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1.1. Introduction

In the past few years, 17 metal elements have absorbed the principal attention of
industrialized countries, which are now aiming for a digital transformation and
energy transition. Rare earths, which were little used in industry at the outset, are
strategic metals today, a kind of vitamin for digital and green technologies (Bru
etal. 2015; EC 2019a, 2019b; Blengini et al. 2020; Dushyantha et al. 2020). Used
anecdotally in the 1950s and 1960s within heavy mineral placers in Australia, India,
South Africa or Brazil, their attractiveness grew, and the United States became their
main producer from the 1970s to 1980s with its Mountain Pass deposit.
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At the end of the 1980s, China then became the main global producer of rare
earths. In 1992, the first secretary of the Chinese Communist Party, Deng Xiaoping,
was pleased to say that “the Middle East has oil; China has rare earths”. This is still
the case for China today with its hegemonic position, which it owes to the use of
gigantic deposits such as Bayan Obo, but above all to its expertise in rare earth
separation.

At the outset, everyone seemed to accommodate this situation, with importing
countries benefiting from the low price, while also avoiding the environmental and
social impacts of mining these metals on their own territory.

It took a diplomatic incident involving a small island in the East China Sea for
the whole situation to change in September 2010. China declared an embargo on
the export of rare earths to Japan, a major importer of rare earths and a country at the
forefront of digital technologies. Then, the lowering of Chinese export quotas lit the
keg in 2011, with the rapid increase in the price of rare earths (as much as 10,000%
for dysprosium).

Many countries were already aware of the vulnerability of their supply chain,
principally in Europe (EC 2011, 2017; Sebastiaan etal. 2017; Lauri etal. 2018;
Blengini et al. 2020). Rare earths were already strategic raw materials, and their
criticality for European industry was classed as a priority. Therefore, for some years
mining for rare earths benefited from investments intended for finding alternatives
to the Chinese deposits.

In addition to the study of primary deposits (Goodenough et al. 2016; EURARE
2017; Tuduri et al. 2020), the recycling path was also considered (Ahonen et al.
2015; Guyonnet et al. 2015). It transpired that Europe and Greenland (a constituent
territory of Denmark) had real potential for rare earth mining that could support the
needs of the Old Continent for several decades, or even beyond. Europe was the
continent where rare earths were discovered in 1787, but to date, there is no mine for
these metals, and 95% of their imports depend on China (Gislev and Grohol 2018).

Geological potential is not all, however, and an entire value chain must be
developed, from the extraction of the minerals, or rather of rare earth minerals,
which require processing techniques adapted for each of them, to their
transformation into high added value products (Ahonen et al. 2015).

It is here that the challenges begin, because the investments to be considered are
colossal. In addition, what about the environmental, social and societal acceptability
of mining activity in Europe? Although Europe has remarkable rare earth potential,
can we envisage exploiting it? This original summary provides a panorama of rare
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earths in Europe through their physicochemical, mineralogical, socioeconomical,
geodynamic and metallogenetic aspects.

1.2. The extreme diversity of rare earths
1.2.1. Rare earth elements

1.2.1.1. Definitions

“Rare earths” is a collective name given, for historical and practical reasons, to a
set of metal elements in the periodic table (Figure 1.1). Rare earth elements (REEs)
are elements called “trace elements” in most natural environments. REEs are a
group of 17 metal elements that are coherent in terms of ionic rays, charge and
coordination. According to the definitions (Henderson 1984; Lipin and Mckay 1989;
Jones et al. 1996; Atwood 2012), the REEs include lanthanides (from *’La to "'Lu),
yttrium (*°Y) and sometimes scandium (*'Sc).

Scandium’s membership in this group has given rise to debate since its behavior
in geological environments is generally different from that of the other REEs.
Similarly, promethium (®'Pm), with its extremely short half-life, is almost non-
existent in nature.

Depending on the specific electron configurations within each atom, the REEs
can be divided into two subgroups:

— the light rare earth elements (LREE) with La-Ce-Pr-Nd-Sm-Eu-Gd;
— the heavy rare earth elements (HREE) with Tb-Dy-Ho-Er-Tm-Yb-Lu-Y.

It should be noted, however, that the membership of some REEs to one of the
two subgroups is still debated (Gupta and Krishnamurthy 2005; Chakhmouradian
and Wall 2012; McLennan and Taylor 2012; Weng et al. 2013; Zepf 2013). There is
therefore a classification specific to the mining industry that differs from that
recommended by the International Union of Pure and Applied Chemistry (IUPAC).
For economic reasons linked to geological abundance, to the costs of processing the
ore, to separation techniques, etc., many actors in the mineral industry only consider
these as LREE: La-Ce-Pr-Nd.

These same industrial actors separate and sell their concentrations of rare earths
in the form of oxides, and it is usual to consider these elements in terms of rare earth
oxides (REO). Thus, the terms light rare earth oxides (LREOs) and heavy rare earth
oxides (HREOs) are generally considered over the course of any value chain, from
mining exploration to their separation, by mining extraction.
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Figure 1.1. Rare earth elements in the periodic table of elements

1.2.1.2. The physical and chemical properties of the rare earths

The REEs have physical-chemical properties much sought after by manufacturers,
thanks in particular to their internal electron structure linked to their 4f electron
subshell. The REEs in neutral metallic form have fairly similar atomic radii, except for
europium and ytterbium, whose larger atomic radii explain their lower densities. Their
hardnesses are variable, ranging from soft (La, Nd, Yb) to hard (Ho, Er, Lu).

The REEs are moderately fusible, and their fusion temperatures range between
799°C (Ce) and 1,663°C (Lu). The spectral properties of REEs are most remarkable
for absorption (coloration), as well as for transmission (luminescence), which
explains their current use in phosphors and lasers. It is the electrons’ level of
mobility in the atoms’ energy levels that forms the basis of this property. Subject to
powerful rays (e.g. UV rays), an REE atom surrounded by ligands (oxides or
molecules) will be excited electronically, and de-excitation of the REE atom will
result in the emission of light with wavelength emission peaks specific to the REE
element (e.g. Y and Eu: red and blue; Tb and Tm: green; Ce: yellow).

The other remarkable physical property of some REEs is their magnetism, which is
the origin of their use for making high-performance permanent magnets (high
magnetization and remanence). REEs paired with transition elements (Fe, Co) allow
the creation of the most coercive magnets manufactured at the industrial scale (Sm-Co,
Nd-Fe-B).
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From a chemical point of view, REEs are reducing metals (deoxidation and
desulfurization properties). Most take between a few days and a few months to
oxidize rapidly in air and at ambient temperature (Eu, La, Ce, Pr, Nd). The HREEs
resist oxidation for several years (Y, Dy, Ho, Er). Finely ground, Ce allied with Fe
(ferrocerium) burns in air. This was one of the first applications of REEs with
flint-spark-lighters formed of ferrocerium. In minerals, REEs are in trivalent cation
form. Although the ionic radius varies from one rare earth to another, their chemical
properties remain remarkably homogeneous, especially in solution. Although many
substitutions between REEs are produced within the crystalline network of minerals,
some mineral species are better adapted and more favorable to receiving a range of
ionic radii. This is the case with “ceric earth” minerals, which are more inclined to
incorporate Ce, La, Nd, Pr, (Sm), (Eu) and (Gd), such as monazite and bastnésite.
Other minerals called “yttric earths” are more favorable to Y, Tb, and Dy, such as
xenotime and gadolinite.

1.2.1.3. A brief history of rare earths

The discovery of rare earths began in 1787 in Sweden. Remember in passing that
the word “earths” was the name given by chemists to the metal oxides supposed to
be simple bodies. The epithet “rare” recalls the difficulties encountered by chemists
in isolating them and their supposedly low concentration in ores. Carl Axel
Arrhenius, a Swedish chemist, described for the first time a dense, black mineral in
the pegmatites of Ytterby. They were sent for analysis to the Finnish chemist Johan
Gadolin. In 1794, he discovered a new “earth” contained in this mineral, yttria,
which would give its name to ytterbite, since it was known by the name gadolinite.
However, a reddish mineral was discovered earlier, in 1751, by the Swedish
mineralogist Axel Fredrik Cronstedt in the copper mine at Bastnds. It was only in
1803 that the Swedish chemists Jons Jakob Berzelius and Wilhelm Hisinger isolated
a new “earth” with properties similar to yttria. This new earth was called ceria, a
reference to the asteroid Ceres that had just been discovered, and would give its
name to the mineral bastnisite.

Throughout the 19th century, different chemists discovered that some previously
isolated earths actually contained several other chemical elements with similar
properties. For example, in 1839, Carl Gustaf Mosander discovered that cerium
oxide is also formed of an oxide of another element that he would call lanthanum
(from the Greek lanthano: to be hidden). In 1843, he discovered that ytterbium was
in fact a mixture containing two other elements, terbium and erbium. The final REE
element, lutetium, was discovered in 1907. Finally, it should be noted that
promethium was discovered in 1947 in uranium fission products from the Oak Ridge
reactor (United States).
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REEs were thus discovered by gradual separation, some from cerium (ceric
earths) and others from yttrium (yttric earths). It should be noted that gadolinium
would be identified in both types of earth. In order of discovery (Figure 1.2):
Y (1794), Ce (1803), La (1839), Er (1843), Tb (1843), Sc (1876), Yb (1878),
Ho (1879), Sm (1879), Tm (1879), Gd (1880), Nd (1885), Pr (1885), Dy (1886),
Eu (1901), Lu (1907) and Pm (1947).

Figure 1.2. Filiation of the successive discoveries of REEs™?

1.2.2. Rare earth minerals

From a geological point of view, REEs are not rare. Their natural abundance in
the Earth’s crust is at least equivalent to that of other base metals (Zn, Cu, Pb, Ni,
Co) and much less rare than previous metals (Ag, Au). On the other hand, although
LREEs are the most abundant, they are found at some of the highest concentrations

1 See: asianmetals.com.
2 See: vanderkrogt.net.
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in numerous primary deposits. Conversely, the HREEs are clearly less abundant,
much like the rare metals (Sn, W, Ta) and are therefore much rarer, including in
deposits of these elements (except Y). For this reason, HREEs are considered to be
more strategically important than LREEs, hence their much higher market value.
Thus, the HREO/LREO ratio is a critical parameter for evaluating a deposit.

In fact, it is the low quantity of natural minerals containing REEs that explains
the term “rare”. Although more than 200 REE mineral species are known today (this
number remains low), only some of them (Table 1.1) are of commercial interest
(Gupta and Krishnamurthy 2005). In fact, although REEs are often incorporated into
the crystal lattice of carbonates, oxides, silicates or even phosphates as a substitution
for other more common chemical elements, the mineral industry values only a very
small number of REE ores: bastndsite (fluorocarbonate), monazite and xenotime
(phosphates), and loparite (oxide). REEs have also been extracted from apatite in
Russia and South Africa, but this production was extremely limited.

Except for xenotime, which is enriched with HREEs, all of these minerals are
essentially characterized by their richness in LREEs. Since lanthanides share
similarities with elements from the actinide group, the REE minerals also and almost
systematically include radioactive elements (e.g. Th and/or U). Uraninite, as well as
thorite may also accompany REE minerals. The presence of these radioactive elements
is a restriction on mining project development. In fact, radioactivity accompanies
every stage of the ore enrichment process, right up to metallurgy. These minerals and
radioactive elements are a form of waste that must be managed rigorously. For these
reasons, it is necessary to focus on the U and Th contents in deposits, particularly on
the ThO,/REO and U;O¢/REO ratios of the minerals that form the ore.

Extracted from the main Chinese mines of Bayan Obo, Maoniuping Weishan and
Dalucao, as well as from the Mountain Pass mine in the United States, bastnasite is
the main REE ore (Verplanck et al. 2016; Jia and Liu 2020). Since the 1970s, so-
called ionic clays, or lateritic ion-adsorption clays, have formed an important source
of HREEs (Bao and Zhao 2008). This production, located uniquely in southern
China in Longnan (Jiangxi), but also in the provinces of Guangdong and Guangxi, is
favored because of the low cost of labor and relatively simple extraction procedures
using in situ lixiviation with neutral or acidic solutions.

However, with extremely low ore grades or 0.03—0.35% REO (Chi and Tian 2008;
Zhou et al. 2017), such procedures question the balance between economic feasibility
and protection of the environment. Nevertheless, the high proportion of HREEs
coupled with the very low concentration of radioactive elements (U, Th) associated
with this type of deposit make it an attractive challenge in mineral exploration.
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The last decade has seen the emergence of a substantial market for the
exploration of REESs, intended to find resources outside of China. Although different
projects are in the process of valuation, many of them are innovative projects since
they are not conventional and thus present economic risks. Some projects
correspond to new deposit models, and others seek to develop new minerals:
pyrochlore, fergusonite, oxides and numerous silicates (e.g. allanite, eudialyte,
steenstrupine). These mineral stages, especially silicates, have the advantage of
being enriched with HREOs.

1.3. The economy of rare earths in the world and their place in Europe
1.3.1. The application domains for rare earths

The first use of REEs was attested in 1885, when cerium was used in gas sleeves
in the city of Vienna. The usage of REEs was very limited until the 1960s
(ferrocerium in lighter flints), then more diversified with applications in technology
from the 1970s (color cathode screens, lasers, phosphors, etc.) and 1980s
(permanent magnets).

REEs have exceptional magnetic, electronic, optical and catalytic properties, and
are particularly useful today for ever more diversified, well-developed technologies,
especially in the defense industry, electronics and renewable energies (Figures 1.3
and 1.4) (Balaram 2019; Dushyantha etal. 2020). REEs are used in different
chemical forms: metals, alloys, oxides and chlorides.

Figure 1.3. Global distribution of REE use by sector in 2018
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Element  |Applications
Y Lighting, ceramics, metal alloys, lasers, catalysts
La Catalyst for oil cracking, NiMH batteries, metal alloys, optics, lighting, mischmetal
Ce Glass polishing, metal alloys, auto-catalysts, optics, lighting, mischmetal
Pr Permanent magnets, lighting, ceramics, mischmetal, metal alloys, oxydation catalysts
Nd Permanent magnets, ceramics, metal alloys, mischmetal, lighting, lasers
Pm Nuclear batteries, defence, X-rays source in measurement instruments
Sm Permanent magnets, optics, medicine, nuclear industry
Eu Lighting, optics, nuclear industry
Gd Permanent magnets, metal alloys, lighting, medical imaging, lasers
Tb Lighting, permanent magnets, metal alloys, electronic components doping
Dy Permanent magnets, metal alloys, optics, nuclear industry
Ho Glass coloration, laser crystal doping
Er Glass coloration, lighting, telecommunication optics, medical lasers
Tm Laser fibres and lighting doping
Yb Laser crystals component, seismic measurements, metals
Lu Medical tomography, ceramics, metal alloys, lasers, catalyst

Figure 1.4. The main applications for each REE (Bru et al. (2015)
and references therein; Sebastiaan et al. (2017))

REEs made it possible to increase the performance of technological products,
while still ensuring miniaturization, such as with magnets, and they deserve the
name “the vitamins of modern industry” (Balaram 2019). For some years, REEs
have excited additional interest in their use in manufacturing green technologies
(wind turbines, solar panels), which are indispensable for ensuring energy transition
(Judge et al. 2017). Thus, the use of Pr, Gd, Eu and Er in nanoparticle form in solar
panels makes it possible to improve the capacity to convert photons into energy. Pr,
Nd, Tb and Dy are used in permanent magnets in wind turbines and allow them to
be lightened drastically (a 100 g NdFeB magnet is equivalent to a 1 kg traditional
magnet), also allowing the miniaturization of the engine, while still ensuring
increased performance, even at low wind speeds, as well as reduced maintenance.

Nevertheless, the market volatility of REE has led substitution elements to be
found (Bru et al. 2015; Pavel et al. 2017). Other less well-known REE domains are
zootechnics and agriculture since REEs play an essential role in the working and
structure of the molecules of biological systems, especially La and Ce (Abdelnour
etal. 2019). REEs are thus incorporated into animal food and fertilizer. REEs can
also be used for military purposes, in the form of effective permanent magnets
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(SmCo, NdFeB), useful in guiding systems for missiles, fighter planes and drones,
or for on-board electrical engines. Tb, Er and Gd are useful for night vision optical
lenses. Y is used in the manufacture of highly resistant ceramics (tanks, bullet-proof
vests). Eu and Lu allow radar signals to be amplified or are useful in sonar detection.

The sectors where REEs are used have evolved extensively since 2010, the year
of the global crisis triggered by the restriction of Chinese exports and a momentary
drop in global consumption (Bru etal. 2015). Since 2012, the growth of this
consumption has resumed and exceeded 100,000 t REO (Figure 1.6), particularly
due to the permanent magnet sector. The main technology used is NdFeB magnet
technology, using Nd and Pr in particular and, to a lesser extent, Dy and Tb for high-
performance applications. The application that consumes the most REEs globally is
NdFeB magnets, with approximately 30% of REE use in tonnage in 2018 and nearly
53% of the total value of the REE market. This demand is increasing by 10% per
year. There are multiple sectors for the use of these magnets, such as the domain of
high-efficiency electrical engines, where they allow miniaturization (electronics,
robotics), and lightning of equipment (offshore wind farms, electrical vehicle
engines, etc.)

Other sectors using REEs are becoming a minority in proportion (Bru et al.
2015), either due to restricted or specific uses (the defense industry, medical lasers,
etc.), or on the contrary, usage with low added value for applications where
performance is of less importance (polishing powders catalysts in cars, metallurgical
alloys).

1.3.2. The evolution of prices

There is a great disparity between the price of LREEs, which are very abundant,
and that of HREEs, which are reserved for niche applications because of their rarity.
These prices thus range from single to triple digits or more depending on the
elements (Figure 1.5).

These prices have also varied greatly over time, with prices multiplying by
several dozen between 2002 and 2003, reaching a peak in July 2011, before a great
drop, then a new and relative equilibrium after 2015. The very sharp rise in the
prices of all REEs began at the start of 2010, was amplified after February 2011, and
reached its height in mid-July 2011. On July 14, 2011, the price of dysprosium-
metal reached 3,410 US$/kg, a multiplication by a factor of 106 compared to the
average price of this metal from 2002-2003 (then, it was 32.1 US$/kg), which is an
increase of 10,500%, which is probably an absolute record for all raw materials
combined.
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The sky-rocketing of prices in 2010-2011 was triggered by the conjunction of
two main factors:

— the decision to reduce Chinese export quotas considerably (these exceeded
approximately 60 kt from 2006-2007, 57 kt in 2008, 50 kt in 2009 and then
30 kt/year from 2010);

— the increase in demand (after a marked drop in 2009 in the context of the
slump following the economic crisis) and in anticipation of furthering this increase,
particularly for permanent magnets (the push for renewable energies, including wind
power; anticipating, at that time, the striking take-off of the electric vehicle market,
etc.), and phosphors (the increasingly widespread replacement of incandescent bulbs
by compact fluorescent bulbs).

The incident at the Senkaku/Diaoyu Islands, in September 2010 between China
and Japan, led China to declare an embargo on the export of REEs to Japan in
October 2010. Cited by many as the trigger for the spike in the price of REEs, this
event, in reality, only accentuated the rise in prices that had already begun several
months before and that continued for several months afterwards. Threats to world
supplies outside China following this event led manufacturer-users to buy to create
preventive stocks, thus contributing to a price increase, the whole accentuated by a
speculative factor. Following a classical “bubble” mechanism, soaring prices led to a
drop in demand (Figure 1.6). This drop in consumption led to the “bursting” of this
bubble and a near-continuous fall in prices for two years (between mid-2011 and
mid-2013).

After occasional rises in 2014 and 2017 linked to imbalances in supply and
demand and the effect of advertising (Lefebvre 2017), the prices of different REEs
remained at almost unchanged levels until 2020. Expressed in metal form at 99%
FOB China, La and Ce remained at almost unchanged levels in 2018 and 2019, at
6 $/kg on average. The price of Tb, then more expensive than REEs, became
established at approximately 600 $/kg, whereas Dy is exchanged at 250 $/kg on
average. Finally, the prices of Nd and Pr have stabilized today at 55 $/kg and
100 $/kg, respectively (compared to 85 $/kg on average from 2016 and 2017 for Pr,
illustrating its growing role in permanent magnets).

The health crisis linked to the global Covid-19 pandemic had a limited impact on
the rare earths market in China. Although 70-80% of rare earth transformation
capacities underwent temporary interruptions in January and February 2020, linked
to lockdown (in particular, capacities for processing HREEs in the southern regions,
of the provinces of Jiangxi and Guangdong, close to the city of Wuhan), most of
them were already functioning at less than full capacity or involved illegal or
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obsolete sites. There was therefore excess capacity in the country for the production
of rare earths, which limited the impact of the health crisis on the sector. Only
dysprosium and terbium, the HREE elements involved in high-performance,
permanent NdFeB magnets (in temperature conditions higher than 200°C), saw high
prices between January and March 2020: 15.5% for metal terbium (762 $/kg) and
20% for metal dysprosium (372 $/kg), respectively, reflecting the low stocks
available rather than an underlying trend.

The increase in demand linked to the take-off in sales of electrical vehicles and
renewable energies, faced with limitations mine in Chinese production capacities
(Figure 1.6), could lead to a new rise in prices between now and 2025. On average,
demand for REEs is progressing from 8 to 10% per year and should continue at this
rate, driven by the rise in electrical vehicles, as well as by the rise in electronics and
robotics. At such a rate, global REE consumption could double in less than 10 years.

Figure 1.5. Evolution of prices for the main REEs (source: BRGM)

The case of electrical vehicles is eloquent. Although sales were in the order of
two million units in 2018, many scenarios predict an exponential increase in 2030
between 20 and 38 million/year, as estimated by the International Energy Agency
(New Policies Scenarios and EV30). Indeed, according to data from the consultant
Roskill (2018), 90% of new electric vehicles are equipped with engines using
permanent REE magnets (dominated by Chinese models, but also Tesla for its
Model 3 Long Range) compared to induction motor technology, chosen especially
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by BMW to eliminate the need for REEs. Consequently, with an average value of
2 kg of permanent magnets mounted on each vehicle, which is 750 g of Nd-Pr alloy,
this new market would reach between 15,000 and 28,500 tons of Nd-Pr allowance,
compared to 3,000 tons in 2018.

Figure 1.6. Global consumption and production of REEs between 2000
and 2020 and estimates between 2021 and 2025 (source: BRGM)

1.3.3. Europe in the rare earth economy

Europe consumes 10% of the REEs produced in the world. Moreover, this is one
of the most promising markets for the development of electrical mobility and for the
installation of offshore wind farms. Legitimate questions arise about potential
sources of REEs to ensure their needs. In 2018, global production was estimated at
170,000 t REO. This figure represents a low range, since only official Chinese
government quotas are considered (120,000 t in 2018, an increase of 14% compared
to 2017), and not the country’s illegal production (estimated between 40,000 and
50,000 tons). China’s contribution to global production should comprise between 70
and 90% according to estimates.

Vertical integration of the whole REE production chain up to permanent magnets
is one of China’s major competitive advantages and raises the important question of
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the vulnerability of supplies for the European industry (Figure 1.7), not only of the
raw material, but also of the products that are derived from it (Figure 1.8). To
attenuate the concomitant industrial risks, the EU is encouraging the United States to
develop and diversify their supply sources, whether primary (mining) or secondary,
thanks to reuse, recycling and waste reduction (Guyonnet et al. 2015; Rollat et al.
2016).

Figure 1.7. Imports, exports and trade balance of the European Union for REEs
(metals, alloys and compounds) expressed in weight (kt-thousands of tons) and in
value (M€-million euros) between 2002 and 2019 (source: Eurostat). Codes CN8 no.
2846 and 280530

One of the main challenges for the European continent, beyond commissioning
these deposits, is to develop expertise in transforming REEs at the separation and
refining stages, inspired by recent dynamics from Australia and the United States.

Thus, the Australians declared some projects as being of “national interest” and
confirmed in March 2020 the desire to form part of a financial consortium for the
development of the Dubbo project in New South Wales (Alkane 2020). In July
2020, via the Pentagon, Americans announced 40 million US$ worth of financial
assistance to build two heavy rare earth separation factories on American soil
(Scheyder 2019, 2020).
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Figure 1.8. Use of REEs in the European Union in 2016
(Sebastiaan et al. (2017) and references therein)

1.4. Classification of rare earth deposits

REE deposits can be divided into two major categories (Figure 1.9):

— primary or endogenous deposits associated with magmatic and hydrothermal
processes;

— secondary exogenous deposits linked to sedimentation and/or climatic
processes (Walters et al. 2011; Chakhmouradian 2012a, 2012b; Charles et al. 2013;
Tuduri et al. 2015; Goodenough et al. 2016; Dushyantha et al. 2020). Despite the
great variety of deposits, only three types are in use:

- carbonatites (48% of production globally),

- alkaline magmatism deposits (2%),

ionic clay deposits (36%),
- lateritic deposits (12%),
- placers (2%).
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Figure 1.9. Characteristics of the main deposit models

COMMENT ON FIGURE 1.9.— In blue, the mgjor deposits located in Europe or Greenland.
T. tonnage;, *the 8% value corresponds to the Mount Weld deposit, and the
corresponding HREO/LREO ratio is 0.3. Active mines are marked with a mining
symbol. Bastnas is a part of mining heritage. Abbreviations. AU (Australia),
BR (Brazl), CA (Canada), CN (China), FI (Finland), GL (Greenland), GR (Greece),
IN (India), RU (Russia), SE (Sweden), TR (Turkey), US (United Sates), ZA (South
Africa).

1.4.1. Primary endogenous deposits

REE carbonatites are characterized by intrusive bodies formed of carbonate
rocks that are low in silica (< 10% weight SiO,), but often enriched in REEs and
accompanied by additional Nb, Ba, Sr, F, U, Th, Ti, Zr, and P minerals, as well as
base metals (Cu, Pb, Zn). The carbonatites generally have REO levels above 1% and
may exceed 5%, as in Bayan Obo (China) or the Mountain Pass mine (United States).
Enrichment with REEs is marked by LREE levels in bastnésite, monazite, apatite
and allanite. The HREO/LREO ratio is low and generally below 0.1 (Figure 1.9).

REE deposits may also be associated with the alkaline complexes formed by
magmatic alkaline rocks, generally undersaturated and moderately enriched with
silica (35-60% weight SiO,). These types of rocks (e.g. nepheline syenite) are
characterized by an abundant and rich mineralogy that, in addition to REEs and Nb,
are enriched with Zr, Ta, Be, Ti, Li, U and Th.
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In contrast, REE levels associated with alkaline complexes are lower than those in
carbonatites and generally <2% (e.g. Norra Kérr in Sweden and Kringlerne in
Greenland at 0.6% REO). These types of deposits are frequently enriched in HREEs (in
comparison to carbonatites). Therefore, the HREO/LREO ratio, although it is generally
very variable, is generally > 0.15 and sometimes > 1. The main, useful minerals are
loparite, eudialyte, gadolinite or even steenstrupine and are often associated with the
names of “exotic” rocks (ijolites, lujavrites, kakortokites, urtites or melteigites, etc).

Rifts in cratonic domains are zones with great economic potential, such as the
Baltic shield, which includes the Kola Peninsula in Russia and Greenland
(Goodenough et al. 2016). Only the loparite alkaline complexes of the Kola Peninsula
are exploited today for their REEs and represent only 2% of global production.
Although they are underused, alkaline complexes are the essence of new projects for
exploring REEs. In 2015, Norra Kérr (Sweden) was the first deposit situated in the EU
to certify resources and reserves evaluated at almost 55 Mt at 0.55% REO. Other
deposits linked to alkaline intrusions show great potential. Moreover, the Khibina and
Lovozero complexes in the Kola Peninsula include reserves estimated at more than
2 Gtat 0.6% REO. In southern Greenland, the magmatic province of Gardar is
probably the most extraordinary. It is an ancient rift (1.35-1.12 Ga) over which a large
number of alkaline complexes have been made (Grennedal-Ika, Igaliko, Ilimaussaq,
Nunarssuit or Tugtutég) and has great potential since all have REE minerals, but also
Nb and Zr + U. Each intrusion contains a potentially world-class deposit such as the
Ilimaussaq complex, including the Kvanefjeld and Kringlerne deposits. These alkaline
complexes are mainly formed of nepheline syenite, associated locally with
carbonatites. Concerning deposits associated with carbonatites, Norway, Finland and
the Kola Peninsula in Russia have the greatest potential. The main REE-bearing
minerals are apatite, bastndsite, monazite and pyrochlore, and sometimes allanite,
parisite and ancylite. The main targets are Fen in Norway (83.7 Mt at 1.08% REO),
and there are many occurrences in the Kola Peninsula in Russia, such as Kovdor,
which includes REO levels between 0.001 and 0.09% for an average tonnage of
500 Mt. In some deposits, substantial accumulations of apatite can form massive
(apatitite) bodies within carbonatites. This is the case with the carbonatites at
Siilinjérvi and Sokli (Finland), which, with 200 Mt of apatite reserves, could also form
an important target for prospecting REEs. Indeed, Decrée et al. (2020) have recently
demonstrated that the extraction of the rare earths contained in apatite from carbonatite
at Siilinjarvi (Finland) would represent a tonnage of between 133,000 and
161,000 tons REO.

In less conventional form, the famous mine at Ytterby in Sweden (Romer and
Smeds 1994) belongs to the NYF pegmatite model (Nb, Y, F). Similarly, it makes
sense to distinguish deposits associated with skarns (e.g. Bastnis).
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1.4.2. Secondary exogenous deposits

Secondary deposits represented the major part of REE production before the
1970s, with the exploitation of monazite placers. Today, secondary deposits can be
subdivided into two groups: deposits associated with surface processes and
belonging to the regolith type and basin deposits associated with sedimentary
environments (Figures 1.9 and 1.10).

Surface processes, including hydrolysis, oxidation, hydration, or indeed
decarbonation reactions, trigger a chemical change in rocks and minerals in addition
to physical phenomena. Thus, the soluble elements (Mg, Ca) are partly or sometimes
entirely leached in very aggressive climates. The insoluble elements (Fe and Al,
which form part of the REE group) remain in place to recombine into neoformed
minerals, mainly clays, hydrophosphates or carbonates. In the context of laterite, the
weathering of rocks initially rich in REEs (e.g. carbonatite) will therefore produce
secondary, still richer REE deposits. This is the case with the REE laterite deposit at
Mount Weld (Australia), which developed at the expense of a carbonatite deposit,
the exploited content of which is higher than 8% (Lottermoser 1990). Ionic clay
deposits (ion-adsorption laterite clays) are associated with the weathering of
granites. REEs with weak solubility are adsorbed to the surface of neoformed clays
(halloysite/kaolinite). These deposits are certainly numerous, but they are very small
in size (some tens of thousands of tons) and are exploited despite their very low
content levels. Southeastern Europe has many REE occurrences associated with
weathering processes and linked to bauxites and laterites. These occurrences offer
potential that remains to be ascertained in the Balkans and in Greece (Grebnik,
Nazda-Vlasenica, Marmara).

Sedimentary basins, placer-type deposits, are accumulations of heavy minerals in
sand and gravel separated by the process of gravity during their transportation by
water or wind. Diagenesis consolidates these placers, transforming them into
paleoplacers. The main REE-bearing minerals are monazite, xenotime, fergusonite,
euxenite and allanite. These deposits represented the greater part of REE production
before the 1970s, in particular through the exploitation of monazite placers. They are
still exploited (2% of global production in 2018). Another accumulation process of
microorganisms and algae in a marine setting at this time can, via diagenesis,
produce concentrations of phosphates called phosphorites. These rocks, enriched
with apatite can, in some settings, include REEs (e.g. Tésjo in Norway). Finally,
concerning authigenic deposits, the diagenesis of some silico-clastic rocks enriched
with organic matter can in some cases, under the effect of a raised temperature,
produce notable concentrations of REEs (Donnot et al. 1973; Pourret and Tuduri
2017).
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In Europe, secondary paleoplacer-type deposits are generally of Cenozoic age,
even though some date back to the Precambrian (e.g. the Nordkinn Peninsula in
Norway). The main mineral encountered is monazite, sometimes with
xenotime, allanite, apatite, euxenite, fergusonite, loparite and zircon. In Western
Europe, these paleoplacers are mainly characterized by gray monazite enriched with
intermediate REEs (Sm-Eu-Gd) and with very low concentrations of U and Th.
These monazites result from the erosion of sedimentary rocks from the ancient
basins of the Lower Paleozoic in Western Europe (France, Wales, Belgium, Czech
Republic, Iberia). They remain small in size and without economic interest (Donnot
et al. 1973; Tuduri et al. 2013). The phosphate sandstones of the Ordovician are also
interesting targets, for example, Tésjo (Sweden).

Like some deposits of sedimentary phosphates in the United States (Emsbo et al.
2015), deposits of oolitic iron and phosphate ooids in Norway, Sweden or Estonia
(Sturesson 1995) and phosphate chalk at Ciply in the Mons basin in Belgium
(Jacquemin 2020) may also form potential targets for the exploration of rare earths
in Europe (see Decrée et al. (2017) and references therein).

1.5. Rare earths deposits in Europe

From analyzing the geographical distribution of REE deposits, it seems that they
are present at all stages of the rock cycle. Indeed, REEs are often associated with
metamorphism, plutonism, metasomatism, hydrothermal processes and sedimentary
environments. Moreover, Fedele et al. (2008) argue that the large-scale distribution
of REE deposits across Europe has a geogenic origin as their source. Goodenough
etal. (2016) argue that the main economic REE deposits in Europe are linked to
areas of intracontinental rifting. Their varied geological settings are the result of a
region’s evolution through geological time periods.

Thus, Europe and Greenland display extremely varied geological settings and
include lithospheric blocks of varied nature that were assembled over the course of a
geological history stretching back 3.8 billion years (see Choubert and Faure-Muret
1976; Ager 1980; Auboin 1980; Ziegler 1990; Asch 2003; Plant et al. 2005; Gee
et al. 2008; Henriksen et al. 2009; Cloetingh et al. 2010 and references therein for a
review).

The European continent has resulted from a long geological history over
3.6 billion years, with the assembly of many continental blocks. The European
lithosphere can be divided into two distinct parts:
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— an ancient cold craton (the East European craton, EEC) partially covered by a
weakly deformed covering from the Phanerozoic and strewn with rifts from the
Meso-Neoproterozoic in Eastern Europe;

— a thinner and cooler lithosphere dating mainly from the Phanerozoic and
accreted to the craton during the course of the Paleozoic, including younger orogens
in Western Europe (Figure 1.10) (Gee et al. 2008).

Figure 1.10. Distribution of different occurrences of REEs affiliated with
endogenous and exogenous processes in Europe (Charles et al. 2013;
Goodenough et al. 2016; EURARE 2017; Tuduri et al. 2020)
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On the eastern flank of the craton, the Paleozoic orogeny of the Ural Mountains
marks the boundary with Asia. To the north of Europe, the craton is surrounded by
the Caledonids and the Timanids. Conversely, the southern border of the craton is
less well defined since the evidence of accretions from the Neoproterozoic and the
Paleozoic is partially obliterated by Alpine deformations and uplift, particularly well
expressed in the Caucasus.

Finally, the western border of the craton is characterized by a major boundary of
lithospheric scale, called a “Trans-European Suture Zone, TESZ” (Teisseyre 1903;
Tornquist 1908; Thybo etal. 1999, 2002), stretching from the Black Sea to the
North Sea. Thus, the TESZ separates the Precambrian lithosphere (EEC) to the east
(e.g. the Baltic or Fennoscandian shield, the Ukrainian shield, and the Voronech
massif) from the Phanerozoic lithosphere to the west. The latter is formed of land
accreted during the Caledonian orogeny (e.g. Scandinavian, Irish-Scottish, German-
Polish Caledonides) to the north, the Variscan orogeny (e.g. the French Massif
Central, Bohemian massif, Armorican massif, Iberian massif) in the center, and the
Alpine orogenies (e.g. the Alps, Pyrenees, Carpathians, Dinarides, Apennine, Betics)
to the south.

1.5.1. Rare earth indices in the Baltic shield

1.5.1.1. Kola-Karelia Peninsula

The Kola-Karelia Peninsula includes a remarkable set of alkaline and
hyperalkaline rocks (Figure 1.11) (Kogarko 1987). This area can be subdivided
according to:

—rocks from the Neoarchean age (2,750-2,600 Ma), including the
Keivy complex;
—rocks from the Paleoproterozoic age (1,900-1,600 Ma), including the

Gremyakha-Vyrmes and Yeletozero intrusions (Arzamastsev et al. 2005);

— rocks from the Paleozoic age (370 Ma), such as the Khibina, Lovozero or
Sokli massifs (Vartiainen and Woolley 1976; Kramm and Kogarko 1993;
Arzamastsev et al. 2008).

All these massifs are composed of rocks that contain REE minerals (e.g. apatite,
loparite, eudialyte and ancylite) and can constitute future deposits.
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1.5.1.1.1. Neoarchean Keivy province (2,750-2,600 Ma)

The alkaline intrusions from the Neoarchean are situated in the western part of the
Keivy greenstone belt. The alkaline province of Keivy is formed by six hyperalkaline
granite laccolites that date back to 2,750 to 2,600 Ma for a surface of approximately
2,500 km? and two massifs of nepheline syenite injected along a fault on the border of
the Keivy “terrane” (Mitrofanov et al. 2000; Zozulya et al. 2005, 2013).

Figure 1.11. The alkaline complexes of Kola-Karelia (Kogarko 1987)
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These massifs include six lithological groups: aegirine-arfvedsonite granites,
@nigmatite-arfvedsonite granites, lepidomelane-arfvedsonite granites, lepidomelane
granites, aegirine-magnetite granites and ferrohastingsite-lepidomelane-aegirine-
augite syenogranites. The granites are enriched with Zr, REE, Nb and Ga, the main
bearing minerals of which are zircon, monazite, britholite-(Y) and fergusonite. The
known occurrences are pegmatitic veins (elskoozerskoe) present in microcline-
albite-quartz mineralized zones within alkaline granites (jumperuaiv) and in
albitized and zeolite zones in contact with nepheline syenites (Sakharjok 1984;
Belolipetskyi etal. 1992; Korsakova etal. 2012; Zozulya etal. 2012). Little
exploration work has yet been done, but — given the surface of this province — the
potential for mining discovery is real (Korsakova et al. 2012).

Zr-REE alkaline complex at Sakharjok (Russia)

The mineralized zone at Sakharjok (5-6 km?) is situated in the center of a
hyperalkaline complex at western Keivy formed of a nepheline and phlogopite gabbro,
a ferrohastingsite-lepidomelane syenite and an aegirine-lepidomelane nepheline
syenite (Batieva and Bel’kov 1984; Zozulya etal. 2012). The ferrohastingsite-
lepidomelane syenite is situated to the west and southwest of the complex, while the
nepheline syenite occupies the eastern part. Zr-REE mineralization is linked to these
two intrusions, which date back to between 2,682 and 2,613 Ma. The Sakharjok index
consists of parallel veins within albitized nepheline syenite (Batieva and Bel’kov
1984). These mineralized bodies have lengths of 400—1,540 m, widths of 10-300 m
and thicknesses of 15-100m, with contents of 0.614-1.074% ZrO,, 0.023—
0.031% Y,0s and 0.051-0.065% Nb,Os. The resources of the Sakharjok occurrence
have been estimated at 35.8 Mt to 0.16% REQO, 0.62% Zr and 0.041% Nb (Batieva and
Bel’kov 1984; Pozhilenko et al. 2002; Korsakova et al. 2012).

Lesnoe alkaline intrusion (Russia)

The alkaline intrusion at Lesnoe forms part of the western Keivy alkaline
complex, but the reading list for this area is both sparse and written in Russian
(Korovkin et al. 2003). The Nb-REE-Zr Lesnoe occurrence is situated in a nepheline
syenite, and the main REE-bearing minerals are fergusonite and britholite-(Y). The
estimated resources range between 1.511 Mt and 0.22% REO, 1.21% Zr and 0.31%
Nb (Korovkin et al. 2003; Korsakova et al. 2012).

1.5.1.1.2. Paleozoic alkaline province (370 Ma)
Khibiny and Lovozero Nb-P-REE alkaline intrusions (Russia)

The Khibiny and Lovozero massifs are the most substantial agpaitic nepheline
syenite intrusions in the world.
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The Khibiny intrusion (67°74'N; 33°72'E, Russia) covers a surface area of
1,330 km? and measures nearly 40 km in diameter. It is a massif with concentric
intrusions of agpaitic nepheline syenite and alkaline and ultrabasic rocks (Figure
1.12) (Arzamastsev et al. 2008; Kalashnikov etal. 2016). The alkaline rocks of
Khibiny have been dated back to 367.5 + 5.5 Ma using the Rb—Sr method on whole
rock (Kramm and Kogarko 1994). Although the size of this intrusion is
incomparable, the alteration halo (fenitization) is nonetheless not very broad, not
exceeding 50 m. Its main economic interest lies in the exploitation of phosphorus
deposits from apatite, spatially associated with urtite and lujavrite. The most
substantial deposits are situated along a narrow band to the south of the massif (e.g.
Rasvumchorr, Kukisvum-chorr, Yuksporr, Koashva, Niorkpakhk, Oleny Ruchey,
Partomchorr). Apatite, the main mineral of the exploited ore, contains 4041 wt.%
P,0s, 1.8-3.5 wt.% SrO, 9,000-11,000 ppm REE and 500-900 ppm Y. The resources
measured for the deposits of the Khibiny intrusion are estimated at almost 3,200 Mt
to 0.36% REO and 14.87% P,0Os (Eilu et al. 2013; Weihed et al. 2013; Kalashnikov
et al. 2016). Many REE minerals have been identified: eudialyte, loparite, fluorapatite,
ancylite-(Ce), belovite-(Ce), etc. (Arzamastsev et al. 2008).

The Lovozero intrusion (67°82'N; 34°75'E, Russia) covers a surface of 650 km?
and measures approximately 25 km in diameter (Figure 1.13). The alkaline rocks of
Lovozero have been dated back to 370.4 &+ 6.7 Ma using the Rb—Sr method on whole
rock (Kramm and Kogarko 1994). The massif intrudes garnet-biotite gneisses dating
from the Archean. The Lovozero complex is often described as having four stages of
intrusion (Eliseev and Fedorov 1953; Gerasimovsky etal. 1966; Kogarko et al.
1995; Kalashnikov et al. 2016):

— nepheline  syenite with uniform grain, nosean nepheline syenite,
metamorphozed nepheline syenite and poikilitic nosean syenite;

— embedded lujavrite-foyaite-urtite complex;

— layered urtite, lujavrite-eudialyte and foyaite-eudialyte complex;

— alkaline lamprophyre dykes (minchiquite, fourchite, tinguaite).

Moreover, the fenitized zone has a width of between 50 and 200 m. Many
nepheline syenite and alkaline pegmatite veins intersect the host rocks and extend

for more than 100 m around the contact. Surrounding the core of the massif, the
lujavrite-foyaite-urtite layered sequence contains layers of loparite.

Loparite has been exploited episodically for 50 years for niobium and contains
30-36% REO. Loparite is present in submillimeter grains (0.2-0.6 mm) and more
rarely in the form of large crystals (Vlasov et al. 1966; Smirnov 1977), with higher
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content levels in rocks enriched with nepheline. It is found mainly in porphyry rocks
associated with concentrations of urtite and homologs containing aegirine in juvite
and of malignite. The mineralization consists of banded horizons of some
centimeters to some meters in thickness, with 2-3% loparite (Hedrick et al. 1997).
The measured resources are estimated ca. 1,020 Mt to 0.75% REO (Kalashnikov
et al. 2016).

Figure 1.12. Khibiny alkaline intrusion (Arzamastsev et al. 2008)
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Figure 1.13. Lovozero alkaline intrusion (Arzamastsev et al. 2008)

Kovdor ultrabasic alkaline complex (Russia)

The Kovdor massif (Russia, 50 km SE of the Sokli carbonatite), with an area of
40 km’ is an alkaline complex of multiple concentric intrusions (Kogarko et al.
1995; Kalashnikov et al. 2016) that has been dated back to 380 =4 Ma using the
U/Pb method on baddeleyite (Bayanova et al. 1997). The formations, from the most
ancient to the most recent, are ultrabasic rocks (dunite and clinopyroxenite), turjaites



28 Metallic Resources 1

and melilitolites, an ijolite-melteigite series, a mineralized complex of apatite-
forsterite-magnetite phoscorites, nepheline syenites and carbonatites (Figure 1.14). It
appears that apatite from phoscorites is enriched with REEs (2,720 ppm).
Moreover, REEs are present in calcite from carbonatites and in melilite from
melteigites with levels of 886 ppm and 914 ppm, respectively (Verhulst et al. 2000).

Figure 1.14. Kovdor alkaline intrusion (Verhulst et al. 2000)

Sokli Nb-REE carbonatite (Finland)

The Sokli carbonatite is situated to the northeast of Finland, 90 km from
Savukoski, and forms part of the Kola alkaline province (Figure 1.15). This massif
was discovered in 1967 during an airborne geophysics program (Paarma 1970) and
described by Vartiainen and Woolley (1974, 1976), Vartiainen (1980, 2001), and
Vartiainen and Vitikka (1994). This polyphase intrusion (~5 km in diameter) has a
carbonatite core (phoscorites, sovite, silicosovite and rauhaugite) surrounded by a
metacarbonatite and a broad fenite halo. The Sokli carbonatite dates back to the
Devonian (360-380 Ma, (Vartiainen and Woolley 1974; Kramm et al. 1993)) and
includes a deposit, which has still not been exploited, of P, Nb, Ta, Zr, REEs and U
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(Korsakova et al. 2012; Sarapéé et al. 2013). The most substantial REE potential
occurs in the fenite halo and in the late carbonatite dykes intersecting the massif. In
2006, GTK (Finnish geological service) carried out a mineralogical and geochemical
study on drill cores in carbonatites and reported a high total content (0.5-1.83%
weight, including 0.11-1.81% weight LREEs and 0.01-0.041 wt. % HREEs; Kontio
and Pankka 2006; Sarapéd et al. 2013). The REE-bearing minerals are fluorapatite,
apatite-Sr, monazite, bastndsite-(Ce), ancylite-(Ce), strontianite, barite and
brabantite (Al-Ani and Sarapdi 2009, 2013). Finally, hydrothermal circulations are
probably at the origin of the secondary monazite alteration. The Sokli phosphorus
deposit displays substantial resources, with 190 Mt of ore in altered rock and
12,200 Mt of non-weathered rock ore (GTK).

Figure 1.15. Sokli massif in Finland (modified from Browne (2008))
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livaara alkaline complex (Finland)

The livaara massif is an alkaline complex situated to the northeast of Finland and
forms one of the most western intrusions of the Devonian Kola alkaline province
(Kramm et al. 1993; Sarapéi et al. 2013). This complex is an oval intrusion (> 10 km?)
that can be subdivided into three parts, from the center to the rims: alkaline rocks
(nepheline and clinopyroxene urtite, ijolite, melteigite), a transition zone, and a
fenitized zone up to 1,000 m in width (Lehijarvi 1960). The livaara alkaline
complex has been dated back to between 367.4 + 4.9 and 373.3 £ 8.1 Ma using the
Rb—Sr method on whole rock (Kramm et al. 1993). Note that livaara is the type
locality of ijolite, a fairly widespread rock in alkaline complexes. A mineralogical
study of GTK has demonstrated the presence of REE-bearing minerals within
nepheline syenites, mainly with apatite and allanite to a lesser degree. The samples
analyzed contain <200 ppm REE and 1-5% P,0s, leading to a lack of economic
interest where REEs are concerned (Sarapdi et al. 2013). However, the fenitized
zone of the livaara complex is still being studied, and the most optimistic results
remain possible in terms of REE content.

1.5.1.2. Svecofennian domain

1.5.1.2.1. The Appinitic intrusions at Suhuvaara, Lehmikari and Vanttaus
(Finland)

In the Lapland granulitic belt, to the north of Finland, the Suhuvaara massif is an
intrusion formed mainly of syenitic to dioritic rocks (Sarapdi et al. 2013). Similar
appinitic intrusions have been identified further to the south in the central Lapland
granitic complex with the Lehmikari and Vanttaus massifs (Mutanen 2011; Sarapda
et al. 2013). High Ba, Sr, Zr, P and REE levels have been detected in these rocks.
For syenitic rocks, the REE levels are above 1,300 ppm.

1.5.1.2.2. REE-Nb-Zr sheared gneiss at Otanmaki (Finland)

In central Finland, to the south of Lake Oulujérvi, the Otanmaki-Katajakangas
region contains REE-Nb-Zr within an alkaline granitic gneiss (Figure 1.16) (Hugg
1985; Hugg and Heiskanen 1986; Sarapai et al. 2013 and references therein). The
region is formed mainly of gneiss of Archean age, intruded by gneissic granites and
gabbro-anothorsites dating back to approximately 2.50 Ga. The Otanméki area was
exploited in the 1950s and 1980s by the Otanmiki Oy company for its deposits of
Fe-Ti-V gabbro-anorthosites. Since 2010, the region has been explored by Tasman
Metals for REEs through two licenses, those of Katajakangas and Kontioaho.

REE-Nb-Zr mineralization at Katajakangas was discovered by GTK in 1982. It
is located at the contact between gneiss and metasediments (turbidites) in the form
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of intrusive bodies of some meters in thickness (Kédrenlampi et al. 2020). This main
lens is greatly deformed. It is formed of a fine-grained gneiss (mylonite), reddish to
gray, with quartz-feldspar, riebeckite and alkaline pyroxene. The main REE-bearing
minerals are as follows: fergusonite, allanite, bastnisite, and to a lesser extent
columbite, thorite and xenotime (Marmo et al. 1966; Hugg and Keiskanen 1986;
Aikis 1990; Tasman Metals Ltd. 2010a). In 1985, an initial estimate of resources for
Katajakangas yielded 0.46 Mt to 2.71% REO, 0.76% Nb,Os and 1.13% ZrO, (Hugg
1985). This estimate was based on an analysis of 14 core drillings carried out over
seven profiles with a total length of 850 m and was calculated for a vertical depth of
150 m. More recently, Sarapai et al. (2013) again analyzed some samples of alkaline
gneiss from cores from the 1980s. Analyses have demonstrated high REE contents
(2.4 wt. % at most), with LREE/HREE ratios ranging from 8.82 to 9.77.

Figure 1.16. Shear gneiss with REE-Nb-Zr at
Otanméki-Katajakangas, Finland (Sarapaa et al. 2013)

The permit at Kontioaho is situated 1.3 km to the northeast of the Katajakangas
permit. REE mineralization was discovered within an altered area formed of
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intrusive bodies 7-12 m in width, oriented northwest, and formed of quartz,
microcline, plagioclase, zircon and magnetite within quartzo-feldspathic schists. The
mineralized horizon is characterized by a strong magnetic anomaly oriented NW—SE
over more than 400 m. The main REE-bearing minerals are allanite, fergusonite and
xenotime (Tasman Metals Ltd. 2010a). The REO total content was estimated, on the
basis of new drill core data, to be 0.59%.

The intrusive bodies of the permits at Kontioaho and Katajakangas carry a
complex mineralization of Ti, Zr, Nb, REE, Th and U. This alkaline magmatism has
been dated back to 2.04-2.05 Ga and then deformed over the course of the
Svecofennian orogen approximately 1.9—1.8 Ga (Kéarenlampi et al. 2020).

1.5.1.2.3. Albite and felsite Sc-REE-U at Biggejav'ri (Norway)

The Sc-REE-U albitite at Biggejav’ri is situated in the volcano-sedimentary belt
at Kautokeino, of Early Proterozoic age, in the extreme north of the county of
Finnmark, in Norway. The rocks date back to 1,890-1,750 Ma (Statherian to
Orosirian) and are mainly represented by Sc-U-REE-enriched albite felsites (Olerud
1985, 1988; NGU 2013). Felsite contains calcite, quartz, muscovite and rutile, but
also minerals rich in Cr and V, such as davidite-loveringite and chromite. Additional
minerals include La-Ce-bearing carbonates, monazite, orthite, thortveitite, coffinite,
uranophane, brannerite, zircon, pyrite, sphalerite, galena, chromium chlorite and an
unidentified REE-bearing mineral. The rock’s total Sc content, and perhaps REE
content, could present economic benefit (e.g. 122 ppm Sc, 1027 ppm La,
605 ppm Ce, 248 ppm Y) (Olerud 1988).

1.5.1.2.4. Kiruna-type iron ores with magnetite and apatite REEs (Sweden)

To the north of Sweden, close to Kiruna (67.85°N-20.22°E, Norrbotten region),
Kiruna type P-Fe-apatite-REE iron ores form part of a group of occurrences formed
by a magnetite-hematite-apatite assemblage, with rocks from the Paleoproterozoic
from the Fennoscandian shield (Geijer 1931; Frietsch 1977; Frietsch and Perdahl
1995) (Figure 1.17). These surrounding rocks are alkaline rhyolites, trachytes and
trachyandesitic lava flows with intrusive rocks and a sedimentary sequence (Geijer
1931; Geijer and Odman 1974).

It is important to note that the deposits are directly associated with sodium and
potassium alterations (Frietsch et al. 1997; Martinsson 1997). The ore is formed of a
magnetite-apatite assemblage that contains nearly 30% apatite (mainly fluorapatite)
and some additional minerals (i.e. actinolite, calcite, quartz, sphene, talc, albite). The
mineralized bodies are massifs, forming stockwerks and irregular, bulbous, but
sometimes also concordant masses. The mineralization dates back to between 1.88
and 1.90 Ga (CIliff et al. 1990). Discovered in the 17th century, the apatite iron ores
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of Kiruna are the subject of intense discussion (CLiff et al. 1990; Hitzman et al.
1992; Evans 2000; Harlov et al. 2002). Two main hypotheses are still discussed to
explain the origin of the mineralizations:

— immiscibility between an iron-rich magmatic fluid and hydrothermal
remobilization (Bottke 1981; Harlov et al. 2002);

— or an exhalative hydrothermal process (Cliff et al. 1990; Evans 2000).

More broadly, according to Hitzman et al. (1992) and Barton and Johnson (1996),
Kiruna-type mineralization forms a subclass of IOCG (iron-oxide copper gold) type
deposits from the Proterozoic: IOA (iron-oxide apatite) type deposits.

Figure 1.17. REE magnetite-apatite iron ores of the type
found in Kiruna (Sweden), modified from Martinssen (2007)
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The peculiarity of Kiruna-type iron mineralizations is their relatively high
REE content (Parak 1973, 1975, 1985; Frietsch and Perdahl 1995). These significant
REE contents in ores were first mentioned by Geiser (1931). The district of the first
Kiruna-type iron deposits has an average content of 0.7% REO, mainly carried by
apatite. The REEs are contained in apatite and to a lesser extent in monazite, which is
not homogeneously present in the mineralizations. Moreover, the hematite ores of
Kiruna have an average content of 0.5% REO and are still mainly contained in apatite.
In a more precise fashion, Parak (1973) analyzed the REE content of apatite iron ores
from several deposits from the Kiruna district: Kiirunavaara (6,560 ppm), Malmberget
(5,760 ppm), Leveaniemi (1,545 ppm), Rektorn (3,275 ppm), Haukivaara (5,295 ppm),
Henry (5,210 ppm), Nuku-tusvaara (6,730 ppm) and Lappmalmen (5,890 ppm).

The Swedish LKAB (Luossavaara-Kiirunavaara AB) company has extracted
more than 950 Mt of ore since the start of exploitation a century ago, and only a
third of the mineralized body was initially exploited. Recently, LKAB has sought to
extract REE from the apatite present in tailings because of the ReeMAP research
project (LKAB 2018). Tailing ponds that contain apatite represent a substantial
volume with a relatively low REE content. These tailing ponds at Kiruna represent
approximately 8 Mt/year and contain 4-8% apatite and 1,200-1,500 ppm REEs,
which would represent 10-15kt REEs per year (Renberg 2014). Industrial
production of REE concentrate is predicted for 2021 and would represent more than
500% of Sweden’s demand for REEs.

1.5.1.2.5. Albitites at Uuniniemi, Honkilehto and Palkiskuru-Palovaara
(Finland)

In the north of Finland, three small areas of hydrothermal alteration are presented
as showing REE anomalies: Uuniniemi, Honkilehto and Palkiskuru-Palovaara
(Sarapéa et al. 2013). The Uuniniemi area (near Kuusamo, 680 km to the north of
Helsinki) is formed of albitites, syenites and carbonatite veins (Mutanen 2011). The
carbonatite has been sampled and analyzed, revealing levels of 2.80% P,Os,
0.43% REE and 256 ppm Nb (Sarapdi et al. 2013). Moreover, the REE content is
0.1% in the albitite and carbonates and albite rocks. REE-bearing minerals have
been identified through analyses using electron probes (monazite-Ce, colombite,
ferro-columbite, euxenite-Y, zircon, Fe-thorite, britholite and bastnésite in minority
quantities).

In the central part of the Kuusamo belt (Vanhanen 2001), Au-Co mineralization
at Honkilehto, surrounded by sericite and sulfide schists, also includes uranium
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minerals (davidite), Pb-U and U-Si minerals. Bastnésite and allanite are always
associated with these anomalies. Analyses of drill core samples (e.g. DH398, 81-93 m
intersection) by Sarapdi etal. (2013) have revealed the following average levels:
1,552 ppm REE  (maximum 3,442 ppm), 1,472 ppm Co (maximum 3,410 ppm),
175 ppm U (maximum 430 ppm) and 6.1% S (maximum 13.9%).

Finally, to the northeast of Finland, the Palkiskuru-Palovaara area shows albitites
formed of REE-bearing minerals with bastnésite, monazite, allanite and xenotime
(Sarapii et al. 2013). The uranium minerals are davidite, masuyite and sayrite. The
highest REE content is 0.4%, with levels of 209 ppm Th and 3,570 ppm U.

1.5.1.2.6. Kaolinic weathering profiles at Virtasalmi and Makara-Vaulo
(Finland)

Laterization processes lead to the partial or total leaching of metals such as Al,
Mg, Fe, Cu, Ni and REE from the bedrock and are then accumulated within a
weathering profile between laterite and saprolite (Morteani and Preinfalk 1996).

To the southeast of Finland, the kaolin deposits of the Virtasalmi region (from
0.5 to 2 km in length and 50-400 m in depth, such as those of Litmanen, Eteldkyld,
Vuorijoki and Montola) are covered by 20-30 m of formations from the Quaternary.
Kaolin presents over an average thickness of 30—40 m, indeed up to 100 m, and
contains 40-75% weight kaolinite, 20-30% quartz and some grains of potassium
feldspar and muscovite. An area of transition is observed between the kaolin and the
surrounding rocks (gneiss and tonalite), which present well-preserved structures.
The kaolin deposits at Virtasalmi have been dated back to 1,180 Ma using the K/Ar
method on authigenic illites from the Litmanen deposit (Sarapdd 1996). Sarapda
etal. (2013) selected some samples of drill cores to carry out mineralogical and
chemical studies to estimate their REE potential. The kaolins show REE enrichment
with LREE/HREE ratios between 6 and 19, (La/Yb)n between 6 and 66, and Ce/Ce*
equal to 1 (Al-Ani and Sarapdd 2009). At the base of the kaolinic weathering
profiles of the deposits at Litmanen and Eteldkyld, the total REE content may reach
at most 0.1-0.2% (Sarapaa et al. 2013).

To the north of Finland, near Sodankyld (Laponie), the region of Makara-Vaulo
forms part of the Tana belt (the southern part of the Lapland granulitic belt). It has
been subject to exploration for gold, which had previously been detected through
geochemical anomalies in REEs (anomalies strongly positive in La and Y). The
Tana belt is a strongly tectonized area formed of amphibolites, from gneiss to
garnet-biotite and arkosic gneiss. The whole area overlaps the central Lapland
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greenstone belt at approximately 1.91 Ga (Tuisku and Huhma 2006). In the areas of
Maikédrd and Vaulo, a thick kaolin profile is developed at the expense of basement
rocks, the whole covered by glacial clay deposits (tills) rich in La and Y (Sarapda
and Sarala 2011, 2013).

The Maékédrd profile shows levels of approximately 0.05% REE (maximum
0.1%), LREE/HREE ratios between 2.7 and 15.1 and Ce/Ce* between 0.7 and 0.9.
The profile of Vaulo shows a level of 0.40 to 0.45% REEs in the fine fraction of
glacial deposits. The REE-bearing minerals are monazite, rhabdophane and
xenotime. The REE potential of the Tana belt could be interesting since only the
Makéra-Vaulo region has been explored (Sarapéa et al. 2013).

1.5.1.2.7. REE mineral pegmatites (Sweden)

The Svecokarelian orogeny includes some pegmatites that contain uranium- and
REE-bearing minerals (Sadeghi et al. 2013). Allanite is the main REE-bearing mineral
in pegmatites with high LREE/HREE ratios (Castor and Hedrick 2006). In Sweden,
pegmatites have been classified into two categories following the study of additional
minerals carried out by Smeds (1990):

— tourmaline pegmatite + Li-bearing mineral (rocks with low to moderate
metamorphic facies);

— pegmatites with REE-Y minerals (various geological settings).

Unfortunately, the pegmatites are generally too small or present contents too low
to be of economic interest. Nevertheless, for pegmatites already exploited for
feldspar and mica, the exploitation of the REEs contained in other minerals would
be possible.

1.5.1.2.8. P-REE and carbonatite complex at Siilinjarvi (Finland)

The carbonatitecomplex at Siilinjérvi is situated in eastern Finland (Figure 1.18),
near Kuopio (380 km to the north of Helsinki). It is a steeply dipping lenticular body
approximately 16 km long and 1.5 km broad (Pusstinen 1971). The calcite, dolomite
and phlogopite rocks of this complex form a tabular body 600 to 700 m in width
surrounded by a fenitized area. White to greenish medium-grained carbonate rocks
are rarely present at Siilinjarvi, and carbonatite is not very widespread. The majority
of the central body are rocks rich in phlogopite, ranging from pure glimmerite to
silicocarbonatite, followed by some carbonatites. Dating using the U/Pb method on
zircon has given an age of 2 610 = 10 Ma (Tichomirowa et al. 2013), which makes
the carbonatite from Siilinjarvi one of the oldest in the world.
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Figure 1.18. P-REE and carbonatite complex
in Siilinjérvi, Finland (Pusstinen 1971)

Apatite is situated in the central part of the magmatic body in the form of gray to
greenish-yellow prisms and irregular grains in glimmerite-carbonatite-type rocks.
Apatite shows no inclusion in the thin sheets. It is fluorapatite with an average
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content of 1.2% Sr and 0.4% RE,O; (Pusstinen 1971). The minerals in glimmerite
are phlogopite, apatite and carbonates. They have been analyzed for their REE
potential by Hornig-Kjarsgaard (1998). Samples of total rock have revealed REE
contents between 499 and 1,629 ppm. Apatite has relatively high REE contents
varying between 2,986 and 3,820 ppm. A recent study carried out by Decrée et al.
(2020) revealed the content of rare earths contained in the apatite of this alkaline
complex. Thus, the apatite present in the glimmerite shows contents between 3,195
and 6,665 ppm REE, whereas the apatite contained in the fenite contains between
663 and 4,567 ppm REE. It appears that the rare earth contents in glimmerite or
fenite are proportional to the P,Os content since apatite encloses the greater part of
the rare earths. By considering reserves of 200 Mt @ 4 wt. % P,Os, and average
contents between 576 ppm REEs (all rocks combined) and 697 ppm REEs (in the
glimmerite-carbonatite series), Decrée etal. (2020) estimated that it would be
possible to extract between 133,000 and 161,000 tons REO. It must be remembered
that in 2012, an exploration permit was obtained for the Siilinjérvi complex (Tasman
Metals Ltd. 2012). This REE exploration project covers 450 ha and lies close to the
phosphate (apatite) mine of Siilinjdrvi (by the Yara company), 30 km north of
Kuopio. This site mainly produces fertilizer and phosphoric acid and remains the
sole producer of phosphate ore in western Europe (800,000 ton/year of phosphates).

1.5.1.2.9. Carbonatites at Kortejarvi and Laivajoki (Finland)

In central-northern Finland, the carbonatite massifs of Kortejarvi and Laivajoki
intrude basic volcanic rocks dating back to the lower Paleoproterozoic along a
crustal-scale fault and form a substantial part of Finland’s REE potential (Sarapda
etal. 2013). The Kortejérvi carbonatite is an intrusive massif approximately 2 km
long and 60 m thick, while the Laivajoki massif measures 4 km in length and 20 m
thick (Nykénen etal. 1997). The two intrusions are formed above all calcite
carbonatite and dolomite, even though the intrusion at Laivajoki also contains silico-
carbonatite. Moreover, glimmerite and olivine-magnetite rocks are also visible in the
Kortejarvi intrusion. Within the Kortejarvi carbonatite, a study has been carried out
on cores from older drillings and has revealed the abundant presence of apatite with
monazite and allanite (Al-Ani etal. 2011). For the Laivajoki carbonatite, some
samples analyzed have shown high calcite, dolomite, phlogopite, magnetite and
apatite contents. The main REE-bearing minerals in the two massifs are allanite and
monazite. Unfortunately, the REE contents in the Laivajoki (210-1,644 ppm) and
Kortejarvi massifs (443—-892 ppm) are relatively low. Further studies are needed to
better define the REE potential of the Kortejérvi and Laivajoki carbonatites.
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1.5.1.2.10. The REE-Zr nepheline syenite of Norra Karr (Sweden)

The nepheline syenite of Norra Kirr was discovered in 1906 by Térnebohm
in central southern Sweden, 300 km from Stockholm and 15 km to the NNE of
Grénna, near the eastern bank of lake Vittern. The intrusive complex is elongated
N-S and is nearly 1.3 km long and 460 m wide, covering a surface of approximately
380,000 m” (Figure 1.19). This complex intrudes into the gneiss and granites of the
Paleoproterozoic (1,791 + 8 Ma; Johnsen and Grice 1999), belonging to the
Smaland-Vérmland granitoids of the “Vixj6” type, which form part of the Trans-
Scandinavian igneous belt (1.85-1.65 Ga; Hogdahl et al. 2004). The granite of
Vixjo is a red biotite granite, generally of coarse and isotropic grain, although a
cataclastic fabric oriented N-S is visible along the lake Vittern (Adamsson 1944).
Contacts between the Norra Kérr nepheline syenite and the surrounding Vaxjo
granite dip approximately 45° toward the west. Until recently, the age of the Norra
Karr intrusion was wrongly established at approximately 1,545 + 61 Ma by Rb—Sr
(Blaxland 1977; Welin 1980). Indeed, more recent dating using the U/Pb method on
zircon revealed the metasomatic alteration of the surrounding rocks (fenitization)
and hence the magmatic activity linked to the intrusion dating back to 1,489 + 8§ Ma
(Christensson 2013; Sjoqvist etal. 2013). The emplacement of the Norra Karr
complex is still under discussion, although it already seems that this intrusion is
considered to be a metamorphosed agpaitic complex (Schilling et al. 2011; Sjoqvist
et al. 2013 and references therein).

The Norra Kérr complex seems to be concentrically zoned and is formed of four
main lithologies: “grenaite”, “kaxtorpite”, “pulaskite” and “lakarpite” (Figure 1.19).
Grenaite is a gray—green rock, partially recrystallized and fine-grained with alkaline
feldspars, nepheline, aegirine, eudialyte and catapleiite. The central part of the
massif shows pegmatite zones and schlieren surrounding a recrystallized to
migmatized unit of grenaite. There are pulaskite (alkaline rock of medium to thick
grain) outcrops to the west of the massif, and they are formed of albite, microcline,
aegirine, sodium amphibole, biotite and nepheline as minor phases. The additional
minerals are rosenbuschite, apatite, titanite and fluorine (Sjoqvist et al. 2013; Gates
et al. for Tasman Metals Ltd. 2012, 2013). Outcropping mainly in the central part of
the intrusion, Kaxtorpite generally consists of black alkaline rocks that are coarse-
grained and have low Zr contents. Its constitutive minerals are microcline, which is
present within a matrix formed of dark alkaline amphibole, aegirine, eckermannite,
pectolite and nepheline. Finally, lakarpite is a medium-grained rock rich in albite-
arfvedsonite-nepheline with small amounts of microcline and rosenbuschite and
titanite, apatite and fluorine as minor phases.
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Figure 1.19. REE-Zr nepheline syenite at
Norra Karr, Sweden (Gates et al. 2013)

Chemical analyses have been carried out on each of these lithologies and are
presented in Gates et al. (2013). Thus, grenaite contains between 0.14 and 0.67%
REO, with maximum levels in the pegmatitic facies. Pulaskite contains between
0.09 and 0.24% REO. Kastorpite shows values of 0.20% REO. Finally, lakarpite
includes between 0.42 and 0.54% REO. Whole-rock analyses are also presented in
the study by Sjoqvist et al. (2013) for each of the lithologies of the Norra Kérr
complex. Thus, grenaite with catapleiite has levels of 0.28% REO+Y,0;, while the
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grenaite associated with the pegmatites and the deformed grenaite (recrystallized
texture) have levels of 1.19 and 0.47% REO+Y,0;, respectively. The levels of
kaxtorpite and lakarpite are 0.08% and 0.62% TREO+Y,0s, respectively.

Previous mineralogical studies have allowed the reporting of REE-bearing
minerals such as eudialyte, rinkite-mosandrite, britholite-(Y), lessingite, apatite and
tritomite-(Ce), as well as a rosenbuschite REE-bearing assembly. In a recent
mineralogical study on the eudialyte group from Norra Kérr, Sjoqvist et al. (2013)
distinguished three distinct groups:

— classic pink eudialyte enriched in Fe and low in REEs in the lakarpite;
— eudialyte rich in HREEs and Fe-Mn in grenaite associated with the pegmatites;

— eudialyte rich in Mn and LREE in the “migmatitic” grenaite.

Chemical analyses carried out by Tasman Metals on eudialyte concentrates show
values ranging from 3.91 to 4.63% REO, with high contents of eudialyte collected in
pegmatitic grenaite (Gates et al. 2013). In 2011, an initial estimate of resources for
the REE-Zr deposit at Norra Kérr was published according to standard NI43-101.
With a cutoff grade of 0.4% REO, the Norra Kérr deposit contains 60.5 Mt @ 0.54%
REO and 1.72% ZrO,. In 2012 and 2013, the resources indicated were
41.6 Mt @ 0.57% REO, corresponding to 237,120 t REO, and the resources inferred
from 16.5 Mt @ 0.64% TREO, corresponding to 105,600 t REO (Gates et al. 2013).
In July 2013, a preliminary economic study estimated production capacity at
6,800 ton/year for a lifespan for the mine of 40 years, although the deposit was still
exploited underground.

1.5.1.2.11. Phosphorite at Palang (Sweden)

The phosphorite at Példng is an occurrence situated 50 km to the northwest of
Lulea. The surrounding rocks are formed of metasediments and volcanic rocks
dating back to the Paleoproterozoic (2.1-2.3 Ga), which belong to the Karelia
supergroup (Notholt etal. 1989; Frietsch and Perdahl 1995): micaschists with
quartzite, phyllite and limestone-dolomite interbeds. The limestone and dolomite
contain levels of apatite, or even fragments of apatite associated with a breccia
formed during regional metamorphism. The phosphate rocks are situated in two
steeply dipping areas at levels of 1 m thickness showing contents of 10% P,0Os. The
Paling deposit has an average content of 2% P,0s and 0.03% U for 6 Mt of ore and
a thickness estimated at 100 m (Gustafsson 1979). Frietsch and Perdahl (1995)
analyzed the REE content in apatite and showed a low splitting (La/Yb)., = 4) and
REE levels 50400 times higher than chondritic values (i.e. ~730 ppm REE). It
should be noted that 100 km to the north of the Paldng zone, a similar deposit is
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present in Mustamaa (Finland), where phosphorite and dolomite outcrop in basic
volcanic rocks, the phyllites and schists of the Karelia supergroup.

1.5.1.2.12. REE-Pb carbonatite at Korsnas-Svartoren (Finland)

The Korsnds deposit is a historic REE-Pb mine situated in central-western
Finland, 350 km north of Helsinki and only 25 km southwest of the port of Vaasa on
the Baltic Sea. The Korsnds mine was exploited by the Outokumpu Oy company,
above and below ground from 1959 to 1972. The Korsnés deposit was identified in
1950 through the discovery of erratic blocks rich in lead sulfides. Afterward, the ore
was intersected by a substantial drilling campaign carried out by GTK in 1955 (see
the references in Sarapdi et al. (2013)). The deposit was formed of a network of
carbonatite dykes, the most important of which is the one at Svartonen, which is
home to the main mineralized body. This dyke, the establishment of which has been
dated back to 1,830 Ma using the U/Pb on titanite method (Papunen 1986), measures
5-30 m in width for 1.5 km in length and continues at nearly 350 m underground.
The network of dykes intrudes migmatitic gneisses that date back to 1.9 Ga and
belong to the south-ostrobothnian schist belt (Lehtonen et al. 2005). The deposit is
situated in an intensely deformed zone and oriented N-S with a 40-60° dip toward
the east. Immediately next to the mineralized body, a chlorite alteration zone is
weakly expressed in the surrounding rocks. The deposit appears as a heterogeneous
body with mineralizations in the pegmatites and carbonatites or in the form of a
scapolite-diopside-barite skarn in the surrounding rocks.

The main REE-bearing minerals are apatite, monazite and allanite, although the
site is also known for its many other exotic REE minerals. More precisely, monazite
is found in the altered zones and presents in the form of small crystals or in diffuse
inclusions in apatite (Isokangas 1975). The apatite has REE contents of more than
6%, with a slight excess of HREEs compared to monazite and allanite (Papunen and
Lindsjo 1972). On the basis of a sample — certainly fragmented — of REE minerals,
the total level of these elements is mainly represented by Ce, La and Nd for 80-90%
(Papunen 1986). Moreover, more than 50 different minerals have been identified in
the deposit, including rare phases such as carbonates and phosphates, and famous
harmotome crystals (hydrated barium silicate) and apophyllite crystals within the
small vacuoles (Isokangas 1975). Historically, the Korsnds mine provided a total of
0.87 Mt of ore with 3.6% Pb and 0.83% REE between 1959 and 1972 (Himmi 1975;
Tasman Metals Ltd. 2010c). Past production is evaluated at a total of 45,000 tons of
Pb and 36,000 tons of La between 1961 and 1972 (Himmi 1975). Other figures have
been published and give an average ore grade of 3.57% Pb and 0.91% RE,O;
(Papunen and Lindsjo 1972). Since then, the GTK has resumed exploratory work on
REEs and discovered erratic blocks formed of Svartdren-type rocks at
approximately 1 km to the southwest of the Korsnis mine (Kéirkkdinen and Huhta
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1993). These blocks seem to come from a source that has still not been discovered
and that is similar to the Svartdren dyke. Moreover, some samples taken from drill
cores in the 1950s have been analyzed again and have revealed REE contents
ranging from 0.7 to 2.2% with a fraction rich in LREE. More specifically, the Eu
content is high (between 66 and 242 ppm), and the Th content varies between 107
and 604 ppm. Finally, weak negative gravimetric anomalies have been measured to
the south of the Korsnds zone and could be the marker of a potential zone for
identifying REE-Pb weathered carbonatite dykes. The Tasman Metals company has
acquired the old Korsnds REE-Pb mine (Tasman Metals Ltd. 2010c¢).

1.56.1.2.13. The metamorphozed paleoplacer and REE hydrothermal
alteration at Olserum (Sweden)

The Olserum occurrence is situated near Gamleby, 220 km southwest of
Stockholm. This occurrence was discovered in the 1950s during prospection for
uranium and was studied for its REE content in the 1990-2000s. In 2013, an
exploration campaign was carried out by the Tasman Metals company (IGE Nordic
2007; Reed 2013; Tasman Metals Ltd. 2013).

The Olserum zone forms part of the Vistervik formation, which is a
metasedimentary succession formed between 1.88 and 1.85 Ga in the southernmost
part of the Svecofennian domain (Kleinhanns et al. 2012). This psammitic to pelitic
formation has been intruded by granitoids dating back to 1.85-1.80 Ga and linked to
the Sméland granite, which belongs to the Trans-Scandinavian igneous belt. HT-BP
metamorphism affected the sediments transformed into mica quartzites, gneiss and
metapelites. In this metasedimentary sequence, intercalations of black sandy
horizons rich in iron oxides (i.e. magnetite) are present in abundance and contain
the main REE mineralization. However, metasomatism contemporary with
metamorphism is well developed (Andersson et al. 2018b). It is responsible for the
hydrothermal alteration of the black sandy horizons and leads to a remobilization of
the REE-bearing minerals. The authors consider the Olserum deposit to be a
paleoplacer that has been metamorphosed and weathered by the concomitant
hydrothermal episode (Reed 2013; Tasman Metals Ltd. 2013).

The most abundant REE-bearing minerals are monazite and xenotime. Moreover,
apatite is abundant, albeit with a low REE content. These three REE-bearing
phosphates seem to be of metamorphic origin and associated with the hydrothermal
episode, although a primary sedimentary (detritic) origin may also be possible (Reed
2013). Monazite and xenotime are present mainly in the form of inclusions in apatite
and biotite, suggesting that apatite is the old, main REE-bearing mineral,
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which was then leached during metamorphism. The highest REE contents are
associated with the layers rich in magnetite and the quartzite to biotite-amphibole
layers, while the lowest REE contents are associated with the levels of gneiss and
quartzites.

In 2007, the IGE Nordic AB company estimated the resources of the Olserum
deposit to be 2.8 Mt @ 0.83% REO (0.53% LREOs + 0.30% HREOs) or
23,226 t REO (IGE Nordic 2007). In 2013, an estimate following standard N143-101
was published by the Tasman Metals company, indicating resources of 4.5 Mt @
0.6% REO (33.9% HREOs from REO) or 27,260 t REO and inferred resources of
3.3 Mt @ 0.63% REO (33.7% HREOs from REO) or 20,770 t REO (Reed 2013;
Tasman Metals Ltd. 2013). The cutoff grade was fixed at 0.4% REO.

1.5.1.2.14. Nb-Zr-REE alkaline complex at Alné (Sweden)

The alkaline complex at Alng is situated in the middle of eastern Sweden and
outcrops to the north of the isle of Alnd. The main intrusion is formed of alkaline
silicate rocks and carbonatites that can be divided into four series (Morogan 1988;
Hode Vuorinen and Halenius 2005): pyroxenite, ijolite (melteigite-ijolite-urtite),
nepheline syenite and calcium carbonatite, laid down in this order (Figure 1.20). The
magmatic rocks of this complex are surrounded by a fenitized zone 500-600 m
broad within the surrounding rocks (Morogan and Woolley 1988). The complex has
been dated back to 553 + 6 Ma using the Rb—Sr method on whole rock (Brueckner
and Rex 1980). A more recent and reliable dating using the Ar-Ar method has given
an age of 584 + 7 Ma (Ediacarian; (Meert et al. 2007)). This age is interpreted as that
of the crystallization of the alkaline complex (Andersen 1996). The Alndé complex
intrudes the Proterozoic basement, mainly the migmatites belonging to the
Svecofennian domain.

Additional minerals such as titanite and apatite are present in the ijolite series
and incorporate non-negligible contents of Nb, Zr and LREE (Vuorinen and
Halenius 2005). Indeed, the titanite shows significant contents of Nb (0.4-
7.3 wt.% Nb,Os) within the melteigite and to a lesser extent in the ijolite with higher
contents (6.5 wt.% Nb,Os). Contents of a similar order of magnitude are sometimes
measured in the titanite present in the nepheline syenite (up to 7 wt.% Nb,Os). For
zirconium, the highest grades are found in the borders of the titanite present in the
melteigite and reach more than 2.8 wt.% ZrO,. Finally, LREE contents (i.e. > La,0O5
+ Ce,0; + Pr,0O5 + Nd,O;) are significant in the titanite present in the melteigite and
can reach 1 wt.% with maximum values of up to 3.9 wt.%.
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Figure 1.20. Nb-Zr-REE alkaline complex in Alnd (Sweden),
modified from Vuorinen and Halenius (2005)

1.5.1.2.15. Bastnas type Fe-REE-(Cu) skarns (Sweden)

The Fe-REE-(Cu) deposit at Bastnés is situated in the Svecofennian domain,
close to Skinnskatteberg, in the Bergslagen region in the center of southern Sweden
(Figure 1.21). This deposit forms part of the mining district of Riddarhyttan and is a
historical site for the discovery of REEs, with unpublished descriptions of many
REE-bearing minerals (e.g. bastnésite, cerite, tornebohmite). The Bastnis deposit
was first exploited for iron and copper, and approximately 160 tons of REEs were
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extracted between 1860 and 1919 (Carlborg 1923). Geijer (1961) first introduced the
notion of a “Bastnis type” deposit in reference to iron deposits very rich in REEs.
These deposits are situated near the districts of Norberg (30 km to the northeast of
Bastnés) and Rodbergsgruvan-Nora (50 km to the southwest of Bastnds; (Geijer
1961; Holtstam and Andersson 2007, 2013 and references therein). The Bastnés-
type deposits are surrounded by felsic metavolcanic rocks and marbles from the
lower Svecofennian (1.91-1.88 Ga), which have undergone significant hydrothermal
alteration with metasomatism leading to richness in K, Na and particularly Mg in
areas close to the mineralizations (Geijer 1923; Tragardh 1991; Hallberg 2003).
Afterwards, these rocks were metamorphosed in the amphibolite facies and intruded
by at least two generations of plutonic rocks (i.e. 1.90-1.86 Ga and 1.81-1.75 Ga)
(Lindh and Persson 1990; Andersson and Ohlander 2004).

Thus, Bastnis-type deposits are characterized by skarn-type hydrothermal
mineralization and a complex assemblage of iron oxides, calcic and magnesian
silicates, REE silicates, REE fluorocarbonates, sulfides and Cu, Mo, Bi, Co
sulfo-salts and Au-Ag minor alloys (Holtstam 2004; Sahlstrom et al. 2019). The
deposits can be divided into two subtypes depending on their composition and the
paragenesis of the REE-bearing minerals (Holtstam and Andersson 2007; Andersson
et al. 2013):

— the LREE deposits at Bastnés and Rodbergsgruvan (La, Ce) and rich in Fe;
— the Norberg district deposits, rich in LREE, Y*HREE, Mg, Ca and F.

The main REE-bearing minerals of the first subtype are cerite-(Ce), ferriallanite-
(Ce), tornebohmite-(Ce) and bastnésite-(Ce), while those of the second subtype are
fluorobritholite-(Ce), vidstmanlandite-(Ce), dollaseite-(Ce), gadolinite-(Ce) and
gadolinite-(Y). The precipitation of REE silicates in these deposits (i.e. cerite and
fluorobritholite) results from the reaction between the relatively acidic fluids
carrying the majority of the REEs complexified by ligands (F and Si) with the
surrounding dolomitic rocks (Holtstam and Andersson 2007). Bastnis-type deposits
are almost unique, for example, an exoskarn with carbonated protolith of
sedimentary origin. Recent datings using the Re—Os method on molybdenite have
given crystallization ages for the sulfides associated with REE-bearing minerals
between 1.90 and 1.84 Ga (Andersson et al. 2013). In detail, a space-time evolution
is observed between the Rddbergsgruvan deposit, which is considered the most
ancient in the southwest, and the most recent deposits from the Norberg district in
the northeast.
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Figure 1.21. Bastnas type Fe-REE-(Cu) skarns,
Sweden (Holtstam and Andersson 2007)

In 2010, a joint venture was signed between a Swedish consultancy group and
the Tasman Metals company to carry out an exploration campaign for REEs in the
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Bastnds region on a permit of 915 ha (Tasman Metals Ltd. 2010b). A series of
samples taken in former mining sites have been analyzed by the Swedish Geological
Survey (SGU) using XRF and ICP techniques. Samples have provided variable but
high contents comprising between 1.82 and 17.47% REO, with an average of 6.97%
REO (Tasman Metals Ltd. 2010b). Moreover, geochemical analyses have revealed
U and Th depletion, still unexplained, in gadolinite, fluorobritholite and minerals
from the allanite group (Holtstam and Andersson 2007).

1.5.1.3. Sveconorwegian domain
1.5.1.3.1. Nb-REE-Fe and carbonatite complex at Fen-Sgve (Norway)

The carbonatite complex at Fen-Segve (Figure 1.22) is established within
Telemark gneisses dating from the Lower Proterozoic. It is situated near Ulefoss,
120 km to the southwest of Oslo, in Norway (Barth and Ramberg 1966; Mitchell
and Brunfelt 1975; Andersen 1986, 1988; Kresten and Morogan 1986). This
complex covers a surface of 9 km” and has already been exploited for iron between
1657 and 1927 (Fen mines) and for niobium from 1953 to 1965 (Seve mine), with
1 Mt of raw ore @ 0.31-0.57% Nb,Os (Dahlgren 2005). Moreover, the Fen-Seve
complex is known as the type locality for sevite and fenite. The massif is formed
mainly of alkaline rocks and carbonatites dating back to the Ediacaran, or
approximately 565 Ma (age K/Ar on biotite) (Faul et al. 1959) and 583 + 15 Ma (age
“Ar/*°Ar on biotite) (Meert et al. 1998). The erosion level makes it possible to have
a section at approximately 1-3 km depth compared to the complex’s initial
emplacement (Sather 1957).

The geological history of this complex can be broken down as follows:
— intrusion of alkaline rocks (melteigite, ijolite, urtite series);

— intrusion of calcic carbonatites (sgvite and silico-sevite);

— intrusion of dolomite carbonatites (magmatic rauhaugite I);

— intrusion of alkaline lamprophyres (damkjernite);

— late alteration of the damkjernite, forming metasomatic rauhaugite II (Kresten
and Morogan 1986; Andersen 1988; Dietzel et al. 2019 and references therein);

— a fenite aureole surrounds the complex at the level of the western and southern
borders.

In 2011, the Danish exploration company 21st North obtained a permit for REEs
covering the external carbonatite part of the Fen-Seve complex. Indeed, the eastern
parts of the complex are richer in REEs, especially in ankerite-dolomite carbonatite
(rauhaugite) and hematite carbonatite (redberg) (Lie and Ostergaard 2011).
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However, large parts of the complex are still little known, given the well-developed
surficial cover. Before 21st North’s recent works, the Geological Survey of Norway
(NGU) carried out a detailed study on REE potential between 1967 and 1970,
focusing on the northeastern part of the complex. The most promising REE contents
are situated in hematite carbonatite (redberg) with approximately 2.8% REO (8
elements + Y), and in ankerite-dolomite carbonatite (rauhaugite) with 1.51% REO
(Lie and Ostergaard 2011). Historical mineralogical and geochemical studies in the
Fen complex have shown that the abundance of REEs increased in the following
order: ijolite-damkjernite < sevite-rauhaugite < redberg, reflecting the order of
differentiation of the magma with the highest REE contents within the last rocks
formed (Mitchell and Brunfelt 1975). REEs are mainly carried by monazite,
bastnésite, synchysite and parisite.

Figure 1.22. Nb-REE-Fe and carbonatite complex at
Fen-Sgve (Norway), modified from Lie and @stergaard (2011)

In 2011, the 21st North company collected 58 samples to measure the REE
content and identify the minerals within each type of REE mineralized rock.
Ankerite-dolomite carbonatite contains approximately 1.32% REO carried by
bastnésite, synchysite and parisite (in the form of aggregates with grains from 0.1 to
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1.0 mm). Hematite carbonatite contains approximately 2.32% REO carried by the
finer monazite and complex phases of Nb-Fe-Ti-Y-REE, rich in HREEs. Moreover,
apatite concentrates extracted from calcic carbonatites contain 3,752—
5,220 ppm REE and 164-288 ppm Y, and those extracted from ankerite-dolomite
carbonatites contain 5,143 ppm REE and 199 ppm Y (Hornig-Kjarsgaard 1998;
Ihlen etal. 2013). To the south and east of the massif, an envelope has been
estimated with inferred resources of 84 Mt @ 1.08% REO (0.8% REO in cutoff
grade), but the resources of the entire complex are probably greater (Lie and
Ostergaard 2014).

1.5.1.3.2. Pegmatitic Ta-Nb-REE fields at Evje-lveland, Froland and
Glamsland (Norway)

To the south of Norway, at the end of the Sveconorwegian orogeny, the NYF-type
pegmatite fields outcrop (Figure 1.23): Evje-Iveland, Froland and Glamsland
((Andersen 1926; Bjerlykke 1937; Larsen 2002; Miiller etal. 2012, 2018) and
references therein). These pegmatites form the south Norwegian pegmatite belt formed
over the course of the Sveconorwegian orogeny (1.14-0.90 Ga) on the western margin
of the Fennoscandian Shield, when the Bamble “terrane” overlaid the Telemark
terrane along the Porsgrunn-Kristiansand fault at approximately 1.09-1.08 Ga (Bingen
et al. 2008). However, the datings available for these pegmatites are scarce and often
based on obsolete methods (Rb—Sr on simple mineral). Despite this, the pegmatites
date back to 1,060"/¢ Ma at Froland (age U/Pb on euxenite) (Baadsgaard et al. 1984)
and 910+ 14 Ma at Evje-Iveland (age U/Pb on gadolinite) (Scherer etal. 2001),
leading the authors to consider a post-orogenic emplacement. Indeed, later structural
studies have shown that the pegmatites were laid down syntectonically, which implies
a space-time relation between the deformation and magmatism over the course of the
Sveconorwegian orogeny (Hendersen and Thlen 2004).

Most of the pegmatites are laid down in basic rocks (amphibolite, norite and
basic gneisses). The veins rarely exceed 20 m in width in the form of subhorizontal
lenses that very often intersect the foliation of the surrounding rocks. In the Froland
field, the pegmatites belong, according to the classification by Cerny and Ercit
(2005), to the HREE abyssal pegmatites and do not seem to be linked to granitic
plutons such as that of Herefoss (in the southwest of the zone). The pegmatites
contain, in varying proportions, quartz, alkaline feldspar, plagioclase, biotite and a
small amount of white mica, and REE minerals and other additional minerals are
rare (Thlen etal. 2001, 2002). Nevertheless, the only pegmatites to present a
significant REE mineral content are those at Bjortjern and Gloserheia in Froland
(Miiller etal. 2005); this field has approximately 100 pegmatite veins. In the
Evje-Iveland field, the pegmatites are classed as REE pegmatites and muscovite and
REE pegmatites (Cerny and Ercit 2005; Miiller et al. 2012). The genetic relationship
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between the pegmatites and the granitic pluton of Hevringsvatnet (9717%/ 3, Ma)
(Andersen etal. 2002) is still under debate. These pegmatites contain mainly
K-feldspar, plagioclase, quartz, biotite and muscovite, magnetite and garnet as
minors, and variable proportions of REE minerals and rare metals (beryl, allanite,
monazite, euxenite, aeschinite, gadolinite or columbite). Approximately 350
pegmatites crop out in the Evje-Iveland field, including the Steli pegmatite and some
other lithium pegmatites that include REEs (monazite and euxenite). The Slobrekka
pegmatite is highly fractionated and rich in Y-REE minerals (gadolinite-(Y),
allanite-(Ce), aeschinite-(Y) and euxenite-(Y)).

Figure 1.23. Ta-Nb-REE pegmatite fields at Evje-Iveland,
Froland and Glamsland, Norway (Muller et al. 2012)
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1.5.2. The rare earths indices of the Caledonides

1.5.2.1. Scandinavian Caledonides
1.5.2.1.1. U-REE-P phosphorite at Tasjé (Sweden)

Figure 1.24. U-REE-P phosphorite at Tasjo (Sweden)

The Tasjo occurrence of U-REE-P is situated in Sweden (Figure 1.24), 200 km
north of Ostersund, between the cities of Dorotea and Strémsund (in the counties of
Visterbottens and Jamtlands 14n). This zone was prospected for uranium in 1957 by
the Swedish atomic energy company. The Tasjo occurrence is situated on the
Caledonian front in the lower native unit, and mineralization is encased in
Lycophoria shales of the Lower Ordovician and aluniferous shales from the
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Cambrian-Ordovician (see Browne (2008) and references therein; Sadeghi
etal. (2013)). The thickness of the mineralized series reaches 15-20 m in the
aluniferous shales and 3-10 m in the Lycophoria shales. Moreover, this zone is
greatly deformed by the caledonian tectonic, with overlaps, sheets and folds that led
to a thickening of the series (more than 400 m in thickness for the aluniferous
shales).

Aluniferous shales are black, foliated pyrite shales, with variable proportions of
glauconite and apatite, while Lycophoria shales are formed by siltstone layers and
pelitic layers with phosphate nodules. The peculiarity of Tasj0 is the thick phosphate
unit (lycophoria shale) with high concentrations of uranium (associated with apatite,
which forms 9 to 20% of the rock) and REEs. Estimates show that the uranium
content in apatite is 0.16%, while the content of the Lycophoria shale
(approximately 75—150 Mt) is 0.03—0.07% U;Os, 0.11-0.24% REE and 3.75-7.5%
P,0s5 (Armands 1964, 1970). Therefore, the total tonnage of this occurrence has been
estimated at 47-53 Mt U;0g, 165,000-180,000 tons REE and 5.63 Mt P,Os. The
Tésjo zones continued to be explored for uranium and REEs by the Mawson
Resources company (Browne 2008).

1.5.2.1.2. Pyroxenite and P-REE complex at Misveerdalen (Norway)

Discovered by Farrow in 1974, the Misvardalen complex contains several
intrusions of clinopyroxenite dating from the middle Ordovician to the upper
Devonian to the north of Norway, 40 km east of Bode (Figure 1.25). These
pyroxenite bodies occupy approximately 8 km® and show richness in apatite. In
2006, the Nordland mineral company and the NGU considered the latter to present
mineral potential (Thlen et al. 2013). Pyroxenite is formed in variable proportions
from biotite, alkaline feldspar and apatite at more than 70 vol.%. The P,Os content
of the clinopyroxenites is estimated at approximately 2.4 wt.% (see lhlen et al.
(2013) and references therein) with higher values in the coarse-grained pyroxenites
(2.5 wt.% P,Os or approximately 6 wt.% apatite). Chemical analyses of the apatite
grains extracted from the coarse-grained pyroxenites present REE contents between
1,243 and 11,180 ppm, with averages varying between 4,150 and 6,363 ppm (Ihlen
et al. 2013). This great variation in REE levels is a priori linked to the retrograde
formation of allanite, which is observed along microfractures within the apatite
grains. Moreover, chemical analyses on the apatite concentrates from the
fine-grained and coarse-grained pyroxenites show values between 4,276 ppm REE
and 3,883-4,075 ppm REE, respectively. Indeed, the relatively high Th content
detected in some samples (as high as 100 ppm) does not allow the use of apatite in
fertilizers.
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1.5.2.2. British-Irish Caledonides (United Kingdom)

Several alkaline intrusions crop out to the northeast of the Caledonian belt to the
north of the Highlands (Figure 1.26), dated using U/Pb on zircon to the Silurian and
Ordovician (Halliday et al. 1987; Thirlwall 1988). The magmatic source seems to have
been linked to the limited partial melting of the lithospheric mantle in line with the
Caledonian orogeny (Halliday et al. 1987). The rocks are formed of differentiated
series ranging from melanocratic syenites to more evolved leucosyenites, with the
local presence of ultrabasic rocks such as pyroxenites. The British Geological Survey
(BGS) has carried out a study on these alkaline intrusions, especially on their REE
potential (Shaw and Gunn 1993; Walters and Lusty 2011; Walters et al. 2012).

Figure 1.25. Pyroxenite and P-REE complex
at Misveerdalen, Norway (llhen et al. 2013)
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Figure 1.26. Caledonian magmatism and
associated alkaline intrusions (Halliday et al. 1987)

1.5.2.2.1. Alkaline intrusion at Loch Borralan

The intrusion at Loch Borralan has been dated back to 426 +9 and 430 +4 Ma
using the U/Pb method on zircon. From 1988-1989, geochemical analyses were
carried out on samples from 37 drillings performed in apatite-biotite-melanite-
phlogopite pyroxenites, with the aim of exploring elements of the platinum group.
These 37 drillings had been made 10 years earlier for an exploration of phosphates.
Apatite is present in the form of euhedral crystals (of some millimeters). REEs have
been detected in apatite thanks to measurements taken using X-ray fluorescence
spectrometry. In 1990, an additional 37 drillings in the pyroxenites and syenites
revealed REE contents of up to 739 ppm La, 1,764 ppm Ce and 986 ppm Y. Apatite
contents reach up to 2% and make this mineral the main REE carrier. Unfortunately,
the alkaline intrusion at Loch Borralan is not an economic target for REE exploitation.

1.5.2.2.2. Alkaline intrusion at Loch Ailsh

Following the discovery of levels rich in platinoids in the Loch Borralan intrusion,
additional studies were carried out in the Loch Ailsh alkaline intrusion in 1989 and
1990. This alkaline intrusion has been dated back to 430 + 4 and 439 + 4 Ma using the
U/Pb method on zircon. The average contents of La and Ce are similar to those found
in the Loch Borralan intrusion. Nevertheless, the Allt Cathair Bhan zone presents
significant enrichment, with maximum concentrations of 3,239 ppm La and
3,956 ppm Ce in syenite and 840 ppm La and 1,456 ppm Ce in pyroxenite. An
enrichment in U (maximum 65 ppm) and in Th (maximum 244 ppm) has also been
measured. Finally, allanite is another REE-bearing mineral in addition to apatite.



56 Metallic Resources 1

1.5.2.2.3. Alkaline intrusions at Ben Loyal and Cnoc nan Cuilean

In 1990, limited exploration was carried out for REE minerals in the alkaline
intrusions of Ben Loyal and Cnoc nan Cuilean (dated back to 426 + 9 Ma using the
U/Pb method on zircon). Two samples of Cnoc nan Cuilean syenite show an
enrichment of REEs with a maximum of 5,667 ppm La and 19,785 ppm Ce and an
average value of 3,800 ppm REO (Shaw and Gunn 1993; Walters and Lusty 2011;
Walters et al. 2012). Many REE minerals have been recognized, and allanite is the
main REE mineral. Three generations of allanite have been identified: a late
generation in a “crown” around the apatite, a generation of crystals in microveins
intersecting the syenite, and a generation of crystals within biotite and magnetite
veins (Walters et al. 2012). For all allanite generations together, the average content
is 22% REO. Finally, it should be noted that the alkaline intrusion of Ben Loyal
presents no major enrichment of REEs among the samples analyzed to date.

1.5.3. Rare earth occurrences in the Variscan belt

1.5.3.1. The domains of western and central Europe (Gondwana-Avalonia-
Armorica)

1.5.3.1.1. The Armorican massif — gray monazite shales from the Ordovician
in Brittany (France)

Since the 1960s, the Armorican massif has been known for black shales from the
Paleozoic, including nodular gray monazites, to heights of 50-200 g/t (Donnot et al.
1973). The monazite grains (up to 2 mm in diameter, flattened ellipses) are
characterized by many mineral inclusions (phyllites, quartz, rutile, graphite, iron
oxides), the absence of an inherited core, a notable enrichment of intermediate rare
earths (Sm, Eu, Gd) and very low concentrations of Th and U. The core of the grains
presents up to 10 wt.% Sm,0s, 1.3 wt.% Eu,O; and 5 wt.% Gd,O;, whereas their
rims are rich in LREEs. The crystallization of monazites is authigenic and occurs
under conditions of deep diagenesis at the limits of very low-grade metamorphism
(Tuduri et al. 2013). The erosion of these gray monazite shales gave rise to the
formation of placers similar to those in Iberia, the Belgian Ardenne or the Welsh
basin.

1.5.3.1.2. Wales and the southwest of England — nodular gray monazites of
the Ordovician-Silurian of the Welsh basin (United Kingdom)

In the United Kingdom, nodular gray monazite occurrences have been listed in
the Welsh basin due to pan concentrates collected over the course of the inventory
by the BGS mineral exploration programme (Cooper et al. 1983, 1984; Smith et al.
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1994) in Wales, Exmoor and southwestern England. The concentrates presented
high levels of REE with, notably, more than 5,000 ppm of Ce (Figure 1.27).

These anomalies have been attributed to the presence of nodular gray monazite.
The highest Ce contents have been measured in rocks from the Silurian and
Ordovician, which are detrital sediments, including black shale layers intercalated in
clays, siltstones and sandstones with turbidite facies. The monazite grains are on the
millimeter scale (0.05-2 mm), ovoid and have marked zoning between LREE and
HREE between the core and the rims. The monazites also present low-grade
metamorphic fabrics, similar to the surrounding rocks, and a low Th content (Read
et al. 1987). Milodowski and Zalasiewicz (1991) and Evans and Zalasiewicz (1996)
proposed that the nodular monazites were formed by the migration of REEs from the
clay layers to layers rich in organic matter where grains could crystallize over the
course of late diagenesis.

These gray monazite occurrences are not isolated in the Welsh basin and are also
found in Brittany (Donnot etal. 1973), the Ardenne massif (Nonnon 1984;
Limbourg 1986; Burnotte etal. 1989) and northwestern Spain (Vaquero 1979;
Windle and Nesbitt 1993). These nodular monazites, present in sediments from the
Lower Paleozoic, have — on a European scale — similar chemical and mineralogical
properties (Smith et al. 1994).

In the United Kingdom, an estimate of the economic potential of these occurrences
has been carried out by Smith etal. (1994). Although the nodules present low
contents of Th and interesting contents of Eu, the surrounding rocks do not contain
sufficient monazites to be exploited economically. Moreover, the study recommends
studying placers resulting from the erosion of shales from the Ordovician-Silurian
more precisely. These are the source of the monazites and so of the REEs.

1.5.3.1.3. The Bohemian massif — NYF Pegmatites from the Trfebi¢ pluton
(Czech Repubilic)

The Ttebi¢ pluton is situated in western Moravia (Czech Republic) and is formed
of rocks running from melasyenite to melagranite (durbachite) corresponding to
type I granitoids (Foley etal. 1987; Finger et al. 1997). The rocks are generally
amphibole, biotite and quartz porphyries. They are locally foliated, especially at the
edges. The additional minerals are fluorapatite in abundance, zircon and titanite.
Phlogopite is associated with trace minerals such as allanite-(Ce), thorite, thorianite,
monazite-(Ce), xenotime-(Y), cheralite and sulfides (Sulovsky 2000). The granite
has been dated back to 342 + 2 Ma (Kusiak et al. 2010) using the U/Pb method on
zircon.
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Figure 1.27. Welsh basin and Ce anomalies associated
with gray monazite occurrences (Smith et al. 1994)

The Tiebi¢ pluton also includes pegmatites distributed over two zones (Skoda
et al. 2006; Skoda and Novak 2007): to the south (Ttebi¢-Vladislav) and the north
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fractionation and mineralogical composition, two varieties of pegmatites (allanite
subtype and euxenite subtype) are distinguished and are of the NYF type (Cerny and
Ercit 2005; Skoda et al. 2006). The pegmatites are characterized by K-feldspar,
phlogopite and the absence of muscovite, titaniferous minerals (titanite, ilmenite)
and REE minerals (allanite-(Ce), aeschinite and euxenite) (Skoda et al. 2006; Skoda
and Novak 2007). Despite these mineralogical specifics, the Tfebi¢ pluton is not an
economic target.

1.5.3.1.4. The Bohemian massif — Ti-Zr-Th-REE paleoplacer from the
Ordovician at Brtna (Czech Republic)

On the basis of radioactive sites listed by the Czech uranium industry (Kristiak
and Zalis 1994), Golias (2001) published a summary of Th occurrences in the Czech
Republic. Where REEs are concerned, the Brtna region (in the west of the country,
near Dolni Zandov) presents radiometric anomalies associated with sericite quartzite
layers 50-80 m thick within the Dyled micaschists (Saxothuringian).

The Th concentration varies between 126 and 542 ppm. This rock contains
zircon, rutile of metamorphic origin, hematite and xenotime. Th is situated within
the monazite and the cheralite of metamorphic origin. The Th occurrences, although
they underexplored, are interpreted as belonging to a Ti-Zr-Th-REE paleoplacer
dating back to the Ordovician and metamorphosed (Golias 2001).

1.5.3.1.5. The Ardenne massif — gray monazite shales from the Ordovician
in the Ardenne (Belgium)

The first nodular gray monazite occurrences in the Belgian Ardenne were
described in shales from the Upper Cambrian (“Revinian”) in the Rocroi massif by
Nonnon (1984) from the mineralogical pan bottom study. Other occurrences have
been discovered in metasediments from the Upper Devonian (Siegenian) in the
syncline at Neuf-chateau (Limbourg 1986), shales from the Cambrian-Ordovician in
the Stavelot massif (Burnotte et al. 1989) and the Brabant massif (Nonnon 1989)
(Figure 1.28). In the Stavelot massif, the gray monazites are present in black shales
intercalated into a microconglomerate with phosphate nodules (Burnotte et al. 1989).
The monazite grains rarely exceed 700 um, with an average size of 300 pm. The
grains are formed of polycrystalline aggregates, with the exception of a few single
crystals or, more rarely, pairs. The chemical and mineralogical characteristics are
similar to the gray monazites of the Welsh basin (Smith et al. 1994) and Brittany
(Donnot et al. 1973).
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Figure 1.28. Gray monazite shales from the Ordovician in the
Ardenne, Belgium (Burnotte et al. 1989; Nonnon 1989)

1.5.3.1.6. French Massif Central — the phosphorites of the Cévennes and the
Montagne Noire (France)

To the south of the French Massif Central, the Cévennes and the Montagne
Noire include dolomites and limestone with phosphate nodules that show high
radioactive anomalies (2,000 ppm U and 1,500 ppm Th) (Laval et al. 1990). In the
Cévennes, close to Le Vigan, phosphate levels of 2—3 m thickness and limited lateral
extension have been sampled with dolomites from the Cambrian to estimate their
REE content. The nodules are mainly formed of microcrystalline apatite associated
with quartz and white mica geodes. The nodules sampled are rich in U (1,000—
2,200 ppm), Th (1,000-1,800 ppm) and REO (1,700-2,500 ppm, with wealth in
HREESs). Unfortunately, the low REO content (0.2%) is not sufficient to excite
economic interest (Laval et al. 1990). In the Montagne Noire, the phosphate levels
are localized in carbonates from the Cambrian on the northern flank of the massif.
The phosphate nodules are on the centimeter scale, gray—black and form levels of
20-30 cm thickness broadly parallel to the bedding of the carbonates. The nodules
are formed of quartz, microcrystalline apatite and micas (Laval et al. 1990; Clausen
and Alvaro 2007). The REO content varies between 300 and 2,100 ppm and is
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associated with low U concentrations (10-40 ppm) and Th concentrations
(520 ppm) (Laval et al. 1990). The negative Ce anomaly led Laval et al. (1990) to
consider a marine origin for the phosphate nodules. The phosphate nodules of
Montagne Noire no longer present any economic interest for REEs.

1.5.3.1.7. Iberia — rocks with nodular gray monazite (Spain and Portugal)

In Portugal, REEs were prospected for the first time by the IGM (Institute of
Geology and Minerals) in the regions of Beira Baixa and to the north of Alentejo. In
the region north of Alentejo, gray monazites resulting from the weathering of
quartzites from the Silurian-Ordovician were identified on the southwest flank of the
Portalegre syncline (IGM 1998; Rosa et al. 2010; Salgueiro et al. 2020). An enrichment
of REEs was measured within the quartzites intercalated into the Alegrete schists
(Portalegre) at the level of the regions of Vale de Cavalos and Penha Garcia.

In Spain, at Becerrea in Galicia, the Aqueira Formation is considered one of the
potential sources of gray monazites that form the region’s paleoplacers (Vaquero
1979; Rosenblum and Mosier 1983). This formation is formed of layers of clay, silt
and sandstone affected by low-grade regional metamorphism and contact
metamorphism (Marcos et al. 1980).

1.5.3.1.8. Iberia — hyperalkaline complex at Galifieiro (Spain)

The hyperalkaline complex at Galifieiro is a circular massif of approximately
10 km® close to Vigo in northwestern Spain. This complex forms one of the many
orthogneisses from the Lower Paleozoic in the Variscan belt (the Armorican massif,
Portugal, northwest and southwest Spain). These complexes mainly outcrop in the
central part of the orogen and form calc-alkaline, alkaline and sometimes
hyperalkaline rocks. The Galifieiro complex has been dated back to 484 + 5 Ma
(Kusiak etal. 2010) using the U/Pb method on zircon (Montero etal. 2009). It is
formed of two lithologies: aegirine-riebeckite gneiss and amphibole-biotite gneiss.
Within the massif, veins and small hydrothermally altered clusters contain additional
mineral phases rich in Th (thorite, thorite enriched in P), as well as REE-bearing
minerals: bastnésite, REE silicates (allanite, thalenite-yttrialite), REE niobiotantalates
(aeschinite, fergusonite-formannite, samarskite, pyrochlore-betafite) and REE
phosphates (monazite, xenotime) (Montero et al. 1998; Floor et al. 2007). The magmatic
fractioning is initiated from an alkaline basaltic mantle magma, which has resulted in
differentiated siliceous and hyperalkaline rocks with residual fluids extremely rich in
fluorine and other ligands that have made it possible to complex the REEs. The
decrease in fluorine activity with the drop in temperature and the crystallization of
fluorine minerals remobilized the complexes created previously, leading to the
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formation of minerals rich in REEs. Moreover, the Galifieiro complex after alteration
and erosion would be the source of REE minerals that form the alluvial and coastal
placers and the Ria Vigo valley (Marmolejo-Rodriguez et al. 2008).

1.5.3.2. The Oslo Rift (Norway)
1.5.3.2.1. Pegmatite field at Langesundsfjord-Larvik

The pegmatite field at Langesundsfjord-Larvik is situated to the south of the
Oslo rift, at approximately 100 km from Oslo (Larsen et al. 2008). This field forms
part of the plutonic complex at Larvik, known for nearly 200 years. A book
published by Larsen (2010) retraces the geology, mineralogy and history of the
district. The Larvik complex (50 km long and 20 km large) is formed of monzonite
and larvikite, and integrates lardalite and foyaite in the Lagendalen-Farris region, as
well as the nepheline syenites around Langesundsfjord (Larsen 2010). In the
Langesundsfjord region, larvikite intrudes sediments from the Silurian and
Carboniferous as well as basalt flows. Larvikite and lardalite have been dated back
to 298.6 + 1.4 Ma and 292.1 + 0.8 Ma, respectively, using the U/Pb method on
zircon and baddeleyite (Dalghren etal. 1996). Moreover, the larvikite and the
pegmatites near Larvik and Tveladen were laid down at approximately 290 Ma.

Within the Larvik complex, a great variety of pegmatites have been described
according to the mineral textures and parageneses: Stalaker type (coarse-grained
alkaline feldspar, dendritic crystals of amphibole and biotite, thin prisms of apatite and
zircolinite), Stavern type (prismatic zircon of up to 5-6 cm, alkaline feldspar of
0.3-0.5 m in length), Tveladen type (microcline, nepheline, aegirine, ferro-edenite,
magnetite and biotite with many REE minerals), Bratthagen type (feldspar alkaline,
nepheline, aegirine prisms and additional minerals such as loparite) and the nepheline
syenite type from Langesunfjord (agpaitic pegmatites). The known pegmatite sites in
the Larvik complex (quarries, mainly) are Laven, the southern part of Stokkeya, the
Argy isles, Eikaholmen, Skutesundskjarene, Sagasen, Tvedalen, Jahren, Bratthagen,
Ula and Vera (Larsen 2010; Piilonen et al. 2018 and references therein). The main REE
minerals described in the pegmatites are allanite-(Ce), ancylite-(Ce), bastnisite-(Ce),
britholite-(Ce), cerite, chevkinite-(Ce), eudialyte, fergusonite-(Y), gadolinite-(Ce),
hingganite, kainosite-(Y), loparite-(Ce), monazite-(Ce), parisite-(Ce), perrierite-(La),
thorite, tritonite-(Ce), xenotime-(Y), zirconolite and zirsilite-(Ce).

1.5.3.2.2. Fe-Ti-REE apatite pyroxenite ores at Kodal

The Kodal deposit is situated in the Oslo rift (Permian), 100 km south of Oslo, and
belongs to the plutonic complex at Larvik (Bergstel 1972; Lindberg 1985;
Korneliussen et al. 2000; Thlen et al. 2013) (Figure 1.29).



The Rare Earth Resources of Europe and Greenland 63

Figure 1.29. Fe-Ti-REE apatite pyroxenite ores at Kodal (Ilhen et al. 2013)
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This deposit was explored by Norsk Hydro from 1959 to 1984 for its apatite
potential, with ilmenite and magnetite as possible by-products. A recent survey
campaign was carried out by Kodal minerals. The deposit is a set of massive
pyroxenite lenses within nepheline monzonite. The ores are fine-grained and contain
clinopyroxene (20-40% diopside) surrounded by an ilmenite matrix (5-15%),
magnetite (25—60% ilmenomagnetite and titanomagnetite) and apatite (15-24% and an
average of 17%). Other minerals have been identified: phlogopite (3—10%), magnesio-
hastingsite hornblende, olivine, feldspar, nepheline, fluorapatite and carbonates
(Bergstal 1972; Lindberg 1985; Andersen and Seiersten 1994). The apatite contains
fluid inclusions (H,0-CO,) and crystals of calcium amphibole, titanite, calcite and
REE carbonates (Andersen and Seiersten 1994). According to Lindberg (1985), the
reserves are 70 Mt @ 4.9 wt.% P,Os, considering a transition zone with surrounding
rocks. Moreover, the ore massif would represent deep reserves of 35 Mt @ 6.8 wt.%
P,Os. The Kodal apatite presents acceptable contents of Th for use as fertilizer
(2671 ppm and an average of 40 ppm) (Ihlen etal. 2013). The apatite contains
approximately 1 wt.% REE (between 7,588 and 10,990 ppm REE), which would
represent a by-product of value.

1.5.3.2.3. Zr-Nb-REE alkaline volcanic rocks at Saeterasen

The Seterdsen occurrence is southwest of Oslo in the eponymous rift. This
Zr-Nb-REE index is formed of two aphyric trachyte flows within a broader volcanic
sequence (the Vestfold Plateau). Petrographic and mineralogical studies have shown
the presence of minerals bearing Nb, Ce, La and Y within lavas: euxenite,
pyrochlore, chevkinite, fergusonite and apatite. A preliminary estimate on the basis
of four drillings gives a tonnage of 8 Mt @ 0.245% Nb; 0.35% REE; 2.25% Zr;
0.180% Ce; 0.110% La; 0.075% Y; 0.069% Nd and 0.049% Th (Ihlen 1983;
Ryghaug 1983; Thlen et al. 2013; NGU 2013). It seems possible to find other similar
occurrences on the vast Vestfold volcanic plateau.

1.5.4. Rare earths indices from the Mesozoic

1.5.4.1. The fluorine district in Pennines (United Kingdom)

To the south of the English-Scottish border, the mining district north of the
Pennines occupies two high points, the Alston block to the north and the Askrigg
block to the south (see Bouch et al. (2008) for details). This district is reputed for its
Mississippi-Valley type (MVT) Pb-Zn-F-Ba-Ag deposits. Its past production is
estimated at approximately 4.0 Mt Pb; 0.3 Mt Zn; 2.1 Mt of fluorine and 1.5 Mt of
barite (Bouch et al. 2008). This region (Figure 1.30) is formed of volcanic and
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sedimentary rocks from the Lower Paleozoic intruded by Caledonian granitoids
(Tynehead, Scordale, Corsnay and Weardale plutons) (Kimbell et al. 2010), since
the whole is covered by Carboniferous sediments (limestone, sandstone, pelites with
coal veins). The mineralizations (lenses and veins) were established at the end of the
Permian in three stages:

— dolomitization and ankeritization of the surrounding carbonate rocks;
— the main sulfide mineralization;

— barite mineralization (Cann and Banks 2001; Bouch et al. 2008).

Figure 1.30. Fluorine district in the Pennines (United Kingdom). GSV: Great Sulfur
Vein; HB: Haydon Bridge mining area; PL: Pike Law; RF: Rotherhope Fell;
RV: Rookhope Red Veins; WV: Hunstanworth White Vein (Kimbell et al. 2010)
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A quantity of synchysite and other REE-bearing minerals has been identified in
these deposits (Shepherd et al. 1982; Ixer et al. 1996; Plant and Jones 1999; Walters
2011). Near the Stanhope and Rookhope deposits, synchysite has been described in
quartz and bismuthinite veins in the form of intergrowth between crystals in the
bismuthinite (Ixer etal. 1996). To a lesser extent, similar crystals of monazite,
xenotime and adular have also been observed. Synchysite has also been observed in
the Tynebottom mine at Garrigill. Some studies have shown that fluorine in
Pennines is rich in REEs (e.g. > 1,888 ppm Ce + La + Y) (Smith 1974; Shepherd
et al. 1982; Plant and Jones 1999; Walters 2011; Kraemer et al. 2019), the origin of
which is debated. Indeed, an initial hypothesis recorded the presence of
microinclusions of REE minerals in fluorine, while another hypothesis mentions the
presence of REEs within the fluorine crystalline network. Kraemer et al. (2019)
suggest a Permian (Asselian) age for this F-Pb—Zn-Ba and REE hydrothermalism.

1.5.4.2. Bauxite and Ni karst of the Mediterranean belt

Across the whole northern edge of the Mediterranean belt, from Spain to Turkey
via the South of France, Hungary, Italy, the Balkans and Greece, numerous bauxite
deposits are located on the Alpine carbonate platform (Agard 1975; Bardossy 1982;
Ozlii 1983). A large proportion of these deposits are associated with karsts defining
a type of deposit according to Bardossy (1982). It should be noted that some of these
karst bauxite deposits present an enrichment in nickel (Maksimovi¢ 1987). The
weathering profiles developed from the Middle Trias to the Neogene, with the major
mineralization episode dating back to the Cretaceous (Bardossy and Dercourt 1990).

A pioneering study mentioned the presence of secondary authigenic REE-
bearing minerals within these deposits, especially at San Giovani Rotondo, in Italy
(Bardossy and Pant6 1973; Sinisi 2018). The presence of these REE minerals was
confirmed by Bardossy et al. (1976) for the Nagyharsany deposits (Hungary), the
deposits in Greece (Marmara, Marmeiko, Mont Parnasos, Panormos, Stenis
Arahovis, Nisi, Smerna, Atalandi, Pylos, Nafpactos), Bosnia-Herzegovina (Nazda-
Vlasenica), Montenegro (Zagrad, Stitovo), and Kosovo (Grebnik) (Maksimovi¢ and
Panté 1996; Kalatha et al. 2017 and references therein) (Figure 1.31). It should be
noted that Mondillo et al. (2019) analyzed the REE potential of substantial bauxite
deposits in southern France. Average REE concentrations in French bauxites are
approximately 700 ppm (Mondillo et al. 2019). REEs, such as Ni, Co, Mn and Zn,
are mobile during the bauxitization process, and the base of a weathering profile is
generally rich in these elements (Maksimovi¢ 1976; Maksimovi¢ and Roaldset
1976). From a clayey material initially rich in REEs within karst cavities,
bauxitization leads to the formation of authigenic REE minerals where there is
contact between the bauxite and the carbonate hanging wall of the surrounding rock.
Moreover, ultrabasic rocks may also be weathered in some places, leading to
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enrichment in nickel at the clayey levels within the weathering profile. In this
region, it is thus possible to observe a transition between the bauxite karst deposits
and those with nickel with the unusual association of REE and Ni minerals (takovite,
brindleyite, nepouite). This unusual mineralogy is doubtlessly linked to the
multitude of rocks leached over the course of bauxitization. The main deposits
illustrating this transition are Marmara, Nisi and Marmeiko (Greece), and Grebnik in
Kosovo.

Figure 1.31. Bauxite and Ni karsts of the Mediterranean belt (Promine and
EURARE bases). References for bauxite deposits and EE minerals (Bardossy
and Pant6 1973; Maksimovi¢ and Panté 1991, 1996; Jones et al. 1996)

REE minerals are only present in deposits where intense leaching occurs in situ.
In the Mediterranean belt, the majority of authigenic REE minerals were formed
during the Cretaceous period. The most abundant minerals are hydroxylbastnisite,
followed by synchysite-(Nd), bastnisite-(Ce) and bastnisite-(Nd). To a lesser extent,
the following are also found: monazite-(Nd), monazite-(La), goyazite-Nd, florencite
and crandallite (Maksimovi¢ and Pantdé 1996; Gamaletsos et al. 2017, 2019). The
maximum REE levels are situated at the bottom of the profile, as in Montenegro
(6.6 wt.% Nd + La + Pr). However, the basal part of the karstic nickel deposit at
Aghios loannis (Greece) has only 180 ppm REEs. In fact, weathering profiles
developed on basic rocks are naturally poor in REEs since the initial rocks were also
poor in REEs. The Ni deposit at Marmeiko (Greece) is an exception. This shows
richness in REEs with authigenic REE minerals from two initial rocks (an ultrabasic
Cr-Ni rock and siliceous rock rich in REEs). In contact with the surrounding
limestone, which acts as a geochemical barrier, the REE content reaches nearly
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1,140 ppm at Nazda-Vlasenica (Bosnia-Herzegovina), 1,153 ppm at Marmeiko
(Greece), 1,320 ppm at Stitovo (Montenegro), 1,450 ppm at Grebnik (Kosovo),
1,582 ppm at Marmara (Greece), and 4,576 ppm at the base of the Nisi deposit
(Greece) (Maksimovi¢ and Panté 1996). The REE content also depends on the
intensity of the leaching from the rocks by the meteoric waters circulating in the
karstic network.

1.5.4.3. Authigenic black clays and gray marls from the Southeast basin
(France)

The Southeast basin (France) includes thick sedimentary series of gray
marls, black clays, limestones and detritic interlayers (more than 9 km thickness)
deposited during the Mesozoic (Debrand-Passard et al. 1984; Lemoine 1984). This
basin was then affected at the end of the Cretaceous and Cenozoic by the Pyrenean and
Alpine orogenies, leading to its uplift, erosion and folding (Roure et al. 1992). During
the Jurassic, especially during the Callovian-Oxfordian, thick layers (several hundreds
of meters) of black clays with carbonated interbeds filled the basin and are locally
called “black earths”. In 1990, a study was carried out on these rocks’ REE level and
level of organic matter (Laval and Dromart 1990). It appears that these black clays
have a low REE content (158 ppm REO), which seems disconnected from the organic
matter content. Conversely, the gray marls dating back to the Cretaceous (the Albian
especially) contain phosphate nodules rich in REEs and present an average content of
2,924 ppm REO. Finally, the study revealed that the LREEs are contained in the
marls, whereas the HREEs are concentrated in the phosphate nodules.

1.5.5. Rare earth occurrences from the Cenozoic and Quaternary

1.5.5.1. Paleoplacers (from the Neogene to the Quaternary)
1.5.5.1.1. Gray monazite paleoplacers of the Armorican massif (France)

Since the 1960s, the Armorican massif has been known for its monazite
paleoplacers (Figure 1.32), including gray monazite placers resulting from the
erosion of black shales from the Paleozoic (Donnot et al. 1973). Two old mining
projects have made it possible to estimate the resources for two occurrences: the
Ti-Zr-REE-Th paleoplacer at Bailleul (3.5 Mt @ 0.45% REO) (Lemarchand 1970)
and the gray monazite placer at La Monnerie (0.08 Mt @ 0.08% REO) (Cornet and
Sapinart 1967).

The gray monazite is present in the form of small ellipsoidal lenses, the lengths
of which measure 0.1-0.8 mm along the main axis. Nodules are often formed by
polycrystalline aggregates. The monazites present the following REE contents:
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23.5% Cey03; 8.4% La,05; 3.1% Pry0s; 13.4% Nd,O3; 2.9% Sm,0;; 2.2% Gd,05;
0.7% Y,05; and 0.5% EuyO; (Donnot etal. 1973). The monazites have similar
properties to those of the Welsh basin, the Belgian Ardenne or Iberia (Burnotte et al.
1989; Ferrero et al. 1989; Smith et al. 1994).

Figure 1.32. Gray monazite paleoplacers and black
shales in the Armorican massif (France) (Donnot et al. 1973)

1.5.5.1.2. Zr-REE paleoplacers of the Ardenne massif (Belgium)

The Belgian Ardenne massif includes several gray monazite paleoplacers,
especially in the Rocroi massif, the Neufchateau syncline, and the Stavelot and
Brabant massifs (Nonnon 1984; Limbourg 1986; Burnotte et al. 1989). The source of
the monazites has been identified as being the Upper Cambrian schists (“Revinian”) of
the Rocroi massif, the metasediments of the Lower Devonian (“Siegenian”) of the
Neufchateau syncline, and the rocks from the Cambrian-Ordovician of the Stavelot
and Brabant massifs. The monazite grains (polycrystalline aggregates) measure as
much as 700 um for an average of 300 um. The chemical and mineralogical
characteristics of the monazites are similar to those of the Welsh basin (Smith et al.
1994), Brittany (Donnot et al. 1973) and Iberia (Ferrero et al. (1989) and references
therein). The monazites contain on average 14.7% La,0;, 32.4% Ce,0;, 14.6% Nd,0;,
0.4% Eu,0;, 1.3% Gd,0; and 77.0 ppm Yb,0; (Burnotte et al. 1989).



70 Metallic Resources 1

1.5.5.1.3. The gray monazite placers of Spain

In Galicia, Calderon (1910) was the first to identify the presence of monazite in
alluvial and coastal placers. Later, Pardillo and Soriano (1929) mentioned these
placers with monazite concentrations of up to 1.25% around Vigo. Monazite placers
are also described at the Insuela beach and in the Ria de Arosa valley by Parga
Pondal (1935), with concentrations that can reach as high as 30%.

Both gray and yellow monazites exist. The gray monazites are similar to those
described in Brittany (Donnot et al. 1973) and contain between 0.3 and 1.0% Eu.
The yellow monazites are rich in LREEs and are mainly present in the coastal
placers (along the coast north of Ria Arose and Ria Vigo) and the placers developed
on granitic terrains (Ferrero et al. (1989) and references therein). The gray monazite
placers developed thanks to the alluvial network with sediments of the Middle
Ordovician from the Agiieira and Pizarras de Luarca formations (Ferrero et al.
1989).

Placers generally date back to the Cenozoic and Quaternary and contain
xenotime, as well as Ti-Zr-Sn-(W)-Nb-Ta minerals (ilmenite, zircon, rutile,
columbo-tantalite, wolframite and scheelite). Recent analyses have shown
interesting concentrations of Y (0.3-23.1 ppm, an average of 14.5 + 3.5 ppm) with
the Ria Vigo sediments (Marmolejo-Rodriguez et al. 2008; Prego et al. 2009). The
origin of the yttrium would be linked to the Galifieiro complex. To the north of
Galicia, Prego et al. (2012) measured the REE content within alluvium from the
Ortigueira, Barqueiro and Viveiro valleys, as well as in the Mera, Sor and Landro
estuaries. The highest REE contents are found in sediments from the heart of the
valleys (233 ppm), while most of the alluvium has between 11 and 70 ppm REEs.

1.5.5.1.4. The gray monazite placers of Portugal

In the center-east of Portugal, near Bisa, Santo Antonio das Areias and Marvao,
black sands from pan concentrates were collected by the Geological and Mining
Institute (IGM) in 2005-2007 to identify the REE-bearing minerals in the placers
(Inverno et al. 2007). Rosa et al. (2010) have shown that these sands contain xenotime
in the form of round grains of approximately 250 pm (between 100 and 375 pm) and
nodular monazite, as well as the following minerals: ilmenite, cassiterite, scheelite and
wolframite. The xenotime shows concentrations of 39.7% Y,03, 3.5% Gd,0s, 51%
Dy,03, 4.3% UO, and 0.31% ThO,. The direct association of xenotime, monazite,
tourmaline, rutile and zircon shows that the source should be linked to the granitic
rocks of the Nisa and Penamacor massifs. However, it should also be noted that the
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Ordovician quartzites near Salvador, Penha Garcia, Monfortinho and Portalegre are
rich in nodular gray monazite and in REEs (Inverno et al. 1998; Salgueiro et al. 2020).

1.5.5.1.5. Ti-Zr-Th-REE-Nb placer at Luznice (Czech Republic)

On the basis of the radioactive sites listed by the Czech uranium industry
(Kristiak and Zali§ 1994), Golias (2001) published a summary of the Th occurrences
in the Czech Republic. Where REEs are concerned, the alluvium of the river
Luznice (in the south of the country, near Austria) presents gamma spectrometric
anomalies linked to the contrast between sediments, resulting from the erosion of
granitoids from the moldanubian and Cretaceous rocks from the bedrock of the river
(Golias 2001). The main anomaly is a recent alluvial silty horizon described by
Maoour et al. (1992). The thickness has been measured to be between 0.8 and 1.1 m,
and the Th and U contents reach 47 ppm and 12 ppm, respectively. A zircon-
ilmenite concentrate with nearly 9 wt.% monazite and 0.36 wt.% Th has been
obtained. Th and U contents have been measured in zircon (0.022 wt.% Th and
0.046 wt.% U) and monazite (5.8 wt.% Th and 0.29 wt.% U). Brabantite forms the
most radioactive grains. The recent placers of the river Luznice show a Ti-Zr-REE-
Th-Nb mineral association that could be exploited as a by-product of the
exploitation of feldspathic gravels (Maodour et al. 1992).

1.5.5.1.6. The paleoplacers of the Welsh basin (United Kingdom)

In the United Kingdom, nodular gray monazite paleoplacers have been reported
in the Welsh basin (draining the shales from the Ordovician-Silurian), thanks to pan
concentrates collected over the course of the mineral inventory by the BGS (Cooper
etal. 1983, 1984; Smith et al. 1994) in Wales, Exmoor and southwestern England.
The study by Smith et al. (1994) on the potential of these paleoplacers concluded
that there was no economic benefit, even though more in-depth studies would be
desirable.

1.5.5.1.7. The paleoplacers and gray monazite placers of the Arize massif
(France)

The Arize massif, in the French Pyrenees, 80 km south of Toulouse, revealed the
presence of alluvial deposits containing gray monazites (Lacomme et al. 1993). In
the Pyrenees, the gray monazite was discovered for the first time to the north of
the belt within the alluvial deposits of the Pliocene-Quaternary associated with
cassiterite, scheelite and gold (Lacomme and Fontan 1971). It seems that this
alluvium resulted from the erosion of, among others, metasediments from the
Ordovician and Silurian that contain gray monazites. Moreover, the gray monazite
alluvial occurrences of the Arize are almost exclusively found near the Ordovician
sandstones and metapelites (Lacomme et al. 1993). Unfortunately, the torrential
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character of the water courses limits the accumulation of these monazite alluviums,
excluding any economic benefit. The monazites measure between 80 and 500 um.
Analyses carried out on the Ordovician gray rocks give concentrations between 65
and 67% REO, and an average level of 0.5-1.0% ThO,.

1.5.5.2. The Alpine and Pyrenean orogenies
1.5.5.2.1. Carbonatite and lamprophyre complex at Delitzsch (Germany)

In eastern Germany, the carbonatite and lamprophyre complex at Delitzsch lies
under a cover of sediments from the Cenozoic, approximately 100 m thick (Seifert
et al. (2000) and references therein). This complex was discovered during uranium
prospecting from 1960 to 1970. It is formed of dykes and diatremes established
during the Campanian (75-71 Ma) (Kriiger etal. 2013) within Upper Paleozoic
volcano-sedimentary rocks. REEs are known in carbonatites in the form of apatite,
pyrochlore and bastnisite. Within the Storkwitz diatreme, the carbonatites have been
explored from surveys, and the Deutsche-Rohstoff company published an estimate
of resources in 2013, compatible with the JORC code. The total resources are
estimated at 4.4 Mt @ 0.45% REO (part indicated, part inferred), which is
20,100 tons of REEs.

1.5.5.2.2. REE-Sc and lazulite-quartz Alpine veins (Austria)

There are many Alpine veins in the belt (Luckscheiter and Morteani 1980;
Mullis 1996; Wagner et al. 2010; Rauchenstein-Martinek et al. 2014). These veins
measure some meters in length for some tens of centimeters in width and are
associated with shear zones at the brittle—ductile boundary. The Alpine veins are
present in the form of veins alone or in an echelon formation and contain euhedral
crystals of quartz and other minerals that depend on the surrounding lithology
(adularia, albite, muscovite and quartz in the granitoids; calcite, ankerite, rutile and
quartz in the carbonates; albite, chlorite, epidote, actinolite, titanite and quartz in the
basic rocks). In southeastern Austria (47.5°N-15.6°E near Miirzzuschlag), the Pretul
site in the Styria region is known for its Alpine lazulite-quartz veins that contain
REE minerals and Sc (apatite, florencite-(Ce), goyazite, xenotime-(Y), monazite-(Ce),
and pretulite; Cornelius 1931; Berl 1996; Bernhard et al. 1998). These occurrences
present no economic benefit for REEs.

1.5.5.2.3. Talc deposit at Trimouns-Luzenac (France)

In the French Pyrenees, the Trimouns-Luzenac quarry is the largest talc
exploitation in the world, with more than 400,000 tons/year (Fortuné¢ 1971;
Fortuné et al. 1980; Moine et al. 1989; de Parseval et al. 1993). The deposit is situated
on the eastern flank of the Saint-Barthélémy massif, 100 km south of Toulouse, at
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an altitude of 1,700 m. The talc and chlorite are formed by the hydrothermal
alteration of Paleozoic dolomites, micaschists and pegmatites along a shear zone
(Fortuné et al. 1980; Moine et al. 1989; de Parseval 1992). Thanks to exploitation,
centimeter-scale geodes within dolomites containing REE minerals have been
identified. The minerals reported are allanite, bastndsite, parisite, synchysite,
gadolinite, monazite, trimounsite-(Y), hellandite-(Y), imoriite-(Y), hingganite-(Y),
aeschynite-(Y), gatelite-(Ce), dissakisite-(Ce) and xenotime (Moélo et al. 1974; Piret
etal. 1990; Grew etal. 1991; Favreau 1994; de Parseval et al. 1997; Bonazzi et al.
2003). The formation of geodes seems to be linked to metasomatism along the shear
zone (300-350°C/0.2—0.3 GPa). The monazite and xenotime of these geodes have
moreover allowed the deposit to be dated back to between 112 and 97 Ma using the
U/Pb method (Schirer et al. 1999).

1.5.5.3. The British part of the Cenozoic North Atlantic igneous province

Some REE mineral occurrences are described in the granitic massifs from the
Cenozoic British igneous province (Exley 1980; Harding et al. 1982; Hyslop et al.
1999; Green et al. 2005; Green and McCallum 2005) (Figure 1.33). This magmatic
province is situated in the northwest of the British Isles and forms essential evidence
of magmatic activity linked to the North Atlantic in the Paleocene and Lower
Eocene (Emeleus and Gyopari (1992) and references therein). The main intrusions
are the plutons of the Isle of Skye, Saint-Kilda, Arran and the Mourne Mountains.

1.5.5.3.1. Granitic intrusion on the Isle of Skye

The Isle of Skye (northwestern Scotland) is formed of four granitic complexes
dating back to between 55 and 59 Ma (Harker 1904; Brown 1963; Thorpe et al.
1977): Cuilin, Strath na Creiteach, Western Red Hills (57.0-58.5 Ma using the U/Pb
method on zircon) (Hamilton et al. 1999) and Eastern Hills (55.7-55.9 Ma using the
U/Pb method on zircon) (Hamilton etal. 1999). These complexes integrate
hyperaluminous, metaluminous and hyperalkaline granites. Allanite and sphene are
the main additional minerals and are particularly rich in REEs (between 25 and 45%
RE,O;) (Exley 1980). Moreover, secondary allanite has been identified. It formed
over the course of a late hydrothermal episode and during the stages of meteoric
alteration. Finally, miarolitic cavities have been identified as containing REE
minerals (Green and McCallum 2005): gadolinite and kainosite.

1.5.5.3.2. The Arran granitic pluton

The Arran granitic pluton is situated on the eponymous island to the southwest of
Scotland and has been dated back to 60.3 £ 1.0 Ma using the U/Pb method on zircon
(Dickin et al. 1981) and to 58.5 + 0.8 Ma by “’Ar/*’Ar (Mussett et al. 1987). To the
north of the pluton, REE minerals have been mentioned: fergusonite, gadolinite and



74  Metallic Resources 1

allanite (Hyslop et al. 1999). The miarolitic cavities also include fergusonite and
gadolinite crystals associated with albite and orthoclase.

1.5.5.3.3. Saint-Kilda granitic complex

The granitic complex at Saint-Kilda is situated on an island to the extreme
northwest of the Hebrides in Scotland. It is formed of the granites of the Conachair
plutons (55 + 1 Ma, using the Rb/Sr method) (Harding et al. 1984), Glen Bay and
h-Heagen and gabbroids. The granites contain quartz, alkaline feldspar, sodium
plagioclase, chlorite and amphibole (Cockburn 1935; Harding et al. 1966). Three
REE minerals have been identified by order of abundance: chevkinite, allanite and
zirkelite (Harding et al. 1982). They represent less than 1% of the rock, and
chevkinite contains more than 41% of all the REEs.

1.5.5.3.4. The granitic pluton of the Mourne Mountains

The Mourne Mountains are situated in Northern Ireland and are formed of a
granitic pluton that has been dated back to between 53.3 and 55.0 Ma using the
“Ar/®Ar method (Thompson etal. 1987). These rocks contain REE minerals,
gadolinite and honey-colored monazite within the miarolitic cavities (Hyslop et al.
1999; Green et al. 2005).

1.5.5.4. The European Cenozoic Rift System — the Kaiserstuhl Nb-Ta-REE
alkaline volcanic complex (Germany)

The Kaisertuhl massif is situated in the center-south of the Rhine Graben, to the
southwest of Germany, 15 km from Fribourg. It is a Miocene alkaline volcanic
complex (15-18 Ma) that is 16 x 12 km (Van Wambeke et al. 1964; Wimmenauer
1974; Keller 1981; Schleicher etal. 1990; Weisenberger etal. 2014). The
predominantly volcanic to subvolcanic rocks have compositions of tephrite and
phonolite, while the carbonatites were formed toward the end of the emplacement.
The main types of volcanic rock are as follows:

— lava flows (tephrite);

— pyroclastic rocks (tephrite, phonolite and carbonatite) (Keller 1981);

— a porphyric dyke with essexite, phonolite and carbonatite;

— fine-grained subvolcanic intrusions of essexite, phonolite and carbonatite;

— volcanic breccias (Figure 1.34).
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Figure 1.33. British part of the North Atlantic Cenozoic igneous province

Carbonatites are present at the core of the complex in the form of an intrusion of
approximately 1 km® This mainly involves coarse-grained sovite mainly formed of
calcite, then apatite and magnetite, with the following additional minerals:
pyrochlore, Nb perovskite (dysanalite), bastndsite and monazite (Van Wambeke
et al. 1964; Keller 1981). A second type of carbonatite is presented in the form of
hundreds of small, fine-grained veins and a width varying between 1 cm and 1 m.
Calcite forms 90-95% of its volume, followed by magnetite and apatite. The
additional phases are pyroxene, melanite and micas. Pyrochlore and Nb-perovskite
are rarer. The veins are concentrated at the core of the massif and are the most recent
rocks. Thus, the Kaisertuhl carbonatites are for the most part calcitic, and the
ankerite-dolomite carbonatites seem restricted to late veins associated with a few
sevite intrusions (Wimmenauer 1963).
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Some REE minerals have been described in the complex’s carbonatites. The
pyrochlore contains REEs, koppite (Brandenberger 1931), and chemical analyses
published by Van Wambeke et al. (1964) show variation between 4.3 and 6.4%
RE,03, with Ce being dominant. The pyrochlore is rich in LREE (up to 19% REO)
and always radioactive, with up to 11% U3Og and 6.5% ThO, (Kirchheimer 1957,
Walter et al. 2018). Van Wambeke et al. (1964) distinguished two types of calcite in
carbonatites. The first type, associated with sgvite, contains variable REE levels
between 0.09 and 0.15% RE,O;. The second type, associated with late carbonatite
veins, shows a higher REE content, with an average of 0.22% RE,0;. Moreover,
fluorapatite has been described and presents appreciable REE contents. Finally,
bastnédsite and monazite are only present in the carbonatites. Thus, the late
carbonatites may contain between 1 and 4% REEs.

Figure 1.34. Kaiserstuhl Nb-Ta-REE alkaline
volcanic complex, Germany (Weisenberger et al. 2014)
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1.5.5.5. Coastal placers

The different REE occurrences of the Quaternary are heavy mineral placers
mainly integrating monazite, zircon and ilmenite.

1.5.5.5.1. The coastal placers of Chalkidiki and Kavala (Greece)

In northeastern Greece and north of the Aegean Sea, geochemical studies have
been carried out along the coast for 240 km between the Chalkidiki and Kavala
Peninsulas, revealing the presence of REEs in the coastal sediments (Perissoratis
et al. 1988; Pergamalis et al. 2001a, 2001b; Melfos and Voudouris 2012). Indeed,
geochemical anomalies have been revealed in placers, such as that of Nea Peramos,
with levels of up to 8,000 ppm REE (including 93.5% LREE with mainly Ce, La,
Nd and Pr). The main carrier is allanite. Recent studies mention the magmatic
massifs of the Pangaion Mountains near Kavala as the primary source of REEs.
Indeed, analyses carried out on these mountains show concentrations of
6,171 ppm La, 10,883 ppm Ce, 1,062 ppm Pr, 3,249 ppm Nd, 334 ppm Sm and
214 ppm Eu.

1.5.5.5.2. The coastal placer at Hanstholm (Denmark)

The placer at Hanstholm is situated in northern Denmark in the province of
North Jutland. This heavy mineral placer contains ilmenite, rutile, zircon and
monazite sands (Hedrick and Templeton 1991), and has been the subject of
exploration by the Morstal Minerals company (Orris and Grauch 2002).

1.5.5.5.3. The coastal placer at Cuxhaven (Germany)

The placer at Cuxhaven is situated on the North Sea coast, 100 km west of
Hamburg, and contains heavy mineral sands. The resources are estimated at 10 Mt
of heavy minerals, including ilmenite, rutile, zircon and monazite (Hedrick 1985).

1.5.5.5.4. Radioactive anomaly on Espiguette beach (France)

In the South of France, near Grau-du-Roi, the beach at Pointe de 1’Espiguette
presents radioactive anomalies, with average values between 600 and
850 c/s and a maximum of 1,050 c/s (Vazquez-Lopez and Jézéquel 2002). This
anomaly extends over 1,500 m in length and 10-50 m in width, and is situated above
the intertidal zone. The heavy mineral sands contain crandallite (the florencite type)
and zircon, which are probably responsible for the radioactive anomaly.
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1.6. The rare earths deposits of Greenland

In response to increasing demand for mineral resources, Greenland is today
generating international interest in the discovery of new deposits (Stensgaard et al.
2016). Greenland benefits, in particular, from varied geological settings favorable to
the presence of REE deposits attractive to exploration companies (GEUS 2010;
Serensen and Kalvig 2011; Steenfelt 2012; Stendal 2014; Goodenough et al. 2016;
EURARE 2017; Andersson et al. 2018a). The main REE occurrences in Greenland are
situated in carbonatites, alkaline intrusions, pegmatites and paleoplacers (Figure 1.35).

Figure 1.35. REE occurrences in Greenland
(Steensgaard et al. 2010; Charles et al. 2013; Tuduri et al. 2020)
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1.6.1. The alkaline provinces of the Archean (2,750-2,700 Ma)

The alkaline rocks of the Archean are rare globally and only outcrop in the Baltic
shield (e.g. Keivy), the Canadian shield, Australia (Yilgarn), Greenland (e.g.
Skjoldungen) and South Africa (Fitton and Upton 1987; Blichert-Toft et al. 1995;
Zozulya et al. 2007). These geological features form REE potential, such as the
Siilinjérvi carbonatite (Finland) or the Sakharjok alkaline complex (Russia). In
Greenland, two regions have Archean alkaline rocks:

— the Tupertalik carbonatite in the west;

— the Skjoldungen alkaline province in the southeast, with the Singertat
carbonatite and the Timmiarmiut alkaline complex (Larsen et al. 1983; Fitton and
Upton 1987; Nielsen and Rosing 1990; Blichert-Toft et al. 1995; Steensgaard et al.
2010; Berger et al. 2014).

1.6.1.1. Sr-Zr-REE carbonatite at Tupertalik (western Greenland)

In western Greenland, the Tupertalik carbonatite massif (65.50°N—51.85°W)
extends over 500 X 200 m and is situated only 11 km north of the Upper Jurassic
carbonatite at Qaqqarsuk, near the Sender Isortoq fjord (Larsen et al. 1983). The
carbonatite is present in the form of a blade, with a thickness of 10 m within
orthogneiss, having undergone metamorphism in the granulite facies during the
Archean, without undergoing a major retrograde stage afterwards. The high
concentrations of Sr, Zr and REE are comparable to those of other carbonatites.
Archean carbonatite dykes with a similar geochemical signature have been
discovered at Fiskenasset, 310 km south of Tupertalik (Bollingberg et al. 1976).
The Tupertalik carbonatite has been dated back to 2,620 + 80 Ma and 2,691 + 80 Ma
using the K/Ar method on phologopite (Larsen et al. 1983). This age has been
re-evaluated and established at 3,007 £ 2 Ma using the U/Pb method on baddeleyite
(Bizzarro et al. 2002). Further studies are needed to better estimate the real REE
potential of the older, land carbonatite massif.

1.6.1.2. Alkaline province from the Neoarchean at Skjoldungen (southeast
Greenland)

In southeastern Greenland, the alkaline province of Skjoldungen (63°N—43°W)
extends along a NW-SE axis over a width of 30 km, with a variety of late to
post-tectonic alkaline intrusions established between 2,700 and 2,665 Ma (Rosing
et al. 1992; Blichert-Toft et al. 1995). The alkaline rocks intrude a craton formed of
migmatitic orthogneiss and supracrustal rocks (e.g. amphibolite, metapelite), all
affected by metamorphism in the granulite facies (2,750-2,740 Ma) during the
Skjoldungen orogeny (Kolb et al. 2013; Berger et al. 2014).
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1.6.1.2.1. Singertat Sr-REE carbonatite

The Singertat carbonatite-ijolite complex (63.23°N—42°W) intrudes fenitized
gneisses south of the Skjoldungen province, near the Kattertooq fjord (Nielsen and
Rosing 1990; Blichert-Toft et al. 1995). The core of the massif is formed by bedded
sills of coarse-grained melteigite, ijolite and urtite containing aegirine-augite and/or
alkaline amphibole, nepheline and biotite in variable proportions. The additional
phases are magnetite, apatite, sphene, alkaline feldspar, calcite and zircon. The
cancrinite (feldspathoid) often presents as a reaction rim between calcite and
nepheline. Dykes and veins (<1 m) of nepheline syenite and carbonatite intersect the
massif. The nepheline syenite dykes are dominated by perthite with variable levels
of nepheline, aegirine-augite and/or alkaline amphibole, biotite, apatite, calcite and
Fe-Ti oxides. The carbonatite dykes are formed of apatite-biotite sevite. The
peripheral alteration (fenite) zone reaches approximately 2 km in width. The
Singertat carbonatite dates back to 2,664 + 3 Ma (U/Pb age on zircon) (Blichert-Toft
et al. 1995) and is rich in Sr (5,260 ppm) and REE (2,400 ppm with 1,122 ppm Ce,
464 ppm La, 524 ppm Nd). Further studies are needed to estimate the REE potential
of this massif.

1.6.1.2.2. Timmiarmiut Sr-REE alkaline complex

Approximately 100 km south of the Singertdt carbonatite, the Timmiarmiut
alkaline complex (62.37°N—42.28°W) includes alkaline carbonate rocks rich in Sr
(2,000 ppm) and REE (2,300 ppm REE with 1,100 ppm Ce and 120 ppm Y)
(Steensgaard et al. 2010). This zone remains largely underexplored, although it
presents good REE potential.

1.6.2. Paleoproterozoic deposits at Karrat (NIAQ and UMIA)

In central-west Greenland, in the Rinkian fold-thrust belt, the Karrat project
(71.67°N-52.77°W) includes two potential deposits (Figure 1.36): Niaqornakassak
(NIAQ) and Umiammakku Nunnaa (UMIA), discovered by Avannaa Resources in
2007-2009 (Avannaa Resources 2010; Serensen and Kalvig 2011; Stendal 2014).
The sites are located on two peninsulas 7 km apart, and the two deposits are grouped
under the name “Karrat”. Exploratory works are focused on NIAQ, where the
geometry of the mineralized body has been defined by eight drilling campaigns
(1,320 m in total). It is a layered horizon of metacarbonates parallel to the regional
foliation (30° toward the south) of the surrounding rock (amphibolite from the
Karrat group dated back to the Paleoproterozoic) (Garde 1978; Henderson and
Pulvertaft 1987; Kalsbeek et al. 1998; Mott et al. 2013).
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The mineralized body is at least 1.5 km long, while the extent of its extremities is
not known. Its thickness varies between 10.3 and 32.5 m for depths between 56 and
168 m above sea level. The main REE minerals are as follows: bastnisite (39%),
allanite (26%), monazite (22%), monazite-(Th) (4%), fergusonite-(Y) and fluorides-Y
(4%), and chevkinite and diversilite (Fe-Ti-Ba-REE silicates) (4%). Avannaa
Resources proposes a tonnage and grades: 26.3 Mt @ 0.996% REO+Y,0; and
0.13% HREO+Y,0; in an optimistic scenario and 19.5 Mt @ 1.02% REO+Y,0; and
0.13% HREO+Y,0; in a more limited scenario. The average Th content varies
between 400 and 500 ppm (huttonite), and uranium seems to be absent from the
deposit NIAQ (< 5 ppm). We should note the low contents of Be, Zr, Sc or Ta, with
Nb contents varying between 300 and 500 ppm. The origin of the REEs would be
linked to the metasomatic fluids affiliated to a ferrocarbonatite (Mott et al. 2013).
Indeed, the mineralized body is not considered a carbonatite, given its SiO, content
of 15-25% (< 5% for a carbonatite) and CaO content of 18-20% (> 30% in a
carbonatite).

Figure 1.36. Deposits from the Paleoproterozoic at Karrat
(NIAQ and UMIA) (Avannaa Resources 2010)

Although exploration is limited at the UMIA site, two drillings (420 m in total)
and 347 samples have provided an estimate of the REE content, reaching up to
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1.98% REO+Y. The real thickness and global geometry are still not defined due to a
lack of sufficient exploratory work.

1.6.3. Pegmatites from the late Paleoproterozoic (1,800-1,785 Ma)

To the southwest of Greenland, to the north of the Nassugtoqidian orogeny, three
pegmatite fields are present within the Archean base. Two pegmatite fields
(Nassuttutata tasia and Nordre Isortoq) are situated in the regions of Nassuttooq and
Nordre Stremfjord, respectively (Secher 1976, 1980). These are white biotite and
plagioclase pegmatites, concordant with the foliation of the surrounding rock
(Archean gneisses affected by metamorphism in the granulite and amphibolite facies
and supracrustal rocks from the Paleoproterozoic) (Secher 1980; GEUS 2014) and
dating back to approximately 1,800 Ma. The width of the pegmatite bodies varies
from 5 to 10 m, with lengths of 50-200 m. The main REE mineral is monazite in the
form of orange euhedral crystals of 0.5-5 mm. The monazite contains Nd (5-7%)
and 1-2% La, 2.5-4.0% Ce, 500 ppm Y, and 5-10% Th (GEUS 2014).

The third pegmatite field is situated in the Attu region, where the pegmatites
intrude the Archean gneisses and amphibolites. The pegmatites, dated back to
1 785 + 5 Ma, are concordant or discordant and present in the form of veins up to 5 m
in width over lengths of several hundred meters. The main REE mineral is allanite
(crystals of up to 5cm), accompanied by sphene, apatite, magnetite (centimetric
aggregates with allanite) and iron sulfides in a gangue where K-feldspar, quartz and
biotite are associated. Moreover, a pyrite and magnetite alteration zone is observed at
the contact between the pegmatites and the surrounding amphibolite, over nearly a
meter in thickness. No exploration campaign has been carried out until now in these
three pegmatite fields.

1.6.4. Gardar Mesoproterozoic alkaline province

The province of Gardar (Figure 1.37) is a rift zone formed at the end of the
Mesoproterozoic south of Greenland (Upton and Emeleus 1987; Upton et al. 2003;
Upton 2013). Associated with sediments, many plutonic rocks were laid down
between 1,280 and 1,120 Ma. These alkaline intrusions are formed of syenites,
nepheline syenites, quartz syenites and granites associated with a swarm of giant
basic veins. They form the main REE and U potential in Greenland. The intrusion at
[limaussaq (1,160 + 5 Ma; Krumrei et al. 2006) includes the two world-class
deposits at Kringlerne and Kvanefjeld, and the Igaliko intrusion includes the
Motzfeldt Se deposit.
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Figure 1.37. Alkaline province from the Mesoproterozoic at Gardar

1.6.4.1. Kvanefjeld U-REE-Zn-F deposit

To the south of Greenland, the U-REE-Zn deposit at Kvanefjeld (Figure 1.38) is
situated a few kilometers from Narsaq and occupies the northeastern part of the
Ilimaussaq intrusion (Ferguson 1964; Larsen and Serensen 1987; Serensen et al.
2011). This alkaline complex consists of four successive intrusions:

— an augite syenite in the form of a discontinuous band on the edge of the
intrusion;

— a hyperalkaline quartz syenite and an alkaline granite at the top of the complex
and in the form of enclaves in the third intrusion;

— a layered series hyperalkaline nepheline syenite (agpaite);

— cumulates of kakortokite, aegirine Ilujavrite and arfvedsonite lujavrite
(Serensen 1969; Bohse et al. 1971; Nielsen and Steenfelt 1979; Serensen et al. 2011
and references therein).

These rocks (especially sodalite foyaite, naujaite, kakortokite and lujavrite) are
interpreted as resulting from highly fractionated phonolitic magma rich in iron and
incompatible elements (Zr, Hf, Nb, REE, U). The Ilimaussaq complex (1,160 +
5 Ma; Krumrei et al. 2006) is an igneous body, unique with regard to its extreme
enrichment of many rare elements in more than 200 minerals.
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The world-class deposit at Kvanefjeld occupies a plateau of 2.1 x 0.9 km and
forms part of the 4.5 km lujavrite belt in the Ilimaussaq complex. The northern and
western edges of the plateau correspond to the northern and western borders of the
alkaline complex. To the northeast, the lujavrite level at Kvanefjeld is continuous as
far as the Steenstrup fjord. On the western part, the lujavrite of the plateau forms the
base of the augite syenite and the naujaite. Finally, the eastern part is formed of
medium- to coarse-grained lujavrite (“M-C lujavrite”), fine-grained lujavrite and
then naujaite. In the 1950s, the Ilimaussaq complex was widely prospected for
uranium, then for REEs, as well as Zr, Be, Nb and Ta. For political and
socioeconomic reasons, no development took place. The recent back and forth on
legislative relaxation on mineral exploration in Greenland, especially for uranium
and oil, is not conducive to foreign investors.

The Kvanefjeld deposit is being explored by the Greenland Minerals company
for U, REE, F and Zn. It appears that U, Th and REEs are concentrated in the upper
parts — that is, the most recent parts — of the complex. Thus, hyperagpaitic lujavrite
and agpaitic nepheline syenite are the main ores. The upper units of the lujavrite are
very rich in REEs, U and Zn, with REE contents of over 1.5% and 400 ppm U;Os.
At depth, these concentrations decrease. The mineralized areas may exceed 250 m in
width within dome-shape structures. The mineralized lujavrite mainly outcrops in
the northern half of the Ilimaussaq complex. Kvanefjeld is the main deposit, and
satellite deposits have recently been discovered at Serensen (formerly zone 2) and in
zone 3 (GME 2014). The main REE-U-Zn minerals are steenstrupine, britholite,
monazite, vitusite, xenotime and various Na-Zr silicates, such as eudialyte and
lovozerite. In 2015, an estimate of NI43-101 or JORC compatible resources showed
a total resource of 673 Mt @ 1.09% REO and 248 ppm U;Og (7.34 Mt REO
including 0.27 Mt HREO). The indicated resources represent 308 Mt (3.42 Mt REO
including 0.13 Mt HREO) and the inferred resources are 222 Mt (2.22 Mt REO
including 0.08 Mt HREO), with a cutoff grade of 150 ppm U;Os. The total project
(Kvanefjeld, Serensen and zone 3) represents 1,010 Mt @ 11,000 ppm REO,
including 9,700 ppm LREO, 399 ppm HREO and 266 ppm U;Og (11.14 Mt REO,
including 0.40 Mt HREO). Moreover, tests for extraction using froth flotation and
open air leaching are conclusive (GME 2012). In 2014, 30 tons of ore was used for
the pilot plant in the EURARE project (GME 2014; EURARE 2017).

1.6.4.2. Kringlerne Ta-Nb-REE-Zr deposit

The world-class polymetallic deposit (Ta-Nb-REE-Zr, hence the name Tanbreez)
at Kringlerne is situated in southern Greenland, 15 km southeast of the Kvanefjeld
deposit to the south of the Ilimaussaq intrusion (Bohse et al. 1971; Bohse and
Andersen 1981; Serensen 2001; GEUS 2014). This deposit (Figure 1.38) is situated
at the base of the alkaline complex in the lower levels of layered agpaitic nepheline
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syenite cumulates called kakortokite. Kringlerne is situated in the Kangerluarssuk
region, and the kakortokite cumulates are formed of 29 regular layers over a total
thickness of 200 m. These layers are a repetition of banding of black syenite
(dominated by arfvedsonite), red syenite (dominated by eudialyte) and white syenite
(dominated by feldspar). Each banding measures between 1 and 20 m in width. The
origin of this banding is still being debated and results from minerals being sorted by
density when the magma solidified, as well as from rhythmical deposition within the
magmatic chamber (Serensen 2001). The Kangerluarssuk zone covers a surface of
2 x3km, 400 m above sea level. Kakortokite has been studied for decades,
especially for the following elements: Zr, Y, Ta, Nb and REEs. The Kringlerne
deposit is being explored by the Tanbreez company.

Figure 1.38. llimaussaq complex including the Kvanefjeld and Kringlerne deposits



86 Metallic Resources 1

Eudialyte is the main mineral of economic interest and carries Zr, Nb and REE
(Ferguson 1964; Andersen et al. 1988; Johnsen et al. 2001; Serensen and Kalvig
2011; GEUS 2014). The three types of cumulate layers have been analyzed for Zr
content by Bohse et al. (1971): black kakortokite (1.1%), red kakortokite (3.8%) and
white kakortokite (1.3%). The eudialyte contains 12 wt.% ZrO,, 2 wt.% RE,O; and
1% wt.% Nb,Os, on average (Borst et al. 2016). Moreover, the eudialyte shows low
contents of Th and U (similar to contents in the surrounding rock). The eudialyte can
be extracted easily from the surrounding materials using magnetic separation, and
extraction of the REEs requires acid treatment (Tanbreez 2014). Indeed, recent
studies have shown that eudialyte is often replaced by complex assemblages of
secondary minerals resulting from the late magmatic interaction of fluids rich in Na
and F. This alteration fractionates the major elements within these secondary
minerals with separation of the Zr-, Nb- and REE-bearing phases, which
complexifies the ore and its processing. Tanbreez published an estimate of the
inferred (JORC compatible) resources of more than 4,300 Mt of eudialyte ore, with
an average of 1.8% ZrO,, 0.2% Nb,Os, 0.5% LREOs and 0.15% HREOs (which is
27.95 Mt REO), which makes Kringlerne the most substantial REE deposit on the
planet (Tanbreez 2014).

1.6.4.3. Motzfeldt Sg Nb-Ta-U-Zr-REE deposit

Within the alkaline province at Gardar, alkaline complexes have been established
inside and outside the Gardar rift. In addition to the Nunarssuit and Paatusoq
complexes, the Igaliko complex is the most substantial in the province, formed of
four intrusions (Motzfeldt, Qdéroq Nord, Qoéroq Sud, Idglerfigssalik) and some
smaller intrusive bodies, dated between 1,280 and 1,140 Ma (Emeleus and Upton
1976; Upton and Emeleus 1987; Upton et al. 2003; Bartels 2013). The Motzfeldt
intrusion (Figure 1.39) is situated to the northeast of the Igaliko complex and covers
a surface of 20 x 15 km (McCreath et al. 2012). It is a pluton of multiple syenite
intrusions intersecting the batholite of the Julianehdb, which dates back to the
Proterozoic age, and the Gardar metasediments, which date back to between 1,280
and 1,220 Ma (Emeleus and Harry 1970; Tukiainen et al. 1984; Upton et al. 2003;
Schoenenberger and Markl 2008).

Motzfeldt Sg is the oldest intrusion and is formed of whole and altered nepheline
syenite and a border of arfvedsonite syenite. A complex network of hyperalkaline
microsyenite sills and pegmatites associated with a hydrothermal alteration allowed
the emplacement of Th-U-Nb-Ta-Zr-REE mineralization at the top of the intrusion
(Thomassen 1988; Tukiainen 1988). The main ore is formed of pyrochlore (Nb, Ta,
U, REE), thorite (Th), zircon (Zr) and bastndsite (REE, Th) (Tukiainen 1986). The
pyrochlore contains 1.3-8.3% Ta. The first estimate of resources by GEUS dates
back to the 1980s and gives a mineralized volume of more than 500 Mt @
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0.14% Nb, 120 ppm Ta, 60 ppm U and 90 ppm Th (Thomassen 1988; Tukiainen
1988; GEUS 2014). The estimated resources are less than 30 Mt, with a cutoff grade
of 250 ppm Ta. Where Nb resources are concerned, the figures give 130 Mt @
0.4-1.0% Nb,0Os. In 2010, an exploration permit was obtained by Ram Resources to
study the prospects of Aries, Merino, Rams Head and Romney. The Aries site has
inferred resources of 340 Mt @ 120 ppm Ta,0s, 1,850 ppm Nb,Os, 4,600 ppm ZrO,
and 2,600 ppm REO (Ram Resources Ltd. 2012); in other words, 1.56 Mt ZrO,,
0.884 Mt REO, 0.629 Mt Nb,Os and 41,000 t Ta,0s.

Figure 1.39. Alkaline complexes at Motzfeldt and Grgnnedal-lka

1.6.4.4. Grgnnedal-lka alkaline complex

In southern Greenland, the Grennedal-lka complex (8 x 3 km) is a nepheline
layered syenite intrusion intersecting enclaves of porphyritic syenite and a
carbonatite intrusion (Callisen 1943; Emeleus 1964; Pearce et al. 1997; Halama
et al. 2005). This complex (Figure 1.39) has been dated back to 1,299 + 17 Ma using
the Rb—Sr method (Blaxland et al. 1978). The core is formed of a calcite-siderite-
magnetite carbonatite. The Grennedal-lka complex seems favorable to REE
potential (Serensen and Kalvig 2011).
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1.6.4.5. Qassiarsuk alkaline complex

In southern Greenland, the alkaline complex at Qassiarsuk (1.2 Ga) is situated to
the north of the Precambrian Gardar rift, oriented E-W (Stewart 1970; Andersen
1997). This complex, intercalated in the sandstone, includes a series of alkaline
silicate tufs and a carbonatite (discontinuous horizons of tuffs and sills). The massif
extends from Qassiarsuk to the Eriksfjord fjord to the east, and to Tasiusaq Creek to
the west. The carbonatite varies from calcitic carbonatite to ankerite-dolomite
ferrocarbonatite. This carbonatite is one of the best targets for REE potential in the
Gardar province (Serensen and Kalvig 2011).

1.6.5. Carbonatites from the Neoproterozoic to the Mesozoic
(southwestern Greenland)

The southwest of Greenland includes a post-Archean alkaline province,
including networks of dykes and sills, as well as alkaline complexes established over
nearly a billion years (Larsen et al. 1983; Secher et al. 2009). Three distinct
magmatic episodes can be described according to their datings: Mesoproterozoic
(1,284—1,209 Ma), Neoproterozoic (604—555 Ma) and Jurassic (165—155 Ma). Three
carbonatite massifs are studied in particular for their REE and Nb: the Sarfartoq
carbonatite (Ediacarian), the Qaqarssuk carbonatites (or Qeqertaasaq) and Tikiusaaq
from the upper Jurassic (GEUS 2014; Stendal 2014).

1.6.5.1. Sarfartoq Ediacaran Nb-REE carbonatite

In southwestern Greenland, the Sarfartoq carbonatite (66.482°N—51.229°W) is
situated approximately 60 km southwest of Kangerlussuaq airport (Figure 1.40).
This complex was established at the boundary between the Archean craton to the
south and the Paleoproterozoic Nagssugtoqidian orogenic belt to the north (Secher
1986). Carbonatite dates back to 564 Ma (age Rb/Sr on phlogopite) (Secher et al.
2009) and was discovered by GEUS in 1976 using airborne geophysical surveys and
field work (Secher 1976, 1986; Secher and Larsen 1980). The massif covers 90 km?
and the carbonatite occupies 10 km’. The surrounding rock is represented by
Archean orthogneisses reworked during the Paleoproterozoic. The Sarfartoq
complex is a steeply dipping conical body, whose concentrically layered core is
formed of ferrocarbonatite rich in apatite and magnetite (with ankerite rauhaugite
dominant). The carbonatite can be divided into a central zone (>50% carbonatite,
~1 km?) and an external zone (<50% carbonatite, 1-3 km, ~9 km?). The central part
is surrounded by concentric bands and carbonatite dykes (beforsite, ferrodolomite
dominant), with intercalations of fenitized panels of surrounding rock (light gray
aegirine fenite). Hydrothermal processes have allowed the formation of Nb minerals
(pyrochlore) and REEs in the dykes and deformed zones 50-200 m in width,



The Rare Earth Resources of Europe and Greenland 89

surrounding the core of the massif, with the latter sometimes marked by Th and U
anomalies (Bedini 2009). The main minerals in the complex are dolomite, ankerite,
apatite, phlogopite, richterite, arfvedsonite and magnetite, and some additional
phases include pyrochlore, zircon and Nb-rutile (Secher and Larsen 1980).

Figure 1.40. Sarfartoq carbonatite (Secher et al. 2009)

The carbonatite complex at Sarfartoq has been prospected for diamonds, as well
as the following elements: P, Nb, Ta and REE (Serensen and Kalvig 2010; Druecker
and Simpson 2012; GEUS 2014). Since 2003, Hudson Resources has obtained two
permits on 783 km® to explore Nb (2008) and REEs (2009). The estimate of
(JORC compatible) resources gives measured resources of 23,478 t @ 5.95% Nb
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(8.51% Nb,Os) with a cutoff grade of 3% Nb, and inferred resources of
64,301 t @ 3.89% ND (5.56% Nb,Os) with a cutoff grade of 1% Nb (New Millenium
Resources in 2002). For the REEs, Hudson Resources mentions that they are
associated with ferrocarbonatite, fenite, hematite alterations and iron carbonates
that coincide with the Th anomalies (Druecker and Simpson, 2012). The main
REE-bearing minerals are bastnisite-(Ce), synchysite-(Ce), synchysite-(Nd) and
monazite-(Ce). In 2012, Hudson Resources published an estimate of (NI43-101
compatible) resources for the Sarfartoq project with indicated resources of
5.88 Mt @ 1.77% REO and inferred resources of 2.46 Mt @ 159% REO, based on a
cutoff grade of 1% and underground exploitation (Druecker and Simpson 2012). Nd
and Pr represent 25-54% of all REEs. A recovery rate of 6% has been announced,
but it has not yet been subjected to metallurgical tests.

1.6.5.2. Qagarssuk/Qeqertaasaq Upper Jurassic Nb-REE-P

The Qaqarssuk or Qeqertaasaq carbonatite (65.383°N-51.667°W) is situated in
the southwest of Greenland, approximately 135 km northeast of Nuuk, and was
discovered in 1969 (Vuotovesi 1974). The carbonatite intrudes Archean gneisses
and dates back to 165.0 £ 0.9 Ma (Rb—Sr age on phlogopite) (Secher et al. 2009).
The massif covers 15 km® and is formed of several concentric carbonatite dykes
surrounded by a fenitized zone in the surrounding rock (Larsen et al. 1983;
Kunzendrof and Secher 1987; Knudsen 1989; Knudsen and Buchardt 1991). The
first stage is represented by dolomite carbonatite and olivine sgvite dykes, while the
late stage is represented by dykes of fine-grained dolomite carbonatite,
ferrocarbonatite, sevite, silico-sevite and REE carbonatite. The Qagqarssuk
carbonatite has been widely explored for its Nb, REE and P potential since the
1970s by Kryolit Selskabet Oresund (Gothenborg and Pederson 1976; Nielsen
1976). The Nb mineralizations are pyrochlore cumulates in the sevite and
pyrochlore precipitations associated with fenite in the surrounding rock, near the
carbonatite dykes. The pyrochlore shows contents of more than 15 wt.% Nb,Os and
up to 20 wt.% Ta,0s. Apatite, present in the silico-sgvite, shows content between
3.5 and 6.0 wt.% P,0s.

Knudsen (1991) shows that carbonatite dykes are rich in REEs. Since 2010,
Nuna Minerals has explored the massif by taking surface and trench samples,
mapping the facies, and undertaking a drilling campaign totaling 1,590 m (Sterensen
and Kalvig 2011; Stendal 2014). The REE mineralizations are restricted to the
center of the complex in the dykes (1-4.5 m in width and some hundreds of meters
in length). The average content, according to surface samples taken over a zone of
1.5 km?, is 2.4% REO. The best intersection by drilling amounts to 4.5% REO over
nearly 4.7 m. Ancylite is the main REE-bearing in the dykes in the form of well-
developed crystals (0.1-0.3 mm) associated with other phases, such as burbankite
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((Na,Ca);(Sr,Ba,REE);(CO;)s), huanghoite (BaREE(CO;),F) and gqaqarssukite
(BaREE(CO;),F) (Grice et al. 2006). LREEs dominate, and the concentrations of
some elements are 50% Ce, 27% La, 16% Nd, 5% Pr and 2% other REEs.

1.6.5.3. Tikiusaaq Upper Jurassic P-REE carbonatite

In southwestern Greenland, the Tikiusaaq carbonatite (64°N—-46.75°W) is
situated 100 km south of Nuuk. This complex was discovered by GEUS in 2005
thanks to an integrated framework/stream sediment geochemistry/aeromagnetism
(Steenfelt et al. 2006). The massif seems to cover a surface of 100 km” and intrudes
the strongly deformed and metamorphosed Archean basement, which is formed of
granite, orthogneiss, amphibolite and anorthosite. The core of the massif
(3.3 x 2 km) is formed of vertical and closely spaced blades and carbonatite (up to a
few meters in thickness) of two types: early white calcitic carbonatite (calcite and
planes with green mica, magnetite and apatite) and late gray dolomite carbonatite
(ferrous dolomite and ankerite) (Nuna Minerals 2010). A fenitized zone is visible
around the carbonatite core. Within the surrounding rock, numerous carbonatite
veins (from 1 mm to 20 cm) are described. The Tikiusaaq carbonatite dates back to
158 £2 Ma (age U/Pb on zircon; Frei et al. 2006; Steenfelt et al. 2006), which is
equivalent to the Qaqarssuk carbonatite (165 Ma).

The Tikiussaq complex has been explored by Nuna Minerals for REEs and
diamonds (Nuna Minerals 2010). The exploration campaign focused on the core of
the massif, with 78 carbonatite samples that have confirmed the REE concentration
within the late ankerite carbonatite, while phosphates are present in the calcitic
carbonatite. The contents amount to 9.6% REO (an average of 0.6% REO,
dominated by LREEs) and up to 8.5% P,Os (an average of 1.6% P,0s). The REE
minerals are ancylite, churchite and parasite. The REE composition is broken down
as follows: Ce (47%), La (33%), Nd (12%), Pr (4%) and other REEs (4%). The level
of U is low. Nuna Minerals estimates that the mineralized body is 750 m in length
and 100 m in width and extends to at least 500 m in depth. The important anomaly
in Th indicates a substantial REE deposit, the potential resource of which is
estimated to be more than 200,000 t @ 1-5% REO (Stendal 2014), even if further
exploratory studies are needed.

1.6.6. Milne Land Jurassic—Cretaceous REE-Ti-Zr paleoplacer

In eastern Greenland, the island of Milne Land includes a Jurassic—Cretaceous
paleoplacer with heavy mineral sands (70.685°N-25.920°W) (Serensen and Kalvig
2011; Stembera 2012; GEUS 2014; Stendal 2014). These zircon and monazite sands
have been detected through Th anomalies identified by airborne radiometry and a
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sampling campaign carried out by Nordisk Mineselskab and Research Establishment
RISO in 1968. Marine sandstones have been dated from the middle Jurassic to the
lower Cretaceous and form part of the Charcot Bugt Formation (Birkelund et al.
1978, 1984; Birkelund and Callomon 1985; Larsen et al. 2003). The paleoplacer is
situated at the base of this sedimentary formation, and the main anomaly is located
at Bays Fjelde (“Hill 800 site), measuring 500 m in diameter and 40—50 m in width.
The heavy mineral sands present as irregular lenses of 10—40 cm in thickness within
an arkosic sandstone unit and breccia of approximately 20 m in width (Harpgth et al.
1986). The heavy minerals are as follows: monazite, xenotime, rutile, zircon, garnet
and ilmenite with potential in REEs, Ti, Zr and Th. The detrital level of 20 m
contains 5 Mt @ 1.0-3.8% Zr and 0.5-1.9% REO (Harpeth et al. 1986).

In 1990, metallurgical tests carried out by Coffs Harbour Rutile concluded that
the economic extraction of monazite, zircon and garnet was possible. An estimate of
resources for the “Hill 800 site gives 3.7 Mt @ 1.1% zircon, 0.5% monazite, 2.6%
anatase, 3.1% garnet and 0.03% xenotime (Serensen and Kalvig 2011). Monazite is
the mineral containing REEs (90% LREE and 10% HREE). Since 2010, the CGRG
(Czech Geological Research Group) has explored the Milne Land paleoplacer. In
2011, the CGRG collected 105 samples and made radiometric measurements,
demonstrating three Zr-REE-Ti anomalies with levels of 2.0 wt.% ZrO,, 2.5 wt.%
REO and 35 wt.% TiO, (Stembera 2012).

1.6.7. Alkaline complexes from the Paleogene (central and eastern
Greenland)

At the start of the Paleogene, central-eastern Greenland was marked by the
opening of the North Atlantic, leading to the separation of Greenland from Europe.
Magmatic rocks from this period outcrop between the latitudes 68°N and 75°N
(Brooks and Nielsen 1982; Nielsen 1987; Saunders et al. 1997; Nielsen 2002). This
magmatic event is characterized by vast basalt plateaus and alkaline intrusions
established between 62 and 25 Ma (Tegner et al. 1998, 2008; Brooks et al. 2004).
REE occurrences have been described at Kap Simpson, Kap Parral and others
associated with the Gardiner complex (Stembera 2012; GEUS 2014; Stensgaard
et al. 2016; EURARE 2017).

1.6.7.1. Kap Simpson (Bjgrnedal-Traill) Nb-REE alkaline complex

Kap Simpson is situated on the central-eastern coast of Greenland and is one of
the most important alkaline intrusions from the Paleogene (Nielsen 1987). This
complex includes an alkaline syenite to the northwest and a system of concentric
syenite dykes within a volcano-sedimentary unit to the northeast (Harpgth et al.
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1986). The southeastern part is a caldeira called the “Dreibuchten Zone” (Schaub
1942; Harpeth et al. 1986). The Kap Simpson complex has been explored
by Nordisk Mineselskab and AMAX (Martens and Seemann 1973; Schassberger
and Spieth 1978; Geyti 1979; Schassberger and Newall 1980; Damtoft and
Grahl-Madsen 1982). Intense hydrothermal alteration has been described across the
whole massif, especially in the Dreibuchten zone, with silicification, pyritization and
clay enrichment. Harpeth et al. (1986) mention a potential in Mo, fluorine and base
metals. Moreover, the samples collected in 1969 by Nordmine have revealed high
REE levels.

Further work has allowed the discovery of quartz veins and Nb-REE, 15 cm
broad and 30 m long, within Jurassic sediments close to the contact with the
Bjernedal-Traill syenite (72.341°N-22.766°W) (Martens and Seemann 1973;
Harpeth et al. 1986). The samples contained up to 3.2% Nb, 3.0% REE and 0.3% Y.
The main REE-bearing minerals are euxenite, monazite, bastnésite, samarskite and
fergusonite. More recently, the CGRG (Czech Geological Research Group) explored
the Bjernedal-Traill site for Zr, Nb, Ta, REE and Mo potential (Stembera 2012). In
2011, samples were collected and showed levels up to 2.5 wt.% Zr, 0.3 wt.% Nb and
1.5 wt.% REE.

1.6.7.2. Kap Parral alkaline complex

Kap Karral is situated just to the north of Kap Simpson, on the central-eastern
coast of Greenland. This cap is formed of an alkaline syenite intrusion similar to that
at Kap Simpson (Nielsen 2002). It remains unexplored, although it may form Nb
and REE potential.

1.6.7.3. Gardiner ultramafic alkaline complex

At the core of the Kangerlussuaq fjord in the center-east of Greenland, the
Gardiner massif (68.618°N—33.151°W) is an ultrabasic alkaline complex that dates
black to 50.3 + 1.4 Ma, forming a REE occurrence (Woodley 1987; Campbell et al.
1997; Orris and Grauch 2002). The intrusion is formed of an ultrabasic suite and a
system of late concentric melilitolite, syenite and carbonatite dykes (Frisch and
Keusen 1977; Nielsen 1979, 1980, 1994; Johnsen et al. 1985). The REE-bearing
minerals are perovskite (and loparite in the syenite) and apatite associated with other
additional phases, such as titanite and magnetite. Perovskite concentrates more
REEs than apatite, even though these two minerals are rich in LREEs (Campbell
etal. 1997).

Perovskite is present in dunite, melilitolite and the associated rocks, and may
form a modal proportion of nearly 20% in some cases where it is mentioned. Frisch
and Keusen (1977) carried out a chemical analysis using a microprobe along a
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perovskite grain profile, showing that the perovskite is a calcium titanate with minor
substitutions of Na, Nb and LREE, and contents of approximately 7 wt.% RE,Os.
Analyses carried out by Campbell et al. (1997) on some grains of perovskite
(melilitolite dike) and loparite (syenite) have given contents of 4.11% REO and
35.5% REO, respectively.

1.7. The origin of the rare earth deposits in Europe and Greenland

The conclusion of this summary is unarguable: Europe includes many
occurrences of REEs associated with varied geological environments. The
geological processes at the origin of these occurrences can thus be observed at all
stages of the geological cycle, from the high temperature and high pressure
conditions encountered in the mantle (up to 1,200°C and 1.5 GPa) to more surficial
environments that are sensitive to the climate.

These very different processes may be of magmatic, metamorphic, hydrothermal
or diagenetic origin, or may quite simply have origins associated with the regolith.
Thus, the primary deposits are essentially associated with igneous alkaline rocks and
carbonatites, whereas the secondary deposits, especially placers or bauxite, generally
have a source in the fertile terrain of the European subsoil. One point is essentially
to understand the main mechanisms at the origin of REE enrichment in endogenous
environments as in exogenous ones, as well as the geological cycle of REEs in the
continental crust (Figure 1.41).

1.7.1. Partial melting and crystal fractionation

The hyperalkaline carbonatites and magmas (including kimberlites) are
enigmatic witnesses of the deep carbon cycle linking diamonds in the Earth’s crust
to the volcanic emission of CO, and other gases (Green and Wallace 1988; Nelson
et al. 1988; Hammouda and Keshav 2015; Foley and Fischer 2017). These two types
of magma are often linked and are generally encountered in hotspot- or rift-type
environments, as observed in extended intracontinental domains (Woolley and
Kjarsgaard 2008; Goodenough et al. 2016). They are uncommon (approximately 5%
of volcanism in volume), and their compositions and physical-chemical properties
are part of the spectrum of conventional silicate magmas. They are particularly rich
in volatile constituents (CO,, H,O, halogens and sulfides in order of abundance) and
poor in silica (Le Bas 1981; Le Maitre 2005).

Another peculiarity of these magmas is the wide range of differentiation
temperatures, ranging from more than 1,300°C to less than 500°C (Weidendorfer
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et al. 2017). The cold temperatures correspond to the only carbonatites currently
emitted by the Doinyo Lengai volcano in Tanzania (Keller and Krafft 1990). It was
in the course of this particular magmatic differentiation that gigantic geochemical
anomalies developed to the point of forming deposits of REEs and other rare metals.
The formation of these deposits remains an exception, however. In fact, out of
nearly 500 carbonatites listed globally, only five are exploited today for their
exceptional tonnage and REE content (Verplanck et al. 2016). The reason behind
such evolutions is debated. A deeper investigation on the formation modes and
differentiation modes of these highly specific magmas is key.

Carbonatites are mostly formed by magmatic immiscibility: two liquids, one a
silicate and the other a carbonate, coexist in equilibrium without mixing chemically,
similar to oil and water (Kjarsgaard and Hamilton 1989; Kjarsgaard et al. 1995;
Weidendorfer et al. 2017). Over the course of this immiscibility, the REEs are
shared very variably between the two liquids, a process that remains poorly
understood. Using experiments at high temperature and high pressure, recent works
(Nabyl et al. 2020) modeled the behavior of REEs during the formation of
immiscible carbonatites. Nabyl et al. (2020) demonstrate that REEs follow calcium
and can be overconcentrated in carbonatites coexisting with fairly viscous phonolite-
type liquids. On the other hand, although carbonatites do not form at the stage
known as phonolitic, they focus on no or few REEs. The latter therefore remain in
the silicate liquid, and given their incompatible behavior, the fractionated
crystallization processes will be concentrated in highly differentiated magmas, such
as those in hyperalkaline complexes.

Magmatic mechanisms are thus able to concentrate REEs highly in the
carbonatites at levels comparable to the large, world-class deposits. It is very
possible, however, that the final stages of the magmatism of carbonatites, in other
words, degassing at the transition between magmatic and hydrothermal processes,
are the root of the still poorly understood remobilization of REEs. Indeed,
enrichments in REEs in carbonatites are often described as resulting from late
magmatic and hydrothermal processes (Biihn et al. 2002; Nadeau et al. 2016). At
this stage, hot aqueous fluids rich in halogens, phosphorus and sulfides are surely
able to redistribute REEs from carbonatites. Today, decoding all these magmatic and
hydrothermal processes remains the key to understanding the formation of these
geochemical anomalies and suggesting “proxies”, that is, easy-to-use mineralogical
indicators, which are nevertheless able to record and rebuild the magmatic and
hydrothermal stages leading to the formation of a rare metal deposit.
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1.7.2. Chlorinity of hydrothermal systems

The behavior of REEs in solution can be considered a scientific paradox. Since the
19th century and the first attempts at solvent extraction from rare ores such as yttria
(i.e. gadolinite), cerite or even samarskite, it has been known that REEs are soluble in
aqueous solutions (Mosander 1843; Marignac 1880). Until the second half of the 20th
century, these REEs have been considered immobile by geologists (Menzies et al.
1979; Michard and Albaréde 1986), even though the latter, contained in monazite or
bastnisite, were processed and separated by solvation in industrial applications.

Moreover, it seems that REEs can be mobile in hydrothermal fluids (Juteau et al.
1979; Wood 1990a, 1990b; Lottermoser 1992) and that the latter can mobilize REEs
during the leaching of rocks and minerals to then concentrate them in many
instances. These processes are at the origin of economic deposits in many contexts.
They may involve the following:

— exsolved fluid phases of magmatic liquids such as Strange Lake in Canada
(Gysi et al. 2016) or Lofdal in Namibia (Bodeving et al. 2017);

— but also, although rarer, fluids resulting from non-magmatic processes such as
in the Browns Range dome in northwestern Australia (Nazari-Dehkordi et al. 2018)
and the Maw Zone in Athabasca in Canada (Rabiei et al. 2017).

The growing role of REEs in energy transition involves the development of
innovative technologies to extract these elements from so-called unconventional
minerals (e.g. eudialyte, steenstrupine, gadolinite and allanite). This also reminds us
of the understanding that is needed about the chemical mechanisms responsible for
the transport of REEs in solution, their fractionation and concentration in the natural
processes that lead to the genesis of unconventional economic concentrations of
hydrothermal affiliation.

At the atomic scale, lanthanides are characterized by the gradual filling of the
electron sublayer 4f, deeply buried and protected by the external layers 5 s*5p°. This
peculiarity makes them relatively insensitive to their chemical environment, hence
their supposedly immobile behavior. Mainly present in trivalent state, Pearson’s rule
(1963) predicts their behavior in acid solutions, which allows them preferential
interaction with hard inorganic ligands. The most stable are F"> OH > Cl" when
monovalent complexing agents are considered and CO5* > SO, >P,05* for divalent
ones. Recent work (Migdisov 2009, 2004, 2019) has made it possible to evaluate the
main factors governing the transport and deposit of REEs in hydrothermal fluids. In
particular, it has revealed the major role of CI', as well as F in their complexation in
solution and their deposition. Experiments including thermodynamic models suggest
that the main ligands responsible for the transport of REEs in hydrothermal
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conditions are chloride and sulfate. On the other hand, the presence of fluoride
considerably reduces the solubility of REEs in these hydrothermal solutions,
contrary to all expectations. Indeed, the presence of F~ could facilitate the trapping of
REEs and contribute to the effective precipitation of REE minerals.

The most effective precipitation mechanism would therefore involve neutralizing
an acidic fluorinated fluid rich in REEs using carbonated formations of sedimentary
or magmatic origin, which would, for example, trigger precipitation by saturation of
REE fluorocarbonates such as bastnisite. The addition of phosphate complexes
would, however, contribute to the precipitation of monazite and/or xenotime. REEs
transported in the form of sulfate complexes would be destabilized by the addition
of barium and the precipitation of insoluble barite. These results nonetheless remain
preliminary insofar as too little research has focused on the speciation in solution of
carbonated complexes such as REE-hydrolated complexes.

1.7.3. Exogenous rare earth cycle

Exogenous REE deposits form in conditions called surface conditions, and result
from interactions between rocks, biosphere and atmosphere. The rocks, like their
constituent minerals, undergo chemical and physical transformations in contact with
surface agents such as air, wind, water, ice and the living world. It makes sense to
distinguish two types of exogenous deposits:

— those associated with regolith;

— more distal ones located in sedimentary basins.

In the environment of the regolith, reactions of hydrolysis, oxidation, hydration,
or decarbonation trigger a chemical alteration of the rocks and minerals, in addition
to physical phenomena (Freyssinet et al. 2005). It must be specified that the
solubility of REEs in solution is moreover strongly dependent on the temperature
(Wood 1990a, 1990b); they can be considered very poorly soluble, or indeed
immobile, in ambient conditions. The time factor will also be preponderant in the
genesis of exogenous REE deposits in aqueous conditions. Thus, enrichment in
insoluble elements (Fe, Al, REE) is residual and strongly dependent — partially or
wholly — on the leaching of soluble elements in very aggressive climates (Mg, Ca).
The hydrodynamism of underground waters will allow the recombination of
insoluble elements in neoformed minerals, mainly clays, hydrophosphates or
carbonates.

In the ionic clay-type deposits often associated with the weathering of granites,
REEs are adsorbed to the surface of halloysite/kaolinite-type neoformed clays
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(Roaldset 1973; Chi and Tian 2008; Borst et al. 2020). The adsorption of REEs to
the surface of clays is favored under pH neutral conditions (Coppin et al. 2002),
such as those encountered in deposits at the interface between saprolite and laterite
(Li et al. 2020). The character of ionic clay-type deposits, rich in LREEs or HREEs,
can be explained by:

— effects linked to relief (i.e. topographic gradients) (Li et al. 2020);
— the morphology and stability of crystalline surfaces (Coppin et al. 2002);

— variations in the solubility of REEs in surface waters when these elements are
complexified by inorganic anions (e.g. COs>, F"), simple organic anions, or colloidal
organo-mineral fractions (Tuduri et al. 2011; Rillard et al. 2019);

— adsorption/resorption phenomena at the surface of minerals (Pourret and
Davranche 2013; Liu et al. 2017; Li et al. 2020). These numerous, very small
deposits (several tens of thousands of tonnes) are widely exploited in China despite
their (very) low contents between 0.03 and 0.35% REO (Chi and Tian 2008; Li et al.
2020).

Thus, in a laterite setting, the weathering of rocks initially rich in REEs (e.g.
carbonatite, granite) will be able to produce secondary REE deposits that are even
more fertile (Borst et al. 2020). In bauxitization settings, REEs are thus alternatively
adsorbed and then desorbed in line with the progression of weathering toward the
bottom. The neutralization of surface waters by carbonated formations can lead to
the neoformation of hydroxylated bastndsite in addition to REEs adsorbed to the
surface of the clays (Mongelly 1997).

Finally, let us specify that recent research has shown that the processing of karst
bauxites using the Bayer process makes it possible to concentrate REEs in waste
produced from the manufacture of alumina: red mud (Deady et al. 2016).

Not all the minerals that form rocks, including those carrying REEs, present the
same stability in relation to surface agents. Over the course of physical weathering,
rocks fragment, disintegrate and the most resistant, insoluble minerals are taken up
and leached by the wind and water. Placer-type deposits thus formed in sedimentary
environments. These are accumulations of heavy minerals in sands and gravels
separated by gravitational processes during their transportation by water and/or
wind. With time and subsidence, diagenetic processes consolidated these placers,
transforming them into paleoplacers. In fact, the placers are generally recent, of
Cenozoic or Quaternary age, although some older ones date back to the
Precambrian. The main REE minerals encountered are monazite, xenotime,
fergusonite, euxenite and allanite (Donnot et al. 1973; Morteani 1991).
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In a more distal fashion, the oceans are often considered to be in a stable
chemical state, thus displaying an elementary balance maintained by input and
output rates (Elderfield et al. 1990). However, the total loss of REEs — the quantity
of REEs washed onto coastal plateaus and into the oceans — is underestimated
(Rasmussen et al. 1998; Lacan and Jeandel 2005).

Recent work has demonstrated the major roles of the coarse colloidal organic
fraction on the transport of REEs, such as that of the salinity gradient on their
speciation in estuaries (Freslon et al. 2014; Rousseau et al. 2015). REEs are thus
gradually eliminated through coagulation of this colloidal fraction, which therefore
sediments the bottom of continental plateaus. Pourret and Tuduri (2017) suggest that
the diagenesis of some silico-clastic rocks enriched in both organic matter and REEs
can lead, under rising temperatures, to the formation of authigenic deposits of gray
monazites characterized by a bell spectrum (i.e. enriched in average REEs). Another
accumulation process, this time of microorganisms and algae, but in a marine
environment, can also produce concentrations of phosphates called phosphorites
under the action of diagenesis. These rocks, which are particularly rich in apatite,
can in some settings include REEs, as well as uranium. High REE concentrations
have also been indicated in manganese nodules, iron and manganese crusts (Kato et
al. 2011; Bau et al. 2014; Josso et al. 2017), which are being studied for their
economic potential.

1.8. Strengths and weaknesses of rare earths deposits in Europe and
Greenland

Although Europe was the first region in the world where REEs were exploited
(at Bastnds-Bergslagen, Sweden), no REE mine is currently active on the Old
Continent (except that of Lovozero in Russia). The political desire for better
knowledge of the potential of mineral resources in Europe and Greenland
strengthened toward the end of the 2000s. Awareness of China’s hegemony in the
mining of many commodities resulted in the European initiative on raw materials in
2008. The European Union (EU) now wished to secure its supplies in accordance
with a list of strategic commodities (i.e. Critical Raw Materials, CRM) published in
2011, in which REEs feature prominently (HREEs and LREEs) in the last list
published in 2020 (Blengini et al. 2020). Moreover, the EU imports 95% of the
REE:s it uses from China (Gislev and Grohol 2018). Some member states are also
taking their own initiatives:

— France with COMES (Committee for Strategic Metals);

— Denmark with MiMa (Center for Minerals and Materials);
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— the Netherlands with a government program on the circular economy.

The EU is also co-financing networks and expert platforms on mineral resources
with:

— ERA-MIN (Network on the Industrial Handling of Raw Materials for
European Industries);

— ERECON (European Rare Earths Competency Network);

— EIP (European Innovation Partnership);

— ETP (European Technology Platform on Sustainable Mineral Resources);
— AdWG (Ad hoc Working Group);

— SCRREEN (Solutions for Critical Raw Materials — A European Experts
Network);

— research projects and databases with EURARE (Development of a sustainable
exploitation scheme for Europe’s Rare Earth ore deposits), Mine-rals4EU or
Promine.

All these initiatives have made it possible in the past few years to improve
knowledge of the REE potential of Europe and Greenland (Ahonen et al. 2015;
Goodenough et al. 2016; Machacek and Kalvig 2016; Balomenos et al. 2017; Gislev
and Grohol 2018; Lauri et al. 2018).

Europe and Greenland have undeniable REE potential, and the few deposits
already studied and enjoying a NI43-101 or JORC compatible resource estimate
(Norra Kirr, Kvanefjeld, Kringlerne, Motzfeldt, Olserum, Sarfartoq, Fen and
Delitzsch-Storkwitz) demonstrate that the Old Continent has no reason to envy other
parts of the globe and could indeed be self-sufficient (Figure 1.42).

Indeed, it is important to note that in the current state of knowledge of global
REE reserves, Europe represents merely less than 1% of these estimated reserves
(Figure 1.43). These estimates rely on data from deposits and use, and on worldwide
feasibility studies for different types of deposits. In 2015, depending on higher or
lower estimates, global reserves formed between 137 and 375 Mt REO, and China
had an important place here. Where Greenland is concerned, this territory, affiliated
to Denmark, includes between 8 and 11% of global REE reserves estimated in 2015
(Figure 1.43).
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COMMENT ON FIGURE 1.42.— (a) In Europe and Greenland and (b) in the rest of the
world. Abbreviations: AU (Australia), BR (Brazl), CA (Canada), CN (China), DE
(Germany), FI (Finland), FR (France), GL (Greenland), GR (Greece), IN (India),
KE (Kenya), NA (Namibia), NO (Norway), RU (Russia), SE (Sweden), TR (Turkey),
US (United Sates), ZA (South Africa). Data for Europe, Greenland (for this study,
see the table of deposits in Appendix 1) and the rest of the world are presented
(Weng et al. 2015; Zhou et al. 2017 and references therein).

The geodynamic settings in which REE deposits were emplaced are numerous,
but only some settings make it possible to concentrate REEs in economically
beneficial quantities (Figures 1.41 and 1.42). Thus, the main REE resources are
associated with alkaline complexes and with carbonatites that were formed in the
setting of intracontinental rifting (Chakhmouradian 2012b; Wall 2014; Goodenough
et al. 2016). This rule also applies to Europe and Greenland (Gardar in Greenland,
the Svecofennian in Scandinavia).

Other occurrences of REEs have also been highlighted, such as heavy mineral
placers (Greece, France, Germany, Spain) or the laterite bauxite deposits of the
Mediterranean belt (Charles et al. 2013; Goodenough et al. 2016; EURARE 2017;
Mondillo et al. 2019).

Figure 1.43. Global REE reserves
estimated in 2015 (Bru et al. 2015)
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Moreover, the many other REE occurrences show that further exploration could
increase Europe’s and Greenland’s known potential. Beyond primary deposits,
REEs can also be the subject of by-products resulting from the re-processing of
mining waste. Although REEs are less abundant than in end-of-life electronic
products, the volumes of mining waste are much greater. The best example is that of
the Kiruna-Malmberget iron mines, the tailings of which contain 5.6 Mt of apatite
with 0.5% REO.

The main question hinges, of course, on the economic viability of REE
exploitation in Europe and Greenland. Indeed, there are too few economic studies
available on the most promising deposits and on the possibility of comparing them
with other deposits in the world via the use of international standards (e.g. N143-101,
JORC). On the other hand, there are few companies that wish to take the risk of
investing in exploration, given the fairly unpredictable setting of REEs (global
demand, supply, price (Bru et al. 2015)). In addition, the very substantial investment
needed to develop innovative techniques with a view to processing different ores
depending on the geology of the deposits is a major restriction. The key point is to be
able to separate the different REEs, while still respecting a balance between the
economic cost and the environmental impact. The environment is indeed very
important to European citizens, those who are increasingly consuming REEs in the
form of new digital technologies, but also in the form of the “ecological” and energy
transition (Machacek and Kalvig 2016; Sebastiaan et al. 2017).

The quality of the deposit remains essential and is guided by its geology. A
clever balance has to be found between a tonnage and a grade, between the
proportion of HREEs and that of LREEs, between the REE-bearing minerals from
which useful commodities can be extracted without investing colossal sums in R&D,
or between the other related commodities (e.g. Nb, U, Zr, Ta, P). The geology is also
independent of communication routes; although a deposit may present a tonnage and
an interesting grade, if it is geographically difficult to access, the economic stakes
may drop markedly. This is especially the case for the immense deposits in
Greenland, where infrastructure is very often absent: roads, to begin with, electrical
installations, housing and bases for miners to live in, a deep-water port for logistics
and, if necessary, a processing plant.

A challenge also lies in finding local, qualified manpower without bringing in
too many external staff. In Greenland, the hypothesis of the massive influx of
Chinese workers is a sensitive subject for this country, which has 56,000 inhabitants
and is half the size of the EU. In fact, the development of Kvanefjeld reached an
important milestone in 2018 under the impetus of Chinese support and the growing
interest of the Middle Empire in Greenland (Andersson et al. 2018a). Shenghe
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Resources Holding Co. Ltd. is the main shareholder in the Australian junior,
Greenland Minerals, which is developing the project. In January 2019, the formation
of a joint venture between Shenghe and China National Nuclear Corp was
announced. It was entrusted with the import, export and trading of REOs and U;Os.
An agreement was made to take 32 kt/year of concentrate, as well as the chance for
Shenghe to become the main shareholder (60% of shares). The last obstacle
involved requests for mining permits.

The inhabitants of Greenland and Europe also increasingly consider it important
to respect the environment. Like any industrial activity, the mining industry has an
impact on the environment. Nevertheless, the application of good practices and the
existence of a strict regulatory framework in these regions of the world may allow
mines to be exploited while respecting the environment and populations, and in
particular, acquiring the SLO Social Licence to Operate and at least the approbation
of all stakeholders. Thus, although it appears promising, the Norra Kérr project
(Sweden) is still awaiting environmental authorization from the Swedish
government. The exploitation of an REE deposit can lead to a substantial impact on
the environment and on individuals if certain conditions are not respected: gaseous
effluent linked to the use of acids when processing ores, management of tailings,
which can impact the hydrosphere and engenders risks of dam failure, management
of radioactive elements that can be associated with REEs, the impact of exploitation
on the countryside, etc. Although techniques and good practices are known and the
legislative framework is already very restrictive in Europe and Greenland, public
opinion is becoming increasingly hostile to mining activity. This situation is broadly
contradictory, between, on the one hand, the need for a whole continent to ensure its
supply of a raw material on which it is very much dependent and, on the other hand,
a population that wishes to benefit from a living environment associated with the
latest technologies without accepting some downsides. For now, the increasing
power of technologies known as green technologies and the policy on the European
scale to move toward a carbon-free economy through a Green Pact (EC 2019a,
2019b) do not seem to resolve the situation, which also depends largely on
global-scale challenges.

Another sizable challenge is the recycling of REEs on a European scale. Recent
figures demonstrate that REEs remain very little recycled: 0% for Dy, Er (and Sc);
1% for La, Ce, Nd, Sm, Gd, Ho, Tm, Yb and Lu; 10% for Pr; 22% for Tb; 38% for
Eu and 31% for Y (Gislev and Grohol 2018). Application sectors seem to be a
priority for recycling REEs: permanent magnets (Nd, Pr, Dy, Tb, Sm), phosphors
(Eu, Tb, Y, Ce, Gd, La), batteries (La, Ce, Nd, Pr), polishing components (Ce) and
catalysts (La, Ce, Pr, Nd, Y; Ahonen et al. 2015).
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1.9. Conclusion

The “vitamins of modern industry” have come a long way since 1794. REEs are
already used in numerous domains, both current, cutting edge ones, and those to
come, since their substitutability is often synonymous with a loss of performance
and increased investment in the face of recycling, which is still limited and costly,
while eco-design products are still not widespread. The European Union has defined
REEs as critical and strategic metals for its economy. With a view to the
independence of its supply, the Old Continent has benefitted from a panorama of its
geological potential in REEs through diverse projects, initiatives and expert
networks over recent years. The geological potential of the REEs of Europe and
Greenland is situated in intracratonic areas associated with old rifting zones, which
have given rise to the intrusion of alkaline complexes (Scandinavia, Gardar)
(Figures 1.10, 1.35, 1.41 and 1.42). The rare deposits benefitting from an estimate of
resources compatible with international standards demonstrate their global size and
their capacity to palliate the continent’s need for at least some decades.

Nevertheless, if Europe wishes to increase its independence, a voluntary and
assumed investment in R&D remains indispensable to develop ore processing
techniques adapted to the REE-bearing minerals specific to the European and
Greenland deposits. It is by developing this competency in the extraction and
separation of these metals that Europe will be able to secure its supplies and develop
a real value chain for REEs. Beyond this technical-economic engagement, Europe
and Greenland must also gain the confidence and approbation of stakeholders in the
extraction industry and in civil society. The societal, social and environmental
challenges are in fact as important, and will be even more so in the future, as the
technical-economic challenges. Although the geology is favorable to REEs in
Europe and Greenland, this is still not entirely the case with regard to procuring a
social license to operate from European citizens.
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