce,La)2(CO3)3F2 59 Muzo mine, Colombia 

Perovskite (Ca,REE)TiO3 ≤37 1839: Achmatovsk mine, Ural 
Mountains,Russia 

Pyrochlore (Ca,Na,REE)2Nb2O6(OH,F) N/A 1826: Stavern, Larvik, Vestfold, Norway 

Rhabdophane–(Ce) (Ce,La)PO4•H2O N/A pre-1992: Fowey Consols, Cornwall, 
England 

Rhabdophane–(La) (La,Ce)PO4•H2O N/A 1883: Salisbury Iron mines, Connecticut, 
USA 

Rinkite (Ca,Ce)4Na(Na,Ca)2Ti(Si2O7)2F2(O,F
)2 

N/A 1884: Kangerdluarssuk, Narsaq, 
Greenland 

Samarskite–(Y) (Y,Ce,U,Fe3+)3(Nb,Ta,Ti)5O16 12 1839: Blyumovskaya pit, Ural 
Mountains,Russia 

Steenstrupine–(Ce) Na14Ce6Mn2+Mn3+Fe2
2+(Zr,Th)(Si6O18

)2(PO4)7•3H2O N/A 1853–54: Kangerdluarssuk, 
Narsaq,Greenland 

Synchysite–(Ce) Ca(Ce,La)(CO3)2F 49 to 52 1953: Narsarsuk, Greenland 

Thalénite–(Y) Y3Si3O10(OH) 63 Österby, Dalama, Sweden 

Titanite (sphene) (Ca,REE)TiSiO5 ≤3 1795: Hauzenberg, Bavaria,Germany 

Uraninite (U,Th,Ce)O2 N/A 1772: Jáchymov, Bohemia, Czech 
Republic 

Vitusite–(Ce) Na3(Ce,La,Nd)(PO4)2 N/A 1980: Kola Peninsula, Russia; 
Narsaq,Greenland 

Xenotime–(Y) YPO4 52 to 67 1824: Ytterby mine, Sweden; Hidra, 
Norway 

Yttrofluorite (Ca,Y)F2 N/A 1911: Hundholmen, Tysfjord, Norway 

Yttrotantalite–(Y) (Y,U,Fe2+)(Ta,Nb)O4 <24 Ytterby mine, Resarö, Sweden 

Zircon (Zr,REE)SiO4 <5 1783: Sri Lanka; 1789: Germany 
Source: (Hoatson et al., 2011) 

 

Also, the chemical similarities between the REE means that the separation and 

purification of individual REE, a necessary step for a vast majority of end-uses, is 

also difficult, with their concentration and refining being chemically as well as energy 

intensive (USEPA, 2012). The geochemical behaviour of the REE also means that 

REE-bearing minerals often co-exist with a diverse range of other metals, especially 

uranium (U) and thorium (Th), as is evidenced by the high concentrations of Th that 

are often present in REE-bearing monazite (Long et al., 2010), with significant 

amounts of U also present in, or associated with, REE-enriched mineral deposits 

(Lottermoser and Ashley, 2005; Reeves et al., 1990; USEPA, 2012; Workman et al., 

2013; Zhu et al., 2015). These difficulties and complexities are indicative of the risk 

factors inherent in the exploration, mining, and processing of REE, which have 

previously hindered the economic development of potential REE resources. 
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There are mainly three broad categories relating to the dominant processes that 

constitute the mineralisation of REE (i.e. igneous, hydrothermal or 

secondary/sedimentary processes; Christie et al., 1998; Hoatson et al., 2011; Long et 

al., 2010). However, the classification of REE deposits involves more detailed 

geological conditions or complexities. For example, in igneous systems, due to the 

incompatibility of REE with other magmas, they tend to concentrate in magmas 

formed by the low degree partial melting of the mantle; which could lead to the high 

concentration of REE in low degree partial melts (e.g. Chakhmouradian and Zaitsev, 

2012; Jordan et al., 2015). However, as suggested by Medlin et al. (2015), the 

incompatible nature of REE also enables their concentration during magmatic 

fractionation or differentiation, with the REE eventually crystallise out as REE-bearing 

minerals during the late-stage fractionation, rather than with the minerals that 

fractionated earlier. This means that the majority of igneous REE deposits relate to 

rocks formed either from magmas generated by very low degree partial melting (and 

other associated processes) or by extreme fractionation. Igneous rocks with high 

REE concentrations, such as carbonatites (e.g. Mount Weld) or alkaline igneous 

complexes (e.g. NorraKärr), are also the ideal sources for REE-enriched 

hydrothermal fluids, leading to several REE deposits that contain both, the primary 

igneous and hydrothermal REE mineralisation (e.g. Bayan Obo).  

 

Numerous classification systems from various government agencies and research 

organisations have been published to investigate these issues. However, in the 

current REE deposit classification systems, there is a significant knowledge gap 

between the mineralogy of REE and the geological processes that form or 

concentrate REE minerals and enable the formation of REE mineral deposits. For 

example, the United States Geological Survey (USGS; Long et al., 2010; Orris and 

Grauch, 2002) classification splits the REE deposits into a total of 34 different types. 

For some REE deposits, there are brief comments on the possible geological 

processes that originated the REE mineralisation. On the other hand, the British 

Geological Survey (BGS; Walters et al., 2010) uses a simpler classification of 

deposits into primary deposits (of igneous and hydrothermal origin) and secondary 

deposits (concentrated by sedimentary processes and weathering); but does not 

provide a detailed breakdown of the type of REE deposit. 
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Furthermore, the amount and quality of the available geological information govern 

the accuracy of any REE deposit classification system. This is epitomised by the 

world’s largest operating REE mine at Bayan Obo, whose geological formation and 

origin continue to be controversial (e.g. Smith et al., 2015; Yang et al., 2011; Yang 

and Le Bas, 2004). Unfortunately, the lack of sufficient, and up to date geological 

information from the current USGS and BGS systems has severely limited their 

capacity to facilitate exploration that can target and determine the potential 

production capacity of REE projects in future. Hence, there is a need to establish a 

more systematic, comprehensive and transparent classification scheme that 

underpins the geological genesis, deposit types, and mineralogy of REE deposits. 

This would be the fundamental guideline for quantitatively assessing the long-term 

availability of global REE resources.  

 

2.4.2 Mineral Resource Assessments 
Utilising the various mining statutory codes in mineral resources reporting and 

assessment is standard industrial practice for justifying the economic feasibility and 

production capacity of a mineral deposit. For example, Australian projects usually 

adopt the Joint Ore Reserves Committee (or JORC) Code (AusIMM, 2012; 

Stephenson, 2001), While the Canadian mining companies often follow the CIM 

standards (CIM, 2014), that are incorporated in the National Instrument 43-101 (or 

NI43-101; OSC, 2011). For mining projects in South Africa, the South African Mineral 

Resource Committee (or SAMREC) Code (SAMRCWG, 2009) is the principal 

guideline for mineral resources reporting. Many similar codes or standards exist in 

the USA, China, Russia, and Europe. For example, the Committee for Mineral 

Reserves International Reporting Standards (CRIRSCO) established an international 

standard for mineral reserve-resources reporting for current and potential members 

like Australia, Canada, China (SBQTS, 1999), Chile (IIMCh, 2004), Europe (UNEC, 

2003), Russia (Jakubiak and Smakowski, 1994; Sergei, 1994), South Africa, and the 

USA (Meinert et al., 2016) to ensure their domestic standards were compatible. 

 

There are two formal terminologies in assessing the resource availability of a mineral 

deposit, namely ore reserves and mineral resources (Blondel and Lasky, 1956). The 

term ore reserves typically implies a high probability of mineral production by 

technical feasibility, ore grade, and economic profitability, whereas mineral resources 

analyse the geological spectrum and abundance of a targeted commodity within a 

specific ore body (AusIMM, 2012; Mudd et al., 2013a; Mudd et al., 2013b). As a 

result, ore reserves are formally defined as a subset of the mineral resources, with 
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lower uncertainties within certain modifying factors (e.g. mining, processing, 

metallurgical, infrastructure, economic, marketing, legal, environmental, social 

implications and governmental policy, etc.) for eventual economic extraction (e.g. 

AusIMM, 2012). More explicit definitions as summarised in Mudd and Jowitt, (2014), 

Mudd et al. (2013a) and Mudd et al. (2013b) are: 

 

• Ore Reserves – Assessments demonstrate, at the time of reporting, that 

profitable extraction could reasonably be justified. Ore Reserves are sub-divided in 

order of increasing confidence into Probable Ore Reserves and Proved Ore 

Reserves (Mudd et al., 2014; Mudd et al., 2013a); 

 

• Mineral Resources – The location, quantity, grade, geological characteristics 

and continuity of a mineral resource are known such that there are reasonable 

prospects for eventual economic extraction, although not all modifying factors have 

been assessed, due to which some uncertainty remains. Mineral Resources are sub-

divided, in the order of increasing geological confidence, into Inferred, Indicated, and 

Measured categories (Mudd et al., 2014; Mudd et al., 2013a). An Inferred mineral 

resource, where geological evidence is sufficient to imply, but not verify, the 

geological and grade (or quality) continuity, has a lower level of confidence than is 

inherent in Measured or Indicated mineral resources, and as such, cannot be directly 

upgraded into ore reserves. It is reasonably expected that the majority of Inferred 

mineral resources could be upgraded to Indicated mineral resources with continued 

exploration (AusIMM, 2012). 
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Table 2.4: Reserves and reserves base estimates for Global REO, 
including respective national resource estimates in million tonnes 

(Mt) REO. 

Country Reserves 
(2015) 

Reserves 
Base 
(2008) 

National 
Estimate 

USA 1.8 14 N/A 

Australia 3.2 5.8 37 

Brazil 22 0.84 N/A 

China 55 89 182 

India 3.1 1.3 6 

Malaysia 0.03 0.04 N/A 

Russia & Commonwealth of 
Independent States ND 21 

N/A 

Other 41 23 N/A 

Total# 126# 155#   
Notes: Reserves & Resources Base data from (USGS, various-a). National resource estimates from Australia 

(McKay et al., 2013); National resource estimate for China is from (CSRE, 2002); India (IBM, 2014). #Totals rounded 

down to three significant figures. N/A – no data available 

 

Table 2.4 summarises various REO mineral reserve/resource estimates from various 

geological or industrial organisations. There are variations and data gaps between 

each estimate. Differing terminologies, scales of assessment, variable data sources 

and lack of good quality data contribute to significant uncertainties within these 

estimates. For instance, one of the most reputed groups that publish such estimates 

is the United States Geological Survey (USGS), which publishes approximate 

reserve estimates for numerous metals and minerals in its annual ‘Mineral 

Commodity Summaries’ (USGS, various-b). The most recent estimates of global 

REO reserves suggested about 126 Mt in 2015. In the USGS reporting system, the 

term ‘reserves base’ is similar to the ‘indicated’  and ‘measured’ categories in 

mineral resources estimate, but does not include the ‘inferred’ category (Mudd et al., 

2013a). By combining the entire reserve base, the total global REO reserve is 281 Mt, 

which is a two-fold increase with no substantial geological changes, but a different 

terminology of estimation. However, as pointed out in the review of the global Cu 

resources by Meinert et al. (2016), “Reserves and even current and potential 

resources are only a small subset of ‘all there is’.”(pp.4). In the mining operation, 

these terminological differences have little practical meaning, especially considering 

that ore reserves only represent a small fraction of the ore body. The long-term 

production plan often involves the continuous upgrade of mineral resources to ore 
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reserves, and then to production, as has been documented by previous research (e.g. 

Jowitt et al., 2013b; Mudd et al., 2013a; Mudd et al., 2013b). Furthermore, it is almost 

impossible to verify these values against the source data and the reliability of the 

current REO reserves or resource assessments. For the most significant REE 

supplier – China, USGS and the Chinese Society of Rare Earth (CSRE) publish 

highly differing estimates; yet, neither of them reveals their information source and 

the corresponding data quality assessment.  

 

As exemplified by the various literature and governmental reports on the Chinese 

REE industry, different deposit types and mineralogy of REE could lead to highly 

variable proportions of LREE and HREE in a REE project (e.g. CSRE, 2002; Wu et 

al., 1996; Xue and Lin, 2011; Yang et al., 2013; Yuan et al., 1995; Zang et al., 1982). 

Essential aspects, such as specific concentrations of individual REE, principal REE 

mineral deposit types, REE mineralogy, and the identification of the presence or 

absence of potential by/co-products (e.g. Fe, Ti, Nb, Zr) and/or hazardous impurities 

(e.g. U, Th), of the current REE mineral resources have not been thoroughly 

analysed in any literature till date. Hence, in order to realistically examine the long-

term prospects for global REE supply, all these issues must be quantitatively 

assessed with a reliable and accountable global REE mineral resources dataset, 

which will provide a rigorous foundation for REE industries and governments to 

initiate the development of sustainable, secure and economic global REE supplies. 
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2.5 Challenges in REE Production  
 
2.5.1 REE mining beneficiation and refining techniques 
The principal chemical reactions and processing flow sheets of REE mining, 

beneficiation and refining techniques are well documented in numerous textbooks, 

research articles and government reports (e.g. Abbasalizadeh et al., 2016; Barakos 

et al., 2016; Behrsing et al., 2014; Bourbos et al., 2016; Chi and Xu, 1999; Guo et al., 

2016; Li and Yang, 2016; Liao et al., 2010a; Liao et al., 2010b; Liao et al., 2013; 

Moldoveanu and Papangelakis, 2012; Spedding et al., 1950; Xie et al., 2014; Yang et 

al., 2016; Yang et al., 2015; Zhang et al., 2014; Zhu et al., 2015). Current 

assessments of REE production are often conducted from a theoretical, or even 

conceptual, perspective under laboratory conditions, rather than analysing the actual 

production data from operating REE projects. This is very likely due to the lack of 

actual production data from the operating REE projects (especially since most of 

them are located in China). 

 

The geological and mineralogical complexity of REE deposits, the variable mining, 

beneficiation and refining configurations and the recovery efficiency of REE for a 

particular REE mine are usually governed by its geological features (e.g. ore grade, 

mineralogy, deposit type, HREE and LREE proportions, etc.), economic drivers, 

technical challenges (e.g. by/co-products separation, hazardous impurities removal, 

and difference in the desired end products, etc.), and environmental footprints. 

Hence, REE projects often require deposit type-, or even individual deposit-specific, 

configurations to ensure profitable REE recovery. For example, conventional open pit 

or underground mining is commonly used for carbonatite- and alkaline complex 

based REE deposits (USEPA, 2012), whereas the ion-adsorption clay projects in 

Southern China extensively require leaching technologies (e.g. heap leaching and in-

situ leaching) to produce HREE concentrate (Yang et al., 2013). 

 

Another good example would be the different processing configurations or similar 

bastnäsite ores in the two best-known REE projects, namely Bayan Obo in China, 

where a sulphuric acid baking approach (DEC, 2009; Walters et al., 2010) is used for 

the processing of REE ore, and Mountain Pass in California, USA, where a primarily 

alkali-based process flow sheet is used (Gupta and Krishnamurthy, 2005). The 

increasing demand for REE has also accelerated exploration and the push for 
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extraction from all potential REE mineral resources, either as a target commodity or 

as a by-product of other mining industries such as U and Nb. However, current 

studies and literature have not been sufficient for us to establish essential 

connections between the actual REE productions and the associated geological 

features, economic drivers, and technical challenges of a particular REE deposit. A 

more reliable, systematic and project specific production profile inventory needs to be 

established. 

 

2.5.2 Environmental footprints associated with REE production 
Life cycle impact assessment (LCIA) is generally accepted as an effective method of 

quantitatively assessing the interlinks within the life cycle, from raw material 

acquisition to the ultimate disposal (ISO, 2006) of a particular product or process, 

and then evaluate their overall environmental impacts. Since the last decade, there 

has been an emerging trend of applying LCIA to the mining and processing sector, to 

demonstrate the environmental impacts of various crucial metal productions and 

mining technologies (e.g. Awuah-Offei and Adekpedjou, 2011; Bigum et al., 2012; 

Blengini and Garbarino, 2011; Blengini et al., 2012; Haque and Norgate, 2013; 

Norgate and Haque, 2010, 2012, 2013; Norgate et al., 2014; Norgate and 

Jahanshahi, 2010, 2011; Norgate and Lovel, 2006; Northey et al., 2013). However, 

current LCIA studies in the mining and processing sector share many critical 

limitations, including differing technical assumptions in mineral exploration and 

availability, unreported environmental boundaries, debatable scope for recycling and 

the lack of spatial and temporal sensitivities (Adibi et al., 2014; Yellishetty et al., 

2009). It has been well summarised by Jordan and Abdaal (2013), in this statement: 

“There has not been a development of holistic life cycle assessment system for the 

extractive industries, accounting for all stages of the mining activities, from 

exploration and development of a mineral deposit, to mining, processing of the ore, 

production of the concentrate, waste disposal, remediation, environmental monitoring, 

decommissioning and long-term control and monitoring of the impacts” (pp.7819).  

 

Currently, most LCIAs in the REE sector focus on the different uses of certain REE-

dependent products or systems in downstream applications (e.g. Binnemans et al., 

2015; Giraldi et al., 2015; Koltun and Tharumarajah, 2010; Monfared et al., 2014; 

Ortegon et al., 2013; Sprecher et al., 2014; Wu et al., 2014). The mining, processing 

and refining stages of REE are either considered as a black box with the assumed 

production profile based on a single operating REE project in China (i.e. Bayan Obo), 
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or just excluded from the scope of the study (e.g. Giraldi et al., 2015; Monfared et al., 

2014; Ortegon et al., 2013).  

 

Koltun and Tharumarajah (2014) have performed cradle to gate scale LCIA study of 

REE production, based on the chemical process route applied in the Bayan Obo 

mine in China. The system of this assessment is divided into three major categories: 

stage 1, mining and beneficiation; stage 2, purification and separation; and stage 3, 

reduction of REE. Both, the mass distribution and the economic value allocations, are 

used in this study to allocate environmental impacts such as primary energy 

consumption, water use and global warming potential (GWP). The two indicators, of 

greenhouse gas (GHG) emission for GWP, and surplus energy for depleted resource 

replacement, have been selected for this study. The results suggest that the REE 

separation stage is the most environmentally intensive stage of REO production, in 

the mass distribution, as well as economic based allocation scenarios. Sc (~66 kg 

carbon dioxide equivalent (CO2e/kg-REO) and Y (~53 kg CO2e/kg-REO) have the 

highest GHG impact factor in mass based allocation scenario, while Sc (~2600 kg 

CO2e/kg-REO), Eu (~1200 kg CO2e /kg-REO), Tb (~1000 kg CO2e /kg-REO) and Dy 

(~700 kg CO2e /kg-REO) have the most significant GHG impact in the price-based 

allocation scenario, due to their significantly higher economic values. 

 

Nuss and Eckelman (2014) have analysed 63 metals, including 15 lanthanides plus 

Sc and Y, in their cradle to gate scale assessment. The life cycle inventory (LCI) data 

for these elements are based on various sources, including commercial LCI 

databases, journal articles, technical reports and personal communications, under 

varying assumptions for each metal. In REO production assessment, their modelling 

utilises the unit-process approach of bastnäsite ore processing from Bayan Obo, in 

conjunction with the average market REO prices from 2006-2010 to allocate the 

environmental impacts accordingly. Their assessment assumes the same recovery 

rate for all individual REE, with Bayan Obo being the only significant source of 

Chinese REO production. In other words, the ion-adsorption clay based REO 

production in China (which accounts for 20% of domestic REO production, but 80% 

of the global HREE supply; DEC, 2009) has been entirely excluded. Their 

assessment suggests that the environmental burden of REE is too insignificant from 

mass based assessment; hence, economic based allocation is more suitable for 

assessing the environmental impacts of REO extraction. 
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Sprecher et al. (2014) have performed a cradle to grave scale LCIA study to quantify 

the total environmental footprints of 1 kg Nd in NdFeB permanent magnets under 

various demands and material recycling scenarios. The REO production in this study 

is based on the conventional REO production method utilised in the Bayan Obo mine, 

China. The end product of the REO production model is assumed to be the total REO 

concentrate from the mine, instead of the refined REE products. The results of this 

study suggest that over 50% of Nd loss occurs during the beneficiation process of 

REO production, while the roasting stage of REO causes the most severe impacts 

with regard to human toxicity, due to the high emissions of hydrogen fluoride.  

 

Zaimes et al. (2015) also conducted a cradle to gate LCIA study of REE production. 

Again, Bayan Obo was selected to represent the current global REO extraction and 

processing sector. The primary REO production routes were classified into four 

subsections, including mining, separation (magnetic + flotation), processing 

(calcination + water leaching and removal of impurities), and extraction and roasting. 

Both, economic based and energy based allocations were used to assess the 

environmental impacts. The results suggest that for 1 kg of REO produced, HREO 

production has the most intensive footprint, compared to medium rare earth oxides 

(MREO) and LREO, with regard to the primary energy consumption (~579 mega 

joules (MJ) HREO, ~398 MJ MREO and ~315 MJ LREO); global warming potential 

(~35 CO2e HREO, ~27 CO2e MREO and ~23 CO2e LREO) and eco-toxicity (~53 

comparative toxic unit equivalent (CTUe) HREO, ~38 CTUe MREO and ~30 CTUe 

LREO). The study also suggests that the recycling of REE products could 

significantly contribute to the sustainable development of global REE resources. 

 

Till date, the most current, mining-centred LCIAs are the ones focusing on GHG 

emissions, water consumptions, and land use. However, the production of 

radioactive mine waste from REE extraction, especially K-, Th- and U- bearing 

wastes, from the mining and processing of essential REE-bearing minerals such as 

bastnäsite, monazite, and xenotime, is a crucial health risk that is often ignored in the 

current studies. As suggested by Chen et al. (2005), the average Th lung burden for 

workers during the crushing stage in the Bayan Obo mine (1.71 becquerels 

(Bq)/person) is significantly higher than the exposure experienced by other miners 

(0.39 to 0.68 Bq/person). The standardised mortality ratio (SMR) of lung cancer 

mortality in miners exposed to Th dust is more than double that of miners not 

involved in the crushing operations (5.5 compared to 2.3). These data show a 
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positive correlation between lung cancer mortality and long-term Th exposure of 

workers in REE mines (Chen et al., 2005).  

 

The severe environmental impacts associated with numerous REE recovery 

technologies are also not addressed in the current LCIAs. For example, various 

leaching techniques are often used in REE mining to recover REE effectively from 

gangue material. In an ion-adsorption REE mine in Southern China with a typical 

heap leaching cycle, the production of 1 t REO requires 300 m3 of surface soil and 

generates 2,000 t solid waste and 1,000 t wastewater that contains high 

concentrations of ammonium sulphate and heavy metals (Yang et al., 2013). REE 

mining also poses potential public health risks, as the REE can potentially 

accumulate in anthropogenic environments, primarily as these elements are 

immobile (d'Aquino et al., 2009). Low-level REE accumulations in soils, vegetables, 

human hair and blood have been documented in Hetian, a major centre of ion-

adsorption clay rare earth mining (Li et al., 2013). Although these accumulations do 

not exceed the current safe values for estimated daily intake, long-term exposure and 

the corresponding chronic health impact of these accumulations remain highly 

contentious (Li et al., 2013). It is crucial to underpin all these environmental impacts 

into the REE production LCIA.  

To conclude, it is a new and urgent challenge to establish a comprehensive and 

improved life cycle impact assessment, based on high-quality REE resource data, 

ore grades, mineralogy, deposit types, processing routes and refinery methodology, 

which can assess both, the mining and use phases of REE. Such an approach will 

enable a quantitative assessment of all the corresponding environmental impacts 

including GHG intensity, energy, water and land requirement, radioactive waste 

generation and the benefits of sustainable applications from REE. 

 

2.6 Criticality of Long Term REE Supply 
The term “criticality” is widely used in evaluating the quality, state and importance, 

particularly of metals and other resources (Graedel et al., 2012; Graedel and Nassar, 

2013; Panousi et al., 2015; Sonnemann et al., 2015). As summarised by Graedel et 

al. (2012), supply risks, environmental implications, and vulnerability to supply 

restrictions are the three key dimensions in the criticality assessment of global metal 

supplies. Each of these dimensions consist of several indicators (as shown in Figure 

2.2) to assess the overall criticality of a particular metal (Graedel et al., 2015). 

Considering REE’s essential and strategic roles in national defence, consumer 
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electronics, and renewable energy systems, many government agencies and 

researchers (e.g. EC, 2014; ECEI, 2010; Graedel et al., 2015a,b; Graedel and 

Nassar, 2013; USDoE, 2011) utilise this method or a similar approach (e.g. BGS 

adopts relative supply risk index; BGS, 2015) to investigate the criticality of these 

elements.  

 
 

Figure 2.2: The Framework of Critical Material Assessment (Graedel 
et al., 2015). 

 

For the actual criticality assessment of metals, there are variable weighting factors for 

each indicator to allow application from one or multiple perspectives, such as 

upstream supplier (i.e. China), manufacturer (e.g. China, Japan), and downstream 

consumers (e.g. USA, EU, Japan), to customise the analysis based on their interests 

(Graedel et al., 2015). For instance, as one of the primary consumers, the European 

Commission (EC) published their criticality assessment of several critical raw 

material supplies (REE included) till 2020, as shown in Figure 2.3. REE was in the 

leading position for associated supply risks and moderate economic importance, 

mainly due to China’s dominant position (accounting for 97.1% in 2006) in global 

REE supply, in conjunction with the low substitutability and low recycling rate in 

downstream consumptions (ECEI, 2010). A separate assessment of the 

environmental implications was carried out in a national level analysis, based on the 

adaptation of the environmental performance index (EPI), which provides baseline 

analysis of the performance of the countries in the protection of human health and 

ecosystems (Hsu et al., 2016). Although REE was the leading group in EPI, the 

conclusion only suggests that: “No materials would need to be added to the list of 

critical raw materials on the basis solely of high environmental country risk.” (pp.35). 
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Hence, the distinctive environmental footprints from a particular REE mine production 

have not been systematically analysed in this analysis.  

 

 
 

Figure 2.3: Materials Criticality Matrix for the EU 2010 to 2020 (ECEI, 
2010).  

 

In the supply risk index by BGS (2015) too, REE has been assigned the highest 

ranking (9.5 out of 10). This assessment consisted of seven principal criteria, namely: 

production concentration, reserve distribution, recycling rate, substitutability, 

governance (top producing nation), governance (top reserve-hosting nation), and 

companion metal fraction (BGS, 2015). Unsurprisingly, China’s monopoly on REE 

production inevitably increases the uncertainties and risks associated with the current 

global REE supply, especially after the recent REE export discrepancy between the 

REE export quota of China and the market demands from EU, Japan and USA (WTO, 

2014). These results are shown in Figure 2.4. The United States Department of 

Energy (USDoE, 2011) has mentioned several REE, especially Dy, Nd, Tb, Eu and Y, 

as the most critical minerals for clean energy industry in the U.S. from 2015 to 2025, 

while the criticality matrix by the European Commission includes REE in the leading 

position for associated supply risks till 2030. Environmental burdens related to REE 

supply have been excluded from the assessment by the U.S. DoE.  
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Figure 2.4: USA Material Criticality Matrix for Medium Term Supply 

2015-2025 (USDoE, 2011).  

 

Current REE criticality assessments are heavily focused on supply risks (e.g. over-

concentrated REE production capacity and REE reserve distribution within China), 

geopolitical and economic conflicts (e.g. China’s REE export quota), low recycling 

rate and substitutability, along with the critical role of REE in advanced technological 

applications and increasing global demands. However, despite the subsequent 

environmental, social, and health impacts from REE mining, processing and 

manufacturing being well-documented and accepted as essential constraints for the 

global REE supply in future (e.g. Ichihara and Harding, 1995; Kamenopoulos et al., 

2016; Keith-Roach et al., 2016; Leal Filho, 2016; McLellan et al., 2014; Sprecher et 

al., 2014; USEPA, 2012; Zaimes et al., 2015), the REE criticality assessments at 

present have not been able to thoroughly analyse these issues.  

 

Furthermore, as discussed in section 2.4, mineral resources are an essential aspect 

in determining the geological availability and long-term production capacity of a 

particular metal. Unfortunately, the current criticality assessments for most critical 

commodities (REE, Ga, W, In, etc.) are based on very limited sources of information, 

with great uncertainties in the data quality (i.e. USGS, various-a), especially when 

most of these elements are recovered as by/co-products from the production of 

primary commodity (e.g. Cu, Zn, Ni, etc.) with significant economic benefits (BGS, 

2015; Mudd et al., 2014; Mudd et al., 2013; Skirrow et al., 2013; Werner et al., 2015). 

For instance, cobalt (Co) is usually recovered from nickel (Ni) and Cu production 
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(Mudd et al., 2013) while cadmium (Cd), selenium (Se) and tellurium (Te) are 

recovered as by-products from the smelting and refining of zinc (Zn) and Cu 

concentrates (Skirrow et al.,2013). Hence, there are hardly any formal code-based 

mineral resource estimates for these commodities available till date. This situation is 

exemplified by indium (In), which is almost exclusively produced as a by-product from 

Zn refinery. USGS (various-a) could not provide quantitative estimates of global In 

reserves, while Werner et al. (2015) identified at least 21,800 t of In that accumulated 

in zinc refinery wastes from 1972 to 2012.  

 

Similar inherent limitations are quite significant within the current global REE mineral 

resource estimates and subsequent criticality assessments, especially considering 

that most operating REE projects are located in China. Also, there remains 

considerable uncertainty about the long-term global REE production versus the 

known deposits of REE from a broad range of differing geological conditions, 

mineralogy with unbalanced HREE, LREE resources and hazardous by/co-existing 

elements (e.g. Th), that could become the main challenges in meeting the increasing 

demands. More importantly, considering the irreplaceable roles of REE in multiple 

sustainable applications (e.g. wind turbine, permanent magnets, etc.), justifying and 

evaluating the criticality of REE in terms of inherent environmental burdens or 

associated benefits for human society in future is the fundamental issue that needs to 

be resolved. 

 

In summary, supply risks, geopolitical and economic conflicts, low recycling rate and 

substitutability are crucial aspects in investigating the criticality of REE. However, 

environmental, social, and health aspects of long-term REE production must be 

assessed equally, to provide a real and comprehensive assessment of their criticality 

to our society.  
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2.7 Knowledge Gaps Between Current Research of 
REE Production and the Sustainable REE Supply 
Chain  

 

In this chapter, current literature review of the various aspects of global REE supply 

chain has found the following fundamental knowledge gaps that need to be 

addressed in the later chapters of this thesis: 

 

1. Due to the limited knowledge and modest scale of the REE industry outside 

China, the current geological classification systems of REE mineralisation are 

insufficient to enable a detailed assessment of the global REE deposits. 

However, a robust and detailed geological classification scheme, combining 

all the information on both, the known and potential REE mineralisation, 

would be an essential guideline for quantitatively assessing the long-term 

availability of global REE resources. 

 
2. To address critical issues associated with the global REE supply chain in 

future, a comprehensive global REE mineral resources database that 

provides reliable information on the ore grade, mineral resources, by/co-

products, deposit types and individual REE concentrations is urgently needed.  

 
3. Environmental impacts from REE production vary substantially from one 

project to the other. The current assessments are not sufficient to understand 

the full picture of environmental impacts from the global REE industry. There 

is an urgent need for a more comprehensive analysis of the interconnections 

between the available REE resources, site-specific REE mining, processing 

and refining configurations and environmental constraints, to investigate the 

environmental burdens of global REE supply in future.  

 
4. key question in assessing the criticality of REE for human society, is how can 

we justify and evaluate their environmental footprints and benefits.  
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Chapter 3: 
 

Research Objectives and Methodology 

 

This section summarizes primary research objectives of my thesis and principal methodology used 
in addressing these accomplish these objectives. 
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3.1 Research Objectives 
 
Based on literature review (details are summarized in Chapter 2), I have established four 

primary objectives to assess current global REE supply chain in regards to mineral resources 

scaricity, geological variability, REE processing and refining complexity with corresponding 

environmental implications or benefits. 

 
1. Establish a novel, systematic, comprehensive and transparent REE deposit geological 

classification system that covers all known and potential types of REE mineralization and 

deposit formation to categorize current available REE mineral reosurces and faciliates future 

targeting and exploration of new REE deposit.  

 
2. Based on new geological REE deposit geological classification scheme, compile a 

detailed global REE mineral resources database to analyze associated key perspectives (e.g. 

ore grade, mineral resources, principal mineralogy, by/co-products, deposit types, individual 

REE concentrations, etc.). This is the foundation to underpin the criticality and physical 

availability of long term global REE supply.  

 
3. Utilize life cycle impact assessment (LCIA) method to to systematically analyze the 

interconnections between crucial REE production perspectives (e.g. varying REE project 

configurations, deposit types, ore grades, principal REE mineralogy, significant by/co-

products and consequent environmental constrains for future global REEs production. More 

importantly, these LCIA estimates must be cateragizeable and allocatable into three princpial 

stages of REE production (i.e. mining, beneficiation and refining) to underpin environmental 

bottleneck of global REE supply chain. 

 

4. Utilize LCIA on REE consumpiton of windturbine’s life cycle to anaylze the 

comprehensive the overall LCIA from REE raw mineral extraction, mineral processing, REE 

material production, downstream manufacturing and end of life cycle decommissioning or 

recycling are needed to justify and evlaute REE’ criticality for future human society. 
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3.2 Methodology  
 

This thesis is based on three principal methods: Deposit types and mineralogy classifciation, 

mineral resource accounting and life cycle impact assessment (LCIA). More detailed 

description of each method is provided in later chapters. 

 

REE Deposit Types and Mineralogy Classifciation 
Understanding REE mineral deposit types and the mineralogy of potential mineral deposits is 

crucial for exploration targeting and determining the feasibility of mining operations, 

processing and refining. Hence, by compling and analzying the principla geological process 

and types of mineralizations and principal mineralogy, these classifcaitions could provide 

vital information that faciliate future exploration and production of targeted commodity. More 

details are provided in Chapter 4 and 5. 

 
Mineral Resource Accounting 
Mineral resources accounting will be carried out though establishing an extensive data set of 

individual project mineral resources, as reported under the JORC or related codes to 

demostrated the long-term resources availablity of particualr deposit. In general, most 

exploration or mining project resources relate to a single deposit (e.g., Olympic Dam, Bayan 

Obo), although some resources cover a group or individual ore bodies or a mining camp (e.g., 

Norra Kärr, Saint-Honoré carbonatite complex). The compiled data set should be considered 

a reliable geological estimate (as of 2013) as all reserves and resources are reported under 

statutory codes. Whether all projects proceed to production, however, is dependent on 

economics, mining conditions, processing characteristics, site-specific environmental issues 

(especially land use, water and my waste management), social constraints (e.g., bans on 

mining in high conservation value areas), energy sources and costs, etc. More details are 

provided in Chapter 5. 

 

LCIA Modelling and Long-Term Benefit Modelling 
The main methods involved in this LCIA study will revolve around detailed data compilation 

and statistical analyses as well as the development of a comprehensive model for life cycle 

impact assessment of the impacts of rare earth elements production the potential benefits 

when used in specific environmental technologies (such as wind turbines). Detailed 

breakdowns of this methodology are summarizde in chapter 6 and 7. 
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REVIEW

Assessing rare earth element mineral deposit
types and links to environmental impacts

Z. H. Weng*1, S. M. Jowitt2, G. M. Mudd1 and N. Haque3

Rare earth elements (REEs) have a crucial role in modern environmental and medical

technologies, leading to a continuously growing demand for these elements. The relatively

modest scale of the global REE mining sector means that the REE mineral deposit type

knowledge base is small compared to more well-known styles of mineralisation. In this paper, we

present a new classification scheme for differing REE mineral deposit types, outline the geological

processes that cause REE enrichments, define characteristic grades and tonnages, and provide

information on the environmental impact associated with REE mining, extraction and processing.

Although current global REE supply is dominated by production from carbonatites, REEs are in

fact found in a wide variety of deposits, including magmatic alkaline complex- and rhyolite-hosted

REE mineralisation, REE-enriched iron oxide-copper–gold deposits, and REEs within heavy

mineral sands, amongst others. Critically, REE mineralogy is linked to environmental risks during

mining and refining, especially aspects such as radioactive U–Th, the use of harmful chemicals

during processing and greenhouse gas emissions; future REE supply therefore needs to consider

and address these environmental risks.

Keywords: Rare earth elements, Mineral deposit types, Environmental implications, Mineral resources, REE mining and processing, GHG emission,
Radioactive mine waste

Introduction
Rare earth elements (REEs) have a crucial global role in
modern technology, industry, modern medicine and the
sustainable development of human society. However, in
contrast to the name of this group of elements, some of
the REEs are common when compared to the distribu-
tion of other economically important metals (e.g. Cu,
Au, Pt) within the Earth’s crust. The REEs consist of the
15 lanthanide elements plus scandium and yttrium
(IUPAC, 2005).

Global demand for the REEs, often produced as
refined rare earth oxides (REOs), has consistently
increased over recent decades as these elements have
become more important to modern life. However, the
supply of REOs is dominated by China, which in turn
has been continuously restricting its export quota since
2009. This means there is an urgent need for an
increased understanding of the global abundance of
REEs, the mineral deposit types that contain significant
amounts of these elements, and the quantification of
REE resources that could potentially meet demands for
the decades to come.

This paper provides an initial step in quantifying some
of these uncertainties by providing an overview of
differing REE mineral deposit types, tonnages and
grades, and briefly discusses the potential environmental
implications associated with mining, extraction and
processing of REE ores.

The chemistry of the REEs
Each REE has distinctive characteristics and usages,
with the lanthanide elements divided by electron shell
configuration into the light REE (LREE; La to Gd) and
the heavy REE (HREE; Tb to Lu). However, the global
mining industry often uses a slightly differing classifica-
tion, where the HREE includes Pm, Sm, Eu and Gd
(Table 1). Despite having a relatively low molecular
weight, Y is typically classified as a HREE, and Sc is not
formally classified as either a LREE or a HREE but is
often considered together with the REE as a whole.

Typical REE abundances in the Earth’s crust vary
significantly, as shown in Table 1, with Ce having an
average crustal concentration (63 ppm) that is higher
than the average concentrations of Cu (47 ppm) and Pb
(17 ppm) within the Earth’s crust (Rudnick and Gao,
2003). In comparison, Tm has an average crustal
concentration of 0?3 ppm and Lu has an average crustal
concentration of 0?31 ppm, much lower than the
majority of other economically important metals, but
still higher than Au, Ag and platinum group elements
(Rudnick and Gao, 2003).
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Rare earth elements are rarely present as native metals
(if ever) in the geological environment. Instead, these
elements often substitute for other elements within the
matrix of certain minerals, especially phosphate and
carbonate minerals (Table 2). The most important
economic REE-containing minerals at present are
bastnäsite [(Ce,La)(CO3)F] and monazite [(Ce,La,Nd,
Th)PO4], and a detailed list of known REE-containing
minerals is provided in Table 2. The substitution-
dominated nature of REEs, combined with the fact that
the global demand for these elements is dominated by a
need for high purity single element products, rather than
the lower grade concentrates typically produced by the
global mining industry (e.g. Cu, Ni, Au) means that the
extraction, concentration and processing of the REEs is
highly variable, and is often specific to a deposit-type or
even a single deposit. These processing difficulties and
complexities are additional risk factors that need to be
considered during REE exploration and the develop-
ment of REE mines and as such may hinder the
economic development of REE resources. The need to
build expensive processing facilities may limit the
exploitation of deposits with lower contained REE
tonnages, and, unless near-identical or identical clusters
of deposits are found in a given area (somewhat
unlikely), the processing difficulties inherent in REE
production mean that a central processing plant cannot
service multiple mines, unlike more conventional smelt-
ing operations (e.g. centralised processing and smelting
facilities that obtain concentrate from multiple mines
either within or outside of a given mining field, such as
Kambalda and Sudbury). This requirement for expen-
sive processing facilities means that low grade deposits,
unless of significant size, may be uneconomic to exploit

or at the very least would require expensive infrastruc-
ture with long payback times, something that may be
difficult to sell to shareholders in somewhat turbulent
economic situations.

Global REE production is currently dominated by the
exploitation of carbonatite or weathered carbonatite
deposits, such as Bayan Obo in China, Araxá in Brazil,
Mountain Pass in the USA, and Mount Weld in
Australia. However, the mineralogy, grades, tonnages
and potential processing variations in these different
types of REE deposits have not been systemically
analysed. Each deposit type contains varying REE
abundances and differing proportions of the LREEs
and the HREEs, further complicating the issue of
refined REO production. The increasing demand for
the REE has also accelerated exploration and the push
for extraction from all differing types of REE deposits,
either as a target commodity or as a byproduct of other
minerals such as U and Th.

These complexities indicate that the real uncertainties
in meeting future REE demands are focused on the
geological abundances of these elements, the deposits
they are found in, and the environmental implications
and costs of REE extraction and processing. Here, we
outline current REE production and demand, the
differing types of REE deposits and briefly investigate
the environmental impacts associated with REE mining
and processing.

REE production and demand
The current global REO market is dominated by
Chinese production. This is clearly evident in Fig. 1,
where Chinese REO exports have led the global market
since 1990. In 2006, China’s annual production peaked

Table 1 Summary of the chemistry and average crustal abundances of the REE; adapted from Jowitt et al. (2013)*

Element
Atomic
number

Element
name

Classification{
Average
crust/ppm{ UsesIUPAC Mining

La 57 Lanthanum Light Light 31 Optics, batteries, catalysis
Ce 58 Cerium Light Light 63 Chemical applications, colouring, catalysis
Pr 59 Praseodymium Light Light 7.1 Magnets, lighting, optics
Nd 60 Neodymium Light Light 27 Magnets, lighting, lasers, optics
Pm 61 Promethium Light Heavy N/A1 Limited use due to radioactivity, used in

paint and atomic batteries; very rare in nature
Sm 62 Samarium Light Heavy 4.7 Magnets, lasers, masers
Eu 63 Europium Light Heavy 1 Lasers, lighting, medical applications
Gd 64 Gadolinium Light Heavy 4 Magnets, glassware, lasers, X-ray generation,

computer applications, medical applications
Tb 65 Terbium Heavy Heavy 0.7 Lasers, lighting
Dy 66 Dysprosium Heavy Heavy 3.9 Magnets, lasers
Ho 67 Holmium Heavy Heavy 0.83 Lasers
Er 68 Erbium Heavy Heavy 2.3 Lasers, steelmaking
Tm 69 Thulium Heavy Heavy 0.3 X-ray generation
Yb 70 Ytterbium Heavy Heavy 2 Lasers, chemical industry applications
Lu 71 Lutetium Heavy Heavy 0.31 Medical applications, chemical industry applications
Sc 21 Scandium N/A N/A 14 Alloys in aerospace engineering, lighting
Y 39 Yttrium Heavy Heavy 21 Lasers, superconductors, microwave filters, lighting

*Notes: We have provided the International Union of Applied and Pure Chemistry (IUPAC) definition of the REE based on the electron
configuration of the elements as this chemical definition of the REE differs somewhat from the definitions commonly used in the mining
industry (shown as ‘mining’); this comparison is provided to enable easy comparison for the reader. {The chemical classification of the
REE uses the configuration of electrons in the outer shell of the element, with the LREEs having no paired clockwise and
counterclockwise spinning electrons, whereas the HREEs have both clockwise and counterclockwise spinning electrons. Sc and Y are
chemically similar to these elements and are also included, with Y classified as an HREE, and although the properties of Sc are not
similar enough to either LREE or HREE to allow further chemical classification, industry generally classifies Sc as a HREE. {From
Rudnick and Gao (2003). 1Concentration too low to assess as a result of the short radioactive half-life of this element.
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Table 2 Common REE-bearing minerals*

Mineral Mineral cemistry REO/wt-% Discovered

Aeschynite (Ce,Ca,Fe,Th)(Ti,Nb)2(O,OH)6 36 Norway; Ural Mountains, Russia
Allanite (orthite) (Ce,Ca,Y)2(Al,Fe)3(SiO4)3(OH) 3–51 1810: Aluk Island, Greenland
Anatase (Ti,REE)O2 3 1801: St Christophe-en-Oisans, France
Ancylite–(Ce) SrCe(CO3)2(OH).H2O 46–53 1899: Narssârssuk, Narsaq, Greenland
Apatite Ca5(PO4,CO3)3(F,Cl,OH) 19 Bronze Age (3300–1200 BC); widespread
Bastnäsite–(Ce) (Ce,La)(CO3)F 70–74 1838: Bastnäs mine, Västmanland, Sweden
Brannerite (U,Ca,Y,Ce)(Ti,Fe)2O6 6 1920: Kelly Gulch, Stanley, ID, USA
Britholite–(Ce) (Ce,Ca)5(SiO4,PO4)3(OH,F) 56 1901: Naujakasik, Narsaq, Greenland
Brockite (Ca,Th,Ce)(PO4).H2O 1962: Bassick mine, CO, USA
Calcio–ancylite (Ce) (Ca,Sr)Ce3(CO3)4(OH)3.H2O 60 Kola Peninsula, Russia
Cerianite–(Ce) (Ce4

z,Th)O2 81 1955: Firetown, Sudbury, Ontario, Canada
Cerite–(Ce) Ce9

3zFe3z(SiO4)6[SiO3(OH)](OH)3 60 1751: Bastnäs mine, Västmanland, Sweden
Cheralite–(Ce) (Ce,Ca,Th)(P,Si)O4 5 Chera, Travancore, India
Chevkinite (Ca,Ce,Th)4(Fe2z,Mg)2(Ti,Fe3z)3Si4O22 1839: Ural Mountains, Russia
Churchite–(Y) YPO4.2H2O 44 1923: Maffei mine, Bavaria, Germany
Crandallite CaAl3(PO4)2(OH)5.H2O 1917: Brooklyn mine, Silver City, UT, USA
Doverite
[synchysite–(Y)]

YCaF(CO3)2 1951: Scrub Oak mine, NJ, USA

Eudialyte Na4(Ca,Ce)2(Fe2z,Mn2z,Y);
ZrSi8O22(OH,Cl)2

1–10 1819: Kangerdluarssuq Firth, Narsaq,
Greenland

Euxenite–(Y) (Y,Ca,Ce,U,Th)(Nb,Ta,Ti)2O6 ,40 1840: Jølster, Sogn og Fjordane, Norway
Fergusonite–(Ce) (Ce,La,Y)NbO4 47 1806: Kikertaursak, Greenland; Ukraine
Fergusonite–(Y) YNbO4 1826: Kikertaursak, Greenland
Florencite–(Ce) CeAl3(PO4)2(OH)6 32 pre-1951: Mata dos Criolos, Minas

Gerais, Brazil
Fluocerite–(Ce) (Ce,La)F3 1845: Broddbo and Finnbo, Dalarna, Sweden
Fluocerite–(La) (La,Ce)F3 1969: Zhanuzak, Kazakhstan
Fluorapatite–(Ce) (Ca,Ce)5(PO4)3F 0–21 1860: Greifenstein Rocks, Saxony, Germany
Fluorite (Ca,REE)F 1530: England; Czech Republic; Germany
Gadolinite (Ce,La,Nd,Y)2Fe2zBe2Si2O10 40 1788: Ytterby mine, Resarö, Sweden
Gagarinite–(Y) NaCaY(F,Cl)6 pre-1961: Akzhaylyautas Mountains,

Kazakhstan
Gerenite–(Y) (Ca,Na)2(Y,REE)3Si6O18.2H2O 1998: Strange Lake, Quebec–Labrador,

Canada
Gorceixite (Ba,REE)Al3(PO4)(PO3OH)(OH)6 1906: Ouro Preto, Minas Gerais, Brazil
Goyazite SrAl3(PO4)2(OH)5.H2O 1884: Diamantina, Minas Gerais, Brazil
Hingganite–(Y) (Y,Yb,Er)2Be2Si2O8(OH)2 1984: Greater Hinggan Mountains, China
Huanghoite–(Ce) BaCe(CO3)2F 38 1960s: Bayan Obo deposit, Inner Mongolia
Hydroxylbastnäsite–(Ce) (Ce,La)(CO3)(OH,F) 75 Kola Peninsula and Ural Mountains, Russia
Iimoriite–(Y) Y2(SiO4)(CO3) pre-1970: Honshu Island, Japan
Kainosite–(Y) Ca2(Y,Ce)2Si4O12(CO3).H2O 38 1885: Hidra, Vest-Agder, Norway
Loparite–(Ce) (Ce,Na,Ca)(Ti,Nb)O3 32–34 1925: Maly Mannepakhk, Kola Peninsula,

Russia
Monazite–(Ce) (Ce,La,Nd,Th)PO4 35–71 1823: Ilmen Mountains, Ural Mountains,

Russia
Mosandrite (Na,Ca,Ce)3Ti(SiO4)2F ,65 1841: Låven Island, Larvik, Norway
Parisite–(Ce) Ca(Ce,La)2(CO3)3F2 59 Muzo mine, Colombia
Perovskite (Ca,REE)TiO3 #37 1839: Achmatovsk mine, Ural Mountains,

Russia
Pyrochlore (Ca,Na,REE)2Nb2O6(OH,F) 1826: Stavern, Larvik, Vestfold, Norway
Rhabdophane–(Ce) (Ce,La)PO4.H2O pre-1992: Fowey Consols, Cornwall, England
Rhabdophane–(La) (La,Ce)PO4.H2O 1883: Salisbury Iron mines, CT, USA
Rinkite (Ca,Ce)4Na(Na,Ca)2Ti(Si2O7)2F2(O,F)2 1884: Kangerdluarssuk, Narsaq, Greenland
Samarskite–(Y) (Y,Ce,U,Fe3z)3(Nb,Ta,Ti)5O16 12 1839: Blyumovskaya pit, Ural Mountains,

Russia
Steenstrupine–(Ce) Na14Ce6Mn2zMn3zFe2

2z(Zr,Th)
(Si6O18)2(PO4)7.3H2O

1853–54: Kangerdluarssuk, Narsaq,
Greenland

Synchysite–(Ce) Ca(Ce,La)(CO3)2F 49–52 1953: Narsarsuk, Greenland
Thalénite–(Y) Y3Si3O10(OH) 63 Österby, Dalama, Sweden
Titanite (sphene) (Ca,REE)TiSiO5 #3 1795: Hauzenberg, Bavaria, Germany
Uraninite (U,Th,Ce)O2 1772: Jáchymov, Bohemia, Czech Republic
Vitusite–(Ce) Na3(Ce,La,Nd)(PO4)2 1980: Kola Peninsula, Russia; Narsaq,

Greenland
Xenotime–(Y) YPO4 52–67 1824: Ytterby mine, Sweden; Hidra, Norway
Yttrofluorite (Ca,Y)F2 1911: Hundholmen, Tysfjord, Norway
Yttrotantalite–(Y) (Y,U,Fe2z)(Ta,Nb)O4 ,24 Ytterby mine, Resarö, Sweden
Zircon (Zr,REE)SiO4 ,5 1783: Sri Lanka; 1789: Germany

*Source: Hoatson et al. (2011).
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at 133 000 tonnes REOs, accounting for 97?1% of global
REO production, and Chinese REO production has
maintained this dominant position to date. This is
exemplified by the fact that the USA was self-reliant on
REO production throughout most of the twentieth
century but by the late 1990s had become nearly 100%
dependent on imports (Humphries, 2012). Similar
scenarios have occurred in most countries that had been
past-producers of REEs, such as Australia, Malaysia
and Russia. However, rapid growth in domestic demand
for REE since 2009 and an increased need to better
regulate illegal mining and smuggling has meant that
China has continuously reduced its REO export quota
and restricted REE mining output, especially in terms of
production of Tb, Dy, Lu and other HREE, causing a
decline in global REO production (Fig. 1).

Increasing demand for REOs has been driven by the
growing use of REEs in electronics, oil refineries,
sustainable energy, and medical and defence technolo-
gies, including fluid cracking catalysts, REE alloys in
batteries, specialist magnets for wind turbines or hybrid
and full electric cars, and personal electronic devices and
phosphors in liquid crystal displays. The persistent
growth in these products and technologies
(Humphries, 2012) means that the global demand for
REE can be reasonably expected to continue to
increases over the coming decades, meaning that a
wider variety of REE mines and deposit types will need
to be developed and exploited to meet this demand.

Principal REE mineral deposit types
As discussed above, REE in mineral deposits are usually
hosted by a wide and diverse range of REE-bearing
minerals such as bastnäsite [(Ce,La,Y)CO3F], monazite
[(La–Gd,Th)PO4] and xenotime (YPO4); these are the
three most economically significant minerals of the more
than 200 minerals known to contain essential or
significant amounts of the REE (Table 2; Christie
et al., 1998; Hoatson et al., 2011). These REE-bearing
minerals form as a result of a wide range of geological

processes, and, as such, are found in a diverse range of
igneous, sedimentary and metamorphic rocks.

Although there are existing methods for classifying
REE deposits that are commonly based on REE
mineralogy or host rocks, we have developed a new
classification approach based on geological processes
that form or concentrate REE minerals and enable the
formation of REE mineral deposits. Given the varying
genetic processes and range of REE mineralisation
types, this allows a more robust and comprehensive
classification than those used to date (e.g. Kanazawa
and Kamitani, 2006; Chakhmouradian and Wall, 2012;
Mariano and Mariano Jr, 2012). Our classification is
obviously a simplification of the natural complexity of
REE deposits that has led to the formulation and
implementation of numerous other classification
schemes. For example, the United States Geological
Survey (USGS; Long et al., 2010) classification uses a
total of 34 mineral deposit types, whereas the British
Geological Survey (BGS; Walters et al., 2010) uses a
simpler split of primary deposits of igneous and
hydrothermal origin or secondary deposits concentrated
by sedimentary processes and weathering. Here, we
consider both the geological processes involved in the
formation of REE deposits and the REE mineralogy of
individual deposits in our classification scheme
(Table 3). It should be noted that this classification, as
with all classifications, is reliant on the amount of
information available, as exemplified by the world’s
most important REE deposit at Bayan Obo; the
formation of this REE deposit is still controversial,
and as such, we can only rely on current knowledge and
the geological evidence available within both published
and industry literature (e.g. NI43-101 reports) to classify
REE deposits. In addition, and as is often the case for
mineral deposits (e.g. Jowitt et al., 2013), a given mining
field or even resource may contain two or more REE
deposit types; where this is the case, we have classified a
given deposit by the dominant (i.e. most contained
REE) deposit type. Our classification is as follows.

Igneous: In general, the REE are highly incompatible
in the majority of magmatic systems, and, as such, are
concentrated in magmas that form as the result of low
degree partial melting (or some other associated process
such as the segregation of immiscible carbonatite melts)
of the mantle, especially metasomatically enriched
regions of the mantle that contain higher concentrations
of the REEs. The incompatible nature of the REE
means that these melts can contain very high concentra-
tions of these elements (e.g. Chakhmouradian and
Zaitsev, 2012). Alternatively, the REE can be concen-
trated during significant fractionation or differentiation,
where the incompatible nature of REE means these
elements are concentrated in melts within an igneous
system to eventually crystallise out as REE minerals
during late-stage fractionation, rather than within earlier
fractionated minerals (e.g. Round Top rhyolite). The
latter also includes the formation of volatile-rich
pegmatitic magmas, although these magmas can be
considered to cross (or at least approach) the igneous-
hydrothermal boundary (e.g. Mt Weld). Both of these
processes can lead to the formation of REE-enriched
igneous rocks, and, as such, the majority of igneous-type
REE deposits are related to either rock formed from
magmas generated by very low degree partial melting

1 Global annual REO mine production. Data sources:

USBoM (various-a,b), USGS (various-a,b,c;), USGS

2013; Australian REOs based on monazite production

data from BoMRGG (various) and under the assump-

tion of minimum 60% contained REO
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(and other associated processes) or by extreme fractio-
nation. Igneous rocks with high REE concentrations
such as carbonatites or alkaline igneous complexes also
form ideal sources for REE-enriched hydrothermal
fluids, leading to several deposits that contain both
primary igneous and hydrothermal REE mineralisation
(e.g. Bayan Obo).

Hydrothermal: The REEs are generally considered to
be immobile during the majority of hydrothermal
processes, which suggests that to mobilise (and effec-
tively deposit and concentrate) these elements requires
unusual types of hydrothermal activity. There are two
specific types of hydrothermal systems that are associated
with the formation of REE-enriched mineralisation and
REE mineral deposits, namely high temperature magmato-
hydrothermal systems and F- and Cl-bearing hydrothermal
systems, although the two types of system are not mutually
exclusive. However, here we consider hydrothermal miner-
alisation to exclude very high temperature magmato-
hydrothermal systems that are, for example, associated
with the formation of pegmatites that in our classification
are assigned to the igneous class of deposits. High tem-
perature hydrothermal fluids can generally dissolve higher
concentrations of the REE than lower temperature
fluids, with the solubility of Nd in moderate salinity brines
(10 wt-% NaCl) increasing from y1 to y200 ppm
between temperatures of 300 and 400uC (Williams-Jones
et al., 2012). Hydrothermal fluids that contain significant
amounts of F and Cl ligands and Li can also mobilise
significant amounts of the REEs, in addition to elements
such as U that are often associated with the REEs (e.g.
McPhie et al., 2011; Williams-Jones et al., 2012). McPhie et
al. (2011) suggest that F-bearing hydrothermal fluids can
break down refractory minerals that host REEs, enabling
these fluids to transport the REEs to eventually be
deposited as REE-enriched (although not necessarily
economic for the REEs) mineral deposits, a model that
has been invoked for Olympic Dam (McPhie et al., 2012)
and can explain other REE-enriched iron oxide-copper-
gold (IOCG) deposits of the Gawler Craton (Skirrow et al.,
2007) and elsewhere (e.g. Ernst and Jowitt, 2013). These
types of fluids source their F either from evolved igneous or
carbonatitic magmas or rocks, with the former exemplified
by the fact that orthomagmatic REE mineralisation

associated with carbonatites is also often accompanied
by hydrothermal high-F REE mineralisation in surround-
ing skarns or alteration haloes. In addition, interaction
between acidic hydrothermal fluids and the high-F igneous
rocks that are often generated during silicic large igneous
province events (e.g. Ernst and Jowitt, 2013) can dissolve
the F (present as fluorite) from these rocks, creating high-F
hydrothermal fluids that have high REE solubilities (e.g.
McPhie et al., 2012; Ernst and Jowitt, 2013). However, it
should be noted that Williams-Jones et al. (2012) suggest
that Cl is more important than F in the formation of
hydrothermal REE deposits, especially at high tempera-
tures, where REE-F complexes decrease in stability at
temperatures .y350uC, although it should be acknowl-
edged that F complexes may play an important role in the
mobility of the REEs at temperatures below this. This
suggests that lower temperature hydrothermal REE
deposits may be associated with F-bearing fluids, whereas
higher temperature hydrothermal REE deposits are more
likely to be associated with Cl-bearing fluids. Both high-
temperature and high-F and Cl hydrothermal fluids most
likely deposit their REE during interaction with cooler and
pH-neutralising rocks or fluids (Williams-Jones et al.,
2012), although REE deposition may not always be
synchronous with the deposition of other metals, such as
Cu, Au or U.

Sedimentary/secondary/placer: The fact that most
REEs reside in refractory minerals that are resistant to
both alteration and weathering and are often denser
than most silicate minerals means that they can be
preferentially concentrated after erosion and during
transportation. This means that the REEs, and more
importantly REE-bearing minerals, are ideally suited to
form sedimentary (e.g. shale-hosted deposits such as at
Buckton, Canada; although these may also be associated
with hydrothermal REE mineralisation), secondary (e.g.
laterite) or placer (e.g. heavy mineral sands) type REE
deposits, with the latter two deposit types containing
REE mineralisation that is often associated with other
dense, refractory minerals (e.g. zircon, ilmenite). In
addition, palaeoplacer deposits can also be upgraded by
post-depositional hydrothermal or potentially meta-
morphic activity, and anthropogenic secondary and/or
placer deposits can also be important sources of the

Table 3 Classification of REE deposit types

Process Mineral deposit type Key example

Igneous Silica undersaturated Carbonatite Bayan Obo, China; Araxá, Brazil; Karonge,
Burundi; Mountain Pass, USA; Nolans Bore,
Australia; Steenkampskraal, South Africa

Alkaline complexes and
alkaline pegmatites

Khibina and Lovozero, Russia; Norra Kärr,
Sweden; Bokan, USA; Thor Lake, Canada;
Kipawa Lake, Canada; Kola Peninsula, Russia

Silica saturated to
oversaturated

Rhyolites Round Top, USA; Foxtrot, Canada
Granites and granitic
pegmatites

Khibina Massif, Russia; Motzfeldt, Greenland;
Ytterby, Sweden

Hydrothermal IOCG Olympic Dam, Australia; Milo, Australia
Skarn Granite-related Mary Kathleen, Australia

Carbonatite-related Saima, China
Secondary/
sedimentary

Heavy mineral sands WIM150, Australia
Laterite Tantalus, Madagascar
Tailings Steenkampskraal, South Africa; Port Pirie,

Australia; Mary Kathleen, Australia
Shale-hosted Buckton, Canada
Alluvial/placer Charley Creek, Australia; India; Sri Lanka; FL, USA
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REEs, as exemplified by REE-enriched tailings gener-
ated as a result of mining of the primary Mary Kathleen
skarn.

We now give an overview of the major deposit types as
summarised in Table 3. Describing the processes involved
in the formation of currently minor REE deposit types,
such as REE-bearing clays (for example, Long Nan and
Yian Xi, both in China), skarn (Mary Kathleen, Australia),
shale (Talvivaara, Finland; Buckton, Canada), and quartz-
pebble conglomerate U deposits (Eco-Ridge, Canada)
is beyond the remit of this paper, and the future im-
portance of these deposits in terms of REE production is
unknown.

Carbonatites
A number of important REE deposits are hosted by
carbonatites (e.g. Table 4). These unusual igneous rocks
are generally defined as magmatic rocks that contain
high modal abundances of carbonate minerals (.50%)
and are enriched in Sr, Ba, P and the LREE (Jones et al.,
2013; Nelson et al., 1988). These rocks can be intrusive
or extrusive, and carbonatite magmatism can also lead
to metasomatism, hydrothermal alteration and replace-
ment (Jones et al., 2013). The resulting intrusive and
extrusive rocks can have a wide range of textures and
grain sizes. Carbonatite magmas are thought to form by
three main processes (Jones et al., 2013, and references
therein):

(i) as a residual melt associated with carbonated
nephelinite or melilitite magmatism

(ii) the segregation of an immiscible carbonatite melt
caused by the saturation of a silicate magma with
CO2

(iii) as the result of partial melting of CO2-bearing
peridotite.

Carbonatites are found as individual intrusions and with
other SiO2-undersaturated rocks (e.g. syenites, nepheline
syenites, and nephelinites) in alkaline–carbonatite com-
plexes (e.g. Christie et al., 1998), and contain a wide
range of minerals, including apatite, magnetite, barite,
and fluorite, that may contain economic or anomalous
concentrations of REEs, P, Nb, U, Th, Cu, Fe, Ti, Ba,
F, Zr, and other incompatible elements (Modreski et al.,
1996). The most common (and important) REE-bearing
minerals in carbonatites include bastnäsite and mon-
azite, with xenotime rare in these types of rocks. One
major exception is the xenotime-bearing carbonatite
dykes within the Lofdal REE deposit in Namibia
(Siegfried and Hall, 2012).

Alkaline rocks
Alkaline felspathoid (e.g. nepheline)-bearing igneous
rocks form from alkali-rich, silica-unsaturated magmas
that contain high concentrations of potassium and
sodium. These magmas are usually found in rift settings
and are generated by generally deep and always low degree
partial melting of the mantle. The mantle that these
magmas are sourced from may be metasomatically
enriched in the REEs, and the low degrees of partial
melting involved in the genesis of these magmas means that
they preferentially concentrate highly incompatible REEs
from the mantle (e.g. Chakhmouradian and Zaitsev, 2012).
The majority of significant REE mineralisation in alkaline
complexes is also associated with highly fractionated
magmas, with REEs being concentrated not only during
magma genesis but also by the incompatibility of REEs

(and other minerals, such as Zr, Hf, Nb, Ta, Be) during
this fractionation (e.g. Chakhmouradian and Zaitsev,
2012). Rare earth element mineralisation in alkaline rocks
is dominantly associated with highly fractionated sections
or sequences of alkaline lavas, tuffs, mafic volcanics, and
subvolcanic intrusives (especially the upper sections of
layered intrusions), and may be associated with magmas
that are volatile-enriched. Any late-stage magmato-hydro-
thermal F- and Cl-bearing fluids associated with these
intrusions may also enhance REE grades in these deposits
(Hoatson et al., 2011). Typical deposits of this type include
the Khibini and Lovozero complexes in Russia, the Norra
Kärr complex in Sweden and Thor Lake in Canada
(Table 4).

Granites and rhyolites
Granites are coarse-grained igneous rocks formed from
magmas containing high concentrations of SiO2. The
magmas that form granites can be generated by the
melting of igneous or sedimentary rocks during
metamorphism, by the anhydrous melting of the lower
crust (e.g. during mantle plume-related underplating) or
by the extreme fractionation of mafic magmas.
Rhyolites are the fine-grained equivalent of granites,
and are either intruded close to the Earth’s surface or
are erupted. These rocks are compositionally identical,
and as such they are discussed together here, even
though we have two separate categories for REE
deposits associated with these units (Table 3). The
reason for the separate categories is that REE deposits
associated with plutonic granites and volcanic rhyolites
are significantly different. The most important granite-
related igneous REE deposits are pegmatitic and form
from volatile-rich magmas derived and/or exsolved
from highly fractionated felsic magmas. In general,
pegmatitic magmas can contain elevated concentrations
of elements (e.g. the REE, Be and Li), fluxes (e.g. B, F
and P), and volatiles (e.g. H2O and Cl) that are
incompatible during the fractionation of quartz and
feldspar (e.g. London and Kontak, 2012). The con-
centrations of incompatible elements increase during
fractional crystallisation of felsic magmas, eventually
generating highly REE-enriched pegmatitic magmas.
The volumes of pegmatites formed by this process are
generally lower than their associated granite bodies, but
can contains significant tonnages of the REEs, as
evidenced by the number of known pegmatite-related
REE deposits, including those of the Khibina Massif in
Russia, the Motzfeldt deposit in Greenland and the
Ytterby REE deposit in Sweden.

Rhyolite-related REE deposits are rarer than pegma-
tite-hosted REE deposits, with only one rhyolite REE
resource delineated to date: the Round Top REE rhyolite
deposit in Texas, USA (Table 4). The REE enrichments
in rhyolites form in much the same way as in pegmatites
(i.e. as a consequence of fractional crystallisation) only
not necessarily with as much extreme fractionation and
without necessarily concentrating the REEs to the same
degree as during pegmatite genesis. This is clear when
comparing grades and tonnages of pegmatite and
rhyolite deposits. Pegmatites usually form high-grade
but small REE deposits, whereas rhyolite REE miner-
alisation is usually disseminated throughout an entire
intrusion or volcanic units, creating voluminous, but low
grade REE mineralisation that is exemplified by the
Round Top deposit but as also identified in highly
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evolved rhyolites elsewhere (e.g. Christiansen et al.,
1983, 2007).

IOCG
The IOCG deposit category was initially defined after
discovery of the REE-enriched giant Olympic Dam Cu–
U–Au–Ag deposit, but has grown to cover a broad
range of somewhat loosely grouped mineral deposit
types (e.g. Groves et al., 2010; Mudd et al., 2013;
Williams et al., 2005). Iron oxide-copper-gold deposits
in a strict sense (according to Groves et al., 2010) are
structurally controlled magmato-hydrothermal mineral
deposits that are often LREE-enriched, containing
significant concentrations of La, Ce and Nd, are linked
with brecciation and Na–Ca alteration, and have high
abundances of low-Ti Fe oxides that are associated with
low-S sulphide mineralisation. The REE within these
deposits is thought to be related to the presence of high-
F hydrothermal fluids that can effectively mobilise
significant concentrations of these elements (e.g.
McPhie et al., 2011) as well as other elements such as
Fe, Cu, Au and U, before being precipitated as minerals
such as bastnäsite and allanite. It should however be
noted that REE-enriched areas of these deposits may
not be spatially related to areas with economic grades of
Cu, U or Au, reflecting the differing processes involved
in the precipitation of these elements. Iron oxide-copper-
gold deposits (sensu stricto) are also temporally, but not
necessarily spatially, related to significant magmatism
and subalkaline to alkaline pluton emplacement (Groves
et al., 2010). A number of REE-enriched IOCG deposits
are known, including Olympic Dam, and the Mount
Cobalt IOCG deposit of the Eastern Foldbelt of the
Mount Isa Inlier, both of which contain Fe, Cu, Au and
U in addition to being enriched in the LREE (pre-
dominantly La, Ce and Nd) This deposit type has also
been linked with carbonatite magmatism, another
important source of REE mineralisation, as discussed
above (e.g. Corriveau, 2007).

Placer and heavy mineral sands
Placer deposits form by the mechanical concentration of
minerals, where sedimentary processes allow the con-
centration of heavy minerals. The majority of these
mineral deposits are hosted by modern and ancient
marine sands that are located along or near present and
ancient coastlines. These heavy mineral sand deposits
are exploited for titanium, with byproduct zircon,
monazite, and more rarely xenotime. Heavy mineral
sands can often contain significant amounts of REE,
with Orris and Grauch (2002) listing more than 360
REE-bearing placer deposits. In addition, palaeoplacer
REE mineralisation can also be upgraded by other
processes, similar to those associated with palaeoplacer-
hosted Au and U mineralisation, as exemplified by the
Eco Ridge deposit in Ontario, Canada (Table 4). This
deposit contains two distinct units within a palaeoplacer
conglomerate, both of which have been upgraded by
interaction with hydrothermal fluids, depositing second-
ary U minerals and also increasing REE grades.
Interestingly, the upgrading of the basal conglomerate
bed at Eco Ridge formed higher grade U mineralisation
than within the overlying main conglomerate bed,
whereas the reverse is true of the REE, with the basal
conglomerate bed containing lower REE concentrations
than the main conglomerate bed (PMR, 2012).

Laterite deposits
Laterite REE deposits are formed by the deep weath-
ering of REE-bearing rocks such as carbonatites, usually
in tropical regions, although REE laterites can also be
found in higher latitudes where lateritic weathering
occurred during earlier periods with warmer, more
humid climates. The carbonate-rich nature of carbona-
tites makes them particularly prone to deep weathering
and the development of karst landforms and laterite
formation. This, combined with the presence of high
REE concentrations within carbonatites, means that
significant thicknesses (up to 200 m; Lottermoser, 1990)
of REE-enriched laterites can develop above carbonatite
lithologies in tropical regions. The refractory nature of a
significant number of REE minerals (such as apatite;
Lottermoser, 1990) can also cause enrichments of these
minerals during weathering. Alternatively, if REEs are
mobilised during weathering by the breakdown of their
hosting minerals, their low mobility means they can be
concentrated within distinct horizons in the laterite
profile by being adsorbed onto particular clay minerals,
as is the case at the Chinese Long Nan and Yian Xi
HREE laterite deposits. This process causes laterite REE
grades to vary laterally, with grades often higher in
saprolite layers than ferruginous layers (e.g. Lottermoser,
1990). It should also be noted that Sc-enriched laterites
can form without distinct REE enrichment in precursor
lithologies, such as the Nornico Group of Ni–Co laterites
in northern Queensland, Australia (Mudd and Jowitt,
under review). These laterites form by the weathering of
REE-poor ultramafic lithologies in a process more
commonly associated with the formation of Ni–Co
laterite deposits (e.g. Golightly, 1981).

Case studies of operating and potential
REE deposits
This section provides an overview of specific examples
of the different types of REE mineralisation outlined
above, providing grade, tonnage, mineralogical and
tectonic setting information on each of these deposit
types. These data exemplify the wide range of differing
REE deposit types and illustrate the difficulties
inherent in considering REE deposits as a single
deposit type, rather than the highly variable deposits
that they are.

Bayan Obo, carbonatite deposit, China
Bayan Obo is a Fe–REE–Nb carbonatite deposit that is
currently the largest producer of REEs in the world. The
Bayan Obo mine is located in Inner Mongolia, China,
146 km north of Baotou. The primary hosts of REE
mineralisation in the Bayan Obo deposit are five different
carbonate rich lithologies: skarn-altered limestone, dolos-
tone, deformed coarse-grained dolomite marble, fine-
grained dolomite marble, and a series of carbonatite
dykes (Yang et al., 2003; Yang et al., 2011), all of which
host Fe–Nb–REE mineralisation derived directly from
the carbonatite magma and skarn alteration of the
surrounding sedimentary carbonates, with mineralisation
and intrusion post-dating sedimentation (Lai and Yang,
2013). The deposit consists of two open pits, each with a
diameter of approximately 1 km, and mining in this
district began in 1927 and focused on the extraction of
magnetite and hematite ores, with negligible REE
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production during the early stages of mining. The current
(2012) resources at Bayan Obo include 15?4 billion tonnes
of Fe ore (MoLRPRC, 2012), even after 85 years of
production. Bastnäsite and monazite ores were first
discovered at Bayan Obo in 1934 and REO production
started in 1973, with current (2012) reserves of the Bayan
Obo deposit including 91?59 Mt of contained REO metal,
in addition to other critical minerals such as Nb (2?16 Mt
contained Nb2O5 metal oxide), Th and Au (MoLRPRC,
2012; Table 4).

Olympic Dam, IOCG deposit, Australia
Olympic Dam is located 560 kilometres north of
Adelaide, South Australia, was discovered in 1975 by
Western Mining Corporation and is currently owned
and operated by BHP Billiton. Olympic Dam is
considered to be a classic example of an IOCG deposit,
and is currently the largest underground mine in
Australia, producing Cu cathode, U oxide, Au and
Ag; BHPB, 2011). Mineralised hematite breccias within
the Olympic Dam deposit typically contain 2000 ppm
La and 3000 ppm Ce (Reeves et al., 1990). These central
hematite-quartz breccias contain low grade Cu and U
mineralisation, but are preferentially enriched in La and
Ce (and the other REEs) compared to the surrounding
sections of the deposit. Elevated La and Ce concentra-
tions are also present in Au-only mineralisation in other
hematite-poor sericite-altered granitic units (Reeves
et al., 1990). The REE mineralisation at Olympic Dam
is dominated by bastnäsite with minor florencite,
monazite and xenotime (Oreskes and Einaudi, 1988;
1990).

There are no published data for the REE grades of
the reported mineral resources at Olympic Dam,
although both Oreskes and Einaudi (1990) and
Reeves et al. (1990) publish approximate REE con-
centrations for the deposit. Over the past 20 years, the
size of the reported Olympic Dam mineral resource has
grown from 1560 Mt ore in 1993 to 9940 Mt ore in
2012 (including Cu–U–Au–Ag, and separate Au ores),
with a decline in Cu–U ore grades from 1?15% Cu and
0?042% U3O8 to 0?82% Cu and 0?026% U3O8,
respectively (BHPB, 2012). According to Geoscience
Australia, Olympic Dam contained about 53 Mt REOs
in December 2011 (Hoatson et al., 2011); using the 2011
mineral resource of 9292 Mt ore this suggests an
approximate grade of 0?57% REO for the deposit.
The La–Ce concentrations noted above suggest a La–
Ce oxide grade of 0?59% (using the trioxide, say
Ce2O3), and so, after allowing for a minor fraction of
all other REEs (say 10%, especially HREEs) and a
decline in the REOs grade by one-third, this suggests an
approximate grade of some 0?48% REOs – a value
consistent with that determined by Geoscience Australia
(Miezitis, pers. comm., 2013; Table 4). However, despite
Olympic Dam having a significant amount of REEs, BHP
Billiton has no plans to convert these into production
(BHPB, 2011).

Norra Kärr, akaline complex and pegmatite
deposit, Sweden
The Norra Kärr REE deposit is located in southern
Sweden, some 300 km southwest of Stockholm and is
currently being explored by Tasman Metals. The deposit
is located in a 1300 m long and up to 460 m wide, N–S
elongated, peralkaline nepheline–syenite complex, with

mineralisation that is typical of the majority of silica-
undersaturated alkaline igneous REE deposits. The
highest REO grades within the deposit are associated
with pegmatitic intrusions that are associated with, and
cross-cut, the alkaline complex (TML, 2013). As
summarised in Table 4, the mineralisation in the
complex is dominated by catapleiite and eudialyte, and
the deposit has a total mineral resource of 58?1 Mt with
0?59% of total REOs, of which more than 50% by weight
are HREE (TML, 2013).

Round Top, rhyolite deposit, USA
The Round Top rhyolite is located in the Texas
Lineament Zone, in the Trans-Pecos area of Texas,
and is one of five Sierra Blanca rhyolite laccoliths
mapped in the region; the deposit is currently owned by
Texas Rare Earth Resources Corporation. The Round
Top deposit is hosted by a quartz-saturated peralkaline
rhyolite intrusion that is compositionally similar to
peralkaline granitic pegmatites elsewhere. This volumi-
nous rhyolite is also associated with skarn mineralisa-
tion, and is enriched in the REEs (both LREEs and
HREEs) and a number of other incompatible elements,
including Li, Be, F, Zn, Rb, Y, Zr, Nb, Sn, Pb, U and
Th. These elements are hosted by a variety of accessory
minerals disseminated throughout the rhyolite, including
LREE-enriched bastnäsite, and HREE-enriched cer-
fluorite, yttrofluorite and yttrocerite. The Round Top
deposit is estimated to contain 1034 Mt of total mineral
resources at a grade of 0?064% of REOs, including
0?045% HREOs (Table 4). Despite the fact that the
LREEs in this deposit are close to or even lower than
typical crustal abundances (Table 1), the scale of the ore
resource and the high concentrations of HREEs may
well make this type of deposit an important source of
both types of REE in the future.

Charley Creek, alluvial deposit, Australia
Charley Creek project is an alluvial or inland placer
REE deposit located 100 km northwest of Alice Springs
in the Northern Territory, Australia, and is a joint
venture between Crossland Strategic Metals and
Pancontinental Uranium Corporation. The orebody is
hosted by alluvial fans over an approximate area of
2500 km2 area, with an average alluvium thickness of
15 m (Crossland, 2013). Principal REE-bearing minerals
in the deposit include monazite and xenotime, with a
significant amount of ilmenite, zircon and traces of Th
and U. The initial mineral resource estimate for the
Charley Creek deposit is 805 Mt of resources at an
average total REO grade of 292 ppm (Crossland, 2013).
Although this is a relatively low grade deposit, the low
waste : ore ratio and the near-surface or surficial nature
of mineralisation within the alluvial deposit means that
this is a large scale and easy-extractable orebody;
production at Charley Creek is scheduled to commence
in 2016.

WIM150, heavy mineral sands deposit,
Australia
Australian Zircon’s WIM150 mineral sands project is
located in the Wimmera region of western Victoria,
Australia and contains heavy mineral sands that include
titanium, REOs and zircon mineralisation in an orebody
that consists of fine-grained heavy mineral sands with
typical thicknesses of 10–12 m. This mineralisation is
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overlain by 6–8 m of overburden and is underlain by an
impermeable clay layer. The current total resource
estimate for the WIM150 deposit includes 1650 Mt of
resources at 3?7% total heavy minerals that includes
20?7% zircon, 2?1% monazite, 0?38% xenotime, 31?4%
ilmenite, 11?7% rutile and 6?0% leucoxene (Auzircon,
2013). Mining of the WIM150 deposit will primarily
focus on titanium concentrate production, with REOs
produced as a by-product, although the 1?5 Mt mon-
azite and xenotime resource indicates that this is a
significant REE deposit in its own right. This project
exemplifies the future opportunities in REE production
from Ti- or Zr-focused heavy mineral sand production.

Buckton, shale hosted deposit, Canada
DNI Metals’ Buckton project is located on the eastern
slopes of the Birch Mountains of northeastern Alberta,
approximately 120 km north of Fort McMurray,
Canada. Here, REE mineralisation is hosted by several
black shale horizons in the Labiche and Second White
Speckled Shale formation. These shales contain an
estimated 3?2 Bt of polymetallic, REE and speciality
metal mineralisation, including Cu (47?2 ppm), Co
(15?2 ppm), Li2CO3 (370?3 ppm), MoO3 (25?9 ppm),
Ni (71?3 ppm), U3O8 (11?8 ppm), V2O5 (720?6 ppm), Zn
(184?7 ppm), and the REOs (250?1 ppm) including
Sc2O3 (21?9 ppm), ThO2 (11?8 ppm), and Y2O3

(39?3 ppm; Eccles et al., 2012a,b; Table 4). The deposit
is not high grade, but the significant size of the deposit
(much the same as the polymetallic Talvivaara deposit;
e.g. Jowitt and Keays, 2011) means that it is a potential
target for future exploration and exploitation (DNI,
2013).

Other potentially economic REE deposits
There are many more types of potential REE deposits
around the world that have not been covered in the case
studies described above. The Cooglegong and Pinga
Creek pegmatite fields in West Australia contain Nb–Y–
F and Li–Cs–Ta pegmatites that contain REE-bearing
minerals, such as tanteuxenite, gadolinite, yttrotantalite,
fergusonite, monazite, and samarskite (Sweetapple,
2000). Another example is the Mary Kathleen U-REE-
Th skarn deposit in western Queensland, Australia. This
deposit hosts REO mineralisation associated with
uraninite, apatite and allanite in garnet-bearing calc-
silicate rocks near an alkali granite intrusion (Oliver
et al., 1999; Maas et al., 1987; NSWDMP, 2007). The
Mary Kathleen deposit was mined intermittently for U
from the 1958 to 1982, and although only U was
extracted, the deposit was recognised as a potential REE
deposit, meaning the y9 Mt of tailings at Mary
Kathleen contains about 200 kt REOs (Scott and
Scott, 1985). This also raises the issue of former and
current mines that have processed ores containing REEs
but not extracted them, thereby leaving REEs in the
tailings. Major examples include Olympic Dam,
Steenkampskraal and numerous mineral sands projects.
It is debateable to what extent REEs in tailings can be
considered a deposit, as ultimately the final view will be
an economic case for re-processing tailings versus
mining fresh ore to produce REEs, although there is
one tailings project that is being studied for potential
development (e.g. Steenkampskraal), albeit alongside a
mining re-development project. Additional REE pro-
duction from unconventional resources such as seawater

or manganese nodules have also been proposed, but
have not as yet eventuated.

Linking environmental issues to REE
deposits
The mining, processing and refining of the REEs has the
potential to cause major environmental problems that are
closely linked to the deposit type, processing methods
used and there extent of pollution control adopted to
mitigate environmental impacts. There are, however, very
few published detailed studies on the actual impacts of
REE processing. This lack of comprehensive studies
limits the understanding of potential and actual risks,
especially when considering the various REE deposit
types and project configurations.

In general, common concerns (as outlined by Chen
et al., 2005; Mudd, 2008; Qifan et al., 2010; Pillai et al.,
2010; Wen et al., 2013; IAEA, 2011) include:

(i) significant use of chemicals (e.g. acids, alkalis,
solvents)

(ii) the presence of significant Th concentrations in
REE ores and concentrates, and to much a
lesser extent U, and the radioactive nature of
some refinery wastes (especially gypsum wastes)

(iii) corrosive fluorine-bearing gases

(iv) occupational and public health risks from
potential chemical and radiation exposures
(both perceived and actual)

(v) long-term solid waste management, especially
mine tailings and refinery residues

(vi) gaseous and particulate emissions

(vii) liquid wastes treatment and management.

These issues are exacerbated by the high-tech end-uses
of the majority of the REEs; their uses mean that the
majority of REE demand is for high-purity single REEs.
Hence, the processing of REE ores does not simply
involve the concentration of ore minerals such as
sulphides or native metals (as is the case for many base
and precious metals), but instead required the selective
separation of each individual REE from the hosting
minerals and subsequent production of a single element
concentrate or product. The highly variably nature of
REE minerals (e.g. Table 2), again sharply contrasts
with both base and precious metal resources where
commodities of interest are hosted by one or two
relatively easily processable minerals in any given
deposit. The variety of REE minerals means that the
REE extraction and processing is problematic and can
be time-consuming. This, combined with the fact that
the REE are chemically similar (i.e. have similar
properties and behaviours) means that REE mineral
processing techniques are both energy and chemically
intensive.

The difficulties and expenses in REE extraction and
processing also means that these processes can have
significant environmental impacts. The relatively small
and somewhat poorly documented (compared to, for
example, Cu processing by smelting or Au processing
using cyanide, both of which are harmful but with more
well-known and more easily remediated impacts) nature
of global REE production means that little research to
date has focused on the life cycle environmental im-
pacts of REE production, including the impacts of REE
mine site, processing, production, manufacturing and
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recycling (or lack thereof) processes on the environment.
In addition, REE mineralisation is often associated with
enrichments in the radioactive elements U, Th and K, as
well as a wide variety of other harmful (and biologically
active) elements; all these elements can potentially cause
significant environmental and public health problems
during processing and waste disposal. The difficulties
inherent in processing these ores are evidenced by a
report in the China Daily (Jiabao and Ji, 2009). This
report indicates that the production of a single tonne of
refined REE oxide from Bayan Obo, the world’s most
important REE deposit, also produced 63 000 m3 of
harmful S- and F-bearing gases, 200 m3 of acidic water,
and 1?4 t of radioactive waste (especially Th-related
wastes). The safe disposal of these wastes, especially the
radioactive wastes that are often produced during REE
production, is a significant problem that needs to be
overcome during REE mine planning and remediation.
Rare earth element mining and processing also involves
a wide range of occupational hazards such as pneumo-
coniosis as well as potential occupational poisoning
from Pb, Hg, benzene, and phosphorous. This is in
addition to the pollution derived from the production of
the energy required to economically extract and process
of REE ores, a factor that is exacerbated by the fact that
the majority of energy production in China is generated
by coal-burning power stations that produce significant
amounts of greenhouse gases (GHG) such as CO2, in
addition to SO2 and fine particulates.

The environmental impact of REE processing is also
exacerbated by the very fact that mining and mineral
processing changes generally inert minerals that contain
the REEs or clays with adsorbed REEs, both of which
may also contain or have adsorbed radioactive nuclides
and toxic heavy metals, into more reactive species with
greater surface areas and with higher solubilities (and
biological activities). This increased reactivity means
that the distribution of these harmful waste products is
promoted by the mining process, potentially exacerbat-
ing the effect of REE production on both ground and
surface waters and increasing the areas potentially
affected by these processes. In addition, the production
of radioactive mine waste, especially K-, Th- and U-
bearing waste, from the extraction and processing of
important REE-bearing minerals such as bastnäsite,
monazite and xenotime, is a crucial health risk that is
often ignored by current studies. A 2005 case study of
miners at Bayan Obo indicates that the average Th lung
burden for workers involved in the crushing stage of
operations (1?71 Bq) is significantly higher than the
exposure experienced by other miners (0?39 to 0?68 Bq),
meaning that the standardised mortality ratio of lung
cancer mortality in miners exposed to Th dust is more
than double that of miners not involved in crushing
operations (5?5 compared to 2?3) showing a direct
relationship between health risks and long-term expo-
sure of miners to dust derived from REE processing
(Chen et al., 2005).

The environmental consequences of REE extraction
and processing mean that it is somewhat ironic that
these elements are often used in technologies that
remediate or remove environmental impacts, such as
using the REE to replace harmful elements such as Cd
and Pb in batteries, and at the same time increasing
battery rechargeability; or the more direct impact of the

REEs on reducing GHG and other harmful emissions
by increasing the energy efficiencies of light bulbs and
uses in renewable energy generation, such as wind
turbines. In addition, the costs and likelihood of
successful rehabilitation of affected mining and proces-
sing sites need to be considered during mineral explora-
tion and within feasibility studies; to date, these have not
been significant factors given the low number of REE
mines globally, although the increased demand for the
REE means that these impacts need to be considered in
detail in the very near future. At present, there is a
dearth of literature linking REE deposit mineralogy,
processing routes and waste management methods to
environmental risks through formal methodologies such
as life cycle impact assessment (LCA). By first develop-
ing a more comprehensive understanding of the key
mineralogical and geological differences in REE depos-
its, this study should facilitate more thorough life cycle
impact assessments in the future. This facilitates better
understanding of the real and perceived environmental
risks from the whole REE production chain, and all of
these factors should be quantified in an urgently needed
comprehensive LCA for REE mining and processing.

Currently, LCA is the primary methodology used to
quantify environmental impacts of material extraction,
refinery, and processing for most base metals mining
activities, such as Au, Al, Cu and Fe (e.g. Norgate and
Haque, 2010; Norgate and Jahanshahi, 2010; Northey
et al., 2013). As outlined above, REE deposits are
geologically and mineralogically diverse. This means
that evaluation of the impacts of REE extraction and
processing requires specifically focused LCAs. The
distribution of the REEs in both value and in terms of
allocation of mass of HREEs and LREEs within an
individual deposit is also crucial to determine the
effectiveness of inputs and outputs within an LCA.
For example, LREE-dominant deposits require different
processing and refinery routes than HREE-dominant
deposits, and the added complexity of the production of
multiple co-products such as U, Nb, Ta, Zr and Fe (e.g.
Dubbo-Toongi, Bayan Obo) also needs to be taken into
account during LCA analysis. Here, we compare the
impact of REE extraction and processing to other more
conventional metals by comparing the GHG emissions
from each type of industry. Norgate and Haque (2010)
determined the global warming potential for Fe (11?9 kg
of CO2 equivalent emissions per tonne of Fe production,
or kgCO2-e/t), bauxite (4?9 kgCO2-e/t bauxite) and Cu
concentrate (628?2 kgCO2-e/t Cu concentrate), with
Northey et al. (2013) indicating that the average GHG
intensity of Cu production was 2?6 tonnes of CO2

equivalent emissions per tonne of produced Cu metal (t
CO2-e/t Cu) within a range of 1 to 9 t CO2-e/t Cu. These
studies suggest that embodied energy consumption,
greenhouse gas emissions and the water footprints of
generic hard-rock mining and mineral processing opera-
tion relates to changes in ore grades (Fig. 2), grind size,
mineralogy, sources of energy, processing routes and of
course the quality of available data.

In comparison, a preliminary GHG emission-focused
life cycle impact assessment study by Tharumarajah and
Koltun (2011; Fig. 3) focused on the Bayan Obo
deposit, and considered the GHG emission implications
of the production and processing of a bastnäsite ore with
a grade of y6% REOs using indicative information on
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material and energy inputs, emissions and land use from
public sources (e.g. China’s electricity grid) or based on
stoichiometry. The input data were sourced from the
SimaPro LCA software database (Pre, 2013; Ecoinvent,
2013), and the revenue from each product was used to
allocate environmental burdens, with allocated GHG
emissions shown in Fig. 3 (note that these data are in kg
of CO2 equivalent emissions per kg of product). These
data show that the production of individual REE has
significantly higher GHG emissions than any of the
other metals or concentrates described above, with the
y55 kg of CO2 emitted per kg of produced Sm Eu and
Gd oxide significantly higher than the 2?6 kg of CO2

emitted per kg of produced Cu metal determined by
Northey et al. (2013). It should also be noted that these
oxides would probably require more processing and

separation for their end uses, meaning that this estimate
is a minimum. This analysis also indicates that the
primary contributors to the GHG footprint for REE
extraction and processing are energy in various forms
(i.e. diesel, steam, fuel oil and electricity, y51%),
followed by chemicals (especially hydrochloric acid,
y38%), with the remainder from other chemicals,
mining, concentration and transport. It is critical to
note that the above split will vary significantly from
deposit to deposit given the different mineralogies (e.g. F
from bastnäsite ores or Th from most REE sources),
processing routes, light/heavy REE splits, waste disposal
methods (e.g. treatment, re-use, landfill or incineration)
as well as individual REE prices; a detailed study is
currently underway to quantify these variables in more
detail. It is clear, however, that even if only the GHG
emissions of REE extraction and processing are
considered, the most critical areas to reduce the GHG
impacts of REE processing are chemicals (especially
acids) and energy consumption. This estimate is also
only for the GHG emissions produced during REE
production, and does not consider any other impacts,
primarily as there have been very few (if any)
comprehensive studies on REE production and proces-
sing, highlighting the need for a more comprehensive
valuation of the environmental impact of this industry.

Conclusions
This paper provides an overview of the primary
geological processes that form the major types of REE
deposits, REE mineralogy, the environmental implica-
tions of REE mining and processing, and outlines a new
REE deposit classification scheme that subdivides REE
mineralisation into broad magmatic, hydrothermal and
secondary classes of mineralisation, with further sub-
division into more specific deposit classes. Carbonatite-
hosted or -associated REE deposits such as Bayan Obo
in China, Mountain Pass in the USA and Mt Weld in
Australia have been the primary source of global REO
to date (Verplanck and Van Gosen, 2011), although

2 Energy and GHG Intensity compared to ore grades for Cu mining projects (Norgate and Jahanshahi, 2010)

3 Greenhouse gas footprint for selected rare earth pro-

ducts; note that disposal includes hazardous solvent

incineration, the modelling includes processing of ore

with 70% mixed REE and with 90% recovery, and mine

rehabilitation is under miscellaneous
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numerous other types of potential REE resources and
deposits are currently known (e.g. Round Top, USA;
Olympic Dam, Australia; Buckton, Canada and Eco
Ridge, Canada). This means that it is unclear whether
carbonatites will continue to dominate the long term
supply of REEs, or whether one of these other types or
families of deposits will become more important than
the carbonatites that have dominated REE production
for the previous 50 years. In addition, the rapid growth
in global REE demand and the associated environ-
mental implications (e.g. GHG emission, radioactive
mine waste containing high concentrations of U and Th
and chemical intensive leaching during REE refining and
extraction) of increased REE production means that
considering the costs and benefits of future REE
production is a complex matter. Clearly, the future of
REE supply and demand will depend not only on our
ability to identify and extract REE resources, but also
our ability to economically and sustainably process these
resources without causing undue environmental and
social impacts.
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Abstract
Rare earth elements (REE) are indispensable to infrastructure, technology, and modern lifestyles, which 

has led to an increasing demand for these elements. The current global rare earth oxides (REO) market is 
dominated by Chinese production, which peaked in 2006 at 133,000 tonnes REO per year, accounting for some 
97.1% of global production, causing concern about the long-term supply of REE resources. Although the REE 
consist of 17 individual elements (15 lanthanides plus scandium and yttrium) that are hosted by numerous 
types of mineralization, the relatively modest scale of the global REE mining sector has limited our knowledge 
of REE mineral resources and mineralizing systems compared to metals such as copper and iron, which are 
produced in much larger quantities.

In order to quantitatively analyze the mineralogy, concentrations, and geologic types of REE deposits, we 
compiled a global dataset of REE mineral resources based on the most recently available data (2013–2014). 
This compilation yields minimum global contained total rare earth oxides plus yttrium oxide (TREO + Y) 
resources of 619.5 Mt split between 267 deposits. Deposits with available grade and tonnage data (260 of the 
267 deposits in our database) contain some 88,483 Mt of mineral resources at an average concentration of 
0.63% TREO + Y, hosting 553.7 Mt TREO + Y. Of the 267 total deposits in our database, some 160 have min-
eral resources reported using statutory mining codes (e.g., JORC, NI43-101, SAMREC), with the remaining 
107 projects having CRIRSCO-noncompliant mineral resources that are based on information available in the 
industry literature and peer-reviewed scientific articles. 

Approximately 51.4% of global REO resources are hosted by carbonatite deposits, and bastnäsite, monazite, 
and xenotime are the three most significant REE minerals, accounting for >90% of the total resources within 
our database. In terms of REE resources by individual country, China dominates currently known TREO + 
Y resources (268.1 Mt), accounting for 43% of the global REO resources within our database, with Australia, 
Russia, Canada, and Brazil having 64.5, 62.3, 48.3, and 47.1 Mt of contained TREO + Y resources, respectively. 
Some 84.3 Mt TREO + Y is hosted within tailings (dominated by tailings from Bayan Obo but with smaller 
resources at Palabora, Steenkampskraal, and Mary Kathleen) and 12.4 Mt TREO + Y is hosted by monazite 
within heavy mineral sands projects, illustrating the potential for REO production from resources other than 
traditional hard-rock mining. 

Global REE resources are dominated by the light REE, having an average light REO (LREO; La-Gd) to 
heavy REO (Tb-Lu and Y) ratio of 13:1. These REE deposits contain an average of 81 ppm Th and 127 ppm U, 
indicating that radioactive waste associated with REE extraction and refining could be a concern. Modeling 
the 2012 global production figures of 110 kt TREO + Y combined with an assumed 5% annual growth in REE 
demand indicates that known REE resources could sustain production until 2100 and that geologic scarcity is 
not an immediate problem. This suggests that other issues such as environmental, economic, and social factors 
will strongly influence the development of REE resources.

Introduction
Rare earth elements (REE) have crucial industrial uses and 
are indispensable to the development of modern defense sys-
tems, green technologies, and electronic applications. This is 
exemplified by REE alloys and permanent magnets, both of 
which are considered essential for renewable energy technol-
ogy (e.g., electric vehicles, energy-efficient lighting, and wind 
power turbines). From a production perspective, the REE are 
primarily reported as rare earth oxides (REO; U.S. Environ-
mental Protection Agency [USEPA], 2012), and the growth of 
REE-dependent technologies and applications is expected to 
significantly increase global demand for the REO over coming 

decades (U.S. Department of Energy [USDOE], 2010; Hoen-
derdaal et al., 2013; Humphries, 2013). 

The global REO market peaked in 2006 with 133,000 tonnes 
(t) of produced REO and is dominated by Chinese produc-
tion, which accounted for 97.1% of global production in 2006 
(United States Geological Survey [USGS], 1997–2015). Histor-
ical global REO production is shown in Figure 1. For various 
political, economic, and environmental reasons, the Chinese 
government from about 2006 implemented mandatory export 
restrictions on REE, tungsten (W), and molybdenum (Mo) 
(State Council Information Office of the People’s Republic 
of China [SCIO], 2012). From 2006 to 2011, the REO export 
quota for Sino-foreign joint ventures in China decreased from 
16,070 to 7,746 t, whereas domestic REE producers and trad-
ers had export quotas reduced from 45,000 to 22,512 t (Morri-
son and Tang, 2012). These restrictions led to a decrease in the 
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Chinese REO export quota from 61,560 t in 2006 to 30,246 t in 
2011. In addition, China’s annual REO production also gradu-
ally declined from 133,000 t in 2006 to 95,000 t in 2013 (USGS, 
1997–2015). These restrictions on REO exports were coinci-
dent with an internal drive in China to encourage domestic 
REO consumption, including high-end and high-tech REE-
related processing and manufacturing. The Chinese restrictions 
on REO exports caused a significant increase in global REO 
prices (Humphries, 2013), although these prices have declined 
recently (USGS, 1997–2015). These quotas also highlighted 
concerns about the future supply of critical metals, driven 
not only by economics but also by geopolitical considerations, 
industrial and economic interests, supply monopoly, and pri-
oritization of domestic downstream industries (Hayes-Labruto 
et al., 2013; Moss et al., 2013a, b; Wübbeke, 2013). This was 
noted by the World Trade Organization (WTO), which in 2014 
announced the settlement of China’s REE export dispute and 
the removal of the Chinese REE export quota (WTO, 2014).

Nevertheless, China’s REE export restrictions exemplify the 
risk inherent in having the global supply of the REO depen-
dent on a dominant supplier or country, which obviously 
poses significant risks to the security of supply of these impor-
tant elements. This situation has led to a widespread inter-
est in quantifying the availability of these important elements 
(e.g., USDOE, 2010; Moss et al., 2011; Naden, 2014). Thus, 
there is need for a comprehensive assessment of global REE 
mineral resources to identify key opportunities, uncertainties, 

and challenges for the global REE industry. The critical 
aspects needed for such an assessment include identifying 
major REE mineral deposit types, classifying these deposits 
by REE mineralogy, and identifying the presence or absence 
of potential by-/co-products (e.g., Fe, Ti, Nb, and Zr) and/or 
hazardous impurities (e.g., U and Th). These data will provide 
a rigorous foundation for industries and governments to ini-
tiate the development of sustainable, secure, and economic 
global REE supplies.

The International Union of Applied and Pure Chemistry 
(IUPAC) defines the REE as the 15 lanthanide elements plus 
Sc and Y, as shown in Table 1 (IUPAC, 2005). Each of the 
REE has distinctive characteristics and usages, with the lan-
thanide elements divided by electron shell configuration into 
the light REE (LREE; La to Gd) and the heavy REE (HREE; 
Tb to Lu), although the mining industry does not currently 
use such a definitive classification of the split between LREE 
and HREE, with some projects (e.g., Buckton, Browns Range, 
etc.) defining the LREE as including La, Ce, Pr, and Nd, 
whereas the HREE (as reported by the mining companies 
involved) include Sm, Eu, and Gd (e.g., Eccles et al., 2013). 
Furthermore, the term medium REE (MREE; Sm to Gd) is 
also used in some industrial reporting (e.g., Ashram, Charley 
Creek), but does not have a formal IUPAC classification. Y 
and Sc are not formally classified as either LREE or HREE 
but have a chemical affinity with the lanthanide group of ele-
ments, with these chemical affinities meaning that Y is also 
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often considered an HREE. The short half-life of Pm means 
that it is rarely extracted during the exploitation of REE min-
eral deposits but, rather, may be produced as by-product from 
the nuclear industry, and as such is excluded from our dataset. 
Here, we split the REE according to the IUPAC classification 
into the LREE (La, Ce, Pr, Nd, Sm, Eu, and Gd) and the 
HREE (Tb, Dy, Ho, Er, Tm, Yb, and Lu).

In contrast to their name, some of the REE are relatively 
abundant in the Earth’s crust and, although typical REE 
abundances in the Earth’s upper crust vary significantly, Ce 
and La have average crustal concentrations of 63 and 31 parts 
per million (ppm), respectively—both higher than the aver-
age crustal concentrations of Cu (28 ppm) and Pb (17 ppm; 
Rudnick and Gao, 2003). In comparison, Tm and Lu have 
average crustal concentrations of 0.3 and 0.31 ppm, respec-
tively, much lower than the majority of other economically 
important metals, but still higher than Au, Ag, and the plati-
num group elements (Rudnick and Gao, 2003).

The REE are rarely (if ever) present as native metals in 
the natural environment; instead, they often substitute for 
other elements within the matrix of certain minerals, espe-
cially phosphates and carbonates. At present, the most impor-
tant economic REE-bearing minerals are bastnäsite ((Ce,La)
(CO3)F), monazite ((Ce,La,Nd,Th)PO4), and xenotime (YPO4; 
Jordens et al., 2013), although the REE can substitute into 
the matrix of more than 200 individual minerals (Jones et al., 
1996). The substitution-dominated nature of REE minerals 
and the low difference in density between these minerals and 
their associated gangue means that REE ores are complicated 

to process, especially when compared to more commonly pro-
cessed sulfide and oxide ores (e.g., Cu, Pb, and Zn). In addi-
tion, the chemical similarities between the REE mean that 
the separation and purification of individual REE, a necessary 
step in the vast majority of end uses, is also difficult, with both 
concentration and refining being chemically and energy inten-
sive (USEPA, 2012). Furthermore, the geologic and mineral-
ogical variability of REE deposits means that the extraction, 
concentration, and processing of REE ores is highly variable 
from project to project, and is often deposit type or even indi-
vidual deposit specific. The geochemical behavior of the REE 
also means that REE-bearing minerals often contain uranium 
and thorium, as is evidenced by the high concentrations of Th 
that are often present in REE-bearing monazite (Long et al., 
2010), with significant amounts of U also present in or asso-
ciated with REE-enriched mineral deposits (USEPA, 2012). 
These processing difficulties and complexities are indicative 
of the risk factors inherent in REE exploration, mining, and 
processing, which have previously hindered the economic 
development of potential REE resources.

Here, we present a quantitative global REE dataset based 
on mineral resources reported using various statutory reporting 
standards, geologic studies, and government assessments, and 
use these data to provide an overview of differing REE mineral 
deposit types, tonnages, TREO + Y concentrations, principal 
mineralogies, individual REE concentrations, and significant 
by-/co-products or impurities. This dataset provides a basis for 
the quantitative analysis of the opportunities, challenges, and 
uncertainties inherent within the global REE supply chain.

Table 1.  Summary of the Chemistry and Average Crustal Abundances of the REE1

Element Atomic  IUPAC Average crust
abbreviation number Element name classification2 (ppm)3 Usages

La 57 Lanthanum Light 31 Optics, batteries, catalysis, hydrogen storage
Ce 58 Cerium Light 63 Chemical applications, coloring, polishing glass, catalysis, 
       hybrid vehicles
Pr 59 Praseodymium Light 7.1 Magnets, lighting, optics
Nd 60 Neodymium Light 27 (SmCo) magnets, lighting, lasers, optics, hybrid vehicle 
       batteries
Pm 61 Promethium Light – Limited use due to radioactivity, used in luminous paint and 
       atomic batteries; very rare in nature (due to its short 
       half-life)
Sm 62 Samarium Light 4.7 Magnets, lasers, masers, lightweight magnets
Eu 63 Europium Light 1 Lasers, lighting, medical applications
Gd 64 Gadolinium Light 4 Magnets, glassware, lasers, X-ray contrast agent, computer 
       applications, medical applications
Tb 65 Terbium Heavy 0.7 Lasers, lighting, lightweight magnets
Dy 66 Dysprosium Heavy 3.9 Magnets, lasers, hybrid vehicle batteries
Ho 67 Holmium Heavy 0.83 Lasers
Er 68 Erbium Heavy 2.3 Lasers, medical applications, neutron-absorbing control rods 
       in nuclear industry
Tm 69 Thulium Heavy 0.3 X-ray generation
Yb 70 Ytterbium Heavy 2 Lasers, chemical industry applications
Lu 71 Lutetium Heavy 0.31 Medical applications, chemical industry applications
Sc 21 Scandium N/A 14 Alloys in aerospace engineering, lighting, fuel cells
Y 39 Yttrium Heavy 21 Lasers, superconductors, microwave filters, lighting, ceramic

 – = concentration too low to assess as a result of the short radioactive half-life of this element
1 Adapted from Weng et al. (2013)
2 The chemical classification of the REE uses the configuration of electrons in the outer shell of the element, with the LREE having no paired clockwise- 

and counterclockwise-spinning electrons, whereas the HREE have both clockwise- and counterclockwise-spinning electrons; Sc and Y are chemically similar 
to these elements and are also included, with Y classified as a heavy rare earth element, although the properties of Sc are not similar enough to either LREE 
or HREE to allow further chemical classification

3 From Rudnick and Gao (2003)
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Methodology

REE deposit types and mineralogy

Understanding REE mineral deposit types and the miner-
alogy of potential REE deposits is crucial for exploration tar-
geting and determining the feasibility of mining operations, 
processing, and refining. Therefore, we have classified our 
database using a range of differing mineral deposits types; this 
classification was first published by Weng et al. (2013) and 
has been expanded and slightly adapted to reflect the range 
of known REE deposits. Our classification is obviously a sim-
plification of the natural complexity of REE deposits, which 
has led to the formulation and implementation of numerous 
other classification schemes; for example, the United States 
Geological Survey (Long et al., 2010) classification splits 
REE deposits into a total of 34 different types of mineral 
deposits, whereas the British Geological Survey (Walters et 
al., 2010) uses a simpler split of primary deposits of igneous 
and hydrothermal origin or secondary deposits concentrated 
by sedimentary processes and weathering. Here, we con-
sider both the geologic processes involved in the formation 
of REE deposits and the mineralogy of individual deposits in 
our classification scheme (shown in Table 2). This classifica-
tion splits REE deposits into three broad categories relating 
to the dominant processes that formed the REE mineraliza-
tion (i.e., igneous, hydrothermal, or secondary/sedimentary 
processes), before further subdividing into 14 subclassifica-
tions (carbonatite, alkaline complexes and pegmatites, felsic 
volcanic, granites and granitic pegmatites, iron oxide copper-
gold (IOCG), granite-related skarn, carbonatite-related skarn, 

hydrothermal undifferentiated, heavy mineral sands (HMS), 
laterites/soils/clays, tailings, shale hosted, alluvial/placer, and 
sedimentary undifferentiated deposits) that are used to clas-
sify individual mineral deposits within our database. It should 
be noted that this classification, as with all mineral deposit-
type classifications, is reliant on the amount of information 
available, as epitomized by the world’s most important REE 
deposit at Bayan Obo; the formation of this REE deposit is 
still controversial (e.g., Yang and Le Bas, 2004; Yang et al., 
2011; Smith et al., 2015) and, thus, we can only rely on current 
knowledge and the geologic evidence available within both 
published and industry literature (e.g., NI43-101 reports) to 
classify the deposits within our database. In addition, as is 
often the case for mineral deposits (e.g., Jowitt et al., 2013a), a 
given mining camp or even resource may contain two or more 
REE deposit types (Jones et al., 1996; Lai and Yang, 2013; 
Weng et al., 2013); where this is the case, we have classified 
a given deposit by the dominant (i.e., most contained REE) 
deposit type. Several of the hydrothermal deposits in our data-
base are of uncertain origin but are definitively linked with 
magmatic bodies; we have classified these as skarns, although 
this terminology may not be strictly correct. Finally, a few of 
the deposits in our database have definitive hydrothermal or 
sedimentary origins but could not be classified further, either 
as a result of a lack of research or because the deposits them-
selves were poorly understood; these remain classified simply 
as hydrothermal or sedimentary undifferentiated within our 
database. We have also classified the Hangaslampi resource 
as hydrothermal and undifferentiated because, although the 
deposit is an orogenic gold deposit that also contains Co, 

Table 2.  Classification of REE Mineral Deposit Types Used During This Study1

Process                 Mineral deposit type Key examples

Igneous Silica undersaturated Carbonatite Bayan Obo, China; Araxá, Brazil; Karonge, Burundi; 
     Mountain Pass, USA; Nolans Bore, Australia; 
     Steenkampskraal, South Africa
  Alkaline complexes and Khibina and Lovozero, Russia; Norra Kärr, Sweden; 
    alkaline pegmatites   Bokan, USA; Thor Lake, Canada; Kipawa Lake, 
     Canada; Kola Peninsula, Russia

 Silica saturated to oversaturated Felsic volcanic Round Top, USA; Foxtrot, Canada
  Granites and Khibina Massif, Russia; Motzfeldt, Greenland; 
    granitic pegmatites   Ytterby, Sweden

Hydrothermal Iron oxide copper-gold (IOCG)  Olympic Dam, Australia; Milo, Australia
 Skarn Granite related Mary Kathleen, Australia
  Carbonatite related John Galt, Australia; Saima, China
 Undifferentiated  Mount Gee, Australia

Secondary/sedimentary Heavy mineral sands (HMS)  WIM150,  Australia; monazite stockpile in India 
     (IREL)
 Laterite/soil/clay  Tantalus, Madagascar
 Tailings  Steenkampskraal, South Africa; Port Pirie, Australia; 
     Mary Kathleen, Australia
 Shale hosted  Buckton, Canada
 Alluvial/placer  Charley Creek, Australia; India; Sri Lanka; Florida, 
     USA
 Undifferentiated  Korella, Australia

1 Adapted from Weng et al. (2013)
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the nature and association of the REE with this mineraliza-
tion remain unclear—especially as, although the Co and Au 
resources within this deposit are reported according to the 
JORC code, the grade and tonnage of the REE within this 
deposit remain conceptual and are not currently code compli-
ant. This lack of code compliance for the REE resource within 
this project also means that this deposit REE resource has a 
low confidence rating. The next section provides a brief out-
line of the differing categories and processes involved in REE 
deposit formation, and the reader is referred to Weng et al. 
(2013) and references therein for more detailed descriptions.

The REE are highly incompatible in the majority of mag-
matic systems, meaning that these elements are concentrated 
in magmas that form as the result of low-degree partial melt-
ing of the mantle; this is especially true of metasomatically 
enriched regions of the mantle that may contain higher con-
centrations of the REE compared to those expected for typi-
cal primitive mantle. The incompatibility of the REE means 
that low-degree partial melts can contain very high concentra-
tions of these elements (e.g., Chakhmouradian and Zaitsev, 
2012; Jordan et al., 2015), although this also means that these 
elements can be concentrated during significant fraction-
ation or differentiation, with the REE eventually crystallizing 
out as REE minerals during late-stage fractionation, rather 
than within earlier fractionated minerals (e.g., Medlin et al., 
2015)—a process that can also lead to the formation of vola-
tile-rich pegmatitic magmas. This means that the majority of 
igneous REE deposits are related either to rock formed from 
magmas generated by very low degree partial melting (and 
other associated processes) or by extreme fractionation. Igne-
ous rocks with high REE concentrations, such as carbonatites 
or alkaline igneous complexes, also form ideal sources for 
REE-enriched hydrothermal fluids, leading to several REE 
deposits that contain both primary igneous and hydrothermal 
REE mineralization (e.g., Bayan Obo).

The REE are thought to be generally immobile during 
the majority of hydrothermal processes, indicating that the 
mobilization and the effective deposition and concentration 
of these elements may require atypical hydrothermal activity. 
In addition, our hydrothermal REE deposit classification con-
siders very high temperature systems that are, for example, 
associated with the formation of pegmatites to fall within the 
igneous category of deposits. Both high-temperature magma-
tohydrothermal and F- and Cl-bearing hydrothermal systems 
are frequently associated with the formation of REE-enriched 
hydrothermal mineralization and hydrothermal REE mineral 
deposits, although the two systems are not mutually exclusive 
(e.g., Williams-Jones et al., 2012; Jowitt et al., 2013b; Weng 
et al., 2013). These systems are thought to dominate the for-
mation of hydrothermal REE deposits, as (1) the REE are 
more soluble in high-temperature hydrothermal fluids than 
lower-temperature fluids (Williams-Jones et al., 2012) and (2) 
hydrothermal fluids that contain significant amounts of F, Cl, 
and Li ligands can also mobilize significant amounts of the 
REE, in addition to elements such as U that are often associ-
ated with the REE (e.g., McPhie et al., 2011; Williams-Jones 
et al., 2012), although the exact role of F in the mobilization of 
the REE and the formation of REE mineral deposits remains 
contentious (e.g., Skirrow et al., 2007; McPhie et al., 2011; 
Williams-Jones et al., 2012; Ernst and Jowitt, 2013). Both 

high-temperature and high-F and -Cl hydrothermal fluids 
most likely deposit their REE during interaction with cooler 
and pH-neutralizing rocks or fluids (e.g., Williams-Jones et 
al., 2012), although REE deposition may not always be syn-
chronous with the deposition of other metals, such as Cu, Au, 
or U—as, for example, may be the case at the Hangaslampi 
deposit, as discussed above.

The fact that REE-bearing minerals are often somewhat 
denser than most silicate minerals (although not to the same 
extent as, say, native Au or sulfide minerals) and are refractory 
and resistant to both alteration and weathering means that 
they are often preferentially concentrated into sedimentary or 
secondary deposits during erosion, transportation, and depo-
sition. This has led to the formation of a diverse range of sedi-
mentary (e.g., shale-hosted REE deposits), secondary (e.g., 
laterite), or placer (e.g., alluvial deposits)-type REE deposits, 
with the latter two types of deposit containing REE miner-
alization that is often associated with other dense, refractory 
minerals (e.g., zircon, rutile, and ilmenite). Although both 
placer and HMS deposits may result from similar geologic 
processes, the minerals they target may differ significantly. 
For example, placer REE deposits like Charley Creek domi-
nantly target REE-enriched minerals such as monazite and 
xenotime, whereas HMS operations usually target ilmenite, 
rutile, and zircon, and may produce monazite as a by-product. 
Hence, placer REE and HMS deposits have very different 
REE production potentials, meaning that we separate these 
deposits into two differing classification categories. Our placer 
category also includes ancient paleoplacer deposits that have 
been upgraded by postdepositional hydrothermal or meta-
morphic activity, but anthropogenic secondary placer or tail-
ings deposits, such as the REE-enriched tailings resource at 
Mary Kathleen, which formed as a result of mining of primary 
skarn mineralization, have been classified as a separate tail-
ings category within the overall secondary/sedimentary class 
of REE deposits (Table 2).

REE mineral deposits host a wide and diverse range of REE-
bearing minerals, the most economically important of which 
are bastnäsite, monazite, and xenotime. These are just three 
of the more than 200 minerals known to contain essential or 
significant amounts of the REE (Jones et al., 1996; Christie et 
al., 1998; Hoatson et al., 2011), all of which form as a result of 
a wide range of geologic processes and, thus, are found in a 
diverse range of igneous, sedimentary, and metamorphic rocks. 
This means that understanding the processes that form these 
mineral deposits and their REE-bearing minerals is crucial not 
only for exploration but also for designing and operating ore 
processing routes as well as REE processing facilities (Interna-
tional Atomic Energy Agency [IAEA], 2011a). Given this, we 
also have classified the REE deposits in our compilation by the 
dominant REE mineral or minerals within the deposit; as with 
the mineral deposit classification outlined above, individual 
deposits may contain a range of undisclosed REE minerals, 
but our classification focuses on publicly available information 
taken either from statutory mining code-based reports or from 
previously published geologic research.

Mineral Resource Accounting
Global REE production has long been dominated by car-

bonatite or weathered carbonatite deposits, such as Bayan 
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Obo in China, Mountain Pass in the United States, and Mount 
Weld in Australia. However, as discussed above, various types 
of mineral deposits, including alkaline complexes and pegma-
tites (e.g., Tanbreez in Greenland, Strange Lake in Canada), 
felsic volcanic rocks (e.g., Round Top in the United States), 
shale-hosted (e.g., the Grande-Vallée complex and Buckton 
in Canada), and HMS (e.g., WIM 150/200 in Australia and 
monazite stockpiles in India) deposits, can contain significant 
amounts of REE mineral resources and could potentially 
become major REO producers. The mineralogy, grades, ton-
nages, and mineral processing used in the exploitation of all 
these REE deposits have not been systemically analyzed in 
the literature to date, and each deposit type contains different 
concentrations of the individual REE and differing propor-
tions of the LREE and the HREE, further complicating the 
issue of refined REO production. The increasing demand for 
the REE has also accelerated exploration and the push for 
extraction from all differing types of REE deposits, either as a 
target commodity or as a by-product of other elements, such 
as Fe, Nb, Zr, Ti, and U.

In order to justify the economic feasibility and planning of 
a mineral deposit, mining companies commonly use statutory 
codes for assessing and reporting mineral resources, with Aus-
tralia using the Joint Ore Reserves Committee (JORC) Code 
(Stephenson, 2001; Australasian Institute of Mining and Met-
allurgy [AusIMM] et al., 2012), Canada using the CIM code 
and National Instrument 43-101 (NI 43-101; Ontario Securi-
ties Commission [OSC], 2011), South Africa using the South 
African Mineral Resource Committee (SAMREC) code 
(South African Mineral Resource Committee Working Group 
[SAMRCWG], 2009), and similar codes or standards exist-
ing in the United States, China, Russia, and Europe. In 1994, 
the Committee for Mineral Reserves International Reporting 
Standards (also known as CRIRSCO) established an interna-
tional standard on mineral reserve-resources reporting, with 
current members of CRIRSCO including Australia, Canada, 
Chile, Europe, Russia, South Africa, and the United States. 

As discussed by Mudd et al. (2013a) and others, there are 
two primary categories used to classify a mineral deposit: ore 

reserves and mineral resources. Ore reserves typically have a 
high probability of profitable production and can be the basis 
of a technically and economically viable project, whereas min-
eral resources have reasonable uncertainties within certain 
modifying factors (e.g., mining, processing, metallurgical, 
infrastructure, economic, marketing, legal, environmental, 
social implications, governmental policy, etc.) for eventual 
economic extraction (e.g., AusIMM et al., 2012). Common 
definitions include the following:

1. Ore reserves: Assessments demonstrate at the time of 
reporting that profitable extraction could reasonably be justi-
fied. Ore reserves are subdivided, in order of increasing con-
fidence, into probable ore reserves and proved ore reserves.

2. Mineral resources: The location, quantity, grade, geo-
logic characteristics, and continuity of a mineral resource are 
known such that there are reasonable prospects for eventual 
economic extraction, although not all modifying factors have 
been assessed and, hence, some uncertainty remains. Mineral 
resources are subdivided, in order of increasing geologic con-
fidence, into inferred, indicated, and measured categories. An 
inferred mineral resource, where geologic evidence is suffi-
cient to imply but not verify geologic and grade (or quality) 
continuity, has a lower level of confidence than is inherent 
within measured or indicated mineral resources and, there-
fore, cannot be directly converted to ore reserves. It is reason-
ably expected that the majority of inferred mineral resources 
could be upgraded to indicated mineral resources with con-
tinued exploration (AusIMM et al., 2012). 

Some studies undertaken by various geologic, scien-
tific, and governmental organizations assess global REE 
resources, summarized in Table 3, with the majority based 
on regional or global geologic estimates (e.g., Indian Bureau 
of Miners [IBM], 2014), or are focused on limited mineral 
resources/mineral reserves assessments for individual coun-
tries (e.g., Christie et al., 1998; Hoatson et al., 2011). As 
such, these assessments cannot provide a realistic and sys-
tematic dataset of global REE mineral resources that can 
be used for predicting the global security of supply of these 

Table 3.  USGS Reserves and Reserves Base Values for the REO, Including Respective National Resource Estimates, and  
Cumulative REO Production by Country to 2013 (in Mt REO)

 Reserves Reserves Reserves Reserves National resource Cumulative REO
Country (2008)1 (2010) (2013) (2014) estimate production

USA 13 13 13 1.8 ND 0.56
Australia 5.2 1.6 2.1 3.2 582 0.16
Brazil 0.05 0.05 22 22 ND 0.012
China 27 55 55 55 1823 2.04
India 1.1 3.1 3.1 3.1 64 0.077
Malaysia 0.03 0.03 0.03 0.03 ND 0.019
Russia and Commonwealth of Independent States 19 19 ND ND ND 0.061
Other 22 22 41 41 ND 0.007
Total5 885 1105 1405 1305  2.94

Notes: Reserves from USGS (1997–2015); ND = no data 
1Reserves base in 2008 was 150 Mt REO, suggesting an additional 62 Mt REO to the reserves
2Total mineral resources estimate for Australia (Britt et al., 2015) 
3National resource estimate for China is from CSRE (2002) 
4India assumes 60% REO from reported monazite resources from IBM (2014); historical Australian production is from BoMRGG (1960–1985) with an 

assumed 60% REO conversion rate from reported monazite production
5Totals rounded down to two significant figures
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critical elements. The most widely cited group that pub-
lishes such estimates is the USGS, which publishes approxi-
mate reserve estimates for numerous metals and minerals 
in its annual Mineral Commodity Summaries (USGS, 1997–
2015). Recent estimates of REO reserves, mineral resources 
(depending on source organization), and annual and cumu-
lative production (see Table 3) suggest global REO reserves 
of about 130 Mt in 2014. In reality, mining companies tend 
to demonstrate an ore reserve of a mining project using the 
minimal investment required to justify its profitability. How-
ever, given that ore reserves are determined by a range of 
compulsory “modifying factors” (see above), additional min-
eral resources that are known but not quantified as reserves 
are excluded from formal ore reserve estimates. This means 
that ore reserves generally represent only a small part of an 
often continuous orebody, with long-term production plan-
ning involving the continual upgrade of mineral resources 
to ore reserves and then production, commonly as a project 
is operating (e.g., Jowitt et al., 2013a; Mudd et al., 2013a, 
b). As summarized in Hellman and Duncan (2014, p. 111), 
“there are no special issues relating to the mechanics of the 
estimation of REE mineral resources which appear similar 
in mineralization style to primary and supergene enriched 
Cu deposits,” meaning that all categories of REE min-
eral resources could potentially contribute to future REE 
reserves, as has been documented by previous research (e.g., 
Jowitt et al., 2013a; Mudd et al., 2013a, b).

In order to realistically analyze the long-term prospects for 
global recoverable REE, this study focuses on REE mineral 
resources that include all measured, indicated, and inferred 
resources by individual projects or deposits reported under 
statutory codes or other robust technical literature. In addi-
tion, resources based on the former and the latter are clearly 
differentiated by assessing and quantifying the reliability of 
these data. However, the complexities in REE mineralization 
and the somewhat limited global scale of REE mining mean 
that significant variations exist within current REE resource 
reporting. For example, company reports that comply with 
the CIM reporting code and NI 43-101 usually provide details 
of mineral deposit types, REE mineralogies, TREO + Y con-
centrations, LREE/HREE fractions, and orebody tonnages, 
whereas JORC code-based projects typically only report ore-
body tonnages and TREO + Y concentrations. Therefore, we 
have compiled information from other sources, including the 
technical literature and published peer-reviewed articles, to 
provide sufficient detail on each deposit to ensure the dataset 
presented here is as comprehensive as possible. Furthermore, 
the fact that there are numerous deposits that contain signifi-
cant amounts of the REE that are not formally reported (e.g., 
Olympic Dam) means that some of the data in our compila-
tion are based on the best available code-noncompliant data 
from the technical literature. Taking into account the uncer-
tainties inherent in combining these different sources of REE 
mineral resource data, we divided our dataset into three dif-
ferent categories of reliability using the approach outlined in 
Mudd et al. (2013b):

1. High: Tonnage and TREO + Y concentrations are pro-
vided by reporting code-compliant data (e.g., JORC, CIM/NI 
43-101, SAMREC, etc.).

2. Medium: Tonnages are reported as code-compliant data, 
with TREO + Y concentrations provided through additional 
code-noncompliant technical information.

3. Low: Information is derived from government reports or 
from other technical literature with code-noncompliant data.

From a production perspective, REE minerals are extracted 
as target or important commodities through conventional min-
ing operations (e.g., Mountain Pass) but are also produced as 
by-/co-products from various sources, including base metal 
mining (e.g., iron production in Bayan Obo, China), HMS 
mining (e.g., monazite production in India), loparite mining 
(e.g., Lovozero, Russia), and so on. In addition, the REE could 
potentially be extracted as a by-product of phosphate mineral 
production (e.g., Araxá, Brazil), U mining (Mary Kathleen, 
Australia), and deep-sea mining (e.g., Kato et al., 2011). 

Monazite is one of the most significant REE minerals in 
terms of potential REO production, is a relatively minor con-
stituent (commonly ≤2% of the contained total heavy min-
erals) of many HMS deposits, and is usually treated as an 
impurity during titanium mineral (primarily ilmenite, rutile, 
and leucoxene) and zircon production (IAEA, 2011a). As 
shown in Figure 1, Australia produced monazite concentrates 
containing a minimum of 60% contained REO (Bureau of 
Mineral Resources, Geology and Geophysics [BoMRGG], 
1960–1985) up to the mid-1990s, and became the largest 
monazite producer in the world in 1985, producing some 
18,735 t of monazite (BoMRGG, 1960–1985). Although the 
Australian HMS industry does not currently export monazite 
for REO production (Australian Safeguards and Non-Pro-
liferation Office [ASNO], 2014), the significant amounts of 
REO present in currently exploited and known HMS deposits 
and projects could become an important future source of the 
REE. Other countries like China, India, Russia, and Canada 
also have similar potential in terms of REO production from 
monazite extracted from placer, HMS, or hard-rock deposits. 
It should be noted that variations in geologic setting and for-
mation processes mean that the TREO + Y concentrations 
within monazite in individual monazite-dominant deposits 
vary significantly, from an average of 35% in Vietnam (IAEA, 
2011a) to 71% (Long et al., 2010). However, monazite contains 
significant amounts of Th, meaning that any REO produced 
from this material may leave a radioactive residue, although 
the concentration of Th (reported as a single element rather 
than as an oxide) within monazite also varies between 1.2% 
and 21.9% (van Emden et al., 1997; Hoatson et al., 2011). 
Here, we estimate the potential REO resources contained in 
HMS projects using a moderate but robust assumption that 
the monazite within all reported monazite resources in our 
database contains 55% TREO + Y and 7% Th.

In addition, a significant amount of potential REE resources 
(e.g., deep-sea REE mining, nuclear reprocessing, electronic 
waste recycling, etc.) have not yet been systematically stud-
ied or reported as a consequence of lack of exploration and 
the targeting of other elements rather than the REE as the 
main commodity to be exploited in a given deposit/prospect. 
Some REE projects also do not report any code-compliant 
data and, thus, cannot be considered to be equivalent to min-
eral resources and have been excluded from our dataset. For 
example, the Jongju deposit in North Korea is claimed to 
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include some 216.2 Mt of contained TREO resources (Pacific 
Century Rare Earths Minerals Limited [PCREML], 2012), 
but this reporting is not code based or compliant with any 
other technical standard for quantifying mineral resources. 
This, combined with the fact that very little is known about 
this controversial purported deposit, means that we have 
deliberately excluded it from our dataset. Furthermore, some 
past REO producers have not been systemically analyzed and 
reported (e.g., placer/HMS-derived monazite production in 
Sri Lanka or monazite from tin mining in Malaysia); these 
uncertainties mean that, although these resources probably 
exist, quantifying them with any degree of certainty remains 
impossible, and they have therefore not been included in this 
paper.

The compiled data presented in this study should therefore 
be considered a minimum estimate of current global REE 
resources, especially as the majority of the resources within 
our database are from code-based reporting or are derived 
from the best available code-noncompliant data from the lit-
erature and published peer-reviewed articles (as undertaken 
by Mudd et al., 2013a, b). We have also provided the full 
dataset, including resources for individual REE deposits, as 
supplementary information to this paper.

Results and Analysis
Our minimum estimate of global REO mineral resources 

is given in Table 4, with resources split by country given in 
Table 5. It should be noted that our overall database includes 
seven projects for which only total contained REO tonnages 
were available (HMS deposits in Andhra Pradesh, Bihar, Ker-
ala, Odisha, Tamil Nadu, and West Bengal in India and the 
ion-adsorption clay deposits of the southern seven provinces 
of China); these projects are included in our overall REO 
resource calculations but are not included in any other cal-
culations. Our compilation indicates that current global REO 
resources stand at 619.5 million tonnes (Mt) TREO + Y within 
267 deposits, with the 260 deposits that have reported tonnage 
and grade data including 88,483 Mt of mineral resources at an 
average TREO+Y grade of 0.63%; this is further split into 111, 
199, and 310 Mt TREO + Y in 65, 126, and 76 deposits within 
high-, medium-, and low-reliability categories, respectively. 
Current TREO + Y resources are dominated by the LREE, 
with an average light REO (LREO; La-Gd) to heavy REO 
(HREO) + Y (Tb-Lu and Y oxides) ratio of 13:1, although it 
should be noted that the HREO here include Y, which is much 
more abundant than HREE such as Lu and Tb. Splitting the 
resources in our database by individual country indicates that 

China dominates known contained REO resources, with some 
43% of global REO resources (268.1 Mt TREO + Y), followed 
by Australia, Russia, Canada, and Brazil with resources of 
64.5, 62.3, 48.3, and 47.1 Mt contained TREO + Y, respec-
tively. These results significantly exceed the current estimates 
of global REO reserves from the USGS (although our data are 
resource rather than reserve based) and the various national 
resource estimates that are summarized in Table 3.

In terms of principal deposit types, the majority of the cur-
rent global REO resources are hosted by carbonatites, which 
contain some 318.6 Mt of TREO + Y within 67 individual 
projects. In addition, a further 84.3, 80.5, 60.3, 53.9, and 
12.4 Mt of TREO + Y resources are hosted by tailings, alka-
line complexes and pegmatites, laterite/soil/clay, IOCG, and 
HMS deposits, with an additional 9.5 Mt in other categories. 
However, it should be noted that REO resource estimates 
within several deposit-type categories (e.g., tailings, laterite/
soil/clay, and IOCG) are biased by the presence of one or two 
giant projects within each category; for example, the Bayan 
Obo tailings alone contains 83 out of a total of 84.3 Mt con-
tained TREO + Y in our tailings category, and 53 Mt of the 
total 53.9 Mt TREO + Y within IOCG deposits is within the 
Olympic Dam project. In both cases, these REO resources 
have been classified as low-reliability data, further indicating 
the lower reliability of the resource estimates within these 
categories.

The relationship between TREO + Y grades and mineral 
resources for various deposit types is illustrated in Figure 
2. Carbonatite deposits dominate ore grades and contained 
REO whereas other deposit types, such as alkaline complexes 
and pegmatite, alluvial and placer deposits, and felsic volcanic 
rocks, have moderate REE grades but highly variable total 
mineral resources, and HMS and shale-hosted projects are 
typically low grade but bulk tonnage (≥1,000 Mt). 

Figure 3 illustrates the relationship between TREO + Y 
grades and principal REE mineralogy, with the ionic clay clas-
sification in this diagram including both deposits with REE 
resources associated with ion-adsorption clays and shale-
hosted deposits that have REE mineralogies dominated by clay 
minerals. Global REO production is dominated by bastnäsite 
extraction (e.g., Bayan Obo, Mountain Pass), with bastnäsite-
based REE projects also having the highest average TREO + 
Y concentration of 3.27%, although the tonnages of all of these 
deposits vary significantly. Monazite-based REE projects have 
the most significant variations in both tonnage and grade, with 
some hard-rock monazite projects (e.g., Tomtor, Steenkamp-
skraal, etc.) having TREO + Y grades >10%, but the major-
ity of monazite-based HMS projects have average TREO + Y 
grades of 0.01%. Furthermore, these HMS projects tend to 
contain significant amounts of mineral resources (>1,000 Mt) 
but have low to very low TREO + Y grades that reflect the 
importance of other non-REE minerals (e.g., ilmenite, rutile, 
and zircon) in these deposits (<0.1% TREO + Y).

Cumulative frequency curves for TREO + Y concentrations 
and contained TREO + Y tonnages are given in Figure 4. The 
median size of the 260 REE deposits with grade and ton-
nage data in our database is 0.04 Mt TREO + Y at a median 
grade of 0.23% TREO + Y. Some 82% of these projects con-
tain <1 Mt contained TREO + Y, with 4% of the deposits in 
our database containing >10 Mt TREO + Y, indicating the 

Table 4.  Total REE Mineral Resources by Reliability Classification

  Average
Reliability Mineral TREO + Y TREO + Y No. of
level resources (Mt) grades (%) (Mt) deposits

High 19,314 0.58 111  65
Medium 45,138 0.44 199 126
Low 24,031 1.011 310  76
Total 88,483 0.631 619 267

1Average TREO + Y grade calculation does not include the seven depos-
its without available grade and tonnage data
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Table 5.  Total Global REO Resources Split by Country and Deposit Type and Listed with Potential By-/Co-products

  No. of   % HREO % TREO REO Th U Other
Country Deposit type deposits Mt ore % LREO + Y + Y (kt) (ppm) (ppm) metals

Afghanistan Carbonatite 1 37 NR NR 3.6 1,334 NR 500 Ba-Sr
Argentina Carbonatite 1 5.6 NR NR 2.1 118 NR NR NR
Australia Alkaline complex and pegmatites 2 146 NR NR 0.39 573 54(1) NR Zr-Nb-Ta
 Alluvial/placer 1 805 0.020(1) 0.010(1) 0.029 235 NR NR NR
 Carbonatite 11 78 7.7(2) 0.21(2) 3.3 2,533 41(1) 148(1) Fe-P-Al
 Carbonatite-related skarn 1 0.05 NR NR 0.35 0.18 NR NR NR
 Felsic volcanic 1 36 0.040 0.17 0.21 76 NR NR NR
 Granite-related skarn 5 54 2.236 0.11 2.4 1,264 27(4) 153 Zr-Nb-Hf
 Hydrothermal undifferentiated 1 44 NR NR 0.12 53 NR 509 NR
 IOCG 2 9,763 0.049(1) 0.010(1) 0.55 53,810 NR 2,20(1) Cu-Fe-Au
 Sedimentary undifferentiated 1 14 NR NR 0.07 9.6 NR NR NR
 Tailings 2 5.7 0.65(1) 0.32(1) 6.3 354 NR 159 NR
 Heavy mineral sands 83 18,275 0.0012(1) 0.00(1) 0.029 5,611 34(83) NR Ti-Fe- Zr
 Subtotal 110 29,221 0.15(12) 0.010 (12) 0.22 64,519 34(88) 295(10)

Brazil Carbonatite 5 3,338 4.1(1) 0.070(1) 1.4 47,111 NR NR Al-Fe-P-Nb
Canada Alkaline complex and pegmatites 6 991 0.81(5) 0.24(5) 0.96 9,499 226(4) 49(2) Al-Fe-Ga-
          Ta-Zr-Be-Hf
 Alluvial/placer 3 160 0.13 0.0084 0.14 227 245(2) 416 Sc
 Carbonatite 7 2,470 1.5(6) 0.049(6) 1.5 36,551 377(3) NR Nb-Fe-Mn
 Felsic volcanic 1 14 0.83 0.18 1.0 146 NR NR Zr-Nb
 Shale hosted 3 6,249 0.13(2) 0.010(2) 0.031 1,915 10(2) 9(2) Zn-Cu-Co-
          V-Ni-Mo-
          Sc-Li-Si-Mg
 Subtotal 20 9,884 0.49(17) 0.038(17) 0.49 48,338 71(11) 24(7)

China Carbonatite 6 1,614 5.9(1) 0.058(1) 7.6 122,591 334(1) NR Nb-Fe-F
 Laterite/soil/clay 1 NR NR NR NR 59,900 NR NR NR
 Tailings 1 1,200 NR NR 7.0 83,400 378(1) NR Nb-Fe-F
 Shale hosted 1 4,400 NR NR 0.05 2,200 NR NR NR
 Subtotal 9 9,070 5.9(1) 0.058(1) 2.31 268,092 353(2) NR
Finland Alkaline complex and pegmatites 1 0.46 NR NR 1.1 11 1,200 250 Nb-Zr
 Carbonatite 1 0.86 NR NR 0.71 7 NR NR Pb
 Hydrothermal 1 0.60 NR NR 0.022 0 NR 100 Co-Au
 Subtotal 3 2 NR NR 1.2 18 1,200(1) 220(2)

Gabon Carbonatite 1 380 NR NR 2.5 9,576 NR NR Nb
Germany Carbonatite 1 4.4 NR NR 0.45 20 NR NR NR
Greenland Alkaline complex and pegmatites 6 5,622 0.56 0.14 0.70 39,512 232(3) NR Nb-Zr-Ta
 Carbonatite 1 12 1.4 0.010 1.4 176 NR NR NR
 Subtotal 7 5,635 0.57 0.14 0.70 39,688 232(3) NR
India Alluvial/placer 1 104 NR NR 1.5 1,549 NR NR NR
 Carbonatite 1 12 NR NR 1.1 123 NR NR NR
 Heavy mineral sands 6 NR NR NR NR 5,885 NR NR NR
 Subtotal 8 115 NR NR 1.41 7,557 NR NR NR
Kenya Carbonatite 2 163 3.6(1) 0.27(1) 3.9 6,286 450(1) 26(1) Nb
Kyrgyzstan Alkaline complex and pegmatites 1 18 0.15 0.11 0.26 47 NR NR NR
 Carbonatite 1 7 NR NR 0.20 14 NR NR NR
 Granites and granitic pegmatites 2 16 NR NR 0.98 157 NR NR NR
 Subtotal 4 41 0.15(1) 0.11(1) 0.53 217 NR NR Nb
Madagascar Laterite/soil/clay 1 435 0.067 0.014 0.08 351 44 8 Zr-Nb-Ga-
          Sn-Ta
Malawi Carbonatite 4 63 1.2(2) 0.070(2) 1.4 867 297(1) 12(1) P, Nb
Mauritania Carbonatite 1 0.1 NR NR 4.4 4 NR NR NR
Mongolia Alkaline complex and pegmatites 1 425 NR NR 0.40 1,713 NR NR NR
 Carbonatite 2 368 NR NR 1.6 5,895 NR NR NR
 Subtotal 3 793 NR NR 0.96 7,608 NR NR NR
Mozambique Carbonatite 1 1.1 NR NR 2.1 23 NR NR P-Nb
 Heavy mineral sands 9 8,145 NR NR 0.009 758 NR NR Ti-Fe-Zr
 Subtotal 10 8,146 NR NR 0.015 781 NR NR
Namibia Carbonatite 1 8 NR NR 3.0 240 NR NR NR
Norway Alkaline complex and pegmatites 3 87 NR NR 0.25 219 490(1) NR Nb-Zr-Ta
 Carbonatite 1 486 NR NR 0.90 4,374 NR NR NR
 Granites and granitic pegmatites 3 104 NR NR 0.13 131 NR NR NR
 Hydrothermal undifferentiated 1 0.050 NR NR 0.20 200 NR 900(1) Sc
 Subtotal 8 677 NR NR 0.72 4,924 490(1) 900(1)

Peru Heavy mineral sands 2 1,329 NR NR 0.010 125 NR NR NR
Russia Alkaline complex and pegmatites 18 5,259 NR NR 0.52 27,145 NR NR P-Nb-Ta
 Carbonatite 2 605 NR NR 5.8 35,199 NR NR Zr-Nb
 Subtotal 20 5,864 NR NR 1.1 62,344 NR NR
Saudi Arabia Alkaline complex and pegmatites 5 439 0.060 0.16 0.20 911 415 113 Zr-Nb-Sn-Ta
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importance of these giant deposits in terms of global REE 
supply both now and in the future. About 68% of the REE 
deposits in our database have TREO + Y grades <1% whereas 
1% of projects have TREO + Y concentrations >10%. The top 
25 REE projects by concentrations and contained TREO + Y 
tonnages are shown in Tables 6 and 7, including concentra-
tions of individual REE and Sc where available. Both of these 
tables are dominated by carbonatite-hosted REE deposits, 
suggesting that this deposit type could continue to be the 
dominant source of the LREE production for the foresee-
able future. However, other crucial factors, such as the lack 
of known HREE resources combined with the high demand 
for this subset of the REE, hazardous impurities, and process-
ing efficiency, also need to be considered when assessing the 
global REO supply chain. There are still uncertainties within 
mineral resource estimates for even the most significant REE 
projects, which certainly limits a highly accurate assessment 

of global REE resources. This is exemplified by the uncertain-
ties surrounding the Bayan Obo deposit, the world’s largest 
REO producer since the mid-1980s, and the ionic clay-hosted 
REE deposits in the seven southern provinces of China (e.g., 
Fujian, Guangxi, etc.) that dominate the global supply of the 
HREE; these projects have only medium- to low-confidence 
mineral resource estimates, with limited or even no informa-
tion on their mineralogy and details of the individual REE 
concentrations within these deposits.

The global distribution of REO resources split by coun-
try and by principal deposit types is shown in Figure 5. The 
TREO + Y resources in our database are led by China, which 
contains some 43% of known global TREO + Y resources, with 
lesser amounts in Australia (10%), Russia (10%), Brazil (8%), 
Canada (8%), Greenland (6%), and the United States (3%); 
the 57% of global TREO + Y resources outside China are 
located in 27 different countries, indicating a diverse range of 

South Africa Carbonatite 4 6,444 1.8 0.10 0.17 10,847 25,291(1) 506(1) Nb-Sc-P
 Tailings 3 297 6.4(2) 0.56(2) 0.15 448 NR NR NR
 Alkaline 2 14 16(1) 1.0(1) 1.19 165 NR NR NR
 Subtotal 9 6,755 1.82(5) 0.10(6) 0.17 11,461 25,291(3) 506(3)

Sweden Alkaline complex and pegmatites 1 58 0.31 0.27 0.59 341 10 10 Zr-Hf
 Alluvial/placer 1 12 0.35 0.15 0.50 62 NR NR NR
 Shale hosted 1 200 NR NR 0.11 220 NR NR NR
 Subtotal 3 271 0.32(2) 0.25(2) 0.23 624 10(1) 10(1)

Tanzania Carbonatite 2 198 2.2(1) 0.019(1) 2.3 4,505 NR NR NR
Turkey Alkaline complex and pegmatites 3 530 0.060(2) 0.010(2) 0.071 402 34(2) 7(2) Fe-Ti-Ga
 Carbonatite 1 30 NR NR 3.1 942 NR NR NR
 Subtotal 4 560 0.060(2) 0.010(2) 0.24 1,344 34(2) 7(2)

USA Alkaline complex and pegmatites 2 31 0.37(1) 0.21(1) 0.26 78 73(1) 58(1) Zr-Nb
 Alluvial/placer 1 18 NR NR 0.08 14 NR NR NR
 Carbonatite 7 2,643 4.0(2) 0.050(2) 0.54 14,140 44(2) 12(2) NR
 Felsic volcanic 1 1,034 0.020 0.040 0.064 662 NR NR NR
 Granite-related skarn 2 6 NR NR 1.2 71 NR NR NR
 Granites and granitic pegmatites 1 0.05 NR NR 8.6 4 NR NR NR
 Hydrothermal undifferentiated 2 128 NR NR 0.37 476 NR NR NR
 Tailings 1 9 0.65 0.24 0.89 80 NR NR NR
 IOCG 2 0.6 NR NR 12 72 NR NR NR
 Subtotal 19 3,861 0.27(5) 0.050(5) 0.40 15,621 44(3) 12(3)

Vietnam Carbonatite 2 1,057 NR NR 1.4 14,798 NR NR NR
Zambia Carbonatite 1 130 NR NR 0.30 390 NR NR Nb-P
The world Alkaline complex and pegmatites 51 13,621 0.52(22) 0.14(22) 0.59 80,510 213(17) 122(16)

 Alluvial/placer 7 1,099 0.050(5) 0.010(5) 0.19 2,087 245(2) 416(3)

 Carbonatite 68 21,993 3.2(20) 0.060(20) 1.4 318,650 190(9) 20(6)

 Carbonatite-related skarn 1 0.05 NR NR 0.35 0.18 NR NR
 Felsic volcanic 3 1,084 0.030 0.050 0.081 884 NR NR
 Granite-related skarn 7 60 2.2(5) 0.11(5) 2.2 1,335 27(4) 153(5)

 Granites and granitic pegmatites 6 120 NR NR 0.24 292 NR NR
 Sedimentary undifferentiated 1 14 NR NR 0.07 10 NR NR
 Heavy mineral sands 100 27,747 0.0012(1) 0.00(1) 0.0231 12,392 37(82) NR
 Hydrothermal undifferentiated 5 173 NR NR 0.31 529 NR 503(3)

 IOCG 4 9,774 0.049(1) 0.010(1) 0.55 53,920 NR 220(1)

 Laterite/soil/clay 2 435(1) 0.067(1) 0.014(1) 0.081 60,251 44(1) 8(1)

 Shale hosted 5 6,449 0.13(2) 0.010(2) 0.067 4,335 10(2) 16(3)

 Tailings 7 1,512 0.67(4) 0.24(4) 5.6 84,282 378(1) 159(2)

 Total 267 88,483 0.93(64) 0.070(64) 0.631 619,477 81(118) 127(40)

Notes: Superscript numbers in parentheses denote the number of deposits used to derive the LREO-HREO values in this table; these are different from 
the values for the TREE since all deposits were used for TREO calculations; for example, the two known Australian carbonatite deposits with fully reported 
REE concentrations were used to to derive the LREO and HREO percentages within the table, but the TREO statistics are based on all 11 deposits, as 
TREO data are reported for all of these projects; values are rounded down to two significant figures; NR = not reported

1Average TREO + Y grade calculation does not include the seven deposits without available grade and tonnage data

Table 5.  (Cont.)

  No. of   % HREO % TREO REO Th U Other
Country Deposit type deposits Mt ore % LREO + Y + Y (kt) (ppm) (ppm) metals
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possible future REE suppliers. The majority of REE deposits 
are hosted by carbonatites (51.4%), with significant amounts 
of the REE hosted by tailings (13.6%), alkaline complexes and 
pegmatites (13.0%), lateritic or clay-related deposits (9.7%), 
and IOCG deposits (8.7%). However, as discussed previously, 
these results are heavily skewed by one or two megaprojects 
in certain categories (e.g., Bayan Obo tailings contain 83 of 
84 Mt TREO + Y within the tailings category and Olympic 
Dam accounts for 53 of 54 Mt TREO + Y in IOCG deposits), 
making these deposit-type categories seemingly much more 
attractive for exploration than they actually are.

From a production perspective, each of the individual REE 
have similar but distinctive chemical characteristics, miner-
alogies, ore grades, uses, and demands, meaning that each of 
these elements have differing economic values. This complex-
ity means that traditional economic aspects, such as mineral 

resources, ore grades, and the size of an orebody, may not 
be enough to determine the long-term economic feasibility 
of an REE deposit. This, in turn, means that additional fac-
tors, including the relative abundances of the LREE and the 
HREE and the concentrations of the individual REE within 
a project, are crucial considerations during economic assess-
ment and operational planning activities associated with REE 
mining projects. As illustrated in Figure 6 and Table 8, the 
majority of current reported REE mineral resources with 
reported individual elemental REE concentrations are LREE 
dominated, containing especially high concentrations of Ce 
(~100 Mt contained Ce), La (~55 Mt), and Nd (~24  Mt), 
whereas HREE resources are dominated by 9.9 Mt Y fol-
lowed by 1.5 Mt Dy, 0.98 Mt Er, and 0.96 Mt Yb, a distribu-
tion that is similar to the relative abundance of these elements 
in the Earth’s crust (e.g., Rudnick and Gao, 2003). The rest of 
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the HREE have resources that are an average of three orders 
of magnitude lower than the other REE (e.g., 0.34 Mt Tb, 
0.26 Mt Ho, and 0.16 Mt Lu). This is reflected by the grades 
within our database, where Ce, La, and Nd have average 
grades of 3,379, 1,853, and 823 ppm, respectively, compared 

to the average grades of 464, 52, and 33 ppm for Y, Dy, and 
Er, respectively.

The average distribution of the individual REE within indi-
vidual deposit types is summarized in Table 9. These data indi-
cate that IOCG, carbonatite, and hydrothermal projects are 
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Fig. 5.  Percentage of global REO resources split by country (left) and by principal deposit type (right). The “other” 
category of the global REO resources split by country summarized REO resource data from all the other countries (e.g., 
Afghanistan, Argentina, Finland, Peru, Sweden, etc.) covered in our dataset. The details of all countries’ REO resources are 
presented in Table 5. The “other” category of the global REO resources by principal deposit types includes REO resources 
from granites and granitic pegmatites, sedimentary undifferentiated, carbonatite-related skarn, and hydrothermal undiffer-
entiated types of deposits.
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unsurprisingly LREE dominated, containing >90% LREE or 
Ce and La where specified for individual deposits. Felsic vol-
canic, granite-related, and alkaline deposits usually have REO 
resources that contain more HREE, although, again, a lack 
of available individual element data for all projects has lim-
ited our capacity to assess the full picture of REE distribution 
within all potential REE deposits. However, even given this, 
there are significant differences in the distribution of the indi-
vidual REE (especially the HREE) in the resources evident 
in Table 9, a fact that has implications for targeting of deposit 
types that preferentially contain the more valuable HREE.

Despite the significance of individual REE concentrations, 
most mining companies rarely provide REE resource esti-
mates that contain these crucial data, with only 71 of the 260 
deposits within our database reporting individual REE con-
centration data, and a further 10 deposits that only report Y 
concentrations rather than individual concentrations for all of 
the REE. This situation is also exemplified by the data shown 
in Tables 6 and 7, where individual REE concentrations are 
not reported for some of the most significant REE projects 
in our database (e.g., the Tomtor project in Russia, the Pea 
Ridge deposit in the United States, and the Morro dos Seis 
Lagos deposit in Brazil). This insufficient reporting means that 
our database contains significant variations in average REE 
concentrations (especially the HREE) for different types of 
REE mineral deposits, which could be attributed to the natu-
ral variability of these deposits, the changing geologic settings 
of these REE projects, a lack of sufficient data and associated 
reporting to provide a comprehensive picture for each type of 
deposit, or some combination of all of these factors.

Average individual concentrations were calculated for indi-
vidual deposit types to provide an estimate of the distribu-
tion of the individual REE within individual projects; these 
data were then used to estimate individual REE resources 
within the 196 of the 260 deposits in our dataset that do not 
have formally reported individual REE concentrations. This 
approach involves assessing the individual REE resources 
within a given type of REE deposit using the compiled total 
mineral resources from all deposits in the same deposit-type 
category combined with corresponding weighted average 
REE fractions calculated for those deposits that reported 
individual REE concentrations within this deposit class. This 
assessment confirms that significant differences are present 
between LREE and HREE resources (as summarized in Fig. 
6 and Table 8), and our estimates indicate that Ce is the most 
abundant of all of the REE within our database (~299 Mt 
contained elemental Ce), followed by La (~164 Mt), with Y 
unsurprisingly dominating the HREE budget of these depos-
its (~41 Mt contained elemental Y). Although, chemically, Y 
does not belong to the lanthanide group of elements, it con-
stitutes more than 56% of the entire HREE metal resource, 
further indicating the natural scarcity of critical HREE like 
Dy, Yb, and Lu. Despite the insufficient reported data and 
uncertainties involved in these scenarios, the three orders of 
magnitude difference between LREE and HREE resources 
again indicates that global REE resources contain far lower 
amounts of the HREE than the LREE.

The complex substitution-dominated mineralogy of the 
REE and the relatively limited scale of global REE mining 
means that REE deposits are associated with a wide range 
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of critical co- and by-product elements (e.g., Zr, Nb, Li, Hf, 
Ta, etc.). However, the relationship between these co- and 
by-products and the differing types of REE deposits has not 
as yet been fully assessed. As summarized in Table 5 and the 
supplementary information, our compiled dataset provides 
an initial step in quantitatively assessing these relationships. 
A number of alkaline complex and pegmatite REE deposits 
contain reported economic concentrations of Zr (16 out of 
48) and Nb (15 out of 48), suggesting (as expected) a link 
between these deposits and Zr and Nb enrichment. The car-
bonatite deposits that dominate global REE resources are 
variably enriched in a wide variety of by- and co-product ele-
ments, such as Nb, Zr, Fe, Sr, and F, whereas shale-hosted 
REE deposits contain the most diverse by-/co-products, 
including Zn, Cu, Co, V, Ni, Mo, Sc, Li, Al, and pure silica, 
among others. Th and U are the two most common radio-
active impurities reported within the REE deposits in our 
database (118 deposits report Th grades and 40 deposits 
provide U concentrations), with average concentrations of 
81 ppm Th and 127 ppm U. It should be emphasized that 
our study is primarily based on reported mineral resources 
that provide information on geologic probability rather than 
economic feasibility for extraction. However, this, in turn, 
also indicates that a significant amount of coexisting and 
economically important elements may be present within 
these REE deposits. These elements either are not present 
at sufficient concentrations, have not undergone sufficient 
metallurgical testing to be reported as yet, or may not be 
extractable as a result of processing difficulties or prohibitive 
costs to be classified as part of individual reported mineral 
resources and, hence, have not been included in our dataset.

Discussion: Assessing Rare Earth Element Resources
Shifting from one dominant supplier (i.e., China) to a 

more diverse global REO supply chain is crucial for ensur-
ing long-term REE resource security and meeting growing 
global demands for the REE. Our database indicates that 
global known REE resources are some 619.5 Mt TREO + 
Y hosted by 267 deposits, with the 260 deposits that have 
known grades and tonnages having an average concentration 
of 0.63% TREO + Y (Table 4), with 111, 199, and 310 Mt 
contained TREO + Y in high-, medium-, and low-reliability 
category deposits, respectively. Current TREO + Y resources 
are dominated by the LREE, with an average LREO (La-Gd) 
to HREO (Tb-Lu + Y) ratio of 13:1. Although China hosts sig-
nificant TREO + Y resources (~268 Mt) and the largest oper-
ating REE project (i.e., Bayan Obo; Table 5), some 57% of the 
global TREO + Y resources within our database are hosted by 
deposits outside of China (Fig. 5). These deposits are located 
in a number of different countries, including Australia (e.g., 
Mt. Weld, Nolans Bore, etc.), Canada (Niobec, Nechalacho, 
etc.), Brazil (Araxá, etc.), Russia (Tomtor, Chuktukonskoye, 
etc.), and Greenland (Tanbreez, Kvanefjeld, etc.), all of which 
host numerous potential REE deposits containing abundant 
REO resources. From a geographic perspective, the transi-
tioning of these potential deposits into production means 
that they could become significant suppliers within the global 
REE market and therefore mitigate any potential supply risks 
associated with the dependence on a single supplier. How-
ever, China’s monopoly within the global REE industry is 

not only based upon the largest REO resource endowment 
but also benefits from its dominant position in REE process-
ing, specialized human capital, particular technical expertise, 
alloying, and downstream manufacturing (USDOE, 2010). In 
order to cope with these challenges, a significant amount of 
time and resources will be required to establish a competi-
tive and sustainable REE supply chain outside China; hence, 
any change toward a more diverse global REE market must 
necessarily be gradual. 

Various estimates of global REE resources have been pub-
lished by different geological, scientific, and governmental 
organizations (Table 3), with the majority of these estimates 
focused on REE ore reserves. In comparison, our approach is 
based on reported project-specific mineral resources that are 
categorized by the reliability of the available data (i.e., high, 
medium, and low). This study inevitably involves a variety of 
uncertainties, as illustrated by the large number of medium- 
(126 out of 267 projects) and low- (76 out of 267 projects) 
reliability resources in our dataset. This is exemplified by the 
Bayan Obo deposit, which, despite the fact that it has been 
the largest operating REE mine in the world since the 1960s, 
has an uncertain resource, with many reports including highly 
variable mineral resource estimates for the deposit, such as 
one from the Chinese Society of Rare Earths (CSRE, 2002), 
which reported that Bayan Obo contained 43.5 Mt TREO + Y 
“industrial reserves” plus 106 Mt “measured reserves,” com-
pared to one from the Ministry of Land and Resources of the 
People’s Republic of China (MoLRPRC, 2012), which pub-
lished a reserve estimate for Bayan Obo of 91.59 Mt of con-
tained TREO + Y in addition to other critical minerals such as 
Nb (2.16 Mt contained Nb2O5). This just highlights some of 
the uncertainties involved in predicting the security of future 
supplies of the REE and other critical metals. 

Similar uncertainties also surround the REE resources 
within Australia’s Olympic Dam deposit. According to Geo-
science Australia, Olympic Dam contained about 53  Mt 
TREO + Y in December 2011 (Hoatson et al., 2011), which, 
when combined with the published 2011 total mineral 
resource of 9,292 Mt (BHP Billiton Ltd. [BHPB], 2011a), 
suggests an approximate grade of 0.55% TREO + Y for the 
deposit. The deposit is also known to contain about 2,000 ppm 
La and 3,000 ppm Ce (Oreskes and Einaudi, 1990), suggest-
ing a combined La-Ce oxide grade of 0.59% (using an X2O3 
formula). Combining these concentrations with an assump-
tion that all of the other REE within the deposit form some 
10% of the total REE budget within Olympic Dam (i.e., 
90% La and Ce, as the deposit is known to be LREE domi-
nated; Oreskes and Einaudi, 1990; Reeves et al., 1990) and 
a decline in the REO grade of the deposit by one-third (in 
accordance with declining Cu grades in reported mineral 
resources for Olympic Dam) suggests that Olympic Dam has 
an approximate grade of 0.48% TREO + Y, consistent with 
previous research (Oreskes and Einaudi, 1990; Reeves et al., 
1990). However, despite the fact that Olympic Dam contains 
a significant amount of the REE, BHP Billiton has no plans 
to attempt to convert this potential resource into production 
(BHPB, 2011b), meaning that other information on this proj-
ect, such as mineralogy and individual REE concentrations, 
are not included within annual mineral resource reporting for 
the Olympic Dam deposit (e.g., BHPB, 2012).
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In general, the majority of mineral exploration or mining 
project resources focus on a single deposit (e.g., Olympic 
Dam, Niobec, etc.), although some resources cover a group of 
individual orebodies or a mining camp (e.g., Norra Kärr, Saint-
Honoré carbonatite complex). Increasing global demand for 
the REE has stimulated exploration and the examination of 
extraction from all possible types of REE mineralization. 
Despite this, numerous other types of potentially major REE 
resources either have not been systematically assessed or are 
not covered in our dataset, including ion-absorbed clay depos-
its outside China (Moldoveanu and Papangelakis, 2012), 
deep-sea Fe-Mn nodules (Kato et al., 2011; Parhi et al., 2013; 
Bau et al., 2014), and river sediments (Yang et al., 2002), pri-
marily due to the current lack of available resource, grade, 
and tonnage data for these prospects. The existing estimates 
of REE abundances within these more esoteric deposit types 
are mainly geologic resources that do not have demonstrable 
potential for economic mining, cannot be currently consid-
ered a formal mineral resource, and are therefore excluded 
from our dataset.

From a beneficiation and processing perspective, REE pro-
duction does not simply involve the concentration of ore min-
erals such as sulfides or native metals (as is the case for many 
base and precious metal deposits) but instead requires the 
selective separation of each individual REE from the hosting 
minerals and subsequent production of a single element con-
centrate or product (e.g., Weng et al., 2013). Consequently, 
REE deposits require complex and, in most cases, site-specific 
processing and refining (e.g., milling, flotation, electromag-
netic separation, gravity concentration, hydrometallurgy, sol-
vent extraction, etc.) to produce desired and saleable products 
(e.g., high-purity REE metals, REO, mixed or “misch” metals 
or oxides). Variations in deposit type, mining configuration, 
by-/co-product makeup, human capital, social, economic, and 
environmental constraints will necessarily lead to different 
beneficiation and processing facility designs for specific REE 
projects. This complexity is exemplified by the different REE 
processing routes used by two well-known bastnäsite-based 
carbonatite REE mines, namely Bayan Obo in China, where 
a sulfuric acid baking approach is used for processing of REE 
ore, and Mountain Pass in California, United States, where 
a primarily alkali based process flow sheet is used (Fig. 7). 
Our study indicates that the abundant known REE mineral 
resources are hosted by a variety of different types of min-
eral deposits, each of which has a diverse range of mineralogy 
(e.g., apatite, eudialyte, etc.) and all of which may potentially 
contribute to meeting current and future global demand for 
the REE. However, capitalizing on these resources requires 
new beneficiation and processing facilities to be devel-
oped for individual REE deposits, all of which will need to 
be researched, implemented, and responsibly maintained, 
requiring a significant investment in capital (both tangible and 
intangible) and in scientific and technological research from 
industry, government, and local communities.

There are notable differences between the concentrations 
of individual REE within different types of REE deposits 
(Table 8), with current global REE supply dominated by pro-
duction from a limited number of LREE (La, Ce, Nd, and 
Pr)-enriched but HREE (Dy, Tb, Er, etc.)-poor carbonatite 
deposits (e.g., Bayan Obo in China, Mountain Pass in the 

United States, and Mount Weld in Australia). However, the 
fact that economic growth is driving the domestic growth of 
REO consumption in China, combined with an increase in 
global demand driven by the development and application of 
green technology like hybrid cars, fuel cells, and wind tur-
bines, all of which require HREE in addition to the more 
abundant LREE (USDOE, 2010; Humphries, 2013), means 
that future REE supply almost certainly needs to shift from a 
few bastnäsite-based carbonatite mines toward a more diver-
sified range of production from a range of differing types of 
REE projects.

The increasing use of the REE also simultaneously alters 
the definition of “end products” within the rare earth supply 
chain. Exponential growth in the demand for more refined 
products either as high-purity metals (Dy, Nd, Tb, etc.) or 
as mischmetals (e.g., SmCo, NdFeB, etc.) for use in mod-
ern technology cannot be simply met by an overall increase 
in REO production capacity. This is exemplified by the pro-
jected increase in REE-dependent green technology that is 
required to stabilize atmospheric CO2 at 450 ppm, a develop-
ment that would require an increase in annual Dy production 
of some 2,600% between the present day and 2035 (Alonso 
et al., 2012). The coexisting nature of the REE and the rela-
tively low abundance of the HREE mean that such a dramatic 
increase in one particular element may inevitably lead to the 
oversupply of the other REE as well as potentially increased 
production of co- and by-products such as Cu, Fe, and Ti, 
which may lead to the production of elements other than Dy 
far exceeding demand, but also potentially not meeting the 
demand for Dy, given the dramatic predicted increase in pro-
duction that Alonso et al. (2012) indicates may be required. 
An increase in overall REE production would also lead to a 
significant increase in the production of impurities, tailings, 
and hazardous residues (e.g., Th and U) that are beyond cur-
rent industrial processing and waste treatment capacities. Our 
research indicates that the current average LREO to HREO 
ratio of 13:1 within known global REE resources presents 
both a challenge and a limitation to future REE production 
in that future REE mining may result in an excess of LREE 
production while also not meeting the demands for certain 
HREE, such as Dy. This means that the development of indi-
vidual REE-specific mining, beneficiation, and processing 
methodologies that target deposits with suitable mineralogies 
will be needed to improve the processing efficiency and pro-
duction capacity of specific REE-dependent end products.

In order to model future trends in REE production and 
resource availability, we have also undertaken conceptual 
modeling of the future availabilities of Dy, Tb, Nd, Ce, and 
La (covering both the HREE and the LREE) up to the year 
2100 using the database presented in this paper. Although 
this modeling does not explicitly include the complexity of all 
economic factors, this approach simply projects historic pat-
terns of continually growing demand for the REE forward to 
compare the derived cumulative estimates with the currently 
known global REE resources documented here. Historical 
data published by the USGS (1994–2011, 1997–2015) indi-
cates a historic annual growth in REE production of 5.6% 
over the past 50  years, with an annual growth rate before 
1970 of approximately 3%. Moss et al. (2013b) also predicted 
that growth in REE demand could reach 6.64% by 2030 as 
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 crushing
 grinding conditioner 1 conditioner 2
 classification

conditioner 6 conditioner 5 conditioner 4 conditioner 3

rougher flotation cleaner flotation 1 cleaner flotation 2, 3, 4

 scavenger flotation leach tanks
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 calciner

 steam steam
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 concentrate concentrate (REO 70%) overflow
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 crushing, grinding, classification separation of magnetite and hematite

  oil removal cleaner 1, 2, 3 rougher

shaking table

    cleaning
 fluorite flotation rougher flotation gravitation    (REM flotation)

  thickening selective flotation bulk flotation of   cleaning  for dereagenting of REM from salt minerals   (REM flotation)  and desliming Ca-Ba minerals

(a)
crude ore non magnetic tailings
 (11% REO)

 flotation concentrate
 (mixed bastnäsite, monazite: 56% REO)

 tailings for niobium extraction
 monazite concentrate
 (47% REO)

 bastnäsite concentrate
 (68% REO)
(b)
raw ore

 fluorite froth cell product tailings
  (to iron beneficiation)  REM subconcentrate REM concentrate

(c)
raw ore

 cell product slimes (–5µm) cell product REM  REM concentrate
 (to iron beneficiation)  (to fluorite flotation) subconcentrate

Fig. 7.  Bastnäsite processing routes for Mountain Pass (above) and Bayan Obo (below; adapted from Gupta and Krish-
namurthy, 2005).
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result of the increased production of new technologies requir-
ing greater amounts of various REE (especially the HREE). 
The two primary scenarios used during this study are (1) a 
conservative 3% annual growth rate for REE demand (based 
on historical growth rates before 1970) and (2) an optimistic 
5% annual growth rate for REE demand (assuming greater 
demand for new technologies). Although some studies pre-
dict a considerably higher growth rate for specific elements 
(e.g., Alonso et al., 2012, predicted 9–14% annual growth for 
Dy production up to 2035 to meet the demand of renewable 
energy applications), we have adopted a more conservative 
approach to address longer-term growth, primarily as the 
historical growth of mineral production is a more reasonable 
basis for these estimates.

Both 3% and 5% growth scenarios are summarized in Table 
10. Dy is the least abundant of the REE considered in our 
modeling, but even this element still has 37% or 1.7 Mt of 
contained Dy in mineral resources left under the most rapid 
growth (5% annual growth rate) scenario, whereas Ce, the 
most abundant REE considered in our modeling, has 80% or 
219 Mt of resources left in 2100 after 88 years of production 
within our rapid growth scenario. Modeling of the demand 
for TREO + Y indicates that approximately 74% of current 
resources will be available by 2100, even under optimistic 
5% growth rates. In other words, current global REE min-
eral resources are sufficient to meet the demands for at least 
the next 90 years, even including significant growth in the 
demand for these elements, suggesting that future REE sup-
ply will not be constrained by geologic resource scarcity but 
by other crucial factors, such as economics, mining conditions, 
processing characteristics, site-specific environmental issues 
(especially land use, radiation, water, and mine waste man-
agement), social constraints (e.g., public health, biodiversity, 
government policy, and political issues), energy sources and 
costs, and so on. The fact that this assessment is solely based 
on geologic resource availability and REO production trends 
clearly indicates that many other factors need to be consid-
ered in more detailed modeling of future global REE supply 
and demand, such as economic constraints, human capital, 
geopolitical considerations, variations in demand, changing 
end products, etc., all of which need be taken into account 
during further detailed research in this area.

The economic feasibility of a typical mining project (e.g., 
Cu, Fe) is often determined through the analysis of orebody 
sizes, ore grades, and the primary mineralogy of the deposit in 
question. However, the complexity of REE mineralogy, pro-
cessing, refining methodologies, and differing demands means 
that the 16 individual REE (excluding Pm) could be produced 
either as pure metals at various grades, as mischmetals, or as 

REO concentrates. In addition, the presence of numerous 
valuable and potential by-/co-products (e.g., Fe, Nb, Zr, Ti, 
Th, U, etc.) within REE deposits means that the in situ val-
ues of individual REE mineral resources and principal by-/co-
products are most likely to be the determining factors in terms 
of the targeting of individual commodities to be extracted and 
processed, which, in turn, will determine whether a given 
REE deposit proceeds into production. As summarized in 
Table 11, the presence of certain elements (e.g., Sc, Hf, etc.) 
at seemingly negligible concentrations could substantially 
change the potential economic value of an REE deposit. For 
example, despite its relatively low abundances, the presence 
of potentially extractable Sc (admittedly calculated at a pure 
Sc price) significantly affects the potential value of some REE 
projects (e.g., Buckton, Niobec). However, from a produc-
tion perspective, Sc prices are highly speculative, depending 
on end usage, and the global demand for Sc is exceptionally 
small compared to the other REE (widely considered to be 
a demand of less than 10 t Sc per year; USGS, 1997–2015); 
hence, it is hard to translate this economic interest into conse-
quences for a real REE project. Given the limited participants 
involved in global REE trading and the highly sensitive nature 
of commercial transactions, the REE are not traded through 
a public exchange (e.g., the London Metals Exchange) and, 
hence, they do not have formal trading prices. Other fac-
tors like sample size, purity, and varying end uses also lead to 
highly volatile prices for these critical metals. This is exem-
plified by a comparison of 2013 USGS data (1997–2015) for 
Sc, indicating a value of US$175,000/kg Sc metal (unspeci-
fied purity) and US$6,000/kg for 99.9995% Sc oxide, with data 
from HEFA Rare Earth Inc. (HEFA, 2014), which listed a 
price of US$15,500/kg for Sc metal with a 99.9% purity, show-
ing some of the uncertainties related to the economic assess-
ment of REE projects. In addition, it should also be noted that 
new technological applications, such as uses in wind turbines, 
hybrid batteries, fuel cells, and permanent magnets, among 
others, could also increase the demand for a given metal, 
therefore substantially stimulating the market price of a given 
REE. The fact that REE processing is often deposit or even 
mineral specific, as discussed above, also means that improv-
ing the efficiency of processing and refining of high-value but 
low-grade REE deposits as well as more efficient beneficia-
tion and processing of coexisting REE are undoubtedly going 
to be a challenge for the future of global REE mining.

Tailings from previous mining operations are also a poten-
tially significant source of REE (as shown in Fig. 5). For 
instance, Bayan Obo has operated as an iron ore mine since the 
early 1930s, with the first REE refinery plant at the site estab-
lished in 1963 (CSRE, 2002), meaning that approximately 83.4 

Table 10.  Modeling of REE/REO Cumulative Production for 2012–2100 at 3% and 5% Annual Growth Rates

  Unit Dy  Tb Nd Ce La TREO + Y

2012 global production t 1,917 278 17,147 35,858 26,433 110,000
Cumulative demand 3% annual growth rate Mt 0.82 0.13 7.8 16 12 45
Cumulative demand 5% annual growth rate Mt 2.9 0.47 28 60 44 159
Estimated mineral resource (our average data) Mt 4.6 1.0 73 299 164 619
Remaining mineral resource by 2100 (5% scenario) % 37 54 61 80 73 74

Notes: Production data used for this modeling are from USDOE (2010) and USGS (1994–2011, 1997–2015)
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Mt of contained REE resources have been deposited within 
the tailings at the site since this plant became operational 
(Cheng et al., 2007; Gao, 2009). In addition, the Cu-U-Au-Ag 
mine at Olympic Dam has produced some 136.6 Mt of tailings, 
which, assuming a resource grade of 0.5% TREO + Y, yields 
some 0.68 Mt of contained TREO + Y within tailings at the 
site (data updated from Mudd, 2014). Other smaller but bet-
ter constrained resources are also known, including the Mary 
Kathleen U mine that closed in 1982 but has approximately 
5.5 Mt of tailings on site at a grade of 6.4% TREO + Y (McKay 
et al., 2013). Another good example of potentially reprocessing 
mine tailings for REE production is the monazite produced 
during HMS mining, as HMS projects generally contain small 
amounts of monazite (~0.01–0.2%, depending on regional and 
deposit geology) that can be readily separated during mining. 
In India, monazite is the principal ore mineral used for REE 
extraction (10.7 Mt monazite mineral resources in 2012; IBM, 
2014), and Australia exported monazite concentrates from 
HMS projects between the 1960s and the mid-1990s (Fig. 1), 
although all monazite produced in Australia is now either sent 
to tailings or managed as low-level radioactive waste. As sum-
marized in our dataset, Australian HMS deposits potentially 
contain some 5.6 Mt TREO + Y (assuming that they contain 
monazite with 55% TREO + Y). However, although tailings 
may appear an attractive target for REE extraction, they could 
also contain high levels of radioactive elements such as Th and 
U. This, plus the fact that extraction of the REE from tail-
ings, especially monazite tailings, is still challenging and costly, 
means that these resources remain only a theoretical possibil-
ity (Zhang et al., 2006; Pal et al., 2011), with significant uncer-
tainties needing to be quantified before these potential REE 
resources could be efficiently extracted.

Declining ore grades, increasing energy costs, and the 
increasing awareness of the social and environmental impacts 
associated with mining and processing have raised significant 
concerns within and outside of the global mining industry 
(e.g., Mudd, 2010a, b; Banks, 2013). The fact that REE ore-
bodies often require site-specific mining, refining, and pro-
cessing systems means that the corresponding environmental 
impacts vary from deposit to deposit and are controlled by 
variations in REE content, mineralogy, mining, and refin-
ing technology. Various leaching techniques are often used 
in REE mining (e.g., differences between Bayan Obo and 
Mountain Pass, as discussed above, among others), with 
open-cut mining and traditional heap leaching-based produc-
tion of 1 t TREO + Y from ion-adsorption rare earth miner-
alization (e.g., southern China) associated with the removal 
of 300 m3 of topsoil and the generation of 2,000 t of tailings 
and 1,000 t of wastewater containing high concentrations of 
ammonium sulfate and heavy metals (Yang et al., 2013). REE 
mining also poses potential public health risks as the REE can 
potentially accumulate in anthropogenic environments, pri-
marily as these elements are generally immobile (d’Aquino et 
al., 2009). Low-level REE accumulations in soils, vegetables, 
human hair, and blood have been documented in Hetian, a 
major center of ion-adsorption clay rare earth mining (Li et 
al., 2013). Although these accumulations do not exceed cur-
rent safe values for estimated daily intake, the long-term 
exposure and corresponding chronic health impact of these 
accumulations remain highly contentious (Li et al., 2013).

The production of radioactive mine waste and the process-
ing of radioactive ore during REE mining, especially during 
the exploitation of Th- and U-bearing mineralization (e.g., 
monazite stockpiles in India, at Steenkampskraal in South 
Africa, and at Mary Kathleen in Australia), also present sig-
nificant environmental and health risks. This is exemplified 
by the fact that, without proper isolation and treatment of 
these radioactive wastes, REE production at individual or 
groups of mines could be suspended or even stopped as a 
result of social and/or environmental impacts. The Mountain 
Pass mine, which provided 100% of United States and 33% 
of global REE production between the 1960s and the 1980s, 
suspended production in 1998 (Wilburn, 2012) as a result 
of a combination of radioactive waste water leakage and the 
low price of the REE at that time. The EPA reports that the 
radiation levels from waste rock and sludge associated with 
REO production in the United States range from 0.21 to 
119.3 Bq/g (USEPA, 2012), with additional treatment circuits 
generally required to precipitate radium from tailings and fur-
ther controls needed to manage radon and associated decay 
products, all of which add to the costs involved in REE pro-
duction. Long-term exposure to Th-enriched silica dust can 
also severely impact human health, with research by Chen et 
al. (2005) identifying that workers involved in the crushing 
stage of operations at Bayan Obo have a significantly higher 
Th lung burden (1.71 Bq/person) than miners involved in the 
other stages of operation (0.39–0.68 Bq/person). These data 
mean that these crushing-focused miners have a lung cancer 
standardized mortality ratio (SMR)—an indication of the ratio 
of observed mortalities in the study group to expected deaths 
in the general population (Brian and Anders, 2010)—which is 
almost double compared to that of miners elsewhere at Bayan 
Obo (5.5 compared to 2.3).

Some of these issues were evident in the 1982 commence-
ment of operations at a monazite refining plant producing 
REE and Y owned by Asian Rare Earth (ARE) near Bukit 
Merah in Malaysia, an area that was poorly regulated, which 
caused serious environmental impacts and led to health con-
cerns among workers and the local community, all of which 
caused the plant to shut in 1992 (Ichihara and Harding, 1995). 
Despite the short lifetime of production and the fact that the 
plant closed, the local community is still being affected by the 
cumulative exposure to radioactive waste in the area, especially 
to high concentrations of Th (Ichihara and Harding, 1995). 
The challenges faced by the development of REE projects 
are also illustrated by the problematic establishment of the 
Lynas Advance Materials Plant (LAMP) at Gebeng, Malay-
sia, a development that has caused widespread public pro-
tests about radiation safety, the environmental impact of the 
plant, and insufficient communication of relevant information 
to the local community (Golev et al., 2014). As summarized 
in IAEA (2011b), although the plant complied with interna-
tional radiation safety standards, there were 10 issues that the 
LAMP facility needed to address, including a long-term waste 
management plan, the management of water leach purifica-
tion solids after plant closure, a decommissioning and disman-
tling plan, a radiation exposure and environmental monitoring 
plan, a general improvement in the transparency of regula-
tory actions, and an increase in community communications 
(IAEA, 2011b). These issues illustrate the problems involved 
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in the development of new REE projects, especially as these 
projects usually involved both radioactive mineralization and 
high-energy and -chemical intensity mineral processing.

In summary, these brief case studies clearly suggest that 
social and environmental impacts, especially water and land 
contamination, radioactive wastes, and the chronic health 
issues associated with REE mining, are substantial risks to 
future REE production, in turn indicating that the manage-
ment and mitigation of these inevitable risks are determining 
factors in the future of REE mining.

Conclusions
To establish a rigorous foundation for REE industries and 

governments to assess opportunities and challenges for future 
global REE supply, our study presents a comprehensive 
overview of global REE mineral resources by establishing an 
explicit and quantitative REE resource dataset. The 267 REE 
projects within the database are classified by deposit type 
and mineralogy, and include information on grades, princi-
pal by-/co-products, and individual REE abundances within 
both current and potential global REE resources, reported 
using statutory mining reporting systems. Our data indicate 
a minimum total global REE mineral resource of 619.5 Mt 
TREO + Y, with the 260 of the 267 deposits within our data-
base that contain grade and tonnage data consisting of some 
88,483 Mt of resources at an average concentration of 0.63% 
TREO + Y. Future global supply of the REE will be domi-
nated by carbonatite projects that produce REE from bast-
näsite, with potential REE production from various countries 
(e.g., Australia, Brazil, Canada, Greenland, and Russia) and 
several types of deposits (e.g., tailings, lateritic or clay-related 
deposits, IOCG, and alkaline complex and pegmatite) poten-
tially becoming a significant source of the REE, including 
REE extraction from monazite obtained from HMS projects 
and reprocessing of existing mine tailings.

The data presented in this study indicate that current REE 
resources are dominated by the LREE, with an average light 
rare earth oxides (La-Gd) to heavy rare earth oxides (Tb-Lu 
and Y oxides) ratio of 13:1. These resources could sufficiently 
sustain global demand, with an optimistic scenario of 5% 
annual growth, until 2100 at a 2012 global production rate 
of 110 kt TREO + Y. From a mineral resources perspective, 
REE mineral resource scarcity and depletion is not likely 
to be the main constraint on the future supply of the REE; 
instead, major challenges for future REE industry are embod-
ied in the geologic inequality of REE mineral resources (espe-
cially HREE) and relative processing difficulties, ascending 
demands of high-purity products of certain REE with low 
geologic abundances (e.g., Dy, Nd, Tb, etc.), inefficient and 
complicated by-/co-product elements (e.g., Nb, Sc, etc.) sepa-
ration or purification, and the treatment and removal (either 
for sale or for safe disposal) of radioactive impurities (espe-
cially Th and U).

Finally, as evidenced by several historical or current REE 
projects, including both Mountain Pass and Bayan Obo, the 
crucial uncertainties and constraints for future global REE 
production are likely to be economic, mining, mineral pro-
cessing, site-specific environmental impact, energy and chem-
ical efficiency, and social in nature, rather than related to a 
lack of known resources or exploration success.
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a b s t r a c t

The rare earth elements (REE) play an indispensable role in modern technology, especially in wind
turbines, or as phosphors, catalysts, specialty alloys and others. Despite the benefits of REE, there has
been minimal research assessing the environmental impacts of REE mining. Here, we present a “cradle to
gate” scale life cycle impact assessment for 26 operating and potential REE mining projects, focusing on
the gross energy requirement and the global warming impacts of the primary REE production stage. The
results suggest that the declining ore grades of REE significantly increase the environmental impact of
REE production. On a unit basis (such as GJ/t-metal or kg CO2e/t-metal), REE production causes higher
environmental impacts than common metals (e.g. Cu, bauxite, and steel), with the refining stage being
responsible for the greatest proportion of these impacts. Changing the REE production configuration
could lead to diverse environmental footprints associated with each project.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The rare earth elements (REE) are the 15 lanthanide group ele-
ments plus scandium and yttrium (IUPAC, 2005) that are conven-
tionally divided into light rare earth elements (LREE: La, Ce, Pr, Nd,
Sm, Eu, Gd) and heavy rare earth elements (HREE: Tb, Dy, Ho, Er,
Tm, Yb, Lu, Y). In mineral deposits, the REE are invariably present as
oxide minerals (aka rare earth oxides, or REO), often with signifi-
cant substitution between individual REEs. In order to be specific
about REE products from primary extraction and which elements
are included, we use total rare earth oxides (TREOþY), HREOþYor
LREO, with Sc always excluded due to its lack of extraction during
mining (Jowitt et al., 2013). In general, REE mines typically produce
an REO concentrate (bulk, HREO and/or LREO) which is further
processed into high-purity individual metals, oxides or products at
a refinery (USEPA, 2012). The fact that the REE are both indis-
pensable and have a strategic role in mitigating and adapting to the
global population growth and climate change (for example, by
enabling the development and production of sustainable energy
technologies, electronic applications, and medical instruments),
means that the downstream demand for more diversified and
refined REE-products, like individual REO, pure REE metals, REE-
bearing alloys and ‘misch’ metals, has increased substantially, and
is expected to rise continuously in the foreseeable future
(Hoenderdaal et al., 2013; Humphries, 2013; USDoE, 2010; USEPA,
2012).

Sustainability concerns due to the primary metal production
including declining ore grades, mine wastes, energy costs, green-
house gas emissions, chemical pollution, hazardous wastewater
discharge, irreversible land use and resource depletion, in
conjunctionwith increasing demands, have highlighted the need to
reduce the social and environmental footprints associated with the
mining industry (Banks, 2013; Mudd, 2010a, b; Norgate and Haque,
2010). For the global REO supply chain, the increasing demand for
REE has accelerated the explorations and investigations of the po-
tential extraction capacity for all the REE mineral resources. How-
ever, given the complexity and variety inherent in the REE deposits
(e.g. Jowitt et al., 2013; USEPA, 2012), individual REE projects often
require site-specific designed mining, beneficiation and refining
plants, to cope with the specific mineralogy, ore grade, and the type
of mineralisation present at the site, in order to efficiently produce
a range of final products. This means that the subsequent envi-
ronmental footprints of REE production may significantly differ
from one project to another. In addition, REE deposits often contain
a wide range of by/co-products (e.g. Fe, Ti, Nb, Zr, extractable U, Th)

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jclepro.2016.08.132&domain=pdf
www.sciencedirect.com/science/journal/09596526
http://www.elsevier.com/locate/jclepro
http://dx.doi.org/10.1016/j.jclepro.2016.08.132
http://dx.doi.org/10.1016/j.jclepro.2016.08.132
http://dx.doi.org/10.1016/j.jclepro.2016.08.132
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and/or hazardous impurities (e.g. U, Th and their decay products in
mine wastes and tailings, Long et al., 2010; Zhang et al., 2014), both
of which may require effective separation or purification processes
that add additional complexities, challenges, and environmental
considerations to new REE projects. Hence, the implicit environ-
mental, geological, and technical perspectives discussed above
must be analyzed thoroughly to assess the comprehensive sus-
tainable constraints of the global REE supply chain (Weng et al.,
2015).

In this paper, we present “cradle to gate” scale life cycle impact
assessment (LCIA) studies for 26 selected operational or potential
REE projects. This research analyses the crucial factors involved in
REO production, including the mineral deposit type, the ore grades,
the principal REE mineralogies, the production configurations, the
individual REE concentrations, the presence of by/co-products or
impurities, and the associated environmental impacts, particularly
gross energy requirement (GER) and global warming potential
(GWP) values. This LCIA modelling provides a quantitative foun-
dation for the comprehensive analysis of interconnections between
the global REE mineral resources, the extraction technologies and
the corresponding environmental footprint of the REE mining in-
dustry, all of which need to be considered to achieve an environ-
mentally sustainable, global REE production.

2. Methodology

2.1. REE mineral resources, deposit types and mineralogy

The current global REE supply is dominated by carbonatite or
weathered carbonatite projects, such as Bayan Obo in China,
Mountain Pass in the USA, and Mount Weld in Australia (Weng
et al., 2015). However, a significant amount of REE mineral re-
sources is hosted within other types of mineral deposits, including
alkaline complexes, alluvial/placer, felsic volcanic, iron oxide-
copper-gold (IOCG), laterites/soils/clays, tailings and shale-hosted
deposits. This could result in a wide range of differing mining
configurations of future REE projects. For example, hard rock REE
deposits, such as those hosted by carbonatites and alkaline com-
plexes, can be exploited using open pit or undergroundmining (e.g.
USEPA, 2012), whereas the Southern China ion adsorption clay
projects extensively utilise leaching technologies (e.g. heap leach-
ing and in-situ leaching) to extract REE (Lai and Yang, 2013). Also,
the complicated mineralogy of REE mineralisation also needs to be
carefully considered when designing and operating REE processing
facilities (IAEA, 2011). Therefore, to effectively reflect and analyse
the environmental footprint of long-term production capacity from
all potential REEmineral resources, our LCIAmodelling has adapted
the existing classification system of global REE mineral resources
including the principal deposit types and dominant mineralogies
and the REE mineral resource data for the 26 REE deposits. More
detailed descriptions of these deposits were reported byWeng et al.
(2014, 2015).

2.2. REE mining beneficiation and refining overview

REE production currently involves the selective separation of
individual REE from several well-known REE-bearing minerals like
bastn€asite, monazite, etc. However, considering the diverse REE
mineralogy and the growing global REE demand, it is rational to
believe that the vast majority of future REE projects will require
unique production configuration designs that yield variable end
products (Weng et al., 2015). This means that understanding the
challenges, complexities and risks inherent in the mineral recovery
procedure for each REE is an important step in the evaluation of the
environmental impact of long-term global REE production. In this
study, we split REE production into three representative stages, as
shown in Fig. 1. This categorisation has been adopted since it best
reflects the principal stages involved in REE mining, allowing direct
modelling of each project, accordingly. The detailed process flow-
sheets of selected REE projects have been provided as the supple-
mentary information I with this paper.

2.2.1. Mining
The mining stage of metal production involves a wide range of

techniques that are dependent on various factors like the deposit
type, location and depth of ore bodies, ore grades and mineralogy
(Mudd, 2010a; Norgate and Haque, 2010; USEPA, 2012). Hard rock
REE deposits are generally exploited through open pit mines (e.g.
Bayan Obo, Mt Weld, etc.) or extracted using underground mining
methods. Both the techniques involve drilling, blasting, loading and
hauling, and are associated with varying environmental footprints.
In general, open pit operations require higher machinery inputs,
fuel consumption, land use for excavation, removing/stripping and
disposing a large quantity of bedrock (“overburden”) per tonne of
ore extracted from the mine site, whereas underground mining
often involves higher energy andwater consumption because of the
use of energy-intensive extraction technologies (e.g. tunnelling,
ventilation, lighting, etc.). Other extraction techniques (e.g. heap,
dump, and in-situ leaching) are utilized as the main production
methods for the Southern China ionic clay projects, who are the
dominant global HREE suppliers. Based on this, we have classified
the mining stage of REE projects into three different categories: OP
e open pit, UG e underground mining and Other.

2.2.2. Beneficiation
The beneficiation stage enables the further separation of the

REE-bearing minerals (REM), often in the form of mixed REM
concentrates (e.g. bastn€asite beneficiation in Bayan Obo; Li and
Yang, 2016), from barren gangue minerals. It also enables the
further processing of REO, mixed REO concentrates and other
products, using the differences in the physical properties of the
minerals, such as density, magnetism and surface ionization po-
tential, without altering the chemical composition of the ore
(USEPA, 2012; Yang et al., 2015). The grain size of the run of mine
(ROM) materials is reduced by crushing (e.g. primary, secondary,
and tertiary crushers) and grinding (e.g. semi-autogenous grinding
mills, rod and ball mills) techniques to further separate the REE-
bearing minerals from the gangue material. The energy demand
and the extraction efficiency of these processes are determined by
the physical characteristics (e.g. magnetic susceptibility, electro-
negativity, density and hardness) of the material to be obtained
from further processing. After the crushing and grinding cycles,
various flotation techniques (froth flotation, cyclojet flotation, etc.),
thermal treatments (e.g. baking) and/or magnetic separation
techniques, are commonly utilized to further improve the ore
grades and reduce the amount of impurities (Li and Yang, 2016).

2.2.3. Refining
The recovery of various end products (pure REE metals, indi-

vidual REE or mixed REO concentrates) after beneficiation, requires
refining, namely the use of hydrometallurgical techniques (e.g.
strong acid or caustic leaching, fractional crystallisation, fractional
precipitation, ion exchange, and solvent extraction) that exploit the
difference in the solubility of different REE salts, the hydrolysis of
ions, and the formation of REE complexes (USEPA, 2012). Several
thermal treatment processes are also frequently used during this
stage to optimize the recovery rates and reduce the presence of
impurities. However, most of these processes are energy- and
chemically intensive, with significant environmental implications
such as tailings, wastewater, chemical pollution, hazardous
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residues and the radioactive contamination of the soil, ground
water, vegetation, etc. (Li et al., 2013; Yang et al., 2002; USEPA,
2012). The configuration and plant design of REE refining facil-
ities are usually dictated by the desired principal end product(s) of
the project. This is exemplified by the Songwe Hill project in
Malawi and the Bear Lodge project in the USA, both of which are
carbonatite projects, with bastn€asite as the main REE mineral. The
Songwe Hill project in Malawi proposes to use hydrochloric acid
leaching and caustic conversion cycle to produce rare earth hy-
droxides (Croll et al., 2014), whereas the Bear Lodge project pro-
poses to use nitric acid leaching, calcination and precipitation to
produce bulk REO powders (>97% purity, Dahlberg, 2014). Based on
this, we divided the refining stage of our modelling into fully
refined, where the projects have individual or mixed REO as the
defined end products; and semi-refining, where the projects aim to
produce other REE products (e.g. mixed REO concentrates, REE
carbonates and REE hydroxides, etc.). In addition, for some REE
deposits (e.g. Arax�a), where the REE is engrained within very-fine-
size minerals (e.g. monazite), physical beneficiation is insufficient
to effectively separate REE from gangue mineral (Clay and Ackroyd,
2013). In such cases, chemical based REE extraction methods like
alkaline digestion, hydrochloric acid leach, ammonium chloride
fusion and sulphuric acid leach are often designed to initiate the
REE recovery. We have classified such chemical based processes
also as refining.

Our classification system is only a representation of the complex
nature and variety of REO production. Given the fact that almost all
REE deposits outside of China are still in the pre-feasibility design
stage, with very few mines being actually operational, REO mining
methodologies, beneficiation techniques and associated refining
deign from the current assessment are subject to alteration or
modification. Hence, we adopted the most recent REE production
plan available for each project, including some potential REO pro-
duction scenarios, based on the best technologies and configura-
tions available from the operating REE mines with similar deposit
types and mineralogy conditions, to reveal the variety and flexi-
bility of long-term global REO production capacity. The main
sources of technical data and process configurations are technical
study reports (e.g. pre-feasibility studies, especially those based on
industry standards such as Canada's NI43-101 system; see Mudd
et al., 2016) or environmental impact assessment studies (e.g.
Toongi; RWCC, 2013). The details of all the projects, simulation
scenarios, and the information sources are summarised in Table 1.

2.3. Methodology

We utilized LCIA based on ReCiPe 2009 and CED 1.08 from
Frischknecht et al. (2007) in SimaPro 8.0 (PR�e, 2015) as the principal
methods to estimate the environmental footprints associated with
the beneficiation and refining stages of REE mining.

2.3.1. Scope & system boundary
In order to analyse the inter-correlations between the envi-

ronmental implications and the various crucial aspects of global
REE supply chain, such as the mineral deposit types, ore grades,
mineralogy, mining, beneficiation and refining configurations,
various REE end products (e.g. HREO þ Y, LREO, REO concentrates,
REE carbonates and REE hydroxides, etc.) and significant by/co-
products (e.g. Al, Cu, Nb, Zr, etc.), we used a “unit process” based,
problem-oriented (“mid-point”, Norgate and Haque, 2010) LCIA of
26 selected global REE deposits, in accordance with the system
boundary illustrated in Fig. 1. Our assessment focused on the



Table 1
Summary of selected REE projects with alternative processing scenarios.

Project Status Production Ore grade Recovery Principal REE
mineralogy

Principal
deposit type

Project Configuration Inventory
data basis

References

t
TREO þ Y/
yr

%
TREO þ Y

Rate (%)

Arax�a, Brazil Dev't 16,292 4.22 92.0 Monazite, Apatite Carbonatite OC þ B þ R Rep [1]
Ashram, Canada Dep 16,852 1.44 83.6 Monazite, Bastn€asite&

Xenotime
Carbonatite OC þ B þ Semi R Rep þ Est [1] [2]

Bayan Obo (Existing Operation), China Op 48,940 5.95 64.4 Bastn€asite, Monazite&
Xenotime

Carbonatite OC þ B þ R Rep þ Est [3] [4] [5]
[6]

Bayan Obo (Acid Baking Scenario), China Op 48,940 5.95 64.4 Bastn€asite, Monazite&
Xenotime

Carbonatite OC þ B þ R Rep þ Est [3] [4] [5]
[6]

Bayan Obo (Alkaline Route Scenario),
China

Op 48,940 5.95 64.4 Bastn€asite, Monazite&
Xenotime

Carbonatite OC þ B þ R Rep þ Est [3] [4] [5]
[6]

Bear Lodge, USA Dev't 7510 2.73 79.0 Bastn€asite,&Monazite Carbonatite OC þ B þ R Rep [7]
Bokan-Dotson, USA Dep 1828 0.58 82.5 Bastn€asite, Thalenite&

Monazite
Alkaline UG þ B þ R Rep þ Est [7] [8]

Browns Range, Australia Dev't 3127 0.86 80.4 Xenotime Granite -
Related Skarn

OCþ UGþ Bþ Semi R Rep þ Est [1] [9] [10]

Buckton, Canada Dep 5600 0.03 20.2 Ionic Clay Shale-hosted OC þ B þ Semi R Rep [11]
Southern Seven Provinces (Type A Ore

Heap Leach Scenario), China
Op 5895 N/A 30.0 Ionic Clay Laterite/Soil/

Clay
Other þ B þ Semi R Rep þ Est [3] [4] [5]

Southern Seven Provinces (Type A Ore In-
Situ Leach Scenario), China

Op 5895 N/A 71.5 Ionic Clay Laterite/Soil/
Clay

Other þ B þ Semi R Rep þ Est [3] [4] [5]

Southern Seven Provinces (Type B Ore
Heap Leach Scenario), China

Op 23,580 N/A 30.0 Ionic Clay Laterite/Soil/
Clay

Other þ B þ Semi R Rep þ Est [3] [4] [5]

Southern Seven Provinces (Type B Ore In-
Situ Leach Scenario), China

Op 23,580 N/A 71.5 Ionic Clay Laterite/Soil/
Clay

Other þ B þ Semi R Rep þ Est [3] [4] [5]

Dubbo Zirconia (Toongi), Australia Dev't 5974 0.75 72.3 Eudialyte, Bastn€asite Alkaline OC þ B þ R Rep þ Est [3] [6] [12]
Eco Ridge, Canada Dep 3686 0.16 93.1 Monazite Alluvial/

Placer
UG þ B þ Semi R Rep þ Est [1] [13]

Foxtrot, Canada Dep 3800 1.01 79.7 Allanite, Monazite &
Xenotime

Felsic
Volcanic

OC þ B þ Semi R Est [3] [4] [5]
[27]

Kipawa Lake (Zeus), Canada Dep 3473 0.42 67.3 Eudialyte, Mosandrite
& Britholite

Alkaline OC þ B þ R Est [3] [12]
[14]

Kvanefjeld (Heavy Fuel Oil Boiler Power
Generation), Greenland

Dep 22,913 1.06 72.2 Lujavrite Alkaline OC þ B þ R Rep [15]

Kvanefjeld (Hydro Power Generation),
Greenland

Dep 22,913 1.06 72.2 Lujavrite Alkaline OC þ B þ R Rep [15]

Ngualla, Tanzania Dep 10,000 2.27 36.8 Bastn€asite Carbonatite OC þ B þ R Est [3] [6] [7]
[26]

Nolans Bore, Australia Dep 11,172 2.57 85.0 Apatite, Fluorapatite Granite
-Related
Skarn

OC þ B þ Semi R Rep [9]

Norra K€arr, Sweden Dep 5280 0.59 76.4 Eudialyte Alkaline OC þ B þ R Rep [16]
Olympic Dam (OP þ UG þ REE Extraction

Scenario), Australia
Op 3,64,320 0.55 92.0 Monazite, Granite Rich

Breccias
IOCG OC þ UG þ B þ R Rep þ Est [3] [17]

[18]
Olympic Dam (UG þ REE Extraction

Scenario), Australia
Op 60,720 0.55 92.0 Monazite, Granite Rich

Breccias
IOCG UG þ B þ R Rep þ Est [3] [17]

[18]
Olympic Dam (Mine Tailings Processing),

Australia
Op 7590* 0.55* 92.0 Monazite, Granite Rich

Breccias
IOCG OC þ B þ R Est [3] [17]

[18]
Round Top, USA Dep 3338 0.06 71.5 Bastn€asite,

Yttrofluorite &
Yttrocerite

Felsic
Volcanic

OC þ B þ Semi R Est [3] [4] [5]
[25]

Mianning, China Op 19,187 N/A 63.3 Bastn€asite Carbonatite OC þ B þ Semi R Rep þ Est [3] [4] [5]
Songwe Hill, Malawi Dep 2841 1.17 48.4 Bastn€asite, Synchysite,

& Strontianite
Carbonatite OC þ B þ Semi R Rep þ Est [3] [4] [19]

Steenkampskraal, South Africa Dep 4680 17.0 41.9 Monazite Alkaline OC þ B þ Semi R Rep þ Est [1] [20]
Strange Lake (Low Production Scenario),

Canada
Dep 9021 0.89 81.4 Allanite, Titanite &

Pyrochlore
Alkaline OC þ B Rep [21]

Strange Lake (High Production Scenario),
Canada

Dep 13,114 0.89 46.2 Allanite, Titanite &
Pyrochlore

Alkaline OC þ B Rep [21]

Tanbreez, Greenland Dep 2925 0.65 90.0 Eudialyte Alkaline OC þ B Rep [22]
Tantalus (Heap Leach Scenario),

Madagascar
Dep 1000 0.081 30.0 Ionic Clay Laterite/Soil/

Clay
Other þ B þ Semi R E [3] [4] [5]

Tantalus (In-Situ Leach Scenario),
Madagascar

Dep 1000 0.081 70.0 Ionic Clay Laterite/Soil/
Clay

Other þ B þ Semi R E [3] [4] [5]

Thor Lake/Nechalacho, Canada Dep 9286 1.37 92.7 Allanite, Monazite &
Bastn€asite

Alkaline UG þ B Rep [23]

Zandkopsdrift, South Africa Dep 11,761 2.24 66.4 Monazite, Crandallite Carbonatite OC þ B þ Semi R Rep þ Est [1] [24]

Notes: Dev't - project under development; Op - operating; Dep - deposit; OC - open cut mining; UG - undergroundmining; Other - unconventional miningmethod (e.g. dump,
heap or in-situ leaching); B - beneficiation plant; Semi-R - partial refinery producing intermediate products (e.g. LREO/HREO concentrates); R - final REE refinery; N/A -
TREOþ Y grades not available, distributions of individual REE adapted from Li and Yang (2016); Rep - REE processing data fully reported on a project specific basis; Repþ Est -
Combination of reported and estimated data' Est - No production data available, production process is estimated by available technologies used in REE project with similar
mineralogy. *Assumed 1.5 Mt/year tailings reprocessing capacity with the same ore grade as the existing mine.
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production data (e.g. waste, reagent consumption, fuel consump-
tion, energy demand, water use, land footprint, etc.) of REE mining,
as well as the processing and refining activities that occur at the
mine gate of a REE project. The environmental footprints of REE
further downstream, like the consumption, recycling and off-site
recovery of REE, its transportation, material packaging and
handling, have not been analyzed in this study.
Table 2
Summary of unit prices of potential commodities from selected REE projects.

Commodity Unit price (US$/t) References

La2O3 44,600 Puritch et al., 2014
Ce2O3 43,200 Puritch et al., 2014
Pr2O3 140,400 Puritch et al., 2014
Nd2O3 156,200 Puritch et al., 2014
Sm2O3 68,200 Puritch et al., 2014
Eu2O3 2,742,100 Puritch et al., 2014
Gd2O3 105,800 Puritch et al., 2014
Tb2O3 1,551,080 Puritch et al., 2014
Dy2O3 1,240,300 Puritch et al., 2014
Ho2O3 202,900 Puritch et al., 2014
Er2O3 169,000 Puritch et al., 2014
Tm2O3 97,000 Puritch et al., 2014
Yb2O3 102,900 Puritch et al., 2014
Lu2O3 1,273,000 Puritch et al., 2014
2.3.2. Function unit & indicators
Considering the fact that the substitution-dominating nature of

most REE minerals and numerous co-existing elements in the REE
deposit, REO are either extracted as target (or important) com-
pounds through conventional mining operations (e.g. Mountain
Pass, Mount Weld, etc.), or recovered as by/co-products from
various base metal mining (e.g. Fe production in Bayan Obo, China),
and heavy mineral sands mining (e.g. monazite production in In-
dia). Some potential REE projects have also proven to have by/co-
products of economic significance, such as Nb in Arax�a, Brazil
(Clay and Ackroyd, 2013), Nb and Zr in Nechalacho, Canada
(Ciuculescu et al., 2013) and Cu, Fe, Au, Ag and U in Olympic Dam,
Australia (BHPB, 2009, 2011). As concluded in our previous research
(Weng et al., 2015), the extraction of potential by/co-products and/
or hazardous impurities and tailings (e.g. U, Th and their decay
products in mine wastes) have significant influences on the feasi-
bility of potential REE projects, and consequently, their environ-
mental footprints. Therefore, in order to better ascertain the
multiple sources of potential global REE production, the varying
REE extraction configurations, the substantial by/co-products and
the consequent environmental impacts, we selected the functional
unit as the production and refining of 1t of ROMmaterials from the
mining site of selected REE projects, in conjunction with the pro-
ject's annual production capacity and recovery rate of REO, as well
as the principal by/co-products, to examine the complete picture of
the selected REE projects. Two indicators, CO2 equivalent of the air
emitted, for GWP (Goedkoop et al., 2013), and the non-renewable
energy consumption in gigajoules (GJ) for the GER of REO produc-
tion (Frischknecht et al., 2007; Jolliet et al., 2003) were selected for
this study. Therefore, GER and GWP are the two primary indicators
of environmental impact in our study.
Y2O3 107,800 Puritch et al., 2014
Iron Ore 105 USGS, various
Cu 7326 USGS, various
Au 45,498,392 USGS, various
Ag 765,273 USGS, various
U3O8 84,151 OCE, 2014
Th 65,000 USGS, various
Nb2O5 56,000 Ciuculescu et al., 2013
FeNb 42,000 USGS, various
Ta2O5 256,000 Ciuculescu et al., 2013
ZrO2 6430 Gowans et al., 2014
Zn 1909 USGS, various
Co 27,029 USGS, various
Ni 15,018 USGS, various
MnO3 38,868 Puritch et al., 2014
V2O5 16,909 Puritch et al., 2014
MnSO4 630 Puritch et al., 2014
Li2O3 5908 Puritch et al., 2014
Hf 578,000 USGS, various
Fluorspar 350 USGS, various
Feldspar 536 Harper et al., 2015
2.3.3. Allocation methods
REO production often involves multi-stage mineral mining,

beneficiation and refining plant configuration to recover various
REO or concentrates. These processes are often driven by the
mineralogy, ore grades, recovery rate and targeted by/co-products
of the project, and require varying material and energy inputs
(e.g. electricity, fuel, chemicals, land andwater, etc.), whichmust be
evaluated accordingly. Given the significant monetary incentive
behind the specialty metal industry (Nuss and Eckelman, 2014), we
utilized the economy driven or ‘market-based’ allocation method,
which allocates the environmental footprints of all the individual
REOs and significant by/co-products based on their economic value
distributions, to comprehensively assess the environmental con-
straints for the REE mining industry in future. Detailed economic
allocation is given in Equation (1):
Xi ¼ Ei � Ri � Ci � P
P

i
ðEi � Ri � Ci � PÞ (1)

Xi: Environmental footprint contribution of Commodity i (%)
Ci: Ore grade of commodity i (%)
Ei: Unit values of commodity i ($USD/t)
Ri: Recovery rate of commodity i (%)
P: Annual production capacity of the project (t ROM/y)

For several Chinese REE projects (e.g. Mianning and the ion
adsorption clay projects in the Seven Provinces of Southern China)
where formal TREO þ Y grades are not reported, we adopted the
corresponding distributions of individual REE from Chinese litera-
ture (Li and Yang, 2016;Wang et al., 2006) and a government report
(DEC, 2009). The unit price of the commodity, recovery rates and
estimated REO production capacities of the selected projects have
been summarised in Tables 1 and 2.
2.3.4. Inventory and data quality
The availability and quality of data are two of the several critical
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factors that determine the quality of LCIA analysis. As a result, we
used the most recent data available to compile the project-specific
LCIA inventory dataset (e.g. energy, water, land use, machinery,
consumption of reagents, dust emissions, mine tailings, etc.) for
different REO production configurations. This data was obtained
from the most recent company reports under the statutory mining
codes (e.g., JORC, NI43-101, SAMREC; seeWeng et al., 2015), and the
environmental impact statements. In addition, for most Chinese
REE projects (e.g. Bayan Obo, Mianning, ion adsorption clay de-
posits of the Southern Seven Provinces of China, etc.), where code-
compliant data were not available, we used the corresponding
government assessments and peer-reviewed scientific articles to
derive better data and minimize the uncertainties involved in the
LCIA of the selected REE projects. Songwe Hill project in Malawi
reports material inputs, like the consumption of energy and re-
agents, in monetary terms rather than in metric mass or volume
units. Hence, we converted these data by assuming that all the
required materials and chemicals would be imported from the
Chinese market with an additional 20% of its ‘free on board’ (FOB)
price, to account for the various commercial taxes, international
transport costs, etc.

We adopted (ISO 14040) environmental impact data for code
compliant unit processes from the existing LCIA databases, namely
the Australian National Life Cycle Inventory Database (AusLCI; LCS,
2015) for the Australian projects and Ecoinvent (Frischknecht et al.,
2007) database for the REE deposits in the other countries, to
identify numerous environmental impacts of crucial upstream in-
dustries (e.g. power grid characteristics, fuel refinery, trans-
portation, water supply, chemical production and major emissions,
etc.) involved in the global REE production chain. Hence, we could
improve the overall data quality, transparency and consistency of
our environmental impact categorizations and assessment.

Given the dominant position of Chinese REO production and
processing in global REE supply chain; although REE processing
techniques and information data reported from China does not
have code-compliant clarity and quality and site-specific produc-
tion data are mostly preserved (e.g. HREO production in Southern
China Provinces), they are still indispensable for filling the knowl-
edge gap of long-term global REE supply. However, it is also
important to understand that, significant amounts of this infor-
mation come across a range of domestic sources, there are still
inherent uncertainties remain even we only derived our assess-
ment from Chinese governmental reports and published peer-
reviewed articles.

Due to the limited knowledge and modest scale of the REE in-
dustry outside China, there is very few information regarding REE
production reported to date. Uncertainties derived from parameter
uncertainty of actual mining operation, substantially differing REE
recovery configuration, limited spatial sensitive REE production
data all contributes to the inherent risks and uncertainties for our
LCIA assessment. The previous LCA assessments are not sufficient to
support project-specific LCIA analysis of the full picture of envi-
ronmental impacts for global REE industry. Interconnections be-
tween the geological differing REE mineral resources, variable ore
grades, multiple REE ‘end products’, mining techniques, processing
and refining configurations and environmental constraints have
never been thoroughly studied. Thus, this assessment aims to fill in
these knowledge gaps.

However, it is alsoworthingmentioning that, due to lack of good
quality data and inherent uncertainties, our LCIA assessment
should only be interpreted as an indicative study. Results yielded
from this assessment is not sufficient to represent the overall
environmental burdens of global REE production. There is a broad
range of other critical environmental issues (e.g. economic supply
capacity, water use, health concerns, radiation exposure and
detailed hazardous by/co-products treatment (e.g. thorium and
uranium, etc.) must be considered in further assessments. The re-
sults of other impact categories are provided in supplementary
information II.

3. Results and discussion

The relationships between the types of REE deposits, the
TREO þ Y grades, and the corresponding GER and GWP have been
illustrated in Fig. 2, with all the statistics summarised in Table 3.
There is an apparent negative correlation between the TREO þ Y
grades and the GER and GWP associated with the REO production.
Similar results have also been suggested in various studies of other
mining industries (e.g. Haque and Norgate, 2013; Mudd, 2014;
Norgate and Jahanshahi, 2011; Northey et al., 2013), which indi-
cate that the declining ore grades in metal production would cause
significant environmental ramifications. Alluvial/placer type REE
projects have the most significant average GER footprints (2431 GJ/
t-TREO þ Y, 159 t CO2e/t-TREO þ Y), while the shale-hosted project
has the highest GWP impacts (1842 GJ/t-TREO þ Y, 159 t CO2e/t-
TREO þ Y), followed by the laterite/soil/clay (2368 GJ/t-TREO þ Y,
129 t CO2e/t-TREO þ Y), IOCG (1710 GJ/t-TREO þ Y, 125 t CO2e/t-
TREO þ Y) and felsic volcanic (1602 GJ/t-TREO þ Y and 89 t CO2e/t-
TREO þ Y) projects. However, it can be noticed that both, the al-
luvial/placer and the shale-hosted category, have only one data
point each. The lack of more LCIA data from more REE projects will
inevitably skew the assessment of the average environmental
footprints of a particular type of REE deposit. We expect that amore
comprehensive LCIA study could be done when more information
from similar REE projects become available. These results also
suggest significant variations of GER and GWP impacts, which
highlight the complexity of REE production and the highly variable
environmental footprints of REE projects, evenwhen they share the
same geological deposit type.

REE-bearing minerals are generally substitution-dominated in
nature with lower TREO þ Y grades and with little difference in the
density of these minerals and their associated gangue (Weng et al.,
2015). Hence, the separation and purification of REE involves a
unique recovery configuration that depends on the mineralogy and
deposit type of the particular REE ore body, which results in varying
environmental and energy impacts of each project (USEPA, 2012;
Weng et al., 2014; Wübbeke, 2013; Xie et al., 2014a; Xue and Lin,
2011; Yang et al., 2013). Fig. 3 summarises the interrelations be-
tween the REE mineralogy, mining and processing configurations,
with their associated GER and GWP burdens. Ionic clay, monazite
and bastn€asite, lead to the most significant environmental impacts,
with an average GER of 2324, 1585 and 427 GJ/t-TREO þ Y,
respectively, and an average GWP of 138, 115 and 20 t CO2e/t-
TREO þ Y, respectively. From a production perspective, naturally
occurring radioactive element thorium (Th) often co-exists within
monazite-based deposits (e.g. Arax�a, Olympic Dam and Steen-
kampskraal, etc.). Due to the inherent health concerns over the
radioactivity of Th and its subsequent decay products (Chen et al.,
2005; USEPA, 2012), monazite processing often includes energy
and intensive chemical procedures for Th removal. This is exem-
plified by the Arax�a project, which adopted multi-stage solvent
extraction for Fe and Th removal using a batchwise process, with a
sodium hydroxide solution to precipitate these elements as hy-
droxides (Clay and Ackroyd, 2013). Due to this, most of the mona-
zite based projects adopted a semi-refining cycle to produce mixed
REO concentrates in order to cope with the additional reagent,
energy and labour costs. The Olympic Dam tailing reprocessing
scenario, in which we presumed that the monazite extraction and
processing techniques were similar to that of the Arax�a mine, is in
the lead with regard to both, the GWP and GER categories (Fig. 3).
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Fig. 2. Interrelations between of TREO þ Y grades and GER (left) and GWP (right) footprints by principal REE deposit types.

Table 3
Summary of mean GER and GWP footprints and standard deviation values.

Deposit type GER (GJ/t TREO þ Y) GWP (t CO2e/t TREO þ Y) Principal mineralogy GER (GJ/t TREO þ Y) GWP (t CO2e/t TREO þ Y)

Alkaline Complex and Pegmatites 282 ± 403 22 ± 21 Allanite 68 ± 223 14 ± 17
Alluvial/Placer 2431 159 Apatite 426 34
Carbonatite 372 ± 17 17 ± 123 Bastn€asite 427 ± 2796 20 ± 132
Felsic Volcanic 1602 ± 1718 89 ± 116 Eudialyte 244 ± 221 22 ± 16
Granite - Related Skarn 448 ± 73 34 ± 2 Ionic Clay 2324 ± 2240 138 ± 120
IOCG 1710 ± 6693 125 ± 498 Lujavrite 350 ± 0.4 22 ± 0.013
Laterite/Soil/Clay 2368 ± 2441 129 ± 125 Monazite 1585 ± 3977 115 ± 297
Shale - Hosted 1842 229 Xenotime 528 36
TREO þ Y 1218 ± 2564 83 ± 164 LREO 1002 ± 2216 70 ± 117
HREO þ Y 216 ± 711 14 ± 85

Notes: Average GER and GWP are calculated based on annual REO production capacity of selected projects within each category.
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This is also exemplified by the Steenkampskraal project in South
Africa. Despite the fact that it has the highest TREO þ Y concen-
trations (17%) compared to all the selected projects, the high Th
concentration (approximately 25,300 ppm Th, Weng et al., 2015)
within the ore body and the consequent purification requirements
lead to more severe environmental implications compared to the
other monazite based projects. However, the detailed environ-
mental profiles (e.g. chemical consumptions, residue concentra-
tions, the radioactivity of tailing stands) of operating monazite
project (e.g. MtWeld in Australia) are rarely available. Thus it leaves
significant data gap in performing reliable LCA of these projects.

Currently, a majority of the operating REE suppliers (e.g. Bayan
Obo in China, Mountain Pass in the USA, and Mount Weld in
Australia) depend on carbonatite or weathered carbonatite REE
mineralisation with LREE-enriched ore (i.e. bastn€asite). These LREO
orientated mines and deposits leave relatively modest environ-
mental footprints compared to the other, less exploited, types of
REE deposits with an average GER of 372 and 427 GJ/t-TREOþYand
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GWP of 17 and 20 t CO2e/t-TREO þ Y for carbonatite and bastn€asite
projects, respectively. As summarised in Table 2, the total average
GER footprints of TREO þ Y, LREO and HREO þ Y were 1,218, 1002
and 216 (GJ/t-TREOþY) with a GWP impact of 83, 70 and 14 (t CO2e/
t-TREO þ Y), respectively. However, similar ‘cradle to gate’ scale
LCIA of other mining industries (e.g. bauxite, iron ore and Cu
concentrate; Norgate and Haque, 2010) suggest GER impacts worth
0.15 GJ/t iron ore, 0.06 GJ/t bauxite and 8.3 GJ/t Cu concentrate in
conjunction with a GWP average of 11.9 kg CO2e/t iron ore and
4.9 kg CO2e/t bauxite ore and 0.63 t CO2e/t Cu concentrate. However,
despite REE production has higher average GER and GWP impacts
than common metals, they are still significantly lower than
precious metal production like gold (337,420 GJ/t and 29,820 t
CO2e/t; Norgate and Haque, 2012) and the platinum group elements
(PGE) (40,500 to 217,200 GJ/t and 2700 to 92,400 tCO2e/t; Mudd,
2012). Given the increasing demand for REE exploitation and REO
production from all types of available REE mineral resources, the
consequent environmental burdens are an inevitable challenge for
the global REE industry.

The GWP of the individual REO are summarised in Fig. 4. Allu-
vial/Placer projects have the highest GWP impacts associated with
LREO production, followed by laterite/soil/clay, IOCG and shale-
hosted projects, which typically share relatively low TREO þ Y
grade, but high tonnage, with a diverse range of by/co-products like
Zn, Cu, Co, V, Ni and Th, among others (Weng et al., 2015). Hence, to
effectively separate and recover REE from these deposits requires
intensive chemical and energy inputs, with a complex recovery
configuration and higher GWP implications. A majority of the
environmental footprints of the bastn€asite- and monazite-based
REE projects are due to LREO (La2O3 and CeO2/Ce2O3, specifically),
which reflects the geological LREO-oriented nature of these min-
erals and the high proportion of REEmineral resources within these
deposits. On the other hand, ionic clay-based REE deposits, which
host over 80% of the total global HREO þ Y reserves in China alone
(Li and Yang, 2016), have themost significant GWP footprints due to
HREO (especially Dy2O3, Tb2O3, and Ho2O3). The severe environ-
mental impacts are exemplified by various leaching techniques
commonly used in these types of projects, which utilise high-
pressure solvent injection, continuous leaching cycle, and large
amounts of reagents (e.g. (NH4)2SO4, NH4Cl and oxalic acid, Wang
et al., 2006). According to the assessment by Yang et al. (2013),
mine wastes from a traditional heap leaching project from South-
ern China yields 300 m3 of topsoil removal, 2000 t of tailings and
1000 t of toxic residual effluent (Yang et al., 2013). As a result, since
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2011, the Chinese government has encouraged the use of in-situ
leaching technology to replace the traditional heap leaching cycle
for ionic clay projects to minimize the corresponding environ-
mental footprints (Li and Yang, 2016).

Life cycle impact assessment is considered as an effective
approach to analyse the interlinks within the life cycle, from raw
material acquisition to the ultimate disposal of a certain product or
process, and to then evaluate the environmental impacts associated
with it (ISO, 2006). Since the last decade, there is an emerging trend
of applying LCIA to the mineral production sector (e.g. Al, Cu, Steel,
etc.) and the mining sector, to analyse the corresponding environ-
mental burdens (Awuah-Offei and Adekpedjou, 2011; Bigum et al.,
2012; Blengini and Garbarino, 2011; Blengini et al., 2012; Haque
and Norgate, 2013; Norgate and Jahanshahi, 2011; Northey et al.,
2013). However, due to the modest scale of the global REE in-
dustry, with very few operating mines (like Mount Weld) outside
China (which contributed to more than 95% of the global REO
supply during the past decade; USGS, various), the emphasis of
most REE-related LCIA studies is on the downstream REE, that is,
the product consumption and recycling stages, while the produc-
tion stage of REE (i.e. mining, beneficiation and refining) is excluded
from the scope of these studies due to the lack of quality data
(Giraldi et al., 2015; Monfared et al., 2014; Ortegon et al., 2013).
Moreover, several LCIA studies focusing on the REO production (e.g.
Koltun and Tharumarajah, 2014; Nuss and Eckelman, 2014; Zaimes
et al., 2015) are almost exclusively established based on the infor-
mation from the largest and only operating REE project (i.e. the
Bayan Obo REE project in China). Table 4 summarises the average
GER and GWP estimates of individual REO along with other similar
market-based “cradle to gate” LCIA studies. The existing data from
Ecoinvent, Koltun and Tharumarajah (2014) and Zaimes et al.
(2015) suggests that Eu2O3 has the most significant GER (1100
7750 and 9813 GJ/t-TREOþ Y, respectively) and GWP (56; 1622 and
345 t CO2e/t-TREO þ Y). Nuss and Eckelman, in their 2014 assess-
ment, suggested that Lu2O3 had the most severe environmental
impact with a GER of 17,600 GJ/t-TREOþYand GWP of 896 t CO2e/t-
TREO þ Y. Uncertainties due to the high deviations in the LCIA es-
timates also highlight the risks inherent in the limited knowledge
of detailed REE processing, the minimum reported data of varying
qualities from the REE industry and the highly volatile nature of
small-scale markets for specialty metals like REE. The results of our
assessment suggest that Ce, La and Nd oxides have the highest GER
impacts of all individual REE, with an average GER of 112, 84 and
60 GJ/t, respectively. Ce, La and Y have the highest average GWP,
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with 7, 6 and 5 t CO2e/t, respectively, because of the high pro-
portion of these REE within the ore. Despite the rapidly growing
demands and the considerable unit values of critical REO like
Tb2O3, Dy2O3 and Eu2O3, the assignment of the corresponding
environmental impacts could not significantly influence the LREO
dominant nature of the global REE mineral resources and the
potential environmental impact associated with them.

There are significant data gaps of environmental impacts from
essential upstream reagents involved in REE production, within
the current LCIA database. For example, Cyanex 2-P507 is a key
dialkylphosphinic acid extractant, which is widely used for HREE
separation from ion-adsorption projects (Liao et al., 2010; Quinn
et al., 2015; Xie et al., 2014b) and oxalic acid is widely used as
the primary stripping agent for REE ions from clay minerals (Chi
and Xu, 1999; Jorjani and Shahbazi, 2012). However, the envi-
ronmental impact profiles and the upstream production data for
both of the crucial reagents are unavailable in the existing LCIA
database. Hence, we could conduct the LCIA based only on proxies
from the Ecoinvent database, such as ‘organic solvents’ for P507
and acetic acid (H2C2O2) for oxalic acid, which has a lower REE
recovery efficiency due to the formation of oxyacetate during the
REO recovery process (Xie et al., 2014; Yamada et al., 2011).
Although by using more sophisticated modelling (i.e. chemical
simulations or industrial production information) could partially
address these issues, but given the limited information and scope
of our assessment, we recommend this for further research.

Similar data gaps are also noticeable in the REE production
data reported. REE recovery rate, plant configuration and raw
material consumption data are often unavailable or not publically
accessible. Furthermore, the highly volatile market values of REE,
the small scale of production, and altering the end product de-
mands lead to a turbulent global REE market, which reflects in the
flexible mining, beneficiation and refining configuration designs
for potential REE mines. This is exemplified by the Nolans Bore
project in Northern Territory Australia, which adjusted the initial
design of an on-site REE processing facility (Arafura, 2009) to an
offshore REE separation plant because of technical and economic
viability (Arafura, 2014). Additional complexity of REE production
can be seen in the operating projects utilizing multiple REE ben-
eficiations and refining configurations. For example, in Bayan Obo,
the largest operating REE mine, 80% of the mine's annual REO
production is from the sulphuric bakingmethod, while 20% of REO
is recovered through the alkaline route (DEC, 2009). In future, a
more cost-effective and environment-friendly alkaline processing
plant is expected to replace the existing sulphuric baking plant in
Bayan Obo (DEC, 2009). The environmental footprints associated
with these crucial REE production techniques and configurations
would be key indicators for the sustainable development of global
REE mineral resources. These data could also indicate the poten-
tial opportunities and challenges for REE projects in future, to
optimize the production efficiency while minimizing the associ-
ated environmental burdens. Therefore, in order to comprehen-
sively assess the environmental impacts of global REO supply from
viable REE deposits, we established several potential REE pro-
duction scenarios without the reported definitive designs and ore
processing data (e.g. Olympic Dam project, Tantalus and Round
Top deposits, etc.). Depending on the REE mineralogy and the
deposit type, the REE extraction and refining data from the
operating projects are considered sufficient to represent the best
technologies available. For example, the REEmineralisationwithin
southern China's weathered sedimentary projects primarily oc-
curs as hydrated ions adsorbing on the surface of the clay based
minerals, which could only dissolve in electrolyte leaching solu-
tions consisting of sodium chloride (NaCl), ammonium sulphate
((NH4)2SO4) and ammonium chloride (NH4Cl), which are then
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Fig. 5. GER (left) and GWP (right) footprints of each REE production stages.
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recovered by ion exchange with oxalic acid (H2C2O4), followed by
salt precipitation (Li and Yang, 2016). The Tantalus deposit in
Madagascar shares a similar principal mineralogy, geological de-
posit type and does not have a completed REE processing design.
Therefore, we utilized the energy, reagent, and water consumption
data reported from China's ion-adsorption production to determine
the best technology available for the corresponding REE ore. Hence,
these processing data from the operating mines enable us to esti-
mate the environmental footprints of the possible REE recovery
operation of the Tantalus project. These indicative scenarios are
implemented as proxy samples to improve our analysis of the po-
tential global REE production. However, geographically sensitive
environmental impacts, such as international transportation, up-
stream chemical production, energy sources, water and land use,
Note:  "Electricity" includes fuel consumptio
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are not assessable on a project-specific basis, thus undermining the
effectiveness of the LCIAmodelling.We believe that with increasing
demand and more REE deposits being committed to production,
more quality data for individual REE project performances will
become available, thus mitigating the current data gap and data
quality issues through a more diverse and transparent global REE
supply chain.

The contributions of on-site production configuration of the
selected REO projects are plotted in Fig. 5. It can be seen that,
despite different mineralogy, ore grade and ROM processing
configuration, the refining stage is responsible for the most sig-
nificant environmental impacts in most REE projects. Similar re-
sults have also been mentioned in previous LCIA studies (Koltun
and Tharumarajah, 2014; Nuss and Eckelman, 2014; Zaimes et al.,
n from on-site electricity generation.
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of selected REE projects. Note: “Electricity” includes fuel consumption from on-site
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2015). Mitigating the environmental impacts associated with REE
refining, while improving the REO production efficiency, is a crucial
task for the global REE industry. A good starting point could be by
changing the leaching methodology from traditional heap leaching
to in-situ leaching in the Southern China ionic clay projects. By
doing this, the GER and GWP footprints of most HREO þ Y (espe-
cially Dy2O3) could be significantly reduced from 457 to 164 GJ/t-
Fig. 7. Cumulative GWP footprints of
TREO þ Y and 24 to 9.3 t CO2e/t-TREO þ Y, respectively. By devel-
oping more appropriate and environmental friendly refining
technology and improving the recovery rate (e.g. shifting from
sulphuric acid baking process to alkaline based process in Bayan
Obo) or targeting more suitable types or mineralogy of the desired
products (e.g. exploring HREO þ Y extraction from Eudialyte or
Xenotime processing, instead of solely depending on ionic clay or
long term selected REO supplies.



Fig. 7. (continued).

Z. Weng et al. / Journal of Cleaner Production 139 (2016) 1282e1297 1293
bastn€asite), the overall environmental impacts associated with REO
refining could be minimised.

Furthermore, as discussed in the previous sections, the current
global REO production relies on the hydrometallurgy techniques
(especially various leaching and solvent extraction), in conjunction
with several thermal treatments (e.g. roasting, calcination) to
optimize the REO recovery rate and reduce the impurities. Both
Fig. 7. (cont
techniques require intensive energy and material inputs from
complex upstream processes. Governed by the varying geological
and mineralogical variability of REE deposits and economic con-
siderations, the refining procedure of REO ores varies highly from
one project to the other. Hence, the corresponding upstream pro-
cesses involved in the REO production would also vary highly with
different environmental impacts on a project-specific basis. Fig. 6
inued).
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illustrates the contributions of various primary upstream compo-
nents of the selected REO projects. Hydrochloric acid is one of the
most commonly utilized acids in the REO ore leaching process, with
significant contributions to both GER (ranges from 27 to 49%) and
GWP (ranges from 25 to 48%). Sulphuric acid is also widely used in
the digestion and baking process of bastn€asite and monazite ores,
with contributions to GER ranging from 3 to 17%, and to GWP from
2 to 13%. Sodium hydroxide is crucial for alkaline treatment of REO
and the removal of radioactive Th from monazite ore. Its contri-
butions to GER range from 2 to 35%, and to GWP from 4% to 39%. All
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these variations highlight the complex, yet flexible nature of REO
extraction, beneficiation and refining. The turbulent REO value, the
altering demands of REE-dependent end products, the capital/la-
bour costs, the REO recovery rate and the risks from social, political,
and environmental perspectives could substantially shift the
environmental footprints of the global REE supply chain.

Fig. 7 summarises the cumulative REO production capacity by
mineralogy and the associated GWP impact. The complexity of REO
mining and processing is represented in the high variations of the
GWP footprints of these potential suppliers. China's monopoly in
i) Buckton Araxá Nechalacho (Thor Lake)
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ucts of selected REE projects.
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global REO supply chain is not solely based on the scale of available
geological REE resources, but also on maintaining the position of
leadership in REO oriented industries, more specifically, the spe-
cialised working force, the technical expertise, the established
upstream chemical, the energy industries and the diversified
downstream manufacturing (USDoE, 2010). By comparison, even
though the Songwe Hill project in Malawi is based on a similar
carbonatite type REE deposit with conventional bastn€asite ore as
the principal mineralogy, it still has the most intensive GWP esti-
mate per unit mass of TREO þ Y due to the deficit of domestic
supply of necessary reagents, equipment, and technical knowledge
which must be imported from outside. It is also notable that some
deposits (e.g. Nolans Bore, Strange Lake, and Nechalacho) adopt
offsite or even offshore hydrometallurgical plants for further REO
separation, for better economic viability, which results in lower
environmental footprints on the mine site. However, given the
turbulent nature of the global REO value, in conjunction with the
geographically sensitive upstream industry condition, as well as the
energy and transportation costs, this practice could potentially in-
crease the risks inherent in the development of new REO projects,
which would simply shift, if not increase, the accompanying envi-
ronmental impacts of REO production to the downstream refinery
plant/country.

From an individual REO production perspective, we choose
three critical REO: Dy2O3, Nd2O3 Tb2O3 as case studies to further
investigate the environmental impacts of REE production. Laterite/
Soil/Clay (especially ionic clay projects in China), felsic volcanic
(Round top) and shale-hosted (Buckton) type REE projects have
clearly more significant environmental impacts in production stage
due to their unique geological genesis, mineralisation and relative
higher HREE concentration. Their will require substantially
different mining/processing plant configurations compared to the
current dominating LREE-enriched bastn€asite-based carbonatite
projects (e.g. Bayan Obo in China, Mountain Pass in USA which is
shutdown again in 2015 etc.). Given the predicted global REO
consumption growth is mostly driven by increasing HREE (and
particular LREE like Eu, Nd) demands from the emerging and
advanced technology sector (USDoE, 2010; Humphries, 2013). It
highlights the urgency and opportunity for developing and
fostering new REE separation, impact mitigation and environ-
mental management strategy for these new players in global REE
industry. For example, the HREE-enriched ionic clay projects in
Southern China (Li and Yang, 2016), which accounted for more than
80% of the global HREO þ Y reserves, have significantly higher
environmental impacts than the LREO dominant Bayan Obo REE
and Iron ore mine, due to the relatively low grades (0.05e0.5% in
general), which generally require chemical (i.e. various acid
leaching and precipitations) and energy (ion exchange) intensive
processes for effective REO recovery. As suggested by Alonso et al.
(2012), the exponential growth of REE-dependent renewable
technologies (e.g. permanent magnets, wind turbine, etc.) is ex-
pected to accelerate the global demands for certain critical HREE,
like Dy, Nd and Tb. However, as suggested by Weng et al. (2015),
inequity within the global REE resources is highlighted in the
average LREO to HREO þ Y ratio of 13:1, along with the diverse,
significant by/co-products (from base metals like Cu to critical
metals like Nb; Fig. 8) and the significant amounts of unwanted
wastes. Therefore, in order to avoid the over production of other
REE by/co-products, and to ensure the sustainable supply of REE
within the physical resource and environmental constraints, the
future demand of certain essential REE-dependent products
(especially HREE) should be fulfilled by targeting suitable deposits
with viable ore grades and using site-specific REE mining, benefi-
ciation and refining configuration to optimize the production effi-
ciency of the desired end-products, while minimizing the
corresponding environmental footprint. Our assessment aims to
build the foundation for the assessment of REE production and its
associated environmental impacts in future, so that the benefits of
REE can be better understood and valued.
4. Conclusions

In this paper, we comprehensively analyzed the correlations
between the crucial perspectives of global REE production
including, the mineral deposit types of REE, their ore grades, their
principal mineralogies, their mining, beneficiation and processing
configurations, individual REE concentrations, significant by/co-
products, impurities and the consequent environmental impacts.
Our study consisted of 36 “cradle to gate” scale LCIA studies of REO
production scenarios, based on 26 REE projects categorized by
three representative REO production stages namely, mining,
beneficiation, and refining, to analyse the environmental impacts
associated with future supply of REO.

Our results suggest that the declining grades of TREO þ Y, used
in metal production, would lead to severe environmental ramifi-
cations regarding increasing GER and GWP footprints. The alluvial/
placer type REE projects have the most significant average GER
footprints (2431 GJ/t-TREO þ Y, 159 t CO2e/t-TREO þ Y), while the
shale-hosted project has the highest GWP impact (1842 GJ/t-
TREO þ Y, 229 t CO2e/t-TREO þ Y), followed by laterite/soil/clay
(2368 GJ/t-TREO þ Y, 129 t CO2e/t-TREO þ Y), IOCG (1710 GJ/t-
TREO þ Y, 125 t CO2e/t-TREO þ Y) and felsic volcanic (1602 GJ/t-
TREO þ Y and 89 t CO2e/t-TREO þ Y) projects. From a mineralogy
perspective, ionic clay, monazite and bastn€asite have the most
significant environmental footprints, with an average GER of 2324,
1585 and 427 GJ/t-TREO þ Y, and a GWP of 138, 115 and 20 t CO2e/t-
TREO þ Y, respectively. The average GER footprints of TREO þ Y,
LREO and HREO þ Y are 1,218, 1002 and 216 (GJ/t), while their GWP
impact are 83, 70 and 14 t CO2e/t, respectively, which are signifi-
cantly higher than with the production of other metals (e.g., Cu
concentrate, Iron, Bauxite). There are noticeable data and knowl-
edge gaps between the current LCIA database and the different REO
production configurations.

Our results also suggest the refining stage contributes the most
significant environmental burdens in REE production and varying
deposit types, mineralogy, ore grade, complicated REE processing
techniques and various by/co-products lead to the diversifying
environmental footprints associated with REE production. There-
fore, development of cleaner REE refining technology based on
project specific geological condition and mineralogy would be
critical in optimising the overall environmental performances long-
term global REE supply chain. Our paper only is a foundation of
efficiently assessing future REE production and associated envi-
ronmental impacts so that the benefits of REE use can be better
understood and valued.
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Chapter 7: 
 

Discussion & Implications 
 

 
The primary research objective of this section is to assess future global 
REE demands and associated environmental implications, hence, allow 
us to evaluate further and understand the comprehensive benefit or cost 
of long-term REE consumption. The NdFeB permanent magnet demand 
from wind turbines is a valuable case study to underpin these issues, as 
this is one of the key areas of expected global renewable energy growth 
and consequential increasing REE demands.  
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7.1 Future REE Demands 
 
Rare earth elements (REE) play crucial roles in modern industry, technology 

applications, medical treatments and renewable energy system while global REE 

demands have increased exponentially since the 1980s. As discussed in section 2.2 

and 2.3, due to their unique physical and chemical properties, REE permanent 

magnets, alloys, phosphors, electronics and chemical catalysts have become 

virtually indispensable components of a broad range of renewable energy 

technologies including wind turbines, electric vehicles (EV), photovoltaic (PV) thin 

films, and fluorescent lighting systems (Baldi et al., 2014; Benecki et al., 2010; 

Hoenderdaal et al., 2013; USDoE, 2011). Considering the immediate climate change 

and urgent needs of greenhouse gases (GHG) emissions reductions, It is reasonable 

to expect the accelerating demands of REE-dependent sustainable technologies will 

simultaneously increase the demands for world REE production, downstream 

manufacturing and applications. 

 

Permanent magnets are vital components of modern electromechanical systems and 

electronic devices. As illustrated in Figure 7.1, REE-dependent permanent magnets 

provide significantly better “maximum static energy product” capacity (BH)max) 

compared to traditional aluminium-nickel-cobalt (Alnico) and ceramic (Ferrite) 

magnets. Given their superior magnetic strength (e.g. NdFeB magnet) and excellent 

resistance to demagnetization at elevated temperatures (SmCo magnet) REE 

permanent magnets have become essential components for various modern 

emerging technologies and renewable energy applications (Sprecher et al., 2014; 

Zimmermann and Gößling-Reisemann, 2013). 
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Figure 7.1: The Development of Permanent Magnets (Arnold, 2016; 

Strnat, 1990). 
 

Humphries (2013) has estimated that the permanent magnet industry would become 

the largest sector (26%; Figure 7.2) of total global rare earth oxides (REO) in 2015. 

Roskill (2016) has estimated 8,500 t REE permanent magnets are consumed in wind 

turbine manufacturing in 2015 while Lucas et al. (2015) suggested wind turbine 

production consumes about 10% of global annual permanent magnet supply. In a 

foreseeable future, global REE supply is expected to increase exponentially to 

contribute to meeting current and future global demands from REE-dependent 

technologies and applications. 

 

 
Figure 7.2: REE Demand by Application – U.S. and World, 2015 

(Humphries, 2013) 
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However, as part of then enternal struggle between the increasing material demands 

and finite resources available, the concerns that regarding future global REE supply 

risks (e.g. limited resources availability, volatile market, potential economic or 

geopolitical conflicts etc.) would become the “bottleneck” for the future development 

of most REE-dependant technologies have been raised by many government and 

researchers (e.g. Baldi et al., 2014; BGS, 2015; Buchert, 2011; Eliseeva and Bunzli, 

2011; Hoenderdaal et al., 2013; Humphries, 2013; Massari and Ruberti, 2013; Moss 

et al., 2013; Moss et al., 2011; USDoE, 2011). In particular, given the importance of 

REE in facilitating clean energy technologies to help with addressing climate change, 

it is clear that there is a need to examine in finer detail the underlying basis of the 

criticality of REEs – especially potential supply rates to meet growing demands for a 

variety of specific technologies. 

 

Wind energy is identified as the fastest growing renewable energy source in global 

electricity production (EWEA, 2015; GWEC, 2015a; Massari and Ruberti, 2013; 

Wiser et al., 2011; WWEA, 2014). Given the significant sustainable advantages of 

wind-based power generation (e.g. no dependence on fossil fuels, significantly lower 

greenhouse gases (GHG) intensity than traditional energy sources, and flexible 

resource accessibility etc.), the Intergovernmental Panel of Climate Change (IPCC) 

has identified wind energy as one of the most crucial renewable energy sources that 

contains both significant near-term (2020) and long-term (2050) potentials in global 

climate change mitigation strategy (Wiser et al., 2011). However, as systematically 

summarized by numerous articles, governmental and industrial reports: the design, 

generation capacity and efficiency of future wind energy plant would be dependent 

on the availability of REE permanent magnets, especially the neodymium-iron-boron 

(NdFeB) permanent magnet, installed within each wind turbine (Buchert, 2011; Lucas 

et al., 2015; Tripathi et al., 2015; Wiser et al., 2011). Humphries (2013) estimated the 

REE permanent magnet production is the single largest sector (approximate 20%) of 

global REE demands in 2010, and it was expected to grow by 10-16% per year til 

2015. Global wind energy growth and associated REE demands are driven by 

permanent magnet production are both critical areas of expected REE-dependent 

applications and consequential REE demands. Hence, in this section, I analyze the 

life cycle environmental implications between these two sectors as a case study of 

the comprehensive environmental impact or benefit assessment for future global 

REE demand.  

 

 



Chapter 7: Discussion Implications of Research Findings Zhehan Weng: PhD Thesis 
 

121 
 

7.2 Global Wind Turbine Technologies Analysis 
 

7.2.1 Brief Review of Wind Energy 
The concept of converting kinetic wind energy into mechanical energy through wind 

blades attached to a rotating shaft then initiate electricity generation has been utilized 

globally through various scales of grid-connected wind turbines. The basic design 

and components of a modern wind turbine are shown in Figure 7.3.  

 

  
Figure 7.3: Basic components of a modern, horizontal-axis wind 

turbine with a gearbox (Wiser et al., 2011). 
 
The global market for wind energy has increased substantially during past two 

decades. As highlighted by the Global Wind Energy Council (GWEC)’s report, the 

global cumulative wind capacity increased from 7.6 gigawatts (GW) in 1997 to 

approximate 370 GW in 2014 while the annual installed wind energy based electricity 

generation has also increased from 3.7 terawatt hours (TWh) to 126.3 TWh 

respectively with an average 23% annual growth rate over the last 10 years (2005-

2014; GWEC, 2015a). However, electricity generation from all wind turbines only 

accounted for 3% of global electricity demand (628 out of 23,318 terawatt-hours; 

TWh) in 2013, while most operating wind farms were highly concentrated in several 

developed or developing countries or regions like China (114.6 GW), USA (65.9 GW), 

European Union countries (e.g. Germany 40 GW, Spain 23 GW, UK 12.2 GW etc.), 

and India (22.5 GW); as shown in Figure 7.4. 
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   Figure 7.4: Cumulative Wind Electricity Capacity (2014) – Top 10 

Countries (USDoE, 2014). 
 

As summarized in Figure 7.5, an apparent trend towards wind turbines with larger 

size, increased hub height, and better electricity generation capacity has been 

consistent since the early 1980s. For example, according to USDoE (2014), the 

average annual energy capacity per turbine installed has increased from 1.43 

megawatts (MW) in 2004 to 1.94 MW in 2014. Another overall trend is that new 

designs of wind turbines could run at slower speeds, allowing electricity generation at 

much lower wind speeds than traditional high-speed turbines (USDoE, 2011). 
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Figure 7.5: Growth in size of typical commercial wind turbines (Wiser et 
al., 2011). 

 

7.2.2 Onshore and Offshore Wind Turbines 
Onshore and offshore wind turbines are two primary sectors of current wind energy 

system, with highly variable working conditions and hence distinctive requirements in 

manufacturing, installation, operating and decommissioning stage. Despite the fact 

that existing onshore wind turbines accounted for 98% of total global installed wind 

energy capacity, the physical limitations and environmental concerns such as 

transport length and weight limits, noise, vibration, land use for potential windfarm, 

relatively limited range of wind penetration and speed (compared to offshore systems; 

Li et al., 2012) have limited the average capacity within the 750kW to 3 MW range. 

To compensate for these disadvantages, inland permanent magnet synchronous 

generator (PMSG) wind turbines often use medium to the high-speed generator to 

increase system efficiency.  

    
Compared to a traditional wind turbine with electromagnet generator and geared 

transmission, large-scale offshore wind turbines usually utilize low-speed PMSG in 

conjunction with direct-drive train (which replaces traditional gear box) and simpler 

nacelle system to enhance reliability in saline and conditions, maximize maintenance 

intervals and enable electricity generation through a wider range of wind speeds. 

Therefore, many reports have suggested future larger wind turbine systems (>10 MW) 

would be very likely base on the offshore system (GWEC, 2015a; IRENA, 2012; 

Moss et al., 2011). This is exemplified by the doubled global offshore wind energy 

capacity from 4,117 MW (2011) to 8,759 MW (2014) (GWEC, 2015b).  
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However, there are numerous constraints inherent in current offshore wind turbines 

including lightweight material for larger turbine size, erosion resistance, drive-train 

innovations (e.g. direct drive train to avoid gearbox failure) and offshore installation 

technologies that needed to be addressed (Moss et al., 2013; Tabassum et al., 2014; 

Wang and Gerber, 2014; Wiser et al., 2011; Zhang et al., 2013). The NdFeB 

permanent magnet is the key functional component in several crucial technical 

solutions like PMSG and high temperature superconductor (HTS) in addressing 

these inherent challenges (Buchert, 2011; Humphries, 2013; Moss et al., 2013; Moss 

et al., 2011; Sprecher et al., 2014; Wang and Gerber, 2014). Due to NdFeB magnet’s 

superior magnetic strength, especially high induction and coercive force (Dent, 2012), 

it enables the development and utilisation of lighter wind turbines with larger size, 

greater aerodynamic efficiency, better reliability and reduced maintenance 

requirement. As summarized by IPCC (2011), “the availability and cost of rare-earth 

permanent magnets are expected to affect significantly the size and cost of future 

direct-drive generator designs”(pp.580). 

 

7.3 IEA Scenarios for Future Global Energy 
 
The International Energy Agency (IEA) has published the World Energy Outlook 

2015 (IEA, 2015) to predict the evolution of global energy sector towards 2040. The 

projections are differentiated into three primary scenarios that assess key aspects 

such as energy sources by regions and sectors, energy security, environmental 

protection and economic development. The three core scenarios and their underlying 

assumptions about the evolution of energy-related government policies are 

summarized as below: 

 

• The Current Policies Scenario (CPS): This scenario only consider existing 

energy policies for which implementing measures had been formally adopted as of 

mid-2015 and make the assumption that these policies persist unchanged till 2040. 

 

• The New Policies Scenario (NPS): In addition to incorporating the policies and 

measures that affect energy markets and that had been adopted as of mid-2015, it 

also takes account of other relevant intentions that have been announced, even 

when the precise implementing measures have yet to be fully defined. This 

includes the energy-related components of the Intended Nationally Determined 

Contributions (INDCs), submitted by national governments by 1st October 2015 as 

pledges in the run-up to the United Nations Framework Convention on Climate 
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Change Conference of the Parties (COP21). These policies include programmes 

to support renewable energy and improve energy efficiency, to promote 

alternative fuels and vehicles, carbon pricing, reform of energy subsidies, and the 

introduction, expansion or phase out of nuclear power. NPS is the moderate 

estimate of all three scenarios with considerations based on both existing and 

most likely developments for renewable energy growth.  

 
• The 450 Scenario (450S):  The “450” scenario assumes a set of policies based 

on the trajectory of greenhouse-gas (GHG) emissions from the energy sector that 

is consistent with the international goal to limit the rise in the long-term average 

global temperature to two degrees Celsius (2°C), compared with pre-industrial 

levels. The policies collectively ensure an emissions trajectory consistent with 

stabilisation of the GHG concentration after 2100 at around 450 parts per million 

(ppm). Compared to previous two scenarios, 450s has provided the most 

optimistic projection for renewable energy growth.  
 

All scenarios have predicted rapid growth of renewable energy sector towards 2040. 

For example, in the NPS scenario, with increasing policy support from governments, 

reducing production and implementation costs, and greater scale use of new 

technologies, the fraction of renewable energy in total global energy market will rise 

from 14% in 2014 to 19% in 2040, with total renewable power generation being 

78,000 petajoules (PJ) in 2014 and 140,090 Mtoe in 2040 (IEA, 2015). The electricity 

generations from renewable energy sources are projected to reach 13,429 TWh in 

2040, with wind turbines expected to increase from 635 TWh in 2014 to 3,568 TWh in 

2040 – an average 6.7% annual growth rate. The projected wind energy capacity 

requirements derived from all three scenarios are summarized in Figure 7.6. 
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Figure 7.6: Projected Wind Energy Capacity Requirement to 2040 

Notes: an Average capacity factor used in this assessment is 28% (GWEC, 2015a); Annual electricity generation 

projection is adapted from (IEA, 2015).   
 

The substantial increase in global wind energy sector would require corresponding 

growth in upstream REE-dependent component or material industries (e.g. NdFeB 

magnets) hence steering the economic drivers for increasing REO production over 

coming decades along with other REE-dependant technologies. The detailed 

implications of increasing wind energy market and global REE supply chain will be 

assessed in later sections.  

 

7.4 Assessing Growth in Wind Turbines & 
Associated REE Demands   

 

7.4.1 LCIA of Wind Turbines 
As discussed in section 7.2.2, the NdFeB permanent magnet is the key functional 

component of the modern lightweight, high-efficiency and little impact wind turbine 

design. This idea has been proven multiple times through theoretical approaches and 

scientific calculations (e.g. Chen et al., 2011; Lloberas et al., 2014; Tabassum et al., 

2014; Wang and Gerber, 2014) but rarely backed up with actual data from wind 

turbine industry. Hence, this section compare two life cycle impact assessments 

(LCIA) between two onshore low-medium speed wind turbines, namely: Vesta V112 

3~3.45 MW with PMSG generator (D'Souza et al., 2011) and Vesta V126 3.3 MW 

with single fed induction generator (SFIG) consisted of steel and copper (Garrett and 
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Rønde, 2014). Table 7.1 summarised the raw material breakdowns for each system. 

Compared to V126, V112 turbine utilizes additional 485 kg of NdFeB permanent 

magnet, 3 t of copper, and 6 t of polymer materials to achieve remarkable savings of 

86 t of steel and iron materials (22%), 1 t aluminium (23%) and electronics (30%), 

480 kg lubricants (27%) and 364 kg other unspecified material. However, as 

discussed in chapter 2, the irreplaceability and complex recycling process of REE 

unavoidably impacts the overall recyclability of PMSG wind turbine compared to 

other models which utilize more conventional (e.g. Alnico, Ferrite) magnets.  

 

Table 7.1: Material breakdowns for the Vesta V112 and V126 wind 
turbines (D'Souza et al., 2011; Garrett and Rønde, 2014). 

Material Inputs Inventory Units V112 V126 

Designed Capacity MW 3~3.45 3.3 
Steel and iron materials tonne 311 397 

Aluminium and aluminium alloys tonne 3.4 4.5 
Copper tonne 4.8 1.8 

Copper alloys kg 9.1 30 
Polymer materials tonne 21 15 
Process polymers kg 765 1,939 

Other materials and material 
compounds tonne 27 25 

Electronics / electrics tonne 2.4 3.4 
Lubricants and liquids tonne 1.3 1.8 

Not specified kg N/A 364 
REE permanent magnets kg 485 N/A 

Recyclability % 81 89 
Notes: Average material inputs for each wind turbine are adapted from total 33 units of each system installed in 

100MW Wind Plant. 

 

The overall life cycle impacts of 100 MW wind plant (20 years life cycle) implemented 

with 33 units of V112 or V126 are summarized Table 7.2. Again, comparing to V126, 

V112 has much lower overall environmental profiles than SFIG model in almost all 

impact categories, especially for human toxicity (54%), eutrophication (39%), and 

acidification (36%) potential. Moreover, wind power plant is often considered as one 

of the crucial ‘clean energy systems that reduce GHG emissions associated with 

global electricity generation. Despite the Hence the global warming potential (GWP), 

measured in carbon dioxide emissions equivalent (CO2e), is an essential indicator to 

demonstrate their capacity. Under same operating conditions (e.g. operating hours, 

wind speed, plant life cycle, etc.), wind power plant with Vesta V112 has a 15% lower 

GHG footprints than V126 for per kilowatt-hour (kWh) electricity generated. This 

comparison highlights the critical role of REE permanent magnet in wind turbine 
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industry that significantly reduces the raw material requirement and improve the 

overall environmental performance.  

 

Table 7.2: Life Cycle Environmental Impacts for 100 MW Onshore Wind 
Power Plant (D'Souza et al., 2011; Garrett and Rønde, 2014). 

Life Cycle Environmental Impacts Units V112 V126 

Global warming potential (GWP) g CO2e/kWh 7.0 8.2 
Eutrophication potential (EP) mg PO4

-/kWh 2.7 4.4 
Human toxicity potential (HTP) mg DCBe/kWh 833 1810 

Acidification potential (AP) mg SO2e/kWh 28 44 
 

However, as analyzed in chapter 6, the modest scale of global REE industry with 

very few operating mines (i.e. Mount Weld) outside China (contributed for more than 

95% of global REO supply during past decade, (USGS, various) has severely limited 

the amount and quality of REO production data. As a result, most LCA analysis of 

particular REE end products are either excluding the REE extraction stage from the 

scope (e.g. Binnemans and Jones, 2014; D'Souza et al., 2011; Wu et al., 2014 etc.) 

or exclusively based on information provided by third-party database (e.g. Ecoinvent), 

or presumed REE production data which both derived from the Bayan Obo mine in 

China (e.g. D'Souza et al., 2011; Koltun and Tharumarajah, 2014; Nuss and 

Eckelman, 2014; Zaimes et al., 2015 etc.). The inherent uncertainties in different 

LCIA assessments are summarized in Table 4 of Chapter 6. Furthermore, REE 

mineralogy, individual element concentrations, and recovery configurations all 

contribute to the overall environmental impact of an REE project. However, current 

LCIA database just does not provide this vital information. For an example, despite 

being one of the most widely used commercial LCIA databases, the Ecoinvent 

database does not provide any information of dysprosium (Dy) and terbium (Tb) 

concentration and recovery rate in their published REE production inventory. 

Unfortunately, these are two out of three critical REE (plus Nd) compounds in REE 

permanent magnets. Hence, LCIA analysis and environmental impact allocation 

based on this inventory could not analyze the full picture of REE permanent magnet 

industry and associated environmental impacts.  
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7.4.2 LCIA and Benefit Accounting of REE Magnet in Wind 
Turbines  

In order to analyze the comprehensive life cycle impact and benefit of REE utilization 

in wind turbines with PMSG, I have undertaken an indicative LCIA modelling of the 

full life cycle of Nd, Dy, and Tb using the REE mineral resources database, REE 

production LCIA presented in this thesis, NdFeB magnet production LCIA data 

adapted from (Sprecher et al., 2014) and LCIA of onshore and offshore wind turbines 

are based on harmonized data from (Dolan and Heath, 2012). REE composition 

inventory of medium-high and low-speed PMSG wind turbines is shown in Table 7.3.  

 

Table 7.3: REE Composition of Medium-High and Low-Speed PMSG 
Wind Turbines 

System REE Units Value Data Source 

Medium-High Speed PMSG 
(Onshore Wind Turbine) 

Nd kg/MW 24 (Moss et al., 2011) 

Dy kg/MW 2 (Moss et al., 2011) 

Tb kg/MW 0.8 (Öhrlund, 2011) 

Low-Speed PMSG 
(Offshore Wind Turbine) 

Nd kg/MW 207 (Moss et al., 2011) 

Dy kg/MW 18 (Moss et al., 2011) 

Tb kg/MW 7 (Öhrlund, 2011) 

 

Principal assumptions include: 

• Typical life cycle period of a wind turbine is 25 years (Schlömer et al., 2014) 

with GWP as primary environmental impact indicator of this assessment. 

• Medium-High speed PMSG is only utilized in onshore wind turbines. 

• Low-speed PMSG is only utilized in offshore wind turbines. 

• The average capacity factors for both onshore and offshore PMSG wind 

turbine are estimated as 28% (GWEC, 2015a) while maximum and the 

minimum capacity factor is calculated based on full-load hours (FLH) for 

corresponding systems (Schlömer et al., 2014). 

• Other metal demands of permanent magnet production (e.g. Fe, Cu, Ni, B, 

etc.) are assumed to be covered by existing LCIA studies with environmental 

impacts has included as part of the wind turbine’s overall environmental 

footprints.  
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• Environmental impacts of REE production and NdFeB magnet manufacturing 

characterizations and allocations are based on mass fractions of metal.  

 

Table 7.4: LCA Medium-High and Low-Speed PMSG Wind Turbines 

System & Process GWP MAX AVG MIN 

Onshore PMSG 

Nd Production (Our 
Results) g CO2e/kWh 2 X 10-3 1 X 10-3 1 X 10-3 

Dy Production (Our 
Results) g CO2e/kWh 1 X 10-4 9 X 10-5 6 X 10-5 

Tb Production (Our 
Results) g CO2e/kWh 1 X 10-5 8 X 10-6 6 X 10-6 

Magnet production 
(Sprecher et al., 

2014) 
g CO2e/kWh 0.040 0.037 0.040 

Entire System g CO2e/kWh 45 15 3 

Offshore PMSG 

Nd Production (Our 
Results) g CO2e/kWh 1 X 10-2 1 X 10-2 9 X 10-3 

Dy Production (Our 
Results) g CO2e/kWh 7 X 10-4 7 X 10-4 5 X 10-4 

Tb Production (Our 
Results) g CO2e/kWh 7 X 10-5 7 X 10-5 4 X 10-5 

Magnet production 
(Sprecher et al., 

2014) 
g CO2e/kWh 0.23 0.29 0.29 

Entire System g CO2e/kWh 23 12 7 
 

Table 7.4 shows the results of this LCIA analysis. Regarding GWP assessment, 

regardless of onshore or offshore wind turbine, REE production, and magnet 

production only accounts for a negligible proportion of the total GWP footprints for a 

wind turbine. This is expected given the impact characterizations is based on mass 

fractions of each material, and the low REE material consumption per turbine (Table 

7.3). Our assessment also suggests the overall GWP footprints for electricity 

generated from both onshore and offshore wind farms remain as the lowest 

compared power plants based on other energy sources (Figure. 7.7).  
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Figure 7.7: Emissions of selected electricity supply technologies. 

Notes: Average GWP impacts of other energy technologies are adapted from (Schlömer et al., 2014). 

Compared to medium-high speed PMSGs, which dominates current wind turbine 

market, low-speed generators have a significant higher REE (i.e. Dy, Nd, Tb) REE 

consumptions rate per MW capacity, in exchange for lighter weight, better energy 

efficiency (or capacity factors) and lower GHG footprint. This is also exemplified by 

the lower average total GWP impacts of low-speed PMSG than medium-high speed 

PMSG unit. Broadly speaking, it is reasonable to believe that even combines GWP 

impacts from REE production and permanent magnet manufacturing processing into 

future wind turbine’s (especially for low-speed PMSG), the utilization of REE 

permanent magnet would not compromise but enhance the system’s overall GWP 

footprints. Hence, REE permanent magnets as key functional components would 

become even more critical for future wind turbines’ design and application, especially 

given the market shifting towards high capacity low-speed PMSG wind plants. It is 

worthing mentioning that, due to lack of good quality data and limited time, current 

indicative LCIA only focusing on GWP impacts. Data yielded from it is not sufficient to 

be interpreted as the overall environmental burdens of global REE production. There 

is a broad range of other critical issues (e.g. REE recovery efficiency, supply capacity, 

health concerns, acidification potential, and radiation exposure from hazardous 

by/co-products (e.g. thorium and uranium, etc.) must be addressed before making a 

conclusion of REE’s relevance to future sustainable energy system could be fully 

revealed. Unfortunately, currently available data from actual REE production are 

insufficient to allow all these issues be thoroughly analyzed in this thesis. Hence, 

further research is recommended.   
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Table 7.4: Benefit Accounting based on Vestas V112 and V126 Systems 
and Associated REE Production 

System & Process GWP Reduction 
(mg CO2e/kWh) 

Nd Production -3.3 
Dy Production -0.2 
Tb Production -0.02 

REE Magnet production -290 
GWP Benefit +1200 

Overall Benefit +906 
 

Table 7.4 present the environmental benefits accounting based on Vestas V112 and 

V126 wind turbines. By including the production GHG footprints of Nd,Dy and Tb into 

the overall LCA assessments, an 906 mg CO2e/kWh reduction is shown. The obvious 

result suggests the applications of REE magnet in modern wind turbine system would 

provide greater environmental benefits for wind turbines compared to the associated 

environmental costs from REE mineral extraction and magnet production stages.  

 

7.4.3 Implications for Future REE Production 
Limited REE production capacity, China’s monopoly position in REE processing, and 

commercial, geopolitical and environmental supply risks all contributes to the 

implication that insufficient long-term REE supply would be the most severe 

constraint for wind energy to meet projected demands. In order provide a more 

reliable and robust assessment of wind energy growth and associated REE 

production needs, this sector presents a quantitative analysis of intercorrelations 

between available REE mineral resources (chapter 5), REO production capacity 

(chapter 5 and 6) and projected REE demands from IEA’s three wind energy 

scenarios (i.e. CPS, NPS, and 450S).   
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Figure 7.8: Projected Wind Energy Demands and PMSG Share (EWEA, 

2015; GWEC, 2015b; IEA, 2015; Moss et al., 2013). 
Figures 7.8 demonstrates the expected growth of global wind-based electricity 

generation capacity and evolution towards PMSG wind turbines. As estimated by 

Moss et al.,(2011), electricity production from PMSG wind plants will account for 15% 

of European wind energy market and 20% in 2030. The European Wind Energy 

Association (EWEA) established an ambitious goal for offshore wind energy to meet 

4.3% of overall wind demand in 2020 (EWEA, 2009). This assessment uses these 

European wind energy targets by various PMSG technologies growth (i.e. medium-

high vs low-speed PMSG) as a benchmark for global wind energy evolution. The 

cumulative REE demands (2013 to 2040) to meet these energy targets are 

summarized in Table 7.6.   
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Table 7.6: LCA Medium-High and Low-Speed PMSG Wind Turbines (2013 
to 2040). 

REE The Wind 
Energy Scenario 

Cumulative 
REE Demand 

(kt)  

Dy 

CPS 35 

NPS 44 

450S 58.7 
Reported Mineral 

Resources 4,601 

Nd 

CPS 419 

NPS 515 

450S 692.6 
Reported Mineral 

Resources 72,821 

Tb 

CPS 14 

NPS 17 

450S 23.5 
Reported Mineral 

Resources 973 

 

Again, as illustrated in Table 8 chapter 5, the geological scarcity of available REE 

mineral resources is not an immediate problem for wind energy development. This is 

exampled by the most ‘rare’ REE in the group – Tb, which has 973 kt reported 

mineral resources. It is more than enough to satisfy the most optimistic Tb (23 kt) 

demands under 450S scenario. Nd is also widely considered as one of the most 

critically scarce REE, however, as suggested in Table 7.5, the even 693 kt total Nd 

demands under 450S just accounts for less than 0.1% of geologically available Nd 

resources. However, converting these geological resources into saleable 

commodities or functional materials will require complex mining, beneficiation and 

refining processes hence, the real limitations lie within the annual REE production 

capacity instead of the REE geological scarcity.   

 

Figure 7.9 shows the projected annual REO production based on Tb demands in 

wind turbines. The projected Tb demands based on all three scenarios (CPS, NPS, 

and 450S) have increased from 63 t in 2013 to 1,208, 1,552 and 2218 t in 2040 

respectively. Corresponding annual REO production required to meet these demands 

have increased from 2.12 million tonnes (Mt REO) to 39, 50 and 72 Mt REO based 

on several key assumptions like the average Tb proportion (0.11%) calculated from 

carbonatite REE deposits (Chapter 5), average wind energy share (10%;  Lucas et 
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al., 2015) of global REE permanent magnet market and permanent magnet share in 

global REE demand (20%; Humphries, 2013) are consistent throughout the 

modelling period (2013-2014). According to (USGS, various), the reported annual 

global REO production is 110,000 t while the peak production occurred in 2006 with 

137,000 t REO produced, which is only of 6% of REO supply required to meet Tb 

demands in 2013. The main explanation of such significant difference between 

expected and reported REO production is that current global HREE are derived 

mainly from Southern China ionic clay projects instead of traditional carbonatite 

projects with a much higher average HREE concentrations.  

 

 
Figure 7.9: Projected Annual REO Production Driven by Estimated Tb 

Demand. 
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7.5 Future Challenges   
 
This case study highlights the critical roles of REE and REE-dependant components 

(i.e. NdFeB magnets) in the growing renewable energy sector (i.e. wind turbines). 

The robust REE mineral resources dataset and novel REE production LCIA from 

previous chapters enable the quantitative analysis and evaluations of the REE 

applications associated with growing renewable energy demands.  

 

One of the key findings is that the utilization of REE permanent magnet would not 

compromise but enhance the system’s performances in almost all environmental 

footprints. Hence, REE permanent magnets provide greater environmental benefits 

for wind turbines compared to the associated environmental costs from REE mineral 

extraction and magnet production stages. Therefore, REE permanent magnets as 

key functional components would become even more critical for future wind turbines’ 

design and application, especially given the market shifting towards high capacity 

low-speed PMSG wind plants. However, although REE utilized in each wind turbine 

is not significant enough to change its overall environmental profile, but as a global 

industry, the overall environmental impacts are significant especially considering the 

exponentially increasing global REE demands for other emerging technologies like  

electric vehicles (EV), photovoltaic (PV) thin films, and fluorescent lighting systems. 

Hence, novel REE extraction, recovery and diverse supply chain based on various 

REE mineralogy are needed to cope with expected REE demand.  Also, as 

summarized in Table 7.5, instead of the long-term availability of REE mineral 

resources, the short to medium term REO production capacity and recovery 

efficiency are the main challenges for future REE supply.  

 

Furthermore, as suggested in Table 8 and 9 of Chapter 5, current global REE mineral 

resources are dominated by light rare earth elements (LREE) instead of heavy rare 

earth elements (HREE, e.g. Dy, Tb, Er etc.) with an average light rare earth element 

oxides (LREO) to heavy rare earth element oxides (HREO) ratio of 13:1 with current 

global REE supply dominated by production from LREE-enriched bastnäsite-based 

carbonatite projects (e.g. Bayan Obo in China, Mountain Pass in USA which is 

shutdown again in 2015 etc.). However, the predicted global REO consumption 

growth is mostly driven by increasing HREE (and particular LREE like Eu, Nd) 

demands from the emerging and advanced technology sector (USDoE, 2011; 

Humphries, 2013). Therefore, by simply increasing the production scale of current 



Chapter 7: Discussion Implications of Research Findings Zhehan Weng: PhD Thesis 
 

137 
 

carbonatite REE mines may result in an excess of LREE production while also not 

able meeting the demands for particular HREE. As highlighted in Figure 7.8, the 

expected Tb demands are simply too high based on traditional REO supply from 

bastnäsite-based carbonatite projects. Also, from a production perspective, forced 

“over-production” of all REO just to satisfy an individual element demand is irrational 

and uneconomic. For example, the Dubbo-Toongi project in Australia has just altered 

their processing flow sheet to exclude La-Ce processing cycle in exchange for a 

high-efficiency processing plant for targeted commodities like HREE, Nb, Zr, and Hf 

(Alkane, 2015).  

 

As summarized in Chapter 5, there are abundant proven REE mineral resources 

hosted within a variety of different types of REE deposits, each of which has a 

diverse range of mineralogy. However to capitalizing these REE resources would 

require deposit type, mineralogy, or even site-specific mining, beneficiation and 

refining facilities based on novel REE recovery technologies and configurations, 

which will need to be researched, implemented and responsibly maintained, requiring 

a significant investment in capital (both tangible and intangible) and in scientific and 

technological research from industry, government and local communities. Future 

REE supply would shift from a few bastnäsite-based carbonatite mines towards a 

more diversified range of production from a range of differing types of REE projects. 

Demands of certain essential REE (especially HREE)-dependent products or 

applications (e.g. wind turbine) should be fulfilled by targeting suitable deposits (e.g. 

HREE enriched ionic clay deposits ) with viable ore grades and implementing novel 

and site-specific REE mining, beneficiation and refining technologies and plant 

configurations to optimise the production efficiency of the desired end-products while 

minimizing  environmental impacts.  
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Chapter 8: 
 

Conclusion and Recommendations 
 

 
This chapter presents the synthesis of accomplished research objectives 
and scientific outcomes along with recommendations for future research 
perspectives that have arisen from this thesis.  
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8.1 Conclusions 
 
This thesis aimed to establish a comprehensive and quantitative life cycle impact 

assessment based on robust REE mineral resources database and reliable rare 

earth elements (REE) processing information for global REE supply chain from the 

mining through refining to use stages which include impacts during production as well 

as benefits. Results from this research should fill a significant gap in the literature 

and address the global industrial need to identify REE production bottlenecks, seek 

efficiencies, reduce costs and minimize environmental impacts and risks. 

Furthermore, given the use of rare earths in a range of advanced technologies, most 

of which are considered crucial to meet a variety of modern societal demands and/or 

environmental needs (eg. plasma screens, batteries, energy efficiency and 

renewable energy), it is important to link the life cycle impact assessment (LCIA) of 

rare earths to these uses and technologies. In this way, the long-term future security 

of rare earth can be modelled and assessed, ensuring sustainable resource use.  

 

As presented in chapter 3, this thesis has been structured with four principal chapters 

(chapter 4, 5, 6, and 7), each contains a critical research objective regarding global 

REE supply chain and associated environmental footprints. The synthesis of 

accomplishments and research outcomes is presented as followed: 

 

In chapter 4, we have established a novel, systematic, comprehensive and 

transparent REE deposit geological classification system that covers both known and 

potential types of REE mineralization and geological process that initiated such 

mineralization. It enables a more robust and transparent approach to categorize 

current available REE mineral resources and facilitates future targeting and 

exploration of potential REE deposit. We also found that, although current global 

REE supply is dominated by production from carbonatite REE deposits, REE are in 

fact found in a wide variety of other deposits, including magmatic alkaline complex- 

and rhyolite-hosted REE mineralisation, REE-enriched iron oxide copper-gold 

deposits, and REE within heavy mineral sands, amongst others.  

 

Critically, we have identified REE mineralogy governs the overall environmental 

burdens from REE mining and refining. Other key aspects include radioactive U-Th 

by/co-products, the use of harmful chemicals during REE processing and overall 

energy consumption and greenhouse gas emissions are also major environmental 

constraints for future REE supply which needed to be thoroughly assessed in the 



Chapter 8: Conclusion and Recommendations Zhehan Weng: PhD Thesis 
 

143 
 

comprehensive LCIA modelling. Research outcomes have presented in: Weng, Z, 

Jowitt, S M, Mudd, G M, & Haque, N, 2013, Assessing rare earth element mineral 

deposit types and links to environmental impacts. Transactions of the Institutions of 

Mining and Metallurgy, Section B: Applied Earth Science, 122, p.83-96. 

  

In chapter 5, for the first time, a global REE mineral resources dataset based on 

statutory mining codes (e.g., JORC, NI43-101, SAMREC) has been established. It 

enables us to quantitatively analyse the mineralogy, concentrations and geological 

types of current available REE mineral resources. It is a significant contribution 

towards the current knowledge base of global REE mineral resources availability and 

the very foundation to enable us established detailed and comprehensive LCIA 

models that address environmental burdens from the exploration of these REE 

resources in a deposit specific basis.  

 

This compilation yields a minimum global contained total rare earth oxides plus 

yttrium oxide (TREO+Y) resources of 619.5 Mt TREO+Y split between 267 deposits. 

Deposits with available grade and tonnage data (260 of the 267 deposits in our 

database) contain some 88,483 Mt of mineral resources at an average concentration 

of 0.63% TREO+Y, hosting 553.7 Mt TREO+Y. Of the 267 total deposits in our 

database some 160 have mineral resources reported using statutory mining codes 

(e.g., JORC, NI43-101, SAMREC), with the remaining 107 projects having non-

CRIRSCO compliant mineral resources that are based on information available in the 

industry literature and peer-reviewed scientific articles.  

 

Approximately 51.4% of global REO resources are hosted by carbonatite deposits, 

and bastnäsite, monazite, and xenotime are the three most significant REE minerals, 

accounting for >90% of the total resources within our database. Regarding REE 

resources by individual country, China dominates currently known TREO+Y 

resources (268.1 Mt), accounting for 43% of the global REO resources within our 

database, with Australia, Russia, Canada, and Brazil having 64.5, 62.3 48.3 and 47.1 

Mt of contained TREO+Y resources, respectively. Some 84.3 Mt TREO+Y are hosted 

within tailings (dominated by tailings from Bayan Obo but with smaller resources at 

Palabora, Steenkampskraal and Mary Kathleen), and 12.4 Mt TREO+Y is hosted by 

monazite within heavy mineral sands projects, illustrating the potential for REO 

production from resources other than traditional hard-rock mining.  
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Our dataset also highlights the inbalance issues of current global REE resources with 

an average light REO (LREO; La–Gd) to the heavy REO (Tb–Lu and Y) ratio of 13:1. 

These REE deposits contain an average of 82 ppm Th and 127 ppm U, indicating 

that radioactive waste associated with REE extraction and refining could be a 

concern.  Modelling the 2012 global production figures of 110 kt TREO+Y combined 

with an assumed 5% annual growth in REE demand indicates that known REE 

resources could sustain production until 2100 and that geological scarcity is not an 

immediate problem. This suggests that other issues such as environmental, 

economic and social factors will strongly influence the development of REE 

resources. Key research outcomes are presented in the publication of Weng, Z, 

Jowitt, S M, Mudd, G M, & Haque, N, 2015, A Detailed Assessment of Global Rare 

Earth Element Resources: Opportunities and Challenges. Economic Geology, 110, 

p.1925-1952. 

 

In chapter 6, we have developed for the first time a comprehensive life-cycle impact 

assessment (LCIA) based on REE production data reported by the mining industry. It 

consists total 36 “cradle to gate” scale LCIA studies of differing REO production 

scenarios based on 26 REE projects categorized by three representative REO 

production stages namely, mining, beneficiation and refining to assess the 

environmental burdens associated with future REO supply. It showcases the 

possibility and necessity to systematically analyze the interconnections between 

critical aspects of REE production (e.g. project configurations, deposit types, ore 

grades, principal REE mineralogy, significant by/co-products, etc.) and consequent 

environmental impacts.  

 

Our results suggest that the declining grades of TREO+Y, used in metal production, 

would lead to severe environmental ramifications regarding increasing gross energy 

requirement (GER)  and global warming potential (GWP) footprints. The 

alluvial/placer type REE projects have the most significant average GER footprints 

(2,431 GJ/t-TREO+Y, 159 t CO2e /t-TREO+Y), while the shale-hosted project has the 

highest GWP impact (1,842 GJ/t-TREO+Y, 229 t CO2e /t-TREO+Y), followed by 

laterite/soil/clay (2,368 GJ/t-TREO+Y, 129 t CO2e /t-TREO+Y), IOCG (1,710 GJ/t-

TREO+Y, 125 t CO2e /t-TREO+Y) and felsic volcanic (1,602 GJ/t-TREO+Y and 89 t 

CO2e /t-TREO+Y) projects. From a mineralogy perspective, ionic clay, monazite and 

bastnäsite have the most significant environmental footprints, with an average GER 

of 2324, 1585 and 427 GJ/t-TREO+Y, and a GWP of 138, 115 and 20 t CO2e /t-

TREO+Y, respectively. The average GER footprints of TREO+Y, LREO and 
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HREO+Y are 1,218, 1,002 and 216 (GJ/t), while their GWP impact are 83, 70 and 14 

t CO2e/t, respectively, which are significantly higher than with the production of other 

metals (e.g., Cu concentrate, Iron, Bauxite). There are noticeable data and 

knowledge gaps between the current LCIA database and the different REO 

production configurations. 

 

Our results also suggest the refining stage contributes the most significant 

environmental burdens in REE production and varying deposit types, mineralogy, ore 

grade, complicated REE processing techniques and various by/co-products lead to 

the diversifying environmental footprints associated with REE production. Therefore, 

development of cleaner REE refining technology based on project specific geological 

condition and mineralogy would be critical in optimizing the overall environmental 

performances long-term global REE supply chain. Our paper only is a foundation of 

efficiently assessing future REE production and its associated environmental impacts 

so that the benefits of REE use can be better understood and valued. All research 

outcomes of this chapter have summarized in the manuscript of Weng, Z, Haque, N,  

Mudd, G M & Jowitt, S M, 2016, Assessing Energy and Global Warming Potentials of 

Rare Earth Production. Journal of Cleaner Production, (Under Review).  

 

In chapter 7, we aim to investigate the full environmental implications of future global 

renewable energy development and associated REE demands, hence, allow us to 

evaluate further and understand the comprehensive benefit or cost of long-term REE 

consumption. The case study of NdFeB permanent magnet applications in global 

wind turbine industry highlights the critical roles of REE and REE-dependant 

components in the growing clean energy sector.  

 

By provided the very first case study of the life cycle benefits assessment of REE 

consumption in wind energy sector, we have proven that the utilization of REE 

permanent magnet in wind turbine provide greater environmental benefits for the 

system compared to inherent environmental costs from REE mineral extraction and 

magnet production stages. Therefore, REE permanent magnets as key functional 

components would become even more critical for future wind turbines’ design and 

application. However, although REE utilized in each wind turbine is not significant 

enough to change its overall environmental profile, but as a global industry, the 

overall environmental impacts are significant especially considering the exponentially 

increasing global REE demands for other emerging technologies like  electric 

vehicles (EV), photovoltaic (PV) thin films, and fluorescent lighting systems.  



Chapter 8: Conclusion and Recommendations Zhehan Weng: PhD Thesis 
 

146 
 

Secondly, REE mineral resource scarcity and depletion is not likely to be the main 

constraint on the future supply of the REE; instead, major challenges for future REE 

industry are embodied through the geological inequality of heavy rare earth elements 

(HREE) mineral resources and relative processing difficulties, ascending demands of 

high purity products of certain REE with low geological abundances are the main 

challenges for future REE supply. Our assessment also suggests, by simply scaling 

up current REO production from bastnäsite-based carbonatite projects would not 

meet the necessary terbium (Tb) demands for wind energy development while also 

may lead to an excess of light rare earth elements (LREE) production. Therefore, to 

meet the rapidly increasing REE demands driven by renewable energy technologies, 

future global REE supply chain will shift towards a more diversified range of 

production from a range of differing types of REE projects. Demands of certain 

essential REE (especially HREE)-dependent products or applications (e.g. wind 

turbine) should be fulfilled by targeting suitable deposits (e.g. HREE enriched ionic 

clay deposits ) with viable ore grades and implementing novel and site-specific REE 

mining, beneficiation and refining technologies and plant configurations to optimise 

the production efficiency of the desired end-products while minimizing environmental 

impacts. 

 

In conclusion, based on accomplishments and research outcomes shown above, I 

have established a novel, essential and robust LCIA model that enables the 

quantitative analysis and evaluation of overall environmental impacts of global REE 

mining, processing and consumption. It filled significant knowledge gaps between 

global REE mineral resources availability, processing capacity, rapidly increasing 

demands and the corresponding environmental implications. Hence, provide 

essential scientific knowledge in ensuring the sustainable explorations of these 

critical metals.    
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8.2 Recommendations for Future Research 
 
Based on the findings of this thesis, I have identified several key areas for future 

research as summarized blow:  

 

• Given the increasing global demand for HREE and the low proportion these 

elements within known REE mineral resources, it is important for future 

scientists to investigate and develop HREE focused exploration and 

processing techniques on ensuring the secure supply of HREE. 

• Toxicity issues associated with REE production has not been thoroughly 

assessed. Better analysis and assessment of toxicity issues are urgently 

needed 

• Comprehensive assessments of radioactive wastes (especially thorium and 

uranium) and radiation dose issues with REE mining-refining industry is also 

critical to ensuring long-term global REE supply.  

• Novel REE processing and recovery technologies based on a wider range of 

mineralogy to improve REE separation efficiency and sources of production 

while also reducing environmental impact. 

• Recycling and potential substitution elements of REE to mitigate medium to 

short term REE supply risks. 

• Continuously improving LCIA softwares and databases to reduce the inherent 

uncertainties for future impact assessment of REE supply chain.  

 

 

 

 



Appendix I Zhehan Weng: PhD Thesis 
 

 

148 

 
 
 
 
 
 
 

Appendix I: 
 

Global REE Mineral Resources Dataset 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



including TREO only deposits 619.5

TOTAL 88,483 0.63 553.7

Total Mineral Resource La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Sc LREE HREE LREO HREO TREO REO Xenotime Monazite HM

Mt (Tonnes of Million) ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % % % Mt % % %

Khanneshin LOW Helmand Afghanistan Monazite, Synchysite, BastnäsiteCarbonatite Tucker, et al.,  2011; Tucker, et al., 2012 37 3.58 1.33

Rodeo de Los Molles LOW San Luis Argentina Bastnäsite, Britholite, AllaniteCarbonatite Michelotti e Hijos WML, 2011 5.6 2.10 0.12

Dubbo Zirconia (Toongi) HIGH New South Wales Australia Eudialyte, Bastnäsite Alkaline ALKANE Resources JORC ALKANE, 2014 73 1,102 0.75 0.55

Narraburra HIGH New South Wales Australia Monazite Alkaline Capital Mining Ltd. JORC Capital, 2013 73 57 0.03 0.02

Charley Creek (JV) HIGH Northern TerritoryAustralia Monazite, Xenotime Alluvial/Placer CROSSLAND Strategic Metals Ltd. JORC CROSSLAND, 2013 805 45 96 10 37 7.1 1.5 6.1 0.9 5.4 1.0 3.1 0.41 2.6 0.4 30 204 44 0.02 0.0054 0.029 0.24

Cummins Range HIGH Western Australia Australia Monazite Carbonatite Navigator Resources JORC Navigator, 2013 11 1.08 0.12

Mount Weld CLD HIGH Western Australia Australia Monazite, Rhabdophane and ChurchiteCarbonatite Lynas JORC Lynas, 2015 15 19,810 39,497 4,290 15,123 2,047 445 920 76 212 25 51 8.5 26 582 82,132 981 9.61 0.12 9.73 1.45

Mount Weld Duncan HIGH Western Australia Australia Monazite, Rhabdophane and ChurchiteCarbonatite Lynas JORC Lynas, 2015 9.0 10,257 16,262 1,963 7,419 1,180 322 835 109 535 80 173 17 76 9 1,969 38,238 2,969 4.47 0.36 4.84 0.43

Coors and Crown HIGH Western Australia Australia Rhabdophane, Monazite and ChurchiteCarbonatite Lynas (puchased by Forge Resource in 2011) JORC Lynas, 2007a 38 71 1.16 0.44

Frasers MEDIUM Western Australia Australia Monazite Carbonatite GSWA, various 0.19 2.18 0.004

Yangibana,Yangibana North, Yangibana SouthMEDIUM Western Australia Australia Monazite Carbonatite Hastings Rare Metal Ltd. JORC GSWA, various 3.5 1.70 0.06

Bald Hill North and SouuthMEDIUM Western Australia Australia Carbonatite GSWA, various 0.50 1.55 0.0077

Hook and Hook South MEDIUM Western Australia Australia Carbonatite GSWA, various 0.22 2.02 0.004

Kanes Gossan MEDIUM Western Australia Australia Carbonatite GSWA, various 0.45 1.57 0.007

Lions Ear MEDIUM Western Australia Australia Carbonatite GSWA, various 0.15 1.94 0.003

Tongue MEDIUM Western Australia Australia Carbonatite GSWA, various 0.077 0.67 0.001

John Galt MEDIUM Western Australia Australia Xenotime Carbonatite -Related Skarn Northern minerals GSWA, various 0.051 0.35 0.0002

Hastings-Brockman HIGH Western Australia Australia Felsic Volcanic Hastings Rare Metal Ltd. JORC Hastings,  2013 36 29 108 16 63 40 3 65 21 162 38 151 19 122 16 882 324 1,411 0.04 0.17 0.21 0.08

Nolans Bore HIGH Northern TerritoryAustralia Fluorapatite, Apatite Granite -Related Skarn Arafura Resources JORC Arafura, 2014; Hoatson et al, 2011 47 4,193 10,693 1,303 4,536 510 87 221 18 72 9.0 20 2.3 14 2.3 273 21,541 410 2.52 0.05 2.57 1.22

Area 5 (Browns Range) HIGH Western Australia Australia Xenotime Granite -Related Skarn Northern minerals JORC NorMin, 2014; Cook et al., 2013 1.5 151 344 46 207 65 10 118 23 157 36 101 13 76 10 1,008 941 1,426 0.11 0.18 0.29 0.004

Gambit (Browns Range) HIGH Western Australia Australia Xenotime Granite -Related Skarn Northern minerals JORC NorMin, 2014; Cook et al., 2013 0.11 66 163 0 125 164 38 522 113 841 201 605 87 515 70 5,269 1,078 7,700 0.13 0.95 1.13 0.001

Gambit West (Browns Range)HIGH Western Australia Australia Xenotime Granite -Related Skarn Northern minerals JORC NorMin, 2014; Cook et al., 2013 0.39 187 459 63 304 180 35 476 103 791 191 591 87 529 73 4,749 1,703 7,114 0.20 0.87 1.07 0.004

Wolverine (Browns Range)HIGH Western Australia Australia Xenotime Granite -Related Skarn Northern minerals JORC NorMin, 2014; Cook et al., 2013 4.5 156 388 53 248 161 33 436 94 645 138 399 56 327 45 3,855 1,476 5,559 0.17 0.68 0.86 0.04

Ambergate / Matilda MEDIUM Western Australia Australia Monazite Heavy Mineral Sands JORC GSWA, various 0.61 0.33 0.00 0.600

Atlas MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2013 11 0.01 0.00 0.027 7.9

Avonbank MEDIUM Victoria Australia Monazite Heavy Mineral Sands WIM Resource Pty Limited JORC WIM, 2012 277 0.06 0.16 0.02 0.080 5.7

Barda MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 46 0.0088 0.0040 0.016 4.0

Bidaminna MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2013; GSWA, various 45 0.06 0.03 0.104 3.0

Birthday Gift MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 60 0.0063 0.0038 0.012 2.9

Blind Pew MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 49 0.0050 0.0025 0.009 2.3

Boonanarring MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2013 22 0.06 0.0129 0.109 8.3

Brigantine MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 13 0.01 0.0010 0.014 3.5

Bunker Bay MEDIUM Western Australia Australia Monazite Heavy Mineral Sands GSWA, various 0.54 0.04 0.00024 0.080 0.4

Byrnes Tank MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 9.0 0.006 0.00053 0.011 2.7

Calypso MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2009 52 0.02 0.009 0.032 1.7

Campaspe MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 113 0.010 0.011 0.018 4.5

Cavalier North MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 15 0.008 0.001 0.014 3.6

Cavalier South MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 11 0.007 0.001 0.012 3.0

Cheyne Bay MEDIUM Western Australia Australia Monazite Heavy Mineral Sands GSWA, various 0.30 0.11 0.0003 0.200

Coliban MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 52 0.01 0.004 0.015 3.8

Cooljarloo MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Tronox SAMAREC & JORC Tronox, 2014 204 0.13 0.2613 0.233 2.1

Coombah 1 MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 7.0 0.010 0.0007 0.019 4.7

Crayfish MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 144 0.00 0.0047 0.006 1.5

Cyclone MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Diatreme JORC Diatreme, 2014 137 0.016 0.022 0.029 2.2

Cyclone Extended MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2013 86 0.014 0.012 0.025 1.9

Cylinder MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 54 0.006 0.003 0.012 2.9

Dampier MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Sheffield Resources Ltd JORC Sheffield, 2014 1,374 0.04 0.61 0.080 6.1

Dongara MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Tronox SAMAREC & JORC Tronox, 2014 65 0.05 0.04 0.100 5.1

Dubloon North MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 13 0.008 0.001 0.014 3.5

Eneabba MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Sheffield Resources Ltd JORC Sheffield, 2014 250 0.02 0.04 0.030 2.3

Eucla MEDIUM South Australia Australia Monazite Heavy Mineral Sands Iluka Resources JORC Iluka, 2013 445 0.05 0.23 0.096 4.8

Eucla West MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Rutila Resource JORC Rutila, 2013 470 0.03 0.12 0.046 4.6

Finigans Tank MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 8.0 0.01 0.001 0.018 4.5

Four Acres MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 1.0 0.08 0.001 0.144 11.0

Galileo MEDIUM Victoria Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 26 0.07 0.02 0.02 0.087 6.2

Gallipoli MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 335 0.005 0.02 0.009 2.3

Gingin North MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2013 2.4 0.04 0.001 0.072 5.5

Gingin South MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2013 8.1 0.04 0.004 0.080 6.1

Ginko MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 188 0.006 0.01 0.011 2.8

Goliath MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 65 0.007 0.004 0.012 3.0

Gordon Inlet MEDIUM Western Australia Australia Monazite Heavy Mineral Sands GSWA, various 0.37 0.11 0.0004 0.200 11.8

Gwindinup North MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008; GSWA, various 16 0.19 0.03 0.350 7.2

Gwindinup South MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008; GSWA, various 13 0.19 0.03 0.350 7.1

Happy Valley North MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 3.0 0.08 0.002 0.142 10.8

Happy Valley South MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 6.0 0.06 0.004 0.110 8.4

Hassel Beach MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008; GSWA, various 4.0 0.06 0.002 0.100 11.9

Helene MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resource JORC Image, 2009 12 0.01 0.001 0.013 4.5

Hopelands East MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 19 0.09 0.02 0.166 10.6

Hopelands West - SerpentineMEDIUM Western Australia Australia Monazite Heavy Mineral Sands GSWA, various 4.6 0.09 0.004 0.166 4.7

Hyperion MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2009 3.7 0.012 0.0004 0.021 7.8

Israelite Bay MEDIUM Western Australia Australia Monazite Heavy Mineral Sands GSWA, various 0.50 0.33 0.002 0.600 2.8

Jacks Tank North MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 13 0.004 0.001 0.008 1.9

Jacks Tank South MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 41 0.006 0.002 0.010 2.6

Jangardup MEDIUM Western Australia Australia Monazite Heavy Mineral Sands JORC GSWA, various 1.7 0.57 0.01 0.3 0.700 7.0

Jangardup South MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 25 0.08 0.02 0.137 10.4

Karra MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 151 0.01 0.013 0.015 3.8

Kemerton MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 8.0 0.09 0.008 0.172 13.1

Kulwin Nth MEDIUM Victoria Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 5.0 0.10 0.005 0.04 0.135 9.7

Laburnum MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 70 0.01 0.004 0.012 2.9

Ludlow MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 5.0 0.05 0.002 0.085 6.5

Massidon MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 430 0.01 0.02 0.010 2.5

McCalls MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Sheffield Resources Ltd JORC Sheffield, 2014 4,431 0.01 0.38 0.016 1.2

Mercury MEDIUM Victoria Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 37 0.06 0.02 0.02 0.077 5.5

Minervah MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 62 0.01 0.01 0.020 5.0

Murray MEDIUM Victoria Australia Monazite Heavy Mineral Sands Iluka Resources JORC Iluka, 2013 218 0.19 0.41 0.07 0.231 16.5

North Stradbroke MEDIUM Queensland Australia Monazite Heavy Mineral Sands Iluka Resources Iluka, 2008; Hedrick, 2000 1,196 2.3 4.9 0.57 2.0 0.33 0.086 0.19 0.032 0.065 0.011 0.022 0.011 0.011 0.23 10 0.38 0.00 0.00 0.001 0.01

Perth MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Iluka Resources JORC Iluka, 2013 1,112 0.04 0.43 0.070 5.3

Red Gully MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2013 6.0 0.06 0.003 0.101 7.7

Scott River MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 29 0.07 0.02 0.133 10.1

Shamrock MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 129 0.01 0.01 0.009 2.3

Snapper MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 117 0.01 0.01 0.021 5.4

Somme MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 40 0.004 0.001 0.006 1.6

Telesto MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2009 1.9 0.30 0.01 0.546 5.8

Titan MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2013 137 0.02 0.03 0.038 1.9

Trelawney MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 47 0.01 0.003 0.010 2.6

Triangle MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 41 0.005 0.002 0.009 2.2

Wakool MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 53 0.01 0.003 0.012 2.9

Wedderburn MEDIUM Victoria Australia Monazite Heavy Mineral Sands WIM Resource Pty Limited JORC WIM, 2012 349 0.03 0.11 0.01 0.045 3.2

Wemen South MEDIUM Victoria Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 12 0.04 0.005 0.02 0.053 3.8

Western Strands MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 60 0.004 0.002 0.007 1.8

Whicher Scarp MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 5.0 0.10 0.005 0.173 13.2

WIM 150 MEDIUM Victoria Australia Monazite Heavy Mineral Sands Australia Zircon JORC AusZr, 2013 1,650 0.05 0.85 0.014 0.078 3.7

WIM 200 MEDIUM Victoria Australia Monazite Heavy Mineral Sands Astron Ltd. JORC Astron, 2011 2,630 0.05 1.41 0.02 0.074 5.3

Winchester MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 95 0.01 0.01 0.013 3.3

Yabbie MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 302 0.00 0.01 0.008 1.9

Yoganup Group (includes Yoganup North & ExtendedMEDIUM Western Australia Australia Monazite Heavy Mineral Sands GSWA, various 28 0.19 0.05 0.354

Mount Gee HIGH South Australia Australia Hydrothermal UndifferentiatedMarathon Resources Ltd. JORC Marathon, 2006 44 0.12 0.05

Milo HIGH Queensland Australia IOCG GBM Resources Ltd. JORC GBM, 2013 187 128 222 21 69 10 3.5 8.7 7.0 4.4 41 461 52 0.05 0.007 0.61 1.14

Olympic Dam MEDIUM South Australia Australia Granite Rich Breccias, Florencite, Monazite and XenotimeIOCG BHP Billiton JORC BHPB, 2012 9,576 1,705 2,561 0.55 52.67

Korella HIGH Queensland Australia Xenotime Sedimentary UndifferentiatedKrucible Metals Ltd. JORC Krucible, 2013 14 551 0.07 0.01

Mary Kathleen LOW Queensland Australia Tailings JORC McKay et al., 2013; Mudd, 2014 5.5 6.40 0.35

Port Pirie (Radium Hill) MEDIUM South Australia Australia Tailings McKay et al., 2013; Mudd, 2014 0.15 3,208 2,029 59 153 17 6.0 34 43 285 61 329 61 565 52 1,247 194 5,506 2,643 0.65 0.32 0.99 0.002

Araxá HIGH Minas Gerais Brazil Monazite and ApatiteCarbonatite MbAc Fertilizer Crop. NI43-101 Clay and Ackroyd, 2013 28 10,062 17,742 1,631 4,995 541 122 250 26 105 15 29 1.8 15 0.20 374 35,342 565 4.14 0.07 4.22 1.19

Serra Negra LOW Minas Gerais Brazil Apatite, Baddeleyite, Perovskite, Pyrochlore, Th and U minerals (disseminated)Carbonatite Berger et al., 2009 200 0.90 1.80

Catalão I LOW Brazil Monazite,Apatitehematite, Ilmenite, Lusungite, Magnetite, Rhabdophane,                      Carbonatite Berger et al., 2009 46 1.30 0.60

Morro dos Seis Lagos LOW Brazil Carbonatite Berger et al., 2009 2,898 1.50 43.47

Tapira LOW Brazil Carbonatite Berger et al., 2009 166 0.03 0.05

Thor Lake/ Nechalacho (Basal and Upper)HIGH Northwest TerritriesCanada Allanite, Monazite and BastnäsiteAlkaline Avalon Rare Metal Inc. NI43-101 Ciuculescu et al., 2013 312 1,612 4,641 609 2,263 446 53 369 47 216 36 87 12 71 10 836 9,993 1,315 1.17 0.16 1.37 4.28

Code Basis ReferenceProject
Reliability 

Level
State/ Province Country REE Mineralogy Principal Deposit type Owner/Company



Hoidas Lake (JAK Zone) HIGH Saskatchewan Canada Bastnäsite, Monazite, ThoriteAlkaline Star Minerals Group NI43-101 Dunn, 2014 4.8 3,417 7,428 952 3,471 495 93 223 20 60 41 10 201 16,080 332 1.88 0.04 1.90 0.09

Kipawa Lake (Zeus) HIGH Quebec Canada Eudialyte, Mosandrite and BritholiteAlkaline Matamec Explorations Inc. NI43-101 Saucier et al., 2012 24 518 1,052 132 478 107 14 108 20 132 28 91 14 85 12 727 2,410 1,110 0.28 0.14 0.42 0.10

Two Tom HIGH Labrador Canada Monazite,Cerium-Calcium SilicatesAlkaline Canada Rare Earth Corpo. NI43-101 Daigle, 2012a 44 2,336 4,431 461 1,543 267 26 165 17 70 8.7 17 8.8 29 9,230 151 1.08 0.02 1.10 0.49

Lackner Lake LOW Canada Alkaline Berger et al., 2009 113 0.12 0.14

Strange Lake HIGH Quebec Canada Allanite, Titanite, Pyrochlore and GadoliniteAlkaline Quest Rare Minerals Ltd. NI43-101 Gowans et al., 2014 492 1,034 2,228 248 954 207 9 201 40 276 60 191 28 192 28 1,710 4,881 2,524 0.57 0.31 0.89 4.41

Elliot Lake HIGH Canada Brannerite, Monzite Alluvial/Placer Appia Energy Corp. NI43-101 Workman et al., 2013 52 406 718 71 236 40 1.6 25 3.1 14 2.2 5.6 0.73 4.5 0.63 57 1,497 88 0.18 0.01 0.19 0.10

Eco Ridge - HWZ HIGH Ontario Canada Monazite and Pyrite Alluvial/Placer Pele Mountain Res. Inc. NI43-101 Cox et al., 2012 49 168 317 32 102 17 0.86 11 1.7 6.5 0.87 2.6 2.1 4.3 648 18 0.08 0.00 0.08 0.04

Eco Ridge - MCB HIGH Ontario Canada Monazite and Pyrite Alluvial/Placer Pele Mountain Res. Inc. NI43-101 Pele, 2013 59 320 606 59 196 34 1.7 23 3.4 15 2.6 6.1 0.88 4.4 0.88 61 5.1 1,238 94 0.14 0.01 0.16 0.09

Niobec REE Zone HIGH Quebec Canada Bastnäsite, Allanite, Apatite and MonaziteCarbonatite IAMGOLD corp. NI43-101 Grenier and Tremblay, 2013 467 3,452 6,756 742 293 60 140 11 40 4.4 8 1.9 0.70 74 28 11,443 140 1.34 0.02 1.65 7.70

Saint-Honoré Complex HIGH Quebec Canada Bastnäsite, Allanite, Apatite and MonaziteCarbonatite IAMGOLD corp. NI43-101 Grenier and Tremblay, 2013 1,058 3,577 6,801 743 2,573 281 60 130 11 36 4.4 8 0.88 0.88 0.88 513 14,165 575 1.66 0.07 1.73 18.36

Montviel HIGH Quebec Canada Monazatite, Huanghoite, Cebaite, Qaqarssukite, Carbonatite GeoMegA NI43-101 Desharnais and Duplessis, 2011 251 3,172 6,111 644 2,074 214 41 72 72 21 2.6 5 0.88 2.9 0.23 58 12,328 162 1.44 0.02 1.45 3.65

Clay - Howells HIGH Ontario Canada Monazite, Apatite, and Ce-La-Ca SilicateCarbonatite Canada Rare Earth Corpo. NI43-101 Daigle, 2011 12 972 1,750 179 643 103 26 69 26 44 8.7 17 18 197 3,744 310 0.44 0.04 0.48 0.06

Lavergne-Springer HIGH Canada Synchysite Carbonatite Canada Rare Earth Corpo. NI43-101 Daigle, 2012b 50 1,922 3,410 566 1,234 161 36 91 8.7 37 8.7 11 8.8 162 7,420 235 0.87 0.03 0.90 0.44

Oka LOW Quebec Canada Apatite, Magnetite and PyrochloreCarbonatite Niocan Long et al., 2010 210 0.13 0.27

Ashram (Eldor) HIGH Canada Monazite, Bastnäsite and XenotimeCarbonatite Commerce Res Corp. NI43-101 Gagnon et al., 2015 423 3,077 5,746 618 2,208 284 66 157 16 63 8.9 19 1.8 12 1.8 10 12,157 132 1.36 0.07 1.44 6.08

Foxtrot HIGH Canada Allanite, Zircon, Monazite and XenotimeFelsic Volcanic Search Minerals Inc. NI43-101 Srivastava et al., 2013 14 1,564 3,333 377 1,371 249 12 197 32 184 36 101 15 92 14 1,016 7,103 1,490 0.83 0.18 1.01 0.15

Buckton HIGH Alberta Canada Ionic Clay Shale-hosted DNI Metals Inc. NI43-101 Eccles et al., 2013 4,712 41 72 9.0 34 6.8 1.5 5.8 0.87 5.1 1.0 3.0 0.44 3.0 0.44 32 12 171 46 0.02 0.01 0.03 1.21

Buckton south HIGH Alberta Canada Ionic Clay Shale-hosted DNI Metals Inc. NI43-101 Eccles et al., 2013 497 40 70 9.0 34 6.6 1.5 5.8 1.0 5.4 1.0 3.1 0.44 3.1 0.62 31 14 166 46 0.02 0.01 0.03 0.12

Grande-Vallée HIGH Canada Ionic Clay Shale-hosted Orbite Aluminae Inc. NI43-101 Doran et al., 2012 1,040 0.06 0.59

Muluozhai LOW Sichuan China Bastnäsite Carbonatite Hou et al., 2009; Tian, 2005 0.45 3.97 0.02

Weishan LOW shandong China Bastnäsite Carbonatite CSRE,2002; Orries et al, 2002 1,856 1.60 29.70

Maoniuping LOW Sichuan China Bastnäsite Carbonatite Hou et al., 2009; Tian, 2005; Yang et al., 2001; Yuan et al., 1995 1.2 2.89 0.03

Miaoya LOW Hubei China Monazite,Bastnäsite, Parisite and BurbankiteCarbonatite Berger et al., 2009; 72 1.70 1.22

Dalucao LOW Sichuan China Carbonatite Berger et al., 2009; Li, 2005 0.76 5.00 0.04

Bayan Obo MEDIUM Inner Mongolia China Bastnäsite,Monazite and XenotimeCarbonatite Baotou Steel (Baotou Iron and Steel Group) MoLRPRC, 2012; Gao, 2009 1,540 12,628 26,012 2,785 7,943 661 207 310 45 141 31 91 23 157 50,546 489 5.92 0.058 5.95 91.59

Southern Seven Provinces LOW Jiangxi, Fujian, Yunnan, GuangdongChina Ionic Clay Laterite / Soil / Clay CSRE,2002 59.90

Zhijin LOW Guizhou China Monazite, Xenotime,PhosphoriteShale-hosted CSRE,2002; Orries et al, 2002 4,400 0.05 2.20

Bayan Obo (Tailings Dam)LOW Inner Mongolia China Bastnäsite,Monazite and XenotimeTailings Gao, 2009 ; Chen et al., 2007 1,200 6.95 83.40

Katajakangas LOW Finland Fergusonite, Allanite, Columbite, MagnetiteAlkaline FODD, 2013 0.46 2.40 0.01

Korsnäs LOW Finland Apatite, Pyrite, Marcasite, Coffinite, Uraninite, Ortite and GalenaCarbonatite FODD, 2013 0.86 0.83 0.01

Hangaslampi Co LOW Finland Pyrite, Pyrrhotite, Magnetite and Molybdenite,Hydrothermal UndifferentiatedDragon Mining  Ltd. Dragon, 2012 0.60 0.02 0.00

Mabounie LOW Gabon Bastnäsite, Ilmenite, Magnetite, Monazite, Pyrite, Pyrochlore, Pyrrhotite, Synchysite and Xenotime  Carbonatite Orris and Grauch, 2002; Berger et al., 2009 380 2.52 9.58

Storkwitz HIGH Germany Carbonatite Seltenerden Storkwitz AG JORC DeRoh, 2013 4.4 0.45 0.02

Karrat HIGH Greenland Bastnäsite, Monzite, Allanite and PyrochloreAlkaline Avannaa Resources Ltd. Avannaa, 2011 26 2,245 5,037 470 2,004 358 106 270 39 181 28 69 7.9 43 5.5 722 10,490 1,094 1.23 0.13 1.36 0.36

Motzfeldt (Aries) HIGH Greenland Eudialyte Alkaline RAM Resources Ltd. JORC RamRes, 2012 340 530 859 89 279 49 40 41 41 4.5 9.1 4.5 4.6 25 4.6 244 1,887 337 0.22 0.04 0.26 0.88

Tanbreez HIGH Greenland Eudialyte Alkaline Tanbreez Mining Greenland JORC Tanbreez, 2013 4,300 1,157 2,145 208 780 150 20 163 33 189 39 156 20 130 20 1,235 4,622 1,820 0.50 0.15 0.65 27.95

Kvanefjeld HIGH Kujalleq Greenland Lujavrite Alkaline Greenland Minerals and Energy Ltd. JORC GreMinEng, 2013 619 680 0.93 0.13 1.06 6.55

Sørensen HIGH Greenland Lujavrite Alkaline Greenland Minerals and Energy Ltd. JORC GreMinEng, 2013 242 705 0.97 0.13 1.10 2.67

Zone 3 HIGH Greenland Lujavrite Alkaline Greenland Minerals and Energy Ltd. JORC GreMinEng, 2013 95 765 1.02 0.14 1.16 1.10

Sarfartoq ST-1 Zone HIGH Qaasuitsup Greenland Bastnäsite,Synchysite and Monazite Carbonatite Hudsone Resource Inc. NI43-101 Hudson, 2012 12 2,553 6,011 705 2,328 232 52 127 10 25 47 12,007 82 1.40 0.01 1.42 0.18

Manavalakuruchi LOW Tamilnadu/ KanyakumariIndia Monzite Alluvial/Placer Orris and Grauch, 2002 104 1.49 1.55

Amma Dongar(Ambadungar)LOW India Apatite, Barite, Bastnäsite and chalcopyriteCarbonatite Berger et al., 2009 12 1.06 0.12

Andhra Pradesh LOW India Monazite Heavy Mineral Sands Indian Rare Earths Ltd. IBM, 2013 2.06

Bihar LOW India Monazite Heavy Mineral Sands Indian Rare Earths Ltd. IBM, 2013 0.12

Kerala LOW India Monazite Heavy Mineral Sands Indian Rare Earths Ltd. IBM, 2013 0.83

Odisha LOW India Monazite Heavy Mineral Sands Indian Rare Earths Ltd. IBM, 2013 1.02

Tamil Nadu LOW India Monazite Heavy Mineral Sands Indian Rare Earths Ltd. IBM, 2013 1.19

West Bengal LOW India Monazite Heavy Mineral Sands Indian Rare Earths Ltd. IBM, 2013 0.67

Mrima Hill HIGH Kenya Apatite, Magnetite, Barite, and FluoriteCarbonatite Pacific Wildcat Resources Ltd. NI43-101 Pollard and Mapleson, 2013 159 8,658 14,135 1,428 4,969 697 196 503 62 308 54 133 17 90 12 1,517 30,585 2,193 3.58 0.27 3.85 6.14

Ruri Complex LOW Kenya Bastnäsite, Eudialyte, Fluorite and MonziteCarbonatite Berger et al., 2009 3.8 3.92 0.15

Kutessay II HIGH Chui Kyrgyzstan Alkaline Stans Energy Corp. JORC Danilov, 2011 18 368 437 84 182 91 5.1 80 34 136 13 72 5.6 73 11 594 1,247 940 0.15 0.11 0.26 0.05

Sarysai LOW Kyrgyzstan Carbonatite Bogdetsky et al., 2001; Long et al., 2010 7.0 0.20 0.01

AK-Tyuz LOW Kyrgyzstan Granites and Granitic Pegmatites Malyukova et al., 2005 15 1.00 0.15

Karajilga LOW Kyrgyzstan Granites and Granitic Pegmatites Bogdetskyet al., 2001 1.0 0.70 0.01

Tantalus HIGH Madagascar Ionic Clay Laterite / Soil / Clay Tantalus Rare Earths AG JORC Resource Estimate, 2013 435 145 265 30 99 18 2.2 15 2.3 13 2.7 7.9 1.1 7.0 1.1 75 573 110 0.07 0.01 0.08 0.35

Songwe Hill HIGH Malawi Bastnäsite, Synchysite,Parisite,Strontianite, MonaziteCarbonatite MKANGO RES. Ltd. NI43-101 Swinden and Hall, 2012 56 2,442 4,434 475 1,636 241 63 151 18 88 15 35 5 25 3.5 373 9,442 562 1.10 0.07 1.17 0.66

Kangankunde HIGH Malawi Monazite, Bastnäsite Carbonatite Lynas JORC Lynas, 2007b 2.5 10,774 17,991 1,703 5,089 384 70 132 26 296 3.7 3.7 3.7 3.3 36,143 336 4.23 0.04 4.24 0.11

Chilwa Island LOW Malawi Apatite, Barite, Bastnäsite, Columbite, Florencite, Fluorite and pyriteCarbonatite Berger et al., 2009 0.38 5.00 0.02

Tundulu LOW Malawi Apatite, Barite, Bastnäsite, Fluorite and MonaziteCarbonatite Optichem Berger et al., 2009 3.2 2.40 0.08

Bou Naga LOW Mauritania Apatite, Barite, Bastnäsite, Fluorite and MonaziteCarbonatite Berger et al., 2009 0.10 4.40 0.00

Khaldzan-Buregtey LOW Mongolia Bastnäsite, celestite, fluorite etc.Alkaline Mongolian Government Kovalenko et al., 1995 425 0.40 1.71

Mushagai Khudag (Mushugay-Khuduk)LOW Mongolia Bastnäsite, Celestite, Fluorite etc.Carbonatite ESCAP, 1998 367 1.60 5.87

Lugin Gol LOW Mongolia Bastnäsite, Fluorite, Parisite, Pyrite, Rutile, SynchysiteCarbonatite ESCAP, 1998 0.72 3.20 0.02

Xiluvo HIGH Mozambique Carbonatite Southern Crown JORC SC,2011 1.1 2.05 0.023

Congolone MEDIUM Mozambique Monazite Heavy Mineral Sands Kenmare Resource JORC Kenmare, 2013 167 0.01 0.02 0.020 3.3

Marrua MEDIUM Mozambique Monazite Heavy Mineral Sands Kenmare Resource JORC Kenmare, 2013 54 0.01 0.01 0.020 4.1

Mpitini MEDIUM Mozambique Monazite Heavy Mineral Sands Kenmare Resource JORC Kenmare, 2013 287 0.01 0.03 0.020 3.6

Mualadi MEDIUM Mozambique Monazite Heavy Mineral Sands Kenmare Resource JORC Kenmare, 2013 327 0.01 0.04 0.020 3.2

Namalope MEDIUM Mozambique Monazite Heavy Mineral Sands Kenmare Resource JORC Kenmare, 2013 696 0.01 0.08 0.021 3.7

Nataka MEDIUM Mozambique Monazite Heavy Mineral Sands Kenmare Resource JORC Kenmare, 2013 6,245 0.01 0.55 0.016 2.8

Pilivili MEDIUM Mozambique Monazite Heavy Mineral Sands Kenmare Resource JORC Kenmare, 2013 227 0.01 0.02 0.020 5.4

Quinga North MEDIUM Mozambique Monazite Heavy Mineral Sands Kenmare Resource JORC Kenmare, 2013 71 0.01 0.01 0.020 3.5

Quinga South MEDIUM Mozambique Monazite Heavy Mineral Sands Kenmare Resource JORC Kenmare, 2013 71 0.01 0.01 0.020 3.4

Ondurukurme Complex LOW Nambia Monazite Carbonatite Berger et al., 2009 8.0 3.00 0.24

Sæteråsen LOW Norway Apatite, Pyrochlore, Chevkinite, Fergusonite, Euxenite, ZirconAlkaline FODD, 2013 8.0 750 0.35 0.03

Misværdalen LOW Norway Apatite,Pyroxenite Alkaline EURARE, 2013 30 0.07 0.02

Kodal MEDIUM Norway Apatite,Pyroxenite Alkaline Kodal Minerals JORC Kodal, 2014; EURARE, 2013 49 0.17 0.08

Fen LOW Norway Bastnäsite, Parisite, MonaziteCarbonatite EURARE, 2013 486 0.90 4.37

Gloserhei LOW Norway Allanite Granites and Granitic Pegmatites EURARE, 2013 4.0 0.02 0.00

Høgtuva LOW Norway Allanite, Gadolinite,ZirconGranites and Granitic Pegmatites EURARE, 2013 0.35 0.15 0.00

Tysfjord LOW Norway Allanite, Zircon, TitaniteGranites and Granitic Pegmatites EURARE, 2013 100 0.13 0.13

Biggejav'ri LOW Norway Davidite, Xenotime, MonaziteHydrothermal Undifferentiated EURARE, 2013 0.050 0.20 0.00

Los Conchales MEDIUM Peru Monazite Heavy Mineral Sands Latin Resources Ltd. JORC LatinRes, 2013 1,073 0.01 0.11 0.018 6.1

Tres Chosas MEDIUM Peru Monazite Heavy Mineral Sands Latin Resources Ltd. JORC LatinRes, 2013 256 0.01 0.02 0.012 3.9

Tommot LOW Russia Yttrialite Alkaline StansEne, 2013 0.36 1.80 0.01

Koashvinskoe MEDIUM Russia Apatite, Nepheline, Aegirine, Sphene etc.Alkaline FODD, 2013; Korovkin et al., 2003 834 0.41 3.42

N'orkpakhk MEDIUM Russia Apatite, Nepheline, Aegirine, Sphene etc.Alkaline FODD, 2013; Korovkin et al., 2003 61 0.39 0.24

Yuksporskoe MEDIUM Russia Apatite, Nepheline, Aegirine, Sphene etc.Alkaline FODD, 2013; Korovkin et al., 2003 537 0.38 2.04

Oleniy ruchey MEDIUM Russia Apatite, Nepheline, Aegirine, Sphene etc.Alkaline FODD, 2013; Korovkin et al., 2003 402 0.38 1.53

Rasvumchorr MEDIUM Russia Apatite, Nepheline, Aegirine, Sphene etc.Alkaline FODD, 2013; Korovkin et al., 2003 340 0.35 1.19

Apatity Circus MEDIUM Russia Apatite, Nepheline, Aegirine, Sphene etc.Alkaline FODD, 2013; Korovkin et al., 2003 122 0.34 0.42

Kukisvunchorr MEDIUM Russia Apatite, Nepheline, Aegirine, Sphene etc.Alkaline FODD, 2013; Korovkin et al., 2003 416 0.25 1.04

Partomchorr MEDIUM Russia Apatite, Nepheline, Aegirine, Sphene etc.Alkaline FODD, 2013; Korovkin et al., 2003 877 0.20 1.75

Lesnoe MEDIUM Russia Fergusonite, Zircon, Sphene, Britholite-(Y), ThoriteAlkaline FODD, 2013; Korovkin et al., 2003 1.5 4,000 0.15 0.00

Kedykvyrpakhk MEDIUM Russia Loparite, Magnetite Alkaline FODD, 2013; Korovkin et al., 2003 9.0 1.52 0.14

Karnasurt MEDIUM Russia Loparite, Magnetite Alkaline FODD, 2013; Korovkin et al., 2003 24 1.33 0.32

Alluaiv MEDIUM Russia Loparite, Magnetite Alkaline FODD, 2013; Korovkin et al., 2003 179 1.25 2.24

Umbozero MEDIUM Russia Loparite, Magnetite Alkaline FODD, 2013; Korovkin et al., 2003 180 0.95 1.71

Lovozero MEDIUM Russia Loparite,Magnetite, Eudialyte, Rinkite, Ancylite, MosandriteAlkaline Lovozersky GOK FODD, 2013; Korovkin et al., 2003 612 1.12 6.86

Afrikanda MEDIUM Kola Peninsula Russia Perovskite, Titanomagnetite, Dysanalyte, Pyrochlore, Orthite, MelanoceriteAlkaline FODD, 2013; Korovkin et al., 2003 627 0.67 4.20

Sakharjok MEDIUM Russia Pyrochlore, FluoriteZircon, Britholite,Alkaline FODD, 2013; Korovkin et al., 2003 36 270 0.11 0.04

Aryskan LOW Tuva Russia Polycrase Alkaline StansEne, 2013 0.39 1.80 0.01

Tomtor LOW Yakutia Russia Monzite, Pyrochlore Carbonatite Kueppers, 2011 150 12.00 18.00

Chuktukonskoye MEDIUM Russia Apatite, Barite, Cerianite,Hematite, Ilmenite and Monazite, Carbonatite Berger et al., 2009 455 3.78 17.20

Umm al Birak LOW Saudi Arabia Alkaline Drysdall et al., 1984 6.6 371 800 311 1,171 311 0.14 0.04 0.18 0.01

Ghurayyah MEDIUM Saudi Arabia Xenotime, Monazite,Aeschynite (Y), Alkaline Tertiary Minerals PLC TertMin, 2013; Drysdall et al., 1984 385 61 144 1,326 205 1,326 0.02 0.13 0.13 0.50

Jabal Sa'id Zr deposit LOW Saudi Arabia Brockite, Allanite, PyrochloreAlkaline Drysdall et al., 1984 23 587 1,301 4,151 1,888 4,151 0.22 0.53 0.75 0.17

Jabal Hamra LOW Saudi Arabia Monazite, Bastnäsite Alkaline Drysdall et al., 1984 18 2,593 3,432 1,592 6,025 1,592 0.71 0.20 0.91 0.16

Jabal Tawlah LOW Saudi Arabia Alkaline Drysdall et al., 1984 6.4 19 137 5,216 156 5,216 0.02 0.66 0.68 0.04

Steenkampskraal HIGH Western Cape South Africa Monazite Alkaline Great Western Minerals Group NI43-101 Jones and Hancox, 2012 0.42 30,333 62,532 7,257 26,462 4,156 86 2,881 318 1,442 224 467 45 191 23 5,474 133,708 8,185 15.64 1.01 17.03 0.07

Pilanesberg LOW South Africa Eudialyte Alkaline Orris and Grauch, 2002 14 0.70 0.09

Zandkopsdrift (Sandkopsdrif)HIGH Northern Cape South Africa Monazite and CrandalliteCarbonatite Frontier Rare Earth NI43-101 Harper et al., 2012 42 4,834 8,405 887 3,042 437 114 274 32 151 25 62 7.6 43 5.8 726 17,993 1,053 2.11 0.13 2.24 0.95

Glenover (JV) HIGH Limpopo South Africa Monazite,Synchysite and BastnäsiteCarbonatite Galieo SAMREC/JORC/NI43-101GCI, 2012 26 1,652 4,560 592 2,259 363 92 212 21 80 11 20 2.1 9.3 1.0 234 9,731 378 1.14 0.05 1.18 0.31

Glenover Stockpile HIGH Limpopo South Africa Monazite,Synchysite and BastnäsiteCarbonatite Galieo SAMREC/JORC/NI43-102GCI, 2012 1.3 3,150 7,554 872 3,490 505 124 281 28 110 15 29 3.4 15 1.7 351 15,976 554 1.87 0.07 1.94 0.03

Palabora (Phalaborwa) ComplexLOW Limpopo South Africa Apatite,Pyroxenite, Carbonatite FOSKOR SAMREC FOSKOR, 2011; Berger et al., 2009 6,374 0.15 9.56

Steenkampskraal Lower Tailings DamHIGH Western Cape South Africa Monazite Tailings Great Western Minerals Group NI43-101 Jones and Hancox, 2012 0.029 15,433 17,684 3,845 13,375 2,156 86 1,562 174 871 87 262 26 26 8.8 3,071 54,141 4,527 6.33 0.56 6.89 0.00

Steenkampskraal Upper Tailings DamHIGH Western Cape South Africa Monazite Tailings Great Western Minerals Group NI43-101 Jones and Hancox, 2012 0.0092 15,990 18,671 3,745 13,703 2,111 81 1,528 174 860 87 262 25 88 8.8 3,009 55,827 4,514 6.53 0.55 7.08 0.00

Palabora (Phalaborwa) Tailings DamLOW Limpopo South Africa Apatite,Pyroxenite, Tailings FOSKOR SAMREC FOSKOR, 2011; Orris and Grauch, 2002 297 0.15 0.45

Norra Kärr HIGH Smaland Sweden Eudialyte Alkaline Tasman NI43-101 Gates et al., 2013 58 502 1,129 144 571 151 19 161 32 218 48 147 23 141 19 1,598 2,676 2,227 0.31 0.27 0.59 0.34

Olserum HIGH Sweden Monazite and XenotimeAlluvial/Placer Tasman NI43-101 Reed, 2013 12 577 1,317 160 629 145 154 26 155 35 91 12 82 8.8 846 2,982 1,256 0.35 0.15 0.50 0.06

Tåsjö LOW Sweden Shale-hosted FODD, 2013 200 0.11 0.22

Ngualla HIGH Tanzania Bastnäsite Carbonatite Peak Resources JORC PeakRes,2013 195 5,237 9,326 902 3,167 326 69 149 13 32 4.0 12 4.0 86 19,177 151 2.24 0.02 2.27 4.42

Wigu Hill HIGH Morogoro Tanzania Monazite, Xenotime, Bastnäsite,Synchysite,Britholite etc.Carbonatite Montero Mining NI43-101 Eggleston and Sides, 2011 3.3 8,200 10,400 800 2,100 100 2.59 0.09

Canakli 1 HIGH Turkey llanite, Chevkinite and Sphene(titanite)Alkaline AMR Mineral Metal Inc. NI43-101 Cox et al., 2013 80 171 294 31 105 15 3.7 10 1.2 5.8 1.0 2.9 0.44 2.8 0.40 31 10 628 46 0.07 0.01 0.08 0.03



Canakli 2 HIGH Turkey llanite, chevkinite and sphene(titanite)Alkaline AMR Mineral Metal Inc. NI43-101 Cox et al., 2013 414 146 244 25 83 12 2.9 8.7 1.0 5.3 1.0 2.7 0.40 2.6 0.39 28 11 522 41 0.06 0.01 0.07 0.33

Aksu Diamas Project Area( exclude Canakli 1&2)LOW Turkey llanite, Chevkinite and Sphene(titanite)Alkaline AMR Mineral Metal Inc. NI43-101 Sides, 2011 36 0.10 0.04

Kizilcaoren LOW Eskisehir Turkey Bastnäsite, Braunite,FluoriteCarbonatite Orris and Grauch., 2002 30 3.14 0.94

Bokan - Dotson HIGH Alaska USA Thalenite, Bastnäsite, Monizte and XenotimeAlkaline Ucore Rare Metals NI43-101 Bentzen et al., 2013 6.6 470 1,426 176 693 184 19 187 34 212 41 116 16 87 10 1,216 3,154 1,732 0.37 0.21 0.58 0.04

Pajarita Mountains LOW New Mexico USA Eudialyte, Monazite, ApatiteAlkaline Orris and Grauch., 2002 24 0.17 0.04

Bald Mountain LOW Wyoming USA Monazite, Ilmenite Alluvial/Placer Osterwald et al., 1966;  Long et al., 2010 18 0.08 0.01

Bear Lodge HIGH Wyoming USA Bastnäsite, some MonziteCarbonatite Rare Element Resources. NI43-101 Noble, 2013 52 10,166 6,119 1,177 4,187 682 151 367 31 102 11 20 2.4 12 1.8 287 22,849 468 2.67 0.06 2.73 1.41

Iron Hill(Powderhorn, Cebolla Creek)LOW Colorado USA Monazite, Bastnäsite Carbonatite U.S. Rare Earths, Inc. Orris and Grauch., 2002 2,424 0.40 9.70

Lemhi Pass LOW Idaho USA Monazite, Xenotime, Thorianite and AllaniteCarbonatite Orris and Grauch., 2002 0.50 0.33 0.002

Wet Mountains LOW Colorado USA Thorite, Bastnäsite and monaziteCarbonatite U.S. Rare Earths, Inc. Long et al., 2010; Staatz et al., 1979 14 0.42 0.06

Mountain Pass MEDIUM California USA Bastnäsite Carbonatite Molycorp Molycorp, 2013; Castor, 2007 17 23,003 33,803 2,811 7,639 585 72 145 11 24 2.8 4.2 1.4 1.4 82 68,059 126 7.97 0.02 7.98 1.33

Elk Creek MEDIUM Nebraska USA Bastnäsite, Parisite, Monazite, SynchysiteCarbonatite NioCorp NI43-101 Daigle, 2012c; Long et al., 2010 103 1.51 1.56

Hicks Dome LOW Illinois USA Monazite Carbonatite Jackson and Christiansen, 1993; Long et al., 2010 15 0.42 0.06

Round Top HIGH Texas USA Bastnäsite, Yttrofluorite, Yttrocerite, Priorite and XenotimeFelsic Volcanic Texas Rare Earth Resources NI43-101 Hulse et al., 2012 1,034 20 81 10 29 11 0.21 11 3.6 32 8.0 33 7.1 57 8.9 221 162 369 0.02 0.04 0.06 0.66

Diamond Creek LOW Idaho USA Granite -Related Skarn Staatz et al., 1979; Long et al., 2010 5.8 1.22 0.07

Hall Mountain LOW Idaho USA Thorite Granite -Related Skarn Staatzet al., 1979; Long et al., 2010 0.10 0.05 0.0001

Music Valley LOW California USA Xenotime Granites and Granitic Pegmatites Jackson and Christiansen, 1993 0.050 8.60 0.00

La Paz HIGH Arizona USA Allanite, Monzite Hydrothermal UndifferentiatedAus American Mining NI43-101 Boyer and Ostensoe, 2011 128 0.37 0.47

Gallinas Mountain LOW New Mexico USA Bastnäsite Hydrothermal Undifferentiated Jackson and Christiansen, 1993; Long et al., 2010 0.046 2.95 0.001

Scrub Oaks LOW New Jersey USA Magnetite IOCG Klemic et al., 1959; Long et al., 2010 10 0.38 0.04

Pea Ridge LOW Missouri USA Monazite, Xenotime and BastnäsiteIOCG Grauch et al., 2010; Long et al., 2010 0.60 12.00 0.07

Mineville LOW USA Apatite Tailings McKeown and Klemic, 1956; Long et al., 2010 9.0 1,197 2,368 276 1,181 226 30 272 144 144 46 129 38 130 46 1,297 5,549 1,975 0.65 0.24 0.89 0.08

Dong Pao LOW Vietnam Bastnäsite Carbonatite Kušnir, 2000; Long et al., 2010 500 1.40 7.00

Mau Xe North LOW Vietnam Bastnäsite Carbonatite Kušnir, 2000; Long et al., 2010 557 1.40 7.80

Nkombwa Hill LOW Zambia Apatite, Barite, Bastnäsite, Daqingshanite, Fluorite, Ilmenite, Monazite-(Ce) etc. Carbonatite Berger et al., 2009 130 0.30 0.39



including TREO only deposits 619.5

TOTAL 88,483 0.63 553.7

Total Mineral Resource LREE HREE LREO HREO TREO REO Xenotime Monazite HM Th U Zr Nb Zn Cu Co V2O5 Ni MoO3 Sc2O3 Li2CO3 MnO HfO2 BeO P2O5 AL2O3 Fe2O3 Ga2O3 Sn Sr BaO SrO Ta

Mt (Tonnes of Million) ppm ppm % % % Mt % % % ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % % % % % ppm ppm % % % ppm

Khanneshin LOW Helmand Afghanistan Monazite, Synchysite, BastnäsiteCarbonatite Tucker, et al.,  2011; Tucker, et al., 2012 37 3.58 1.33 500 16 5

Rodeo de Los Molles LOW San Luis Argentina Bastnäsite, Britholite, AllaniteCarbonatite Michelotti e Hijos WML, 2011 5.6 2.10 0.12

Dubbo Zirconia (Toongi) HIGH New South Wales Australia Eudialyte, Bastnäsite Alkaline ALKANE Resources JORC ALKANE, 2014 73 0.75 0.55 14,501 3,656 0.04 246

Narraburra HIGH New South Wales Australia Monazite Alkaline Capital Mining Ltd. JORC Capital, 2013 73 0.03 0.02 54 925 44 0.005

Charley Creek (JV) HIGH Northern Territory Australia Monazite, Xenotime Alluvial/Placer CROSSLAND Strategic Metals Ltd. JORC CROSSLAND, 2013 805 204 44 0.02 0.0054 0.029 0.24

Cummins Range HIGH Western Australia Australia Monazite Carbonatite Navigator Resources JORC Navigator, 2013 11 1.08 0.12 41 102 9

Mount Weld CLD HIGH Western Australia Australia Monazite, Rhabdophane and ChurchiteCarbonatite Lynas JORC Lynas, 2015 15 82,132 981 9.61 0.12 9.73 1.45

Mount Weld Duncan HIGH Western Australia Australia Monazite, Rhabdophane and ChurchiteCarbonatite Lynas JORC Lynas, 2015 9.0 38,238 2,969 4.47 0.36 4.84 0.43

Coors and Crown HIGH Western Australia Australia Rhabdophane, Monazite and ChurchiteCarbonatite Lynas (puchased by Forge Resource in 2011) JORC Lynas, 2007a 38 1.16 0.44 2,221 8,503 8 11 43 197

Frasers MEDIUM Western Australia Australia Monazite Carbonatite GSWA, various 0.19 2.18 0.004

Yangibana,Yangibana North, Yangibana SouthMEDIUM Western Australia Australia Monazite Carbonatite Hastings Rare Metal Ltd. JORC GSWA, various 3.5 1.70 0.06

Bald Hill North and SouuthMEDIUM Western Australia Australia Carbonatite GSWA, various 0.50 1.55 0.0077

Hook and Hook South MEDIUM Western Australia Australia Carbonatite GSWA, various 0.22 2.02 0.004

Kanes Gossan MEDIUM Western Australia Australia Carbonatite GSWA, various 0.45 1.57 0.007

Lions Ear MEDIUM Western Australia Australia Carbonatite GSWA, various 0.15 1.94 0.003

Tongue MEDIUM Western Australia Australia Carbonatite GSWA, various 0.077 0.67 0.001

John Galt MEDIUM Western Australia Australia Xenotime Carbonatite -Related Skarn Northern minerals GSWA, various 0.051 0.35 0.0002

Hastings-Brockman HIGH Western Australia Australia Felsic Volcanic Hastings Rare Metal Ltd. JORC Hastings,  2013 36 324 1,411 0.04 0.17 0.21 0.08 6,594 2,479 149

Nolans Bore HIGH Northern Territory Australia Fluorapatite, Apatite Granite -Related Skarn Arafura Resources JORC Arafura, 2014; Hoatson et al, 2011 47 21,541 410 2.52 0.05 2.57 1.22 170 11

Area 5 (Browns Range) HIGH Western Australia Australia Xenotime Granite -Related Skarn Northern minerals JORC NorMin, 2014; Cook et al., 2013 1.5 941 1,426 0.11 0.18 0.29 0.004 33 21

Gambit (Browns Range) HIGH Western Australia Australia Xenotime Granite -Related Skarn Northern minerals JORC NorMin, 2014; Cook et al., 2013 0.11 1,078 7,700 0.13 0.95 1.13 0.001 30 30

Gambit West (Browns Range)HIGH Western Australia Australia Xenotime Granite -Related Skarn Northern minerals JORC NorMin, 2014; Cook et al., 2013 0.39 1,703 7,114 0.20 0.87 1.07 0.004 31 36

Wolverine (Browns Range)HIGH Western Australia Australia Xenotime Granite -Related Skarn Northern minerals JORC NorMin, 2014; Cook et al., 2013 4.5 1,476 5,559 0.17 0.68 0.86 0.04 25 31

Ambergate / Matilda MEDIUM Western Australia Australia Monazite Heavy Mineral Sands JORC GSWA, various 0.61 0.33 0.00 0.600 420

Atlas MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2013 11 0.01 0.00 0.027 7.9 19

Avonbank MEDIUM Victoria Australia Monazite Heavy Mineral Sands WIM Resource Pty Limited JORC WIM, 2012 277 0.06 0.16 0.02 0.080 5.7 56

Barda MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 46 0.0088 0.0040 0.016 4.0 11

Bidaminna MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2013; GSWA, various 45 0.06 0.03 0.104 3.0 73

Birthday Gift MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 60 0.0063 0.0038 0.012 2.9 8

Blind Pew MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 49 0.0050 0.0025 0.009 2.3 6

Boonanarring MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2013 22 0.06 0.0129 0.109 8.3 76

Brigantine MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 13 0.01 0.0010 0.014 3.5 10

Bunker Bay MEDIUM Western Australia Australia Monazite Heavy Mineral Sands GSWA, various 0.54 0.04 0.00024 0.080 0.4 56

Byrnes Tank MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 9.0 0.006 0.00053 0.011 2.7 8

Calypso MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2009 52 0.02 0.009 0.032 1.7 22

Campaspe MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 113 0.010 0.011 0.018 4.5 13

Cavalier North MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 15 0.008 0.001 0.014 3.6 10

Cavalier South MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 11 0.007 0.001 0.012 3.0 8

Cheyne Bay MEDIUM Western Australia Australia Monazite Heavy Mineral Sands GSWA, various 0.30 0.11 0.0003 0.200 140

Coliban MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 52 0.01 0.004 0.015 3.8 11

Cooljarloo MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Tronox SAMAREC & JORC Tronox, 2014 204 0.13 0.2613 0.233 2.1 163

Coombah 1 MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 7.0 0.010 0.0007 0.019 4.7 13

Crayfish MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 144 0.00 0.0047 0.006 1.5 4

Cyclone MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Diatreme JORC Diatreme, 2014 137 0.016 0.022 0.029 2.2 20

Cyclone Extended MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2013 86 0.014 0.012 0.025 1.9 17

Cylinder MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 54 0.006 0.003 0.012 2.9 8

Dampier MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Sheffield Resources Ltd JORC Sheffield, 2014 1,374 0.04 0.61 0.080 6.1 56

Dongara MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Tronox SAMAREC & JORC Tronox, 2014 65 0.05 0.04 0.100 5.1 70

Dubloon North MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 13 0.008 0.001 0.014 3.5 10

Eneabba MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Sheffield Resources Ltd JORC Sheffield, 2014 250 0.02 0.04 0.030 2.3 21

Eucla MEDIUM South Australia Australia Monazite Heavy Mineral Sands Iluka Resources JORC Iluka, 2013 445 0.05 0.23 0.096 4.8 67

Eucla West MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Rutila Resource JORC Rutila, 2013 470 0.03 0.12 0.046 4.6 32

Finigans Tank MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 8.0 0.01 0.001 0.018 4.5 13

Four Acres MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 1.0 0.08 0.001 0.144 11.0 101

Galileo MEDIUM Victoria Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 26 0.07 0.02 0.02 0.087 6.2 61

Gallipoli MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 335 0.005 0.02 0.009 2.3 6

Gingin North MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2013 2.4 0.04 0.001 0.072 5.5 51

Gingin South MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2013 8.1 0.04 0.004 0.080 6.1 56

Ginko MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 188 0.006 0.01 0.011 2.8 8

Goliath MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 65 0.007 0.004 0.012 3.0 8

Gordon Inlet MEDIUM Western Australia Australia Monazite Heavy Mineral Sands GSWA, various 0.37 0.11 0.0004 0.200 11.8 140

Gwindinup North MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008; GSWA, various 16 0.19 0.03 0.350 7.2 245

Gwindinup South MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008; GSWA, various 13 0.19 0.03 0.350 7.1 245

Happy Valley North MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 3.0 0.08 0.002 0.142 10.8 99

Happy Valley South MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 6.0 0.06 0.004 0.110 8.4 77

Hassel Beach MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008; GSWA, various 4.0 0.06 0.002 0.100 11.9 70

Helene MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resource JORC Image, 2009 12 0.01 0.001 0.013 4.5 9

Hopelands East MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 19 0.09 0.02 0.166 10.6 116

Hopelands West - SerpentineMEDIUM Western Australia Australia Monazite Heavy Mineral Sands GSWA, various 4.6 0.09 0.004 0.166 4.7 116

Hyperion MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2009 3.7 0.012 0.0004 0.021 7.8 15

Israelite Bay MEDIUM Western Australia Australia Monazite Heavy Mineral Sands GSWA, various 0.50 0.33 0.002 0.600 2.8 420

Jacks Tank North MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 13 0.004 0.001 0.008 1.9 5

Jacks Tank South MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 41 0.006 0.002 0.010 2.6 7

Jangardup MEDIUM Western Australia Australia Monazite Heavy Mineral Sands JORC GSWA, various 1.7 0.57 0.01 0.3 0.700 7.0 490

Jangardup South MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 25 0.08 0.02 0.137 10.4 96

Karra MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 151 0.01 0.013 0.015 3.8 11

Kemerton MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 8.0 0.09 0.008 0.172 13.1 120

Kulwin Nth MEDIUM Victoria Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 5.0 0.10 0.005 0.04 0.135 9.7 95

Laburnum MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 70 0.01 0.004 0.012 2.9 8

Ludlow MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 5.0 0.05 0.002 0.085 6.5 60

Massidon MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 430 0.01 0.02 0.010 2.5 7

McCalls MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Sheffield Resources Ltd JORC Sheffield, 2014 4,431 0.01 0.38 0.016 1.2 11

Mercury MEDIUM Victoria Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 37 0.06 0.02 0.02 0.077 5.5 54

Minervah MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 62 0.01 0.01 0.020 5.0 14

Murray MEDIUM Victoria Australia Monazite Heavy Mineral Sands Iluka Resources JORC Iluka, 2013 218 0.19 0.41 0.07 0.231 16.5 162

North Stradbroke MEDIUM Queensland Australia Monazite Heavy Mineral Sands Iluka Resources Iluka, 2008; Hedrick, 2000 1,196 10 0.38 0.00 0.00 0.001 0.01

Perth MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Iluka Resources JORC Iluka, 2013 1,112 0.04 0.43 0.070 5.3 49

Red Gully MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2013 6.0 0.06 0.003 0.101 7.7 71

Scott River MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 29 0.07 0.02 0.133 10.1 93

Shamrock MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 129 0.01 0.01 0.009 2.3 6

Snapper MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 117 0.01 0.01 0.021 5.4 15

Somme MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 40 0.004 0.001 0.006 1.6 4

Telesto MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2009 1.9 0.30 0.01 0.546 5.8 382

Titan MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Image Resources JORC Image, 2013 137 0.02 0.03 0.038 1.9 26

Trelawney MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 47 0.01 0.003 0.010 2.6 7

Triangle MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 41 0.005 0.002 0.009 2.2 6

Wakool MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 53 0.01 0.003 0.012 2.9 8

Wedderburn MEDIUM Victoria Australia Monazite Heavy Mineral Sands WIM Resource Pty Limited JORC WIM, 2012 349 0.03 0.11 0.01 0.045 3.2 31

Wemen South MEDIUM Victoria Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 12 0.04 0.005 0.02 0.053 3.8 37

Western Strands MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 60 0.004 0.002 0.007 1.8 5

Whicher Scarp MEDIUM Western Australia Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 5.0 0.10 0.005 0.173 13.2 121

WIM 150 MEDIUM Victoria Australia Monazite Heavy Mineral Sands Australia Zircon JORC AusZr, 2013 1,650 0.05 0.85 0.014 0.078 3.7 54

WIM 200 MEDIUM Victoria Australia Monazite Heavy Mineral Sands Astron Ltd. JORC Astron, 2011 2,630 0.05 1.41 0.02 0.074 5.3 52

Winchester MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 95 0.01 0.01 0.013 3.3 9

Yabbie MEDIUM New South Wales Australia Monazite Heavy Mineral Sands Bemax Resources Ltd (Now is part of Cristal Mining)JORC Bemax, 2008 302 0.00 0.01 0.008 1.9 5

Yoganup Group (includes Yoganup North & ExtendedMEDIUM Western Australia Australia Monazite Heavy Mineral Sands GSWA, various 28 0.19 0.05 0.354 248

Mount Gee HIGH South Australia Australia Hydrothermal UndifferentiatedMarathon Resources Ltd. JORC Marathon, 2006 44 0.12 0.05 509

Milo HIGH Queensland Australia IOCG GBM Resources Ltd. JORC GBM, 2013 187 461 52 0.05 0.007 0.61 1.14

Olympic Dam MEDIUM South Australia Australia Granite Rich Breccias, Florencite, Monazite and XenotimeIOCG BHP Billiton JORC BHPB, 2012 9,576 0.55 52.67 220 8,200

Korella HIGH Queensland Australia Xenotime Sedimentary UndifferentiatedKrucible Metals Ltd. JORC Krucible, 2013 14 0.07 0.01

Mary Kathleen LOW Queensland Australia Tailings JORC McKay et al., 2013; Mudd, 2014 5.5 6.40 0.35 161

Port Pirie (Radium Hill) MEDIUM South Australia Australia Tailings McKay et al., 2013; Mudd, 2014 0.15 5,506 2,643 0.65 0.32 0.99 0.002 85

Araxá HIGH Minas Gerais Brazil Monazite and ApatiteCarbonatite MbAc Fertilizer Crop. NI43-101 Clay and Ackroyd, 2013 28 35,342 565 4.14 0.07 4.22 1.19 5,762 8 5 30

Serra Negra LOW Minas Gerais Brazil Apatite, Baddeleyite, Perovskite, Pyrochlore, Th and U minerals (disseminated)Carbonatite Berger et al., 2009 200 0.90 1.80

Catalão I LOW Brazil Monazite,Apatitehematite, Ilmenite, Lusungite, Magnetite, Rhabdophane,                      Carbonatite Berger et al., 2009 46 1.30 0.60 2,702 9

Morro dos Seis Lagos LOW Brazil Carbonatite Berger et al., 2009 2,898 1.50 43.47 22,331

Tapira LOW Brazil Carbonatite Berger et al., 2009 166 0.03 0.05 9,378 9

Thor Lake/ Nechalacho (Basal and Upper)HIGH Northwest TerritriesCanada Allanite, Monazite and BastnäsiteAlkaline Avalon Rare Metal Inc. NI43-101 Ciuculescu et al., 2013 312 9,993 1,315 1.17 0.16 1.37 4.28 127 19,360 2,507 150 223

Hoidas Lake (JAK Zone) HIGH Saskatchewan Canada Bastnäsite, Monazite, ThoriteAlkaline Star Minerals Group NI43-101 Dunn, 2014 4.8 16,080 332 1.88 0.04 1.90 0.09

Kipawa Lake (Zeus) HIGH Quebec Canada Eudialyte, Mosandrite and BritholiteAlkaline Matamec Explorations Inc. NI43-101 Saucier et al., 2012 24 2,410 1,110 0.28 0.14 0.42 0.10 216 24 6,637

Two Tom HIGH Labrador Canada Monazite,Cerium-Calcium SilicatesAlkaline Canada Rare Earth Corpo. NI43-101 Daigle, 2012a 44 9,230 151 1.08 0.02 1.10 0.49 527 0.18

Lackner Lake LOW Canada Alkaline Berger et al., 2009 113 0.12 0.14

Strange Lake HIGH Quebec Canada Allanite, Titanite, Pyrochlore and GadoliniteAlkaline Quest Rare Minerals Ltd. NI43-101 Gowans et al., 2014 492 4,881 2,524 0.57 0.31 0.89 4.41 262 50 13,536 1,109 0.05 0.02

Elliot Lake HIGH Canada Brannerite, Monzite Alluvial/Placer Appia Energy Corp. NI43-101 Workman et al., 2013 52 1,497 88 0.18 0.01 0.19 0.10 212

Eco Ridge - HWZ HIGH Ontario Canada Monazite and Pyrite Alluvial/Placer Pele Mountain Res. Inc. NI43-101 Cox et al., 2012 49 648 18 0.08 0.00 0.08 0.04 159 102 9

Eco Ridge - MCB HIGH Ontario Canada Monazite and Pyrite Alluvial/Placer Pele Mountain Res. Inc. NI43-101 Pele, 2013 59 1,238 94 0.14 0.01 0.16 0.09 317 855 9

Niobec REE Zone HIGH Quebec Canada Bastnäsite, Allanite, Apatite and MonaziteCarbonatite IAMGOLD corp. NI43-101 Grenier and Tremblay, 2013 467 11,443 140 1.34 0.02 1.65 7.70 414 726 0.2

Saint-Honoré Complex HIGH Quebec Canada Bastnäsite, Allanite, Apatite and MonaziteCarbonatite IAMGOLD corp. NI43-101 Grenier and Tremblay, 2013 1,058 14,165 575 1.66 0.07 1.73 18.36

Montviel HIGH Quebec Canada Monazatite, Huanghoite, Cebaite, Qaqarssukite, Carbonatite GeoMegA NI43-101 Desharnais and Duplessis, 2011 251 12,328 162 1.44 0.02 1.45 3.65 58

Clay - Howells HIGH Ontario Canada Monazite, Apatite, and Ce-La-Ca SilicateCarbonatite Canada Rare Earth Corpo. NI43-101 Daigle, 2011 12 3,744 310 0.44 0.04 0.48 0.06 167 769 220 0.3

Lavergne-Springer HIGH Canada Synchysite Carbonatite Canada Rare Earth Corpo. NI43-101 Daigle, 2012b 50 7,420 235 0.87 0.03 0.90 0.44 80 1,818

Oka LOW Quebec Canada Apatite, Magnetite and PyrochloreCarbonatite Niocan Long et al., 2010 210 0.13 0.27

Owner/Company Code Basis ReferenceProject
Reliability 

Level
State/ Province Country REE Mineralogy Principal Deposit type



Ashram (Eldor) HIGH Canada Monazite, Bastnäsite and XenotimeCarbonatite Commerce Res Corp. NI43-101 Gagnon et al., 2015 423 12,157 132 1.36 0.07 1.44 6.08

Foxtrot HIGH Canada Allanite, Zircon, Monazite and XenotimeFelsic Volcanic Search Minerals Inc. NI43-101 Srivastava et al., 2013 14 7,103 1,490 0.83 0.18 1.01 0.15 9,766 524

Buckton HIGH Alberta Canada Ionic Clay Shale-hosted DNI Metals Inc. NI43-101 Eccles et al., 2013 4,712 171 46 0.02 0.01 0.03 1.21 10 9 170 40 15 609 68 23 17 375

Buckton south HIGH Alberta Canada Ionic Clay Shale-hosted DNI Metals Inc. NI43-101 Eccles et al., 2013 497 166 46 0.02 0.01 0.03 0.12 10 10 185 47 15 721 71 26 22 370

Grande-Vallée HIGH Canada Ionic Clay Shale-hosted Orbite Aluminae Inc. NI43-101 Doran et al., 2012 1,040 0.06 0.59 23 8

Muluozhai LOW Sichuan China Bastnäsite Carbonatite Hou et al., 2009; Tian, 2005 0.45 3.97 0.02

Weishan LOW shandong China Bastnäsite Carbonatite CSRE,2002; Orries et al, 2002 1,856 1.60 29.70

Maoniuping LOW Sichuan China Bastnäsite Carbonatite Hou et al., 2009; Tian, 2005; Yang et al., 2001; Yuan et al., 1995 1.2 2.89 0.03

Miaoya LOW Hubei China Monazite,Bastnäsite, Parisite and BurbankiteCarbonatite Berger et al., 2009; 72 1.70 1.22

Dalucao LOW Sichuan China Carbonatite Berger et al., 2009; Li, 2005 0.76 5.00 0.04

Bayan Obo MEDIUM Inner Mongolia China Bastnäsite,Monazite and XenotimeCarbonatite Baotou Steel (Baotou Iron and Steel Group) MoLRPRC, 2012; Gao, 2009 1,540 50,546 489 5.92 0.058 5.95 91.59 334 1,113 35

Southern Seven Provinces LOW Jiangxi, Fujian, Yunnan, GuangdongChina Ionic Clay Laterite / Soil / Clay CSRE,2002 59.90

Zhijin LOW Guizhou China Monazite, Xenotime,PhosphoriteShale-hosted CSRE,2002; Orries et al, 2002 4,400 0.05 2.20

Bayan Obo (Tailings Dam)LOW Inner Mongolia China Bastnäsite,Monazite and XenotimeTailings Gao, 2009 ; Chen et al., 2007 1,200 6.95 83.40 378 1,240 17

Katajakangas LOW Finland Fergusonite, Allanite, Columbite, MagnetiteAlkaline FODD, 2013 0.46 2.40 0.01 1,200 250 8,400 5,300

Korsnäs LOW Finland Apatite, Pyrite, Marcasite, Coffinite, Uraninite, Ortite and GalenaCarbonatite FODD, 2013 0.86 0.83 0.01

Hangaslampi Co LOW Finland Pyrite, Pyrrhotite, Magnetite and Molybdenite,Hydrothermal UndifferentiatedDragon Mining  Ltd. Dragon, 2012 0.60 0.02 0.00 100 900

Mabounie LOW Gabon Bastnäsite, Ilmenite, Magnetite, Monazite, Pyrite, Pyrochlore, Pyrrhotite, Synchysite and Xenotime  Carbonatite Orris and Grauch, 2002; Berger et al., 2009 380 2.52 9.58 8,106

Storkwitz HIGH Germany Carbonatite Seltenerden Storkwitz AG JORC DeRoh, 2013 4.4 0.45 0.02

Karrat HIGH Greenland Bastnäsite, Monzite, Allanite and PyrochloreAlkaline Avannaa Resources Ltd. Avannaa, 2011 26 10,490 1,094 1.23 0.13 1.36 0.36

Motzfeldt (Aries) HIGH Greenland Eudialyte Alkaline RAM Resources Ltd. JORC RamRes, 2012 340 1,887 337 0.22 0.04 0.26 0.88 3,405 1,850 98

Tanbreez HIGH Greenland Eudialyte Alkaline Tanbreez Mining Greenland JORC Tanbreez, 2013 4,300 4,622 1,820 0.50 0.15 0.65 27.95 18,000 1,589

Kvanefjeld HIGH Kujalleq Greenland Lujavrite Alkaline Greenland Minerals and Energy Ltd. JORC GreMinEng, 2013 619 0.93 0.13 1.06 6.55 218 1,740 2,189

Sørensen HIGH Greenland Lujavrite Alkaline Greenland Minerals and Energy Ltd. JORC GreMinEng, 2013 242 0.97 0.13 1.10 2.67 258 2,068

Zone 3 HIGH Greenland Lujavrite Alkaline Greenland Minerals and Energy Ltd. JORC GreMinEng, 2013 95 1.02 0.14 1.16 1.10 254 2,200

Sarfartoq ST-1 Zone HIGH Qaasuitsup Greenland Bastnäsite,Synchysite and Monazite Carbonatite Hudsone Resource Inc. NI43-101 Hudson, 2012 12 12,007 82 1.40 0.01 1.42 0.18

Manavalakuruchi LOW Tamilnadu/ KanyakumariIndia Monzite Alluvial/Placer Orris and Grauch, 2002 104 1.49 1.55

Amma Dongar(Ambadungar)LOW India Apatite, Barite, Bastnäsite and chalcopyriteCarbonatite Berger et al., 2009 12 1.06 0.12

Andhra Pradesh LOW India Monazite Heavy Mineral Sands Indian Rare Earths Ltd. IBM, 2013 2.06

Bihar LOW India Monazite Heavy Mineral Sands Indian Rare Earths Ltd. IBM, 2013 0.12

Kerala LOW India Monazite Heavy Mineral Sands Indian Rare Earths Ltd. IBM, 2013 0.83

Odisha LOW India Monazite Heavy Mineral Sands Indian Rare Earths Ltd. IBM, 2013 1.02

Tamil Nadu LOW India Monazite Heavy Mineral Sands Indian Rare Earths Ltd. IBM, 2013 1.19

West Bengal LOW India Monazite Heavy Mineral Sands Indian Rare Earths Ltd. IBM, 2013 0.67

Mrima Hill HIGH Kenya Apatite, Magnetite, Barite, and FluoriteCarbonatite Pacific Wildcat Resources Ltd. NI43-101 Pollard and Mapleson, 2013 159 30,585 2,193 3.58 0.27 3.85 6.14 450 26 5,614

Ruri Complex LOW Kenya Bastnäsite, Eudialyte, Fluorite and MonziteCarbonatite Berger et al., 2009 3.8 3.92 0.15

Kutessay II HIGH Chui Kyrgyzstan Alkaline Stans Energy Corp. JORC Danilov, 2011 18 1,247 940 0.15 0.11 0.26 0.05

Sarysai LOW Kyrgyzstan Carbonatite Bogdetsky et al., 2001; Long et al., 2010 7.0 0.20 0.01

AK-Tyuz LOW Kyrgyzstan Granites and Granitic Pegmatites Malyukova et al., 2005 15 1.00 0.15

Karajilga LOW Kyrgyzstan Granites and Granitic Pegmatites Bogdetskyet al., 2001 1.0 0.70 0.01

Tantalus HIGH Madagascar Ionic Clay Laterite / Soil / Clay Tantalus Rare Earths AG JORC Resource Estimate, 2013 435 573 110 0.07 0.01 0.08 0.35 44 8 740 157 38 9 10

Songwe Hill HIGH Malawi Bastnäsite, Synchysite,Parisite,Strontianite, MonaziteCarbonatite MKANGO RES. Ltd. NI43-101 Swinden and Hall, 2012 56 9,442 562 1.10 0.07 1.17 0.66 297 12

Kangankunde HIGH Malawi Monazite, Bastnäsite Carbonatite Lynas JORC Lynas, 2007b 2.5 36,143 336 4.23 0.04 4.24 0.11

Chilwa Island LOW Malawi Apatite, Barite, Bastnäsite, Columbite, Florencite, Fluorite and pyriteCarbonatite Berger et al., 2009 0.38 5.00 0.02 7,550

Tundulu LOW Malawi Apatite, Barite, Bastnäsite, Fluorite and MonaziteCarbonatite Optichem Berger et al., 2009 3.2 2.40 0.08 4,212 13

Bou Naga LOW Mauritania Apatite, Barite, Bastnäsite, Fluorite and MonaziteCarbonatite Berger et al., 2009 0.10 4.40 0.00

Khaldzan-Buregtey LOW Mongolia Bastnäsite, celestite, fluorite etc.Alkaline Mongolian Government Kovalenko et al., 1995 425 0.40 1.71

Mushagai Khudag (Mushugay-Khuduk)LOW Mongolia Bastnäsite, Celestite, Fluorite etc.Carbonatite ESCAP, 1998 367 1.60 5.87

Lugin Gol LOW Mongolia Bastnäsite, Fluorite, Parisite, Pyrite, Rutile, SynchysiteCarbonatite ESCAP, 1998 0.72 3.20 0.02

Xiluvo HIGH Mozambique Carbonatite Southern Crown JORC SC,2011 1.1 2.05 0.023 1,246 10

Congolone MEDIUM Mozambique Monazite Heavy Mineral Sands Kenmare Resource JORC Kenmare, 2013 167 0.01 0.02 0.020 3.3

Marrua MEDIUM Mozambique Monazite Heavy Mineral Sands Kenmare Resource JORC Kenmare, 2013 54 0.01 0.01 0.020 4.1

Mpitini MEDIUM Mozambique Monazite Heavy Mineral Sands Kenmare Resource JORC Kenmare, 2013 287 0.01 0.03 0.020 3.6

Mualadi MEDIUM Mozambique Monazite Heavy Mineral Sands Kenmare Resource JORC Kenmare, 2013 327 0.01 0.04 0.020 3.2

Namalope MEDIUM Mozambique Monazite Heavy Mineral Sands Kenmare Resource JORC Kenmare, 2013 696 0.01 0.08 0.021 3.7

Nataka MEDIUM Mozambique Monazite Heavy Mineral Sands Kenmare Resource JORC Kenmare, 2013 6,245 0.01 0.55 0.016 2.8

Pilivili MEDIUM Mozambique Monazite Heavy Mineral Sands Kenmare Resource JORC Kenmare, 2013 227 0.01 0.02 0.020 5.4

Quinga North MEDIUM Mozambique Monazite Heavy Mineral Sands Kenmare Resource JORC Kenmare, 2013 71 0.01 0.01 0.020 3.5

Quinga South MEDIUM Mozambique Monazite Heavy Mineral Sands Kenmare Resource JORC Kenmare, 2013 71 0.01 0.01 0.020 3.4

Ondurukurme Complex LOW Nambia Monazite Carbonatite Berger et al., 2009 8.0 3.00 0.24

Sæteråsen LOW Norway Apatite, Pyrochlore, Chevkinite, Fergusonite, Euxenite, ZirconAlkaline FODD, 2013 8.0 0.35 0.03 490 22,500

Misværdalen LOW Norway Apatite,Pyroxenite Alkaline EURARE, 2013 30 0.07 0.02

Kodal MEDIUM Norway Apatite,Pyroxenite Alkaline Kodal Minerals JORC Kodal, 2014; EURARE, 2013 49 0.17 0.08 5 21

Fen LOW Norway Bastnäsite, Parisite, MonaziteCarbonatite EURARE, 2013 486 0.90 4.37

Gloserhei LOW Norway Allanite Granites and Granitic Pegmatites EURARE, 2013 4.0 0.02 0.00

Høgtuva LOW Norway Allanite, Gadolinite,ZirconGranites and Granitic Pegmatites EURARE, 2013 0.35 0.15 0.00

Tysfjord LOW Norway Allanite, Zircon, TitaniteGranites and Granitic Pegmatites EURARE, 2013 100 0.13 0.13

Biggejav'ri LOW Norway Davidite, Xenotime, MonaziteHydrothermal Undifferentiated EURARE, 2013 0.050 0.20 0.00 900

Los Conchales MEDIUM Peru Monazite Heavy Mineral Sands Latin Resources Ltd. JORC LatinRes, 2013 1,073 0.01 0.11 0.018 6.1

Tres Chosas MEDIUM Peru Monazite Heavy Mineral Sands Latin Resources Ltd. JORC LatinRes, 2013 256 0.01 0.02 0.012 3.9

Tommot LOW Russia Yttrialite Alkaline StansEne, 2013 0.36 1.80 0.01

Koashvinskoe MEDIUM Russia Apatite, Nepheline, Aegirine, Sphene etc.Alkaline FODD, 2013; Korovkin et al., 2003 834 0.41 3.42 18

N'orkpakhk MEDIUM Russia Apatite, Nepheline, Aegirine, Sphene etc.Alkaline FODD, 2013; Korovkin et al., 2003 61 0.39 0.24 16

Yuksporskoe MEDIUM Russia Apatite, Nepheline, Aegirine, Sphene etc.Alkaline FODD, 2013; Korovkin et al., 2003 537 0.38 2.04 15

Oleniy ruchey MEDIUM Russia Apatite, Nepheline, Aegirine, Sphene etc.Alkaline FODD, 2013; Korovkin et al., 2003 402 0.38 1.53 16

Rasvumchorr MEDIUM Russia Apatite, Nepheline, Aegirine, Sphene etc.Alkaline FODD, 2013; Korovkin et al., 2003 340 0.35 1.19 13

Apatity Circus MEDIUM Russia Apatite, Nepheline, Aegirine, Sphene etc.Alkaline FODD, 2013; Korovkin et al., 2003 122 0.34 0.42 15

Kukisvunchorr MEDIUM Russia Apatite, Nepheline, Aegirine, Sphene etc.Alkaline FODD, 2013; Korovkin et al., 2003 416 0.25 1.04 12

Partomchorr MEDIUM Russia Apatite, Nepheline, Aegirine, Sphene etc.Alkaline FODD, 2013; Korovkin et al., 2003 877 0.20 1.75

Lesnoe MEDIUM Russia Fergusonite, Zircon, Sphene, Britholite-(Y), ThoriteAlkaline FODD, 2013; Korovkin et al., 2003 1.5 0.15 0.00 12,100 3,100

Kedykvyrpakhk MEDIUM Russia Loparite, Magnetite Alkaline FODD, 2013; Korovkin et al., 2003 9.0 1.52 0.14 3,800 310

Karnasurt MEDIUM Russia Loparite, Magnetite Alkaline FODD, 2013; Korovkin et al., 2003 24 1.33 0.32 3,470 260

Alluaiv MEDIUM Russia Loparite, Magnetite Alkaline FODD, 2013; Korovkin et al., 2003 179 1.25 2.24 3,300 230

Umbozero MEDIUM Russia Loparite, Magnetite Alkaline FODD, 2013; Korovkin et al., 2003 180 0.95 1.71 1,860 150

Lovozero MEDIUM Russia Loparite,Magnetite, Eudialyte, Rinkite, Ancylite, MosandriteAlkaline Lovozersky GOK FODD, 2013; Korovkin et al., 2003 612 1.12 6.86 1

Afrikanda MEDIUM Kola Peninsula Russia Perovskite, Titanomagnetite, Dysanalyte, Pyrochlore, Orthite, MelanoceriteAlkaline FODD, 2013; Korovkin et al., 2003 627 0.67 4.20 18

Sakharjok MEDIUM Russia Pyrochlore, FluoriteZircon, Britholite,Alkaline FODD, 2013; Korovkin et al., 2003 36 0.11 0.04 410

Aryskan LOW Tuva Russia Polycrase Alkaline StansEne, 2013 0.39 1.80 0.01

Tomtor LOW Yakutia Russia Monzite, Pyrochlore Carbonatite Kueppers, 2011 150 12.00 18.00

Chuktukonskoye MEDIUM Russia Apatite, Barite, Cerianite,Hematite, Ilmenite and Monazite, Carbonatite Berger et al., 2009 455 3.78 17.20 2,066 17

Umm al Birak LOW Saudi Arabia Alkaline Drysdall et al., 1984 6.6 1,171 311 0.14 0.04 0.18 0.01 46 28 5,129 1,663 84

Ghurayyah MEDIUM Saudi Arabia Xenotime, Monazite,Aeschynite (Y), Alkaline Tertiary Minerals PLC TertMin, 2013; Drysdall et al., 1984 385 205 1,326 0.02 0.13 0.13 0.50 399 117 6,589 2,225 290 197

Jabal Sa'id Zr deposit LOW Saudi Arabia Brockite, Allanite, PyrochloreAlkaline Drysdall et al., 1984 23 1,888 4,151 0.22 0.53 0.75 0.17 834 134 17,000 1,290 199 82

Jabal Hamra LOW Saudi Arabia Monazite, Bastnäsite Alkaline Drysdall et al., 1984 18 6,025 1,592 0.71 0.20 0.91 0.16 263 75 13,267 1,731 194 146

Jabal Tawlah LOW Saudi Arabia Alkaline Drysdall et al., 1984 6.4 156 5,216 0.02 0.66 0.68 0.04 693 8 37,300 3,405 381 175

Steenkampskraal HIGH Western Cape South Africa Monazite Alkaline Great Western Minerals Group NI43-101 Jones and Hancox, 2012 0.42 133,708 8,185 15.64 1.01 17.03 0.07 25,291 506

Pilanesberg LOW South Africa Eudialyte Alkaline Orris and Grauch, 2002 14 0.70 0.09

Zandkopsdrift (Sandkopsdrif)HIGH Northern Cape South Africa Monazite and CrandalliteCarbonatite Frontier Rare Earth NI43-101 Harper et al., 2012 42 17,993 1,053 2.11 0.13 2.24 0.95

Glenover (JV) HIGH Limpopo South Africa Monazite,Synchysite and BastnäsiteCarbonatite Galieo SAMREC/JORC/NI43-101GCI, 2012 26 9,731 378 1.14 0.05 1.18 0.31 1,682 100 8

Glenover Stockpile HIGH Limpopo South Africa Monazite,Synchysite and BastnäsiteCarbonatite Galieo SAMREC/JORC/NI43-102GCI, 2012 1.3 15,976 554 1.87 0.07 1.94 0.03 22

Palabora (Phalaborwa) ComplexLOW Limpopo South Africa Apatite,Pyroxenite, Carbonatite FOSKOR SAMREC FOSKOR, 2011; Berger et al., 2009 6,374 0.15 9.56 7

Steenkampskraal Lower Tailings DamHIGH Western Cape South Africa Monazite Tailings Great Western Minerals Group NI43-101 Jones and Hancox, 2012 0.029 54,141 4,527 6.33 0.56 6.89 0.00

Steenkampskraal Upper Tailings DamHIGH Western Cape South Africa Monazite Tailings Great Western Minerals Group NI43-101 Jones and Hancox, 2012 0.0092 55,827 4,514 6.53 0.55 7.08 0.00

Palabora (Phalaborwa) Tailings DamLOW Limpopo South Africa Apatite,Pyroxenite, Tailings FOSKOR SAMREC FOSKOR, 2011; Orris and Grauch, 2002 297 0.15 0.45 7

Norra Kärr HIGH Smaland Sweden Eudialyte Alkaline Tasman NI43-101 Gates et al., 2013 58 2,676 2,227 0.31 0.27 0.59 0.34 10 10 12,585 0.03

Olserum HIGH Sweden Monazite and XenotimeAlluvial/Placer Tasman NI43-101 Reed, 2013 12 2,982 1,256 0.35 0.15 0.50 0.06

Tåsjö LOW Sweden Shale-hosted FODD, 2013 200 0.11 0.22 200

Ngualla HIGH Tanzania Bastnäsite Carbonatite Peak Resources JORC PeakRes,2013 195 19,177 151 2.24 0.02 2.27 4.42

Wigu Hill HIGH Morogoro Tanzania Monazite, Xenotime, Bastnäsite,Synchysite,Britholite etc.Carbonatite Montero Mining NI43-101 Eggleston and Sides, 2011 3.3 2.59 0.09

Canakli 1 HIGH Turkey llanite, Chevkinite and Sphene(titanite)Alkaline AMR Mineral Metal Inc. NI43-101 Cox et al., 2013 80 628 46 0.07 0.01 0.08 0.03 43 8 363 42 6 29

Canakli 2 HIGH Turkey llanite, chevkinite and sphene(titanite)Alkaline AMR Mineral Metal Inc. NI43-101 Cox et al., 2013 414 522 41 0.06 0.01 0.07 0.33 33 7 306 35 6 26

Aksu Diamas Project Area( exclude Canakli 1&2)LOW Turkey llanite, Chevkinite and Sphene(titanite)Alkaline AMR Mineral Metal Inc. NI43-101 Sides, 2011 36 0.10 0.04

Kizilcaoren LOW Eskisehir Turkey Bastnäsite, Braunite,FluoriteCarbonatite Orris and Grauch., 2002 30 3.14 0.94

Bokan - Dotson HIGH Alaska USA Thalenite, Bastnäsite, Monizte and XenotimeAlkaline Ucore Rare Metals NI43-101 Bentzen et al., 2013 6.6 3,154 1,732 0.37 0.21 0.58 0.04 73 58 1,679 323

Pajarita Mountains LOW New Mexico USA Eudialyte, Monazite, ApatiteAlkaline Orris and Grauch., 2002 24 0.17 0.04

Bald Mountain LOW Wyoming USA Monazite, Ilmenite Alluvial/Placer Osterwald et al., 1966;  Long et al., 2010 18 0.08 0.01

Bear Lodge HIGH Wyoming USA Bastnäsite, some MonziteCarbonatite Rare Element Resources. NI43-101 Noble, 2013 52 22,849 468 2.67 0.06 2.73 1.41 314 87

Iron Hill(Powderhorn, Cebolla Creek)LOW Colorado USA Monazite, Bastnäsite Carbonatite U.S. Rare Earths, Inc. Orris and Grauch., 2002 2,424 0.40 9.70 38 11 398

Lemhi Pass LOW Idaho USA Monazite, Xenotime, Thorianite and AllaniteCarbonatite Orris and Grauch., 2002 0.50 0.33 0.002

Wet Mountains LOW Colorado USA Thorite, Bastnäsite and monaziteCarbonatite U.S. Rare Earths, Inc. Long et al., 2010; Staatz et al., 1979 14 0.42 0.06

Mountain Pass MEDIUM California USA Bastnäsite Carbonatite Molycorp Molycorp, 2013; Castor, 2007 17 68,059 126 7.97 0.02 7.98 1.33

Elk Creek MEDIUM Nebraska USA Bastnäsite, Parisite, Monazite, SynchysiteCarbonatite NioCorp NI43-101 Daigle, 2012c; Long et al., 2010 103 1.51 1.56 5,052

Hicks Dome LOW Illinois USA Monazite Carbonatite Jackson and Christiansen, 1993; Long et al., 2010 15 0.42 0.06

Round Top HIGH Texas USA Bastnäsite, Yttrofluorite, Yttrocerite, Priorite and XenotimeFelsic Volcanic Texas Rare Earth Resources NI43-101 Hulse et al., 2012 1,034 162 369 0.02 0.04 0.06 0.66

Diamond Creek LOW Idaho USA Granite -Related Skarn Staatz et al., 1979; Long et al., 2010 5.8 1.22 0.07

Hall Mountain LOW Idaho USA Thorite Granite -Related Skarn Staatzet al., 1979; Long et al., 2010 0.10 0.05 0.0001

Music Valley LOW California USA Xenotime Granites and Granitic Pegmatites Jackson and Christiansen, 1993 0.050 8.60 0.00

La Paz HIGH Arizona USA Allanite, Monzite Hydrothermal UndifferentiatedAus American Mining NI43-101 Boyer and Ostensoe, 2011 128 0.37 0.47

Gallinas Mountain LOW New Mexico USA Bastnäsite Hydrothermal Undifferentiated Jackson and Christiansen, 1993; Long et al., 2010 0.046 2.95 0.001

Scrub Oaks LOW New Jersey USA Magnetite IOCG Klemic et al., 1959; Long et al., 2010 10 0.38 0.04

Pea Ridge LOW Missouri USA Monazite, Xenotime and BastnäsiteIOCG Grauch et al., 2010; Long et al., 2010 0.60 12.00 0.07

Mineville LOW USA Apatite Tailings McKeown and Klemic, 1956; Long et al., 2010 9.0 5,549 1,975 0.65 0.24 0.89 0.08

Dong Pao LOW Vietnam Bastnäsite Carbonatite Kušnir, 2000; Long et al., 2010 500 1.40 7.00

Mau Xe North LOW Vietnam Bastnäsite Carbonatite Kušnir, 2000; Long et al., 2010 557 1.40 7.80

Nkombwa Hill LOW Zambia Apatite, Barite, Bastnäsite, Daqingshanite, Fluorite, Ilmenite, Monazite-(Ce) etc. Carbonatite Berger et al., 2009 130 0.30 0.39 795 7



Appendix II Zhehan Weng: PhD Thesis 
 

 

153 

 
 
 
 
 
 
 

Appendix II: 
 

Global REE Mineral Resources Dataset 
Reference List 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

SUPPLEMENTARY INFORMATION: REFERENCES* 
 
 

A Detailed Assessment of Global Rare Earth Element Resources:  
Opportunities and Challenges 

 
Zhehan Weng,1 Simon M. Jowitt,2 Gavin M. Mudd,1 and Nawshad Haque3 

 
1Environmental Engineering, Department of Civil Engineering, Monash University, 

Wellington Road, Clayton, VIC 3800, Australia 
2School of Earth, Atmosphere and Environment, Monash University, Wellington 

Road, Clayton, VIC 3800, Australia 
3CSIRO Mineral Resources, Private Bag 10, Clayton South, VIC 3169, Australia 

 
 
*This document contains all of the references used in compiling our global REE 
mineral resources dataset. 
 
 
ALKANE, 2014, Annual report 2014, ALKANE Resources Ltd. (ALKANE), p. 103. 
Arafura, 2014, Annual Report 2014, Arafura Resources (Arafura), p. 130. 
Astron, 2011, Donald mineral sands project - resource update: Austrlian Securicities 

Exchange, Astron Ltd. (Astron), p. 3. 
AusZr, 2013, WIM150 Mineral Sand Project, portion of EL 4521, western Victoria 

Maiden Measured, Indicated and Inferred Resources as defined under the Joint 
Ore Reserves Committee 2012 Code, Australian Zircon (AusZr), p. 13. 

Avannaa, 2011, Karrat REE summary april 2011, Avannaa Resources Ltd. (Avannaa), 
p. 2. 

Bemax, 2008, Annual Report 2007, Bemax Resources Ltd. (Bemax), p. 105. 
Bentzen, E. H., Ghaffari, H., Galbraith, L., Hammen, R. F., Robinson, R. J., Hafez, S. 

A., and  Annavarapu, S., 2013, Preliminary economic assessment on the 
Bokan Mountain Rare Earth Element projcet, near Ketchikan, Alaska, Ucore 
Rare Metals, p. 244. 

Berger, V. I., Singer, D. A., and  Orris, G. J., 2009, Carbonatites of the world, 
explored deposits of Nb and REE; database and grade and tonnage models, 
Open-File Report 2009-1139, U.S. Geological Survey, p. 17. 

BHPB, 2012, Annual Report - 2012: Adelaide, SA, Australia, BHP Billiton Ltd 
(BHPB). 

Bogdetsky, V., Stavinskiy, V., Shukurov, E., and  Suyunbaev, M., 2001, Mining 
industry and sustainable development in Kyrgyzstan, International Institute for 
Envrionment and Development, p. 95. 

BoMRGG, various, The Australian Mineral Industry Review, (Year 1960 to 1985): 
Australia, Bureau of Mineral Resources, Geology and Geophysics 
(BoMRGG). 

 
Boyer, D. B., and  Ostensoe, E., 2011, NI 43-101 Technical report La Paz Rare Earth 

project, La Paz county, Arizona, USA, AusAmerican Mining Corp., p. 69. 
Capital, 2013, Annual Report 2013, Capital Mining Ltd. (Capital), p. 55. 
Castor, S. B., 2008, The Mountain Pass rare earth carbonatite and associated 

ultrapotassic rocks, California: The Canadian Mineralogist, v. 46, p. 779-806. 



2 
 

Ciuculescu, T., Foo, B., Gowans, R., Hawton, K., Jacobs, C., and  Spooner, J., 2013, 
Technical report disclosing the results of the feasibility study of the 
Nechalacho rare earth elements project, Avalon Rare Metals Inc., p. 307. 

Clay, A. N., and  Ackroyd, B., 2013, A preliminary economic assessment in the form 
of an independent technical report on MbAc fertilizer corp. Araxá Project, 
Venmyn Rand (Pty) Ltd., p. 113. 

Cook, N. J., Ciobanu, C. L., O'Rielly, D., Wilson, R., Das, K., and  Wade, B., 2013, 
Mineral chemistry of Rare Earth Element (REE) mineralization, Browns 
Ranges, Western Australia: Lithos, v. 172–173, p. 192-213. 

Cox, J., J., Ciuculescu, T., Altman, K., and  Hwozdyk, L., 2012, Technical report on 
the Eco Ridge mine project, Elliot Lake, Ontario, Canada, Pele Mountain Res. 
Inc., p. 259. 

Cox, J., J., Masun, K. M., and  Fayram, T., 2013, Technical report on the Aksu 
Diamas Rare Earth Element and minor metals, Isparta district, Southwest 
Turkey, AMR Mineral Metal Inc., p. 255. 

CROSSLAND, 2013, Charley Creek rare earths project scoping study results, 
CROSSLAND Uranium Mines Ltd. (CROSSLAND), p. 54. 

Daigle, P., 2011, Technical report on the Clay-Howells Fe-REE project, Ontario, 
Canada, Canada Rare Earth Corpo., p. 145. 

Daigle, P., 2012a, Elk Creek Nb project, Nebraska, U.S. Resource Estimate update, 
Quantum Rare Earth Developments Corp., p. 143. 

Daigle, P., 2012b, Resource estimate and technical report for the Two Tom REE 
deposit of the Red Wine complex, Labrador, Canada, Rare Earth Metals Inc., 
p. 163. 

Daigle, P., 2012c, Technical report and resource estimate of the Lavergne-Springer 
REE project, Ontario, Canada, Canada Rare Earth Corp., p. 174. 

Danilov, V. V., 2011, Technical report on the Kutessay II Rare Earth property, Kemin 
district, Kyrgyzstan with REE resource estimate, Stans Energy KG, p. 151. 

DeRoh, 2013, Semi annual report 2013, Deutsche Rohstoff AG (DeRoh), p. 22. 
Desharnais, G., and  Duplessis, C., 2011, Montviel core zone REE mineral resource 

estimate technical report, Quebec, SGS Canada Inc., p. 74. 
Diatreme, 2014, Cyclone Zircon project mineral resource update, Diatreme Resources 

Ltd. (Diatreme), p. 17. 
Doran, R., Bouchard, A. M., Saucier, G., Rheault, M., Ayad, A. B., Knox, A., Lafleur, 

P. J., and  Levaque, J. G., 2012, NI 43-101 Revised technical report, 
preliminary economic assessment on Orbite Aluminae Inc. metallurgical grade 
Alumina project, Quebec, Canada, Orbite Aluminae Inc., p. 372. 

Dragon, 2012, Resource update for the Hangaslampi deposit, Kuusamo gold project, 
Australian Securities Exchange (ASX) announcement, Dragon Mining Ltd. 
(Dragon), p. 10. 

Drysdall, A. R., Jackson, N. J., Ramsay, C. R., Douch, C. J., and  Hackett, D., 1984, 
Rare element mineralization related to Precambrian alkali granites in the 
Arabian Shield: Economic Geology, v. 79, p. 1366-1377. 

Dunn, B. M., 2014, NI43-101 Technical Report "Update to Resource Estimate on the 
Hoidas Lake Property, Saskatchewan Canada", Star Minerals Group Ltd., p. 
121. 

Eccles, R., Nicholls, S., McMillan, K., and  Dufresne, M., 2013, National Instrument 
43-101 technical report updated and expanded mineral resource estimate for 
the Buckton Zone, SBH property, Northeast Alberta, APEX Geoscience Ltd., 
p. 137. 



3 
 

Eggleston, T., and  Sides, E., 2011, Wigu Hill Rare Earth Element project, Eastern 
Tanzania NI 43-101 technical report, Montero Mining and Exploration Ltd., p. 
169. 

EURARE, 2013, REE mineralisation in Norway, The EURARE project founded by 
the European Commission (EC), 
(http://www.eurare.eu/countries/norway.html), accessed Oct 2014. 

FOSKOR, 2011, Annual Report 2011, FOSKOR. 
Gagnon, G., Rousseau, G., Camus, Y., and  Gagné, J., 2015, NI 43-101 Technical 

report, preliminary economic assessment of Ashram rare earth deposit for 
Commerce Resoruces Corp., SGS Canada Inc., p. 219. 

Gao, H. Z., 2009, General comments on rare earth and scarce resources in BayanObo 
(in Chinese): Science & Technology of Baotou Steel (Group) Corporation, v. 
35, p. 1 - 6. 

Gates, P., Horlacher, C. F., and  Reed, G., 2013, Amended and restated preliminary 
economic assessment NI 43-101 technical report for the Norra Kärr (REE-Y-
Zr) deposit, Gränna, Sweden, RungePincockMinarco Ltd., p. 170. 

GBM, 2013, Annual Report 2012, GBM Resources Ltd. (GBM), p. 70. 
GCI, 2012, Geological report and resource estimate for the Glenover carbonaite 

project, Geo-Consult International (Pty) Ltd. (GCI), p. 155. 
Gowans, R. M., Lewis, W. J., Shoemaker, S. J., Spooner, J., and  Zalnieriunas, R. V., 

2014, NI43-101 Technical report on the preliminary economic assessment 
(PEA) for the Stange Lake property, Quebec, Canada, Quest Rare Minerals 
Ltd., p. 258. 

Grauch, R. I., Verplanck, R. K., Seeger, C. M., Budahn, J. R., and  Van Gosen, B. S., 
2010, Chemistry of selected core samples, concentrate, tailings and tailings 
pond waters-Pea Ridge iron (-lanthanide-gold) deposit, Washington county, 
Missouri, U.S. Geological Survey Open-File Report 2010–1080, U.S. 
Geological Survey, p. 15. 

GreMinEng, 2013, Annual Report 2013, Greenland Minerals and Energy Ltd. 
(GreMinEng), p. 104. 

Grenier, L., and  Tremblay, J. F., 2013, NI43-101 Technical report, updated mineral 
resource estimate for rare earth elements, 2012, IAMGOLD corp. , p. 166. 

GSWA, various Mines and Mineral Deposits (MINEDEX), (year 1976-2015), The 
Geological Survey of Western Australia (GSWA). 

Harper, F., Venter, M., Hall, M., Siegfried, P., Brown, J., Stripp, G., de Jager, C., 
Scheepers, J., Wiid, G., Vivier, K., and  Grobler, M., 2012, Amended 
independent technical report on the results of a preliminary economic 
assessment of Frontier Rare Earths Limited's Zandkopsdrift rare earth project, 
located in the Northern Cape province of South Africa, Frontier Rare Earths 
Ltd., p. 134. 

Hastings, 2013, Annual Report 2012, Hastings Rare Metals Ltd. (Hastings), p. 57. 
Hedrick, J. B., 2000, Minerals Year Book 2000, Rare Earths, U.S. Geologcial Survey, 

p. 17. 
Hoatson, D. M., Jaireth, S., and Miezitis, Y., 2011, The major rare earth element 

deposits of Australia: geological setting, exploration, and resources: Canberra, 
ACT, Geoscience Australia, p. 204. 

Hou, Z., Tian, S., Xie, Y., Yang, Z., Yuan, Z., Yin, S., Yi, L., Fei, H., Zou, T., Bai, 
G., and  Li, X., 2009, The Himalayan Mianning–Dechang REE belt associated 
with carbonatite–alkaline complexes, eastern Indo-Asian collision zone, SW 
China: Ore Geology Reviews, v. 36, p. 65-89. 



4 
 

Hudson, 2012, Management discussion and analysis (Form 51-102F1), Hudson 
Resources Inc. (Hudson), p. 16. 

Hulse, D. E., Newton, M. C., Malhotra, D., and  Black, Z. J., 2012, NI 43-101 
Preliminary economic assessment Round Top project Sierra Blanca, Texas, 
Gustavson Associates, p. 153. 

IBM, 2014, Indian Minerals Yearbook 2012, Rare Earths: India, Indian Bureau of 
Miners (IBM), p. 7. 

Iluka, 2008, Annual Report 2007, Iluka Resources (Iluka), p. 112. 
Iluka, 2013, Ore reserves and mineral resources statement, Iluka Resources (Iluka), p. 

3. 
Image, 2009, Annual Report 2009, Image Resources (Image), p. 55. 
Image, 2013, Annual Report 2013, Image Resources (Image), p. 54. 
Jackson, W. D., and  Christiansen, G., 1993, International strategic minerals inventory 

summary report-rare earth oxides, U.S. Geological Survey Circular 930–N, 
U.S. Geological Survey, p. 68. 

Jones, I., and  Hancox, P. J., 2012, Technical report and mineral resource estimate 
Great Western Minerals Group Ltd., p. 145. 

Kenmare, 2013, Annual Report 2012, Kenmare Resource Plc. (Kenmare), p. 105. 
Klemic, H., Heyl, A. V. J., Taylor, A. R., and  Stone, J., 1959, Radioactive rare earth 

deposit at Scrub Oaks mine, Morris county, New Jersey, U.S. Geological 
Survey Bulletin 1082-B, U.S. Geological Survey, p. 34. 

Kodal, 2014, Group annual report and financial statements for the year ended 31 
March 2014, Kodal minerals Plc. (Kodal), p. 57. 

Kovalenko, V. I., Tsaryeva, G. M., Goreglyad, A. V., Yarmolyuk, V. V., Troitsky, V. 
A., Hervig, R. L., and  Farmer, G. L., 1995, The peralkaline granite-related 
Khaldzan-Buregtey rare metal (Zr, Nb, REE) deposit, western Mongolia: 
Economic Geology, v. 90, p. 530-547. 

Krucible, 2013, Annual Report 2013, Krucible Metals Ltd. (Krucible), p. 68. 
Kueppers, A., 2011, Analysis: Russia not ready to cover China rare earths gap, 

REUTERS, (http://www.reuters.com/article/2011/10/21/us-russa-rare-earths-
idUSTRE79K1OO20111021), accessed Oct 2012,. 

Kušnir, I., 2000, Mineral resources of Vietnam: Acta Montanistica Slovaca, v. 5, p. 
165-172. 

LatinRes, 2013, Annual Report 2013, Latin Resources Ltd. (LatinRes), p. 79. 
Long, K. R., Van Gosen, B. S., Foley, N. K., and  Cordier, D., 2010, The principal 

rare earth deposits of the United States - A summary of domestic deposits and 
a global perspective, United States Geological Survey Scientific Investigations 
Report 2010-5220, United States Geological Survey (USGS), p. 96. 

Lynas, 2007a, Annual Report 2006, Lynas Corporation Ltd. (Lynas), p. 72. 
Lynas, 2007b, Quarterly report for the period ending 30 September 2007, Lynas 

corporation Ltd., p. 8. 
Lynas, 2015, Annual Report 2014, Lynas Corporation Ltd. (Lynas), p. 92. 
Malyukova, N., Kim, V., and  Tulyaev, R., 2005, Zonation of polymetallic, rare earth, 

molybdenum, zirconium, beryllium and tantalum-niobium mineralization in 
the Ak-Tyuz ore deposits (northern Tien Shan): Mineral deposit research: 
Meeting the global challenge: the 8th Biennial SGA Society for Geology 
Applied to Mineral Deposits, Berlin, 2005, p. 1323-1326. 

Marathon, 2006, Annual Report 2005, Marathon Resources Ltd. (Marathon), p. 40. 
McKay, A. D., Meizitis, Y., Porritt, K., Champion, D. C., Britt, A., Whitaker, A., 

Summerfield, D., Sexton, M., Jaireth, S., Huston, D., Hoatson, D., Schofield, 



5 
 

A., Carson, L., Towner, R., and  Huelatt, M., 2013, Australia's identified 
mineral resources 2012: Canberra, Australia, Geoscience Australia, p. 162. 

McKeown, F. A., and  Klemic, H., 1956, Rare earth bearing apatite at Mineville, 
Essex county, New York, U.S. Geological Survey Bulletin 1046-B, U.S. 
Geological Survey. 

MoLRPRC, 2012, The case study of comhensive implementation of mineral resources 
in Bayan Obo Iron deposit includes rare earth elements, niobium and thorium, 
2014, Ministry of Land and Resources of the People's Republic of China 
(MoLRPRC). 

Molycorp, 2013, Year in review: 2012, Molycorp, p. 154. 
Mudd, G. M., 2014, The Future of Yellowcake: A Global Assessment of Uranium 

Resources and Mining: Science of the Total Environment, v. 472, p. 590-607. 
Navigator, 2013, Annual Report 2012, Navigator Resources Ltd. (Navigator), p. 86. 
Noble, A. C., 2013, Bear Lodge project Canadian NI 43-101 technical report on the 

mineral reserves and resources and development of the Bull Hilll mine, Rare 
Element Resources., p. 278. 

NorMin, 2014, Browns Range project pre-feasibility study executive summary, 
Northern Minerals (NorMin), p. 60. 

Orris, G. J., and  Grauch, R. I., 2002, Rare Earth Element Mines, Deposits, and 
Occurrences, U.S. Geological Survey, p. 174. 

Osterwald, F. W., Osterwald, D. B., Long, J. S., and  Wilson, W. H., 1966, Mineral 
resources of Wyoming, Wyoming Geological Survey Bulletin 50, p. 287. 

PeakRes, 2013, Increased resource estimate to improve Ngualla project ecnomics, 
Peak Resources Ltd. (PeakRes), p. 10. 

Pele, 2013, Pele Mountain announces major increase in Uranium and Rare Earth 
resources at Eco Ridge, TSX Venture Exchange announcement, Pele 
Mountain Res. Inc. (Pele), p. 3. 

Pollard, B., and  Mapleson, D., 2013, NI 43-101 Technical report for the Mrima Hill 
Niobium and Rare Earth project, Kwale district, Kenya, Pacific Wildcat 
Resources Ltd., p. 179. 

RamRes, 2012, Maiden inferred resource of the 340 million tonnes for Aries project, 
Australian Securities Exchange (ASX) announcement, RAM Resources Ltd. 
(RamRes), p. 5. 

Reed, G. C., 2013, Amended and restated technical report for Olserum REE deposit, 
Southern Sweden, Tasman Metals Ltd., p. 85. 

Rutila, 2013, Eucla West Project Overview, Rutila Resources (Rutila), 
(http://www.rutila.com.au/West-Eucla/ProjectsDetails.aspx), accessed Nov 
2013. 

Saucier, G., Roy, A., Casgrain, P., Cote, P., Thomassin, Y., Bilodeau, M., Cannus, Y., 
and  Hayden, A., 2012, NI 43-101 report preliminary economic assessment 
study for Kipawa project, Matamec Explorations Inc., p. 229. 

SC, 2011, Resource estimate on Xiluvo REE project: Australian Securities Exchange 
(ASX) Southern Crown Resources Ltd. (SC), p. 5. 

Sheffield, 2014, Annual Financial Report 2013, Sheffield Resources Ltd. (Sheffield), 
p. 60. 

Sides, E., 2011, Technical report on the Aksu Diamas Rare Earth Element project, 
Isparta district, Turkey NI 43-101 Technical Report, AMR Mineral Metal Inc., 
p. 232. 



6 
 

Srivastava, R. M., Gauthier, J., Cox, J., J., and  Krutzelmann, H., 2013, Techinical 
report on the Foxtrot project in Labrador, Newfoundland & Labrador, Canada, 
Search Minerals Inc., p. 203. 

Staatz, M. H., Armubrustmacher, T. J., Olson, J. C., Brownfield, I. K., Brock, M. R., 
Lemons, J. F. J., Coppa, L. V., and  Clingan, B. V., 1979, Principal thorium 
resources in the United States, U.S. Geological Survey Circular 805, U.S. 
Geological Survey, p. 42. 

StansEne, 2013, Overview of historical REM reserves in Kutessay II from the Kyrgyz 
republic ministry of natural resources reports translated from russian, Stans 
Energy Corp. (StansEne), (http://www.stansenergy.com/K_Overview.htm), 
accessed Dec 2013. 

Swinden, S., and  Hall, M., 2012, NI 43-101 Technical report and mineral resource 
estimate for the Songwe Hill Rare Earth Element (REE) project, Phalombe 
District, Republic of Malawi, The MSA Group (Pty) Ltd., p. 168. 

Tanbreez, 2013, Project overview, Tanbreez Mining Greenland (Tanbreez), 
(http://tanbreez.com/en/project-overview/resource-calculation/?page=1), 
accessed Dec 2013. 

TertMin, 2013, Ghurayyah Tantalum-Niobium-Rare-Earth Project ( Saudi Arabia ), 
Tertiary Minerals Plc. (TertMin), 
(http://www.tertiaryminerals.com/projects/other-projects/ghurayyah), accessed 
Nov 2013. 

Tian, S. H., 2005, The Himalayan mianxi REE belt on the eastern margin of the 
Tiebetan plateau: geology, geochemistry and geodynamics of the 
mineralization: Beijing, China, Institute of Mineral Resources, p. 130 (in 
Chinese). 

Tronox, 2014, FORM 10-K (Annual Report), Filed 02/27/14 for the Period Ending 
12/31/13, Tronox Ltd. (Tronox), p. 252. 

Tucker, R. D., Belkin, H. E., Schulz, K. J., Peters, S. P., and  Buttleman, K., 2011, 
Rare earth element mineralogy, geochemistry, and preliminary resource 
assessment of the Khanneshin carbonatite complex, Helmand Province, 
Afghanistan, Open-File Report 2011-1207, U.S. Geological Survey, p. 49. 

Tucker, R. D., Belkin, H. E., Schulz, K. J., Peters, S. P., Horton, F., Buttleman, K., 
and  Scott, E. R., 2012, A light rare-earth element (LREE) resource in the 
Khanneshin carbonatite complex of southern Afghanistan.: Economic 
Geology, v. 2, p. 197-208. 

WIM, 2012, Project Overview, WIM Resources Ltd. (WIM), 
(http://www.wimresource.com.au/irm/content/overview.aspx?RID=311), 
accessed Oct 2013. 

WML, 2011, Rodeo de los Molles Rare Earth Element Project, Wealth Minerals Ltd. 
(WML), p. 18. 

Workman, A., Breede, K., and  Goode, J., 2013, Update report on the Appia Energy 
Corp. Uranium-REE property, Elliot Lake district, North Central Ontario, 
Canada, Appia Energy Corp., p. 394. 

Yang, Z. X., Willians-Jones, A. E., and  Pu, G. P., 2001, A fluid inclusion study of 
Maoniuping REE deposit, Sichuan, China: Journal of Mineral and Petrology, 
v. 21, p. 26-33 (in Chinese). 

Yuan, Z. X., Shi, Z. M., Bai, G., Wu, C. Y., Chi, R. A., and  Li, X. Y., 1995, The 
Maoniuping rare earth ore deposit, Mianning county, Sicuhan province: 
Beijing China, p. 150. 



Appendix III Zhehan Weng: PhD Thesis 
 

 

169 

 
 
 
 
 
 
 

Appendix III: 
 

REE Production Flow Sheets 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Assessing the Energy Requirement and Global 
Warming Potential of the Production of Rare Earth 

Elements  
 

-SUPPLEMENTARY INFORMATION I- 
 

Zhehan Weng1#, Nawshad Haque2, Gavin M. Mudd1, Simon M. Jowitt3 
 
 
1Environmental Engineering, Department of Civil Engineering, Monash University, Wellington Road, 
Clayton, VIC Australia 3800;  
2CSIRO Mineral Resources, Private Bag 10, Clayton South, VIC 3169 Australia 
3School of Earth, Atmosphere and Environment, Monash University, Wellington Road, Clayton, VIC, 
3800, Australia 

 
 
 

Abstract 
 

This document contains all of the REE processing flowsheets (at mine gate) of 
selected projects in our life cycle impact assessment. 
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#Detail REE processing data not available, LCIA modelling is based on 
based on Bear Lodge Project’s configuration 
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Ozone depletion Human toxicity
Photochemical 

Oxidant 
Formation

Particulate 
Matter 

Formation

Ionising 
Radiation

Terrestrial 
Acidification

Freshwater 
Eutrophication

Marine 
Eutrophication

Terrestrial 
Ecotoxicity

Freshwater 
Ecotoxicity

Marine 
Ecotoxicity

Agricultural 
Land 

Occupation

Urban Land 
Occupation

Natural Land 
Transformation

Water 
Depletion Metal Depletion

kg CFC-11 eq kg 1,4-DB eq kg NMVOC kg PM10 eq kg U235 eq kg SO2 eq kg P eq kg N eq kg 1,4-DB eq kg 1,4-DB eq kg 1,4-DB eq m2a m2a m2 m3 kg Fe eq
Araxá, Brazil 1.22x103 1,948 8.0 5.6 1166 21 1.7 2.5 1.4 29 34 151 15 0.54 83 253

Ashram, Canada 5.37x106 57 0.40 0.46 13 1.9 0.024 0.082 0.010 0.75 0.80 1.81 0.38 0.016 14 10

Bayan Obo  (Existing Operation), China 3.25 x105 44 0.42 0.28 22 0.89 0.036 0.12 0.031 0.78 0.90 2.1 0.53 0.073 7.37 7.2

Bayan Obo  (Acid Baking  Scenario), China 3.62x105 48 0.48 0.31 22 0.98 0.037 0.14 0.035 0.84 0.97 2.3 0.59 0.086 9.07 8.1

Bayan Obo (Alkaline Route Scenario), China 1.74x105 30 0.18 0.14 22 0.50 0.031 0.059 0.011 0.52 0.59 1.1 0.27 0.022 0.57 4.0

Bear Lodge, USA 4.30x105 92 0.37 0.17 28 0.61 0.041 0.11 0.029 0.93 1.1 2.7 0.39 0.015 0.78 6.1

Bokan-Dotson, USA 4.82 x105 64 0.50 0.19 26 0.62 0.039 0.17 0.029 0.72 0.91 1.6 0.36 0.023 0.61 6.0

Brow ns Range, Australia 2.08 x105 31 2.5 0.90 15 1.7 0.025 0.88 0.026 0.60 0.67 1.9 0.78 0.077 8.7 6.6

Buckton, Canada 6.85 x107 8 0.10 0.11 3.9 0.46 0.006 0.023 0.0011 0.11 0.11 0.28 0.06 0.0018 1.5 1.1

Southern Seven Provinces (Heap Leach Scenario), China 1.94 x104 341 1.3 0.73 177 2.2 0.28 0.43 0.15 4.9 5.8 14 3.3 0.13 13 55

Southern Seven Provinces  (In-Situ Leach Scenario), China 7.94 x105 138 0.50 0.30 67 0.86 0.11 0.17 0.057 1.9 2.3 5.9 1.3 0.045 5.7 23

Dubbo Zirconia (Toongi), Australia 1.30 x104 260 2.2 1.2 10 4.2 0.05 0.76 0.12 2.8 3.5 32 19 0.033 6.1 27

Eco Ridge, Canada 3.53 x104 88 0.96 0.56 40 2.1 0.10 0.59 0.05 2.4 1.6 4.1 1.2 0.076 7.6 18

Foxtrot, Canada 1.57 x105 66 0.41 0.23 19 0.86 0.029 0.09 0.02 0.8 0.9 1.3 0.37 0.052 4.9 5.0

Kipaw a Lake (Zeus), Canada 2.71 x105 52 0.41 0.53 23 1.9 0.037 0.24 0.01 1.2 1.2 6.4 0.61 0.024 6.8 11

Kvanefjeld (Heavy Fuel Oil Boiler Pow er Generation), Greenland 1.33 x104 236 0.72 0.50 109 1.3 0.15 0.24 0.09 3.2 3.7 8.6 1.1 0.023 4.4 16

Kvanefjeld (Hydro Pow er Generation), Greenland 1.33 x104 236 0.72 0.50 110 1.3 0.15 0.24 0.09 3.2 3.7 8.6 1.1 0.032 4.4 16

Ngualla, Tanzania 1.16 x104 291 1.4 0.55 133 1.6 0.19 0.52 0.09 3.4 4.0 6.6 1.5 0.057 3.0 23

Nolans Bore, Australia 9.13 x105 187 1.7 1.8 0.42 7.5 0.033 0.56 0.08 2.0 2.4 57 16 0.048 2.5 29

Norra Kärr, Sw eden 2.33 x105 62 0.40 0.30 63 0.7 0.021 0.13 0.02 1.1 1.0 6.7 0.37 0.0088 3.5 5.3

Olympic Dam (OP+UG+REE Extraction Scenario), Australia 1.01 x105 35 0.46 0.23 0.57 0.8 0.0053 0.15 0.01 0.40 0.48 2.4 3.4 0.014 0.34 4.3

Olympic Dam (UG+REE Extraction Scenario), Australia 7.32 x105 55 1.1 0.47 0.33 1.6 0.0090 0.24 0.03 0.9 0.9 3.2 9.1 0.085 0.8 7.4

Olympic Dam (Mine Tailings Processing), Australia 1.11 x103 1,560 12 8.0 5.7 30 0.33 4.06 1.07 18 23 400 133 0.34 78 293

Round Top, USA 8.37 x106 47 1.2 0.31 6.8 0.8 0.011 0.4 0.0063 0.41 0.45 0.54 0.11 0.0053 0.18 2.0

Mianning, China 2.46 x105 41 0.2 0.15 19 0.5 0.032 0.1 0.018 0.56 0.67 2.2 0.54 0.0079 1.3 4.5

Songw e Hill, Malaw i 1.22 x103 2,046 6.5 3.5 1196 11 1.7 2.6 0.91 28 33 62 14 0.57 92 220

Steenkampskraal, South Africa 3.24 x104 4,678 16 12.3 3270 45 4.5 6.1 0.71 70 72 132 28 0.74 147 417

Strange Lake, Canada 3.8 x106 70 0.22 0.041 0.11 0.13 0.00017 0.05 0.00023 0.49 0.50 0.016 0.017 0.00019 0.64 0.041

Tanbreez, Greenland 1.44 x105 3 0.10 0.043 1.9 0.16 0.0027 0.02 0.01 0.09 0.10 0.046 0.15 0.057 0.13 0.36

Tantalus (Heap Leach Scenario), Madagascar 2.80 x106 5 0.02 0.010 2.5 0.03 0.0040 0.01 0.0022 0.07 0.083 0.20 0.04 0.0019 0.19 0.78

Tantalus (In-Situ Leach Scenario), Madagascar 6.26 x106 11 0.04 0.021 5.3 0.06 0.008 0.01 0.0045 0.15 0.18 0.44 0.10 0.0035 0.44 1.76

Thor Lake/ Nechalacho, Canada 3.80 x106 70 0.22 0.041 0.11 0.13 0.00017 0.05 0.00023 0.49 0.50 0.016 0.02 0.00019 0.64 0.041

Zandkopsdrift, South Africa 2.04 x105 228 0.9 0.61 214 2 0.25 0.30 0.0398 4.0 4.0 5.8 1.2 0.041 12 15
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