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Abstract. Rare earth elements (REE) are essential for a 
range of clean and digital technologies and the use of 
some such as neodymium is forecast to increase 
markedly. A wide variety of rocks can host (REE) ore 
deposits and although the complete REE series (except 
Pm that has no naturally occurring stable isotope) are 
ingredients of all types of deposits, concentrations of the 
individual REE can range from parts per million to tens of 
weight percent giving much variation in grade and degree 
of light and heavy REE enrichment. There is no single 
recipe for a ‘perfect’ REE ore deposit. All have 
advantages and disadvantages but it is possible to review 
and distill some overall patterns regarding the processes 
that concentrate REE. Firstly, REE are strongly 
influenced by their cation size, including the effect of the 
lanthanoid contraction, which controls, their partitioning 
into magmas and minerals. Second, element complexing 
and transport in hydrothermal solution is a key step in 
changing from light to heavy REE ratios, and thirdly, REE 
in weathering environments are strongly controlled by 
mineral solubility. Most of the recipes for REE deposits 
involve multiple steps of enrichment. 
. 
1 Introduction  
 
Rare earth elements (REE), defined by IUPAC as the 15 
lanthanoids plus Sc and Y and divided here into ‘light 
REE’ (LREE, La – Sm) and ‘heavy REE (HREE, Eu-Lu), 
are needed for a wide range of clean and digital 
technologies. Demand for Nd in particular is expected to 
rise sharply owing to its use in permanent magnets for 
electric vehicles and wind turbines.  

Most REE are mined in China: LREE are produced 
from several carbonatite-related deposits and HREE, as 
well as some LREE, are produced from, usually small, ion 
adsorption clay deposits distributed across southern 
China. This combination of economic importance and the 
supply risk that comes from one country’s domination of 
production, leads to the designation of REE as critical raw 
materials. Heavy REE are subject to the greatest 
potential supply risk but essential for magnet additives, 
phosphors and medical applications. 

Recent reviews of REE and REE ore deposits include 
Verplanck and Hitzman (2016), Voncken (2016), Wall 
(2014), Chakhmouradian and Wall (2012). Wall et al. 
(2017) put REE deposits into the context of responsible 
sourcing and discussed that each type has relative merits 
for REE content, efficient processing, low radioactivity, 
by-product recovery etc but that there is no such thing as 
the perfect REE deposit (so far). The aim of this review is 
to take a slightly different approach from usual to highlight 
the main controls on concentration of REE into ore 
deposits. 

 

2 REE ore deposits  
 
REE can be concentrated to potential economic levels in 
a wide variety of rocks and minerals (Table 1). The most 
ore minerals in REE deposits are bastnäsite-(Ce) and 
monazite-(Ce) (Table 1). Other fluorcarbonates such as 
parasite-(Ce) and synchysite-(Ce) are also common. 
Xenotime-(Y) is rare as the major mineral but can 
dominate in some deposits. The mineral assemblages in 
carbonatite deposits can be complex but the most diverse 
range of minerals occurs in alkaline rocks (Table 1). Ion 
adsorption clays are weathered rocks, usually granites, in 
which the REE are adsorbed onto the surface of clays. 
Exactly what constitutes an economic concentration of 
REE depends on which REE are present. For the LREE, 
concentrations will usually need to be weight percents. 
For HREE, concentrations of hundreds of ppm may be 
sufficient.  

 
Table 1. Examples of REE deposits (operating mines in bold)  

Locality Rock type Main 
minerals 

Main 
control 

Lovozero, 
Russia 

Nepheline 
syenite 

loparite Partition 

Kvanefjeld, 
Greenland 

Nepheline 
syenite 

steenstrupine Partition  

Norra Kärr Nepheline 
syenite 

eudialyte Partition  

Mountain 
Pass, USA 

Carbonatite bastnäsite Partition 

Songwe 
Hill, Malawi 

Altered 
carbonatite 

synchysite, 
apatite 

Mobility 

Gakara, 
Burundi 

REE-rich 
veins 

bastnäsite 
monazite 

Mobility 

Browns 
Range, 
Australia 

Hydrothermal  xenotime Mobility 

Orissa, 
India 

Mineral sand 
placer 

monazite Solubility 

Mt Weld, 
Australia 

Weathered 
carbonatite 

monazite Solubility 

Southern 
China 

Ion 
adsorption 

n/a Solubility 

 
3 Cation size and the lanthanide contraction 

- Partition 
 
The systematic decrease in REE cation radius with 
increasing atomic number, called the lanthanide 
contraction, is the foundation of much of the natural 
behaviour of REE (Fig. 1). Many geoscientists will have 
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used trace element geochemistry of REE as tracers and 
indicators of geological processes. Cation size variation 
is just as important in controlling ore deposit levels of 
REE. First, it explains the association of REE with each 
other, because they have very similar cation sizes and 
properties and will partition and substitute together. The 
gentle change in size from LREE to HREE is sufficient to 
fractionate the LREE from the HREE, and result in their 
being hosted in different minerals. A good example is 
monazite (La,Ce,Pr,Nd)PO4 the phosphate host for LREE 
versus xenotime (YPO4) that hosts the heavy REE. 
Deposits with predominantly LREE minerals, such as 
monazite, bastnäsite, synchysite, and parisite are often 
termed LREE deposits. They have been the main source 
of REE for industry. There are far fewer HREE deposits. 
Notable examples are Browns Range, Australia, Area 4 
at Lofdal, Namibia and some of the Chinese ion 
adsorption deposits. Other deposits, including alkaline 
rocks and most ion adsorption clays, have overall LREE 
enrichments but higher proportions of HREE, and usually 
particularly Y than the carbonatitic strongly LREE-
enriched deposits (Goodenough et al. 2018).  

Cerium and Eu, the two REE with different oxidation 
states in natural systems (Fig. 1) can be separated from 
the +3 cations in ore deposits under some conditions.  

The REE ‘balance problem’ is always uppermost in 
exploration company considerations. Demand for the 
individual REE does not correlate neatly with supply. The 
gentle lanthanoid contraction means that REE are never 
separated from each other (except occasionally for Ce 
and Eu). Production of Nd, for example, will require 
mining much larger amounts of the other LREE, La and 
Ce.  

The close cation size of Th and U to the REE (Fig. 1) 
is important and problematic because the actinides 
substitute for the REE into many minerals, especially in 
monazite. Radioactivity is often the greatest public 
concern about REE mining. Generally, Th substitution 
into REE minerals is greater at higher temperatures and 
lower in low temperature hydrothermal environments and 
weathering.The much smaller cation size of Sc3+ 
compared with all of the other REE (Fig. 1) leads to its 
different geochemical behaviour and concentration 
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Figure 1. Atomic number vs cation radius for REE3+ cations, to show 
the lanthanoid contraction. Sc, Th, U, Zr, Ti, Fe are plotted in 
arbitrary positions on the x axis in order to compare cation radii. 
Modified after Siegfried et al. (2018). Cation radii from 
http://abulafia.mt.ic.ac.uk/shannon/radius.php?  
 
with elements such as in zirconium and iron minerals 

rather than with the other REE. Bayan Obo, the world’s 
largest LREE deposit is also a large Sc deposit but the 
Sc is hosted in aegirine rather than in the REE minerals 
(Williams-Jones and Vasyukova 2018).  
 
4 Fluid complexation and transport - Mobility 
 
Concentration of REE by fluid transport, in subsolidus 
post-magmatic systems, especially in alkaline rocks and 
carbonatites, and by hydrothermal systems in other rock 
types, is key to forming many deposits, and especially to 
forming HREE ore deposits. Magmatic fractionation will 
tend to concentrate LREE and it seems from recent 
published studies that hydrothermal activity is important 
in making the most HREE-enriched ore deposits. In 
nepheline syenites fluid activity can help or hinder 
formation of an ore deposit. REE concentrated into 
eudialyte, for example, can be altered to more complex, 
and difficult to process, assemblages of minerals (Borst 
et al, 2016). Remobilisation of REE can also help to raise 
concentrations to ore deposit levels, as at Thor Lake, 
Canada (Sheard et al. 2012). In most carbonatite 
systems, the REE minerals form in transition 
environments and by subsequent hydrothermal 
processes, including remobilization from the original 
igneous rock. 

The role of various ligands is still not entirely clear. 
Fluoride used to be the most popular ligand proposed to 
promote REE mobility but the importance of chlorine 
instead, especially for LREE, was argued by Williams-
Jones et al. (2012). Lower temperatures (<200°C) seem 
to be important in forming more HREE-enriched deposits 
such as the apatite/synchysite combination at Songwe 
Hill (Broom-Fendley et al. 2016). Smith et al (2018) and 
Richter et al. (2018) both cite the probable role of 
sulphate ligands as well as chloride to form rocks 
enriched in HREE at Huanglongpu, China and Browns 
Range, Australia. 
 
5 Mineral Solubility 
 
Mineral solubility, together with resistance to breakdown 
during erosion and transport is the key attribute in 
determining which minerals accumulate in mineral sand 
placer deposits. Monazite and subsidiary xenotime are 
the main REE hosts in mineral sands, which if it were not 
for their radioactivity would certainly still be used as a 
main source of REE (Mudd and Jowett 2016).  

Weathering environments that have not been subject 
to erosion are also important. The main mine producing 
REE outside of China is at Mt Weld, Western Australia. 
Here, monazite has formed in lateritic weathered 
carbonatite, following release of REE from more soluble 
minerals such as apatite and carbonate, and removal of 
the more soluble elements such as Ca (Lottermoser 
1990). The resulting laterite is much more REE-rich than 
the original igneous carbonatite. 

Mineral solubility is also an important factor in the 
formation of ion adsorption clay deposits. These may 
consist of mildly weathered saprolite or strongly altered 
laterite. The REE are adsorbed to the surface of the clay 
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minerals and can be released by ion exchange with 
chemicals such as ammonium sulphate. If insoluble 
minerals such as monazite and xenotime are the main 
REE carriers in the original rock, then they will remain 
unaltered in the weathered profile, and there will be no 
release of REE, and thus no ion adsorption REE deposit. 
Conversely, if soluble REE minerals (e.g. synchysite-(Y)) 
are present in the original rock, they will break down and 
release REE in the profile. With the right groundwater 
conditions and presence of kaolinite or hallyosite clays, 
they may form an ion adsorption deposit (Sanematsu and 
Watanabe 2016). The formation of HREE-enriched 
soluble precursor minerals can require a discrete stage of 
hydrothermal mineralization, (Xu et al. 2017). 
 
6 Discussion and conclusion 
 
This classification necessarily simplifies the geological 
processes involved but it shows the key controls in the 
various environments (Fig. 2). Partition, controlled by 
cation size in magmatic environments, the importance of 
hydrothermal systems and the role of low temperature 
hydrothermal fluids in concentrating HREE over LREE. It 
also demonstrates the contrasting importance of the 
insoluble minerals needed to create mineral sand 
deposits and the soluble minerals required to produce ion 
adsorption clays. Most recipes for REE deposits require 
more than one process of enrichment.  
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Figure 2. Summary of key controls, stages and routes to the 
formation of REE ore deposits. Dashed lines show key steps that do 
not form ore deposits. Granite pegmatites have previously been 
mined for REE but tend to be small and radioactive, and are not 
discussed in the text 
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Abstract. Magmatic roof zones are unique environments 
in which magma composition and physical properties can 
be radically different to those in the main reservoir. The 
most chemically-evolved melts and volatiles concentrate 
in the roof and late-stage roof zone processes are 
implicated in rare element mineralisation. Here we 
critically review processes in roof zones alongside field 
observations from the Gardar Rift Province in Greenland. 
We also present new sulfur isotope (δ34S) constraints on 
the origins and evolution of roof zone fluids. Most δ34S 
variation takes place during late-magmatic and 
hydrothermal stages, and clear differences occur 
between three alkaline systems (Ilímaussaq, Motzfeldt 
and Ivigtût) that host REE/Zr/Nb deposits. At Ilímaussaq, 
the magmatic series is exceptionally reduced (below 
QFM buffer) and roof zone δ34S remains narrow (0–3 ‰). 
At Motzfeldt, a more oxidizing roof zone, δ34S ranges from 
–12 ‰ in late-stage fluorite veins to +12 ‰ where local 
crust has been assimilated. Ivigtût is intermediate varying 
between –5 to +5 ‰. δ34S relates to temperature and 
redox variations and highlights the appearance of sulfate 
during fluid evolution. We demonstrate the potential of S 
isotopes as a redox and temperature proxy. We discuss 
the pointers that may indicate a mineralised roof zone at 
depth.   
 
1 Introduction 
 
The contact between a magma reservoir and the 
overlying country rock (or ‘roof zone’) is impossible to 
observe directly in active volcanic systems and very 
rarely exposed at ancient plutonic systems (Yoshinobu et 
al., 2003; Johnson et al., 2011). Melts and volatiles 
concentrate in the roof and inject dykes and veins into the 
host rock; these disintegrate the layers of surrounding 
country rock and cause them to be assimilated into the 
magma (Žák et al., 2012). Although such processes are 
commonly invoked to explain volcanic-magmatic 

processes, rarely can they be examined in the field and 
as such they remain poorly understood. 

Magmatic roof zones represent unique environments 
at the interface between the magma and country rocks 
(Paterson et al., 2012). The magma and its roof interact 
in many ways, combining physical interaction with the 
envelope (dyking, stoping and cooling) and chemical 
reactions (crustal assimilation and metasomatism). The 
roof will also accumulate low-density melts or bubbles 
from the chamber that rise through buoyancy. Field 
evidence confirms that roof zones have atypical 
compositions and textures, and are often the sites of ore 
deposits. This is because volatiles (e.g., H2O, CO2, F and 
Cl) form complexes with metals and mobilise critical 
elements within alkaline systems. Thus roof zone 
processes may localise metal deposits and enhance the 
grade of mineral deposits associated with alkaline 
magmas (e.g. Kogarko, 1990; Kovalenko et al., 1995; 
Salvi & Williams- Jones, 2006).  

The present contribution reviews the physical and 
chemical processes that take place in roof zones. We 
discuss each process in the context of field evidence and 
novel geochemical data from natural laboratories in 
Southern Greenland. Finally, we draw together the 
evidence for each process occurring in natural roof zones 
and draw insights into how roof zone architecture and 
composition influence mineralisation. 

 
2 Regional Setting: Gardar Province 
 
The Gardar Province in South Greenland (Fig. 1) 
comprises an ancient rift that was volcanically and 
tectonically active between 1300 and 1100 Ma (Upton, 
2013 and references therein). The region is endowed with 
several major deposits in REE, Ta and V, and 

 
Figure 1. A simplified geological map of the Gardar Province in Greenland showing the location of the main magmatic intrusions (Ilímaussaq, 
Motzfeldt and Ivigtût) considered here. Extension vectors for the late Gardar rifting are shown by the black arrows. 
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recent glacial erosion has exposed exceptional three-
dimensional sections through the roofs of several ancient 
alkaline complexes. These exposures present some of 
the finest examples of ‘frozen-in’ roof process zones and, 
because there have been multiple phases of Gardar 
rifting (summarized in Fig. 1) through varying lithologies 
(Archean vs. Ketilidian crust), a wide range of magmatic 
processes can be examined. 
 
3 Sulfur isotopes – a new proxy for REE 

mineralization and exploration  
 
One of the key goals of resource geology is to develop 
proxies that track magmatic and metasomatic processes, 
and indicate mineral prospectivity. Sulfur is an important 
volatile in alkaline magmas and, although the isotopic 
composition of sulfide and sulfate from magmatic-
hydrothermal systems has been studied for several 
decades (Seal, 2006), only a few investigations have 
studied sulfur isotopes of alkaline bodies and associated 
REE deposits (Farrel et al., 2010; Gomide et al., 2013). 
Sulfur isotopes in igneous systems are sensitive to 
magmatic-hydrothermal processes.  

 
3.1 Mineral δ34S 
 
The partitioning of sulfur isotopes between mineral 
species is dependent on the oxidation state and 
temperature of the system (Seal, 2006). Temperature 
variations generally have a small effect on the sulfur 
isotope fractionation between H2S and crystallizing 
sulfide minerals (Ohmoto & Goldhaber, 1997). This is 
shown in Fig. 2a where experimentally derived S isotope 
fractionation factors between sulfide, sulfate and H2S are 
shown as a function of temperature. Different S-bearing 
minerals have different fractionation factors and an 
important point is that the temperature-dependence of 
isotope fractionation between two phases can be used for 
geothermometry (Seal, 2006).  When δ34S is measured 
in co-existing mineral phases, for example sphalerite and 
galena, then temperature can be estimated assuming the 
two minerals formed together and in equilibrium. 

Redox state of the evolving magma and fluid is also a 
major control on mineral δ34S. This is because at higher 
oxidation states, sulfate will become stable which tends 
to be enriched in 34S, and will have correspondingly 
higher δ34S (Fig. 2a). In systems containing both sulfate 
and sulfide, the former will always display higher δ34S 
values due to sulfur isotope fractionation between these 
species (e.g. Mitchell & Krouse, 1975; Seal, 2006). 
Conversely, in systems where no sulfate minerals are 
stable the δ34S will largely remain close to typical 
magmatic values of 0 ± 3 ‰. Thus changing proportions 
of oxidized and reduced sulfur species in the magma and 
late-stage fluids ∑SO4/∑H2S is an important control on 

δ34S. This has been shown for thermodynamic 
calculations for fenitizing fluids from Swartbooisdrif, 
north-western Namibia (Drüppel et al., 2006), which show 
changes from positive to negative δ34S in the early to late 
sulfide mineralization which marks an increase in oxygen 

fugacity (fO2) and a systematic increase in the ∑SO4/∑
H2S ratio of the fluid (Fig. 2b) 

 
3.2 Whole-rock δ34S 
 
Sulfur isotope analysis of whole-rock samples can also 
be used to understand magmatic processes. In this case 
δ34S provides information on magma source and 
assimilation processes (i.e. changes to the bulk rock 
sulfur, rather than subtleties of temperature and redox). 
Recent studies of mid-ocean ridge basalts (MORB), show 
that asthenospheric upper mantle has a δ34S <0‰ and, 
more probably, ≤−1.4 ‰ (Labidi et al., 2012). δ34S of 
plume-derived magmas are broadly similar to MORB 
values. Primitive high-MgO Icelandic basalts show δ34S 
from −2.0‰ to +0.4‰, with a mean of −0.8‰ 
(Torssander, 1989), while δ34S of plume lavas in the 
British Palaeogene Igneous Province have values of −2.3 
± 1.5‰ (Hughes et al., 2015). Metasomatiszed mantle at 
subduction zones generally has δ34S values ranging from 
+1.5 ‰ to +10‰ since seawater sulfate (~20 ‰) is 
introduced and recycled by arc volcanism (de Hoog et al., 
2001). In addition, magma-crust interactions alter the 
δ34S of the magma if the S isotopic composition of the 
country rocks is significantly different from the magma. 
For example, sedimentary rocks with organic sulfide are 
~20‰ lighter than magmatic values, while evaporative 
sulfate may have δ34S signals that are ~20 % higher than 
magmatic values. Careful isotopic fingerprinting of 
magma throughout the crystallization sequence is 
needed to distinguish between magma source and 
contamination (Ohmoto & Goldhaber 1997). 

 
4 Architecture of magmatic roof zones and 

key processes 
 
4.1 Magma emplacement and physical 

interactions 
 
A substantial magma body will change the properties of 
the rocks above it. This may be mechanical, i.e. a buoyant 
magma at depth would reactivate regional faults, lifting 
the rocks above it. Alternatively, the loss of magma at 
depth (perhaps by lateral magma migration) may cause 
caldera collapse (Walter & Troll, 2001). The magmas may 
degas, allowing water, carbon dioxide and sulfur-bearing 
phases to rise along faults, lubricating them and thereby 
facilitating fault movement. 

The magma in the roof zones also interacts physically 
with the envelope. The roof zone shows both plastic and 
brittle deformation processes. For example, at Motzfeldt, 
suites of inclined sheets sourced from the magma 
penetrated the country rocks above and around the 
chamber. Sheeting exploited fabrics in the country rocks 
(e.g. bedding in sediments and vertical faults). We infer 
that repeated emplacement progressively amplified the 
number and width of the minor intrusions, ultimately 
leading to xenoliths, physically detached from the roof.  

As magma interacts with the colder roof, it chills and 
become more plastic. As cooling progresses, a growing 
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Figure 2: Summary of roof zone magma emplacement and 
assimilation processes in alkaline systems. 
 
chill zone of crystal mush will form against the roof, 
physically insulating the roof rocks from the magma and 
thereby suppressing chemical interaction between them. 
Eventually a coherent semi-solid roof zone will form, 
maintained by the temperature gradients with the country 
rock. The roof zone may be gravitationally unstable; parts 
of it may periodically detach to fall back into the body of 
the chamber. Alternatively, the roof zone may be intruded 
by inclined sheets of magma from below (Paterson et al. 
2012; Žák et al. 2012). The repeated inclined sheeting in 
the roof zone moves down, away from magma intruding 
country rocks, towards magma repeatedly intruding the 
chilled, plastic, partly crystallised magma carapace, 
which we call the ‘Hot Sheeted Roof’ (Finch et al. 2019). 
At Motzfeldt, the Hot Sheeted Roof is preserved as 
complex syenitic variants with compositional and textural 
variability but without internal chilled contacts. 

 
4.2 Crustal Assimilation 
 
Heating of the country rocks substantially modifies roof 
rheology. Such changes would be greatest very close to 
the contact and fade away laterally. The rocks may be 
heated sufficiently to become plastic and deform, or 
ultimately they may melt. Melting would create a lens of 
discreet (probably granitoid) secondary melt, which may 
then mingle with the primary melt (creating a 
heterogeneous mingling zone) or may blend to provide a 
homogenous but contaminated hybrid melt unique to the 
roof region (Huppert & Sparks, 1988). In addition to 
physical melting, roof rocks and magma may chemically 
react, locally producing a rock with a new texture but one 
which retains the 3-dimensional structure of the xenolith.  

 
4.3 Melt and Volatile Accumulation 
 

A lens of low density magma may form at the top of the 
magma chamber. This may be a less dense, more 
evolved melt which will rise to the chamber roof creating 
magma stratification. Similarly, low-density volatile-rich 
magmas would rise. Any secondary boiling in the 
chamber would create bubbles which rise rapidly, 
conveying volatiles efficiently to the chamber roof. 
Analysis of biotite in the roof zone of Motzfeldt, for 
example, shows elevated fluorine levels, significantly 
greater than those lower in the chamber. We infer that the 
roof zone is atypically volatile-rich (Finch et al., 1995).  

Irrespective of how it has formed, the lens of atypical 
magma can remain undisturbed at the roof because of 
contrasting composition and viscosity; a boundary layer 
may form and convection currents operate below the roof, 
effectively isolating it from the remainder of the chamber. 
At both the Kûngnât and Nunarsuit complexes, there are 
subhorizontal xenolith horizons which extend km along 
strike. These appear to be where a convection cell has 
transported xenoliths which have been parked beneath a 
thickness of roof magma or roof rocks. The roof may 
constitute an isolated lens of magma crystallising largely 
independently, or consolidated but hot roof rocks. Such 
observations indicate that cooling and chemical 
modification (e.g. by assimilation) can progress in the roof 
without the modified magma convecting the products 
immediately away. Hence as the magma assimilates 
xenoliths of country rock, a small amount of assimilation 
results in substantive local changes in composition. 

 
4.4 Metasomatic Alteration 
 
When the magmatic system in the roof zone is solidified, 
continued alteration may occur through metasomatism by 
magmatic fluids (Cathelineau, 1986). These may exsolve 
from the magma lower in the chamber, and rise through 
the solidified roof. Because a magmatic fluid is derived 
from a magma similar, but not identical, to that of the roof, 
the resulting chemical changes are subtle. These include 
coarsening textures in exsolved feldspar (e.g. perthite) 
and the formation of turbidity. Mafic minerals may be 
altered to microcrystalline biotite and iron oxides. 
However when the fluid extends beyond the igneous 
rocks of the roof, the substantive temperature and 
compositional contrasts will trigger reaction. This reaction 
might occur by two mechanisms. First, it may be a 
reaction between the fluid and the country rocks. At the 
roof of Motzfeldt and in the envelope of the Igdlerfigsalik 
Centre, fluorine-rich hydrothermal fluids attacked the 
arenite country rocks, replacing quartz with feldspar and 
precipitating alkali mafic minerals such as aegirine and 
arfvedsonite (Sokół et al., this conference). White arenite 
in the roof was replaced by a pink saccharoidal feldspar-
quartz rock. The second mechanism may be that hot 
magmatic fluids interact with colder meteoric fluids 
circulating above the intrusion. As the hot, metal-rich fluid 
meets a cold one, precipitation is favoured. Such a 
mechanism is envisaged for the formation of, for 
example, Volcanic Massive Sulfide deposits (Lydon, 
1984). 
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4.5 Microenvironments beneath major rafts 
 
Similar processes to those beneath the roof may also be 
seen underneath some substantial rafts. Analysis of the 
fluorine content of the mica beneath a substantive (100 
m+) wide basalt xenolith lower down in the Motzfeldt 
centre showed elevated F contents similar to those in the 
roof (Fig. 5). One interpretation is that volatiles or volatile-
rich magmas rise through the chamber, ponding when 
their upwards ascent is impeded. Alternatively the rafts 
may once have been the roof itself with roof-zone 
processes taking place beneath it. Latterly, the roof zone 
may have detached and sunk through the chamber. It 
also means that micro-roof environments can develop 
beneath substantive xenoliths and these may also be 
sites of smaller scale mineralisation. 
 
5 Conclusions 
 
Roof zones are a key aspect of igneous geology and are 
often implicated in the genesis of metal deposits. Physical 
and chemical interaction between magma and the rocks 
above the chamber create gradients in temperature, 
composition and physical properties. These interact to 
give mineralisation in and around the roof.  

New sulfur isotope techniques have potential for REE 
prospecting since they are able to fingerprint the 
metasomatised mantle sources that generate and feed 
alkaline-carbonatite systems. Further, sulfur isotopes are 
a powerful tool for identifying early to late-stage magmatic 
fluids and the temperature and redox evolution that has 
taken place. More case studies and isotopic modelling 
are required to advance the technique further. 
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Abstract. The rare earth elements are critical metals for 
modern technology, and are most commonly found in 
deposits associated with alkaline igneous and carbonatite 
complexes. Although much research has focused on 
alkaline-carbonatite magmatism in intraplate settings, in 
reality many REE deposits occur in post-collisional 
settings. This review of post-collisional REE deposits 
demonstrates that they typically show evidence for liquid 
immiscibility between potassic alkaline magmas and F-, 
Ba- and REE-rich carbonatitic melts or carbo-
hydrothermal fluids. The carbonate-rich melts/fluids rise 
through the magmatic system and are emplaced at 
shallow levels, forming the main REE deposits in such 
complexes. A detailed understanding of the processes 
operating in these systems can be used to generate 
geomodels that will be useful for exploration targeting in 
post-collisional complexes.  
 
1 Introduction 
 
The rare earth elements (REE) are critical metals for 
which demand is growing as they are used in a wide 
range of technologies. Neodymium (Nd), praseodymium 
(Pr) and dysprosium (Dy) are considered to be the most 
critical of the REE, due to their use in high strength 
magnets that are needed for the motors of electric cars 
and wind turbines (Goodenough et al. 2018).  

Primary resources of the REE are found in a range of 
settings, but all known large and giant-sized deposits are 
associated with alkaline igneous rocks and carbonatites 
(Smith et al. 2016). Alkaline-carbonatite igneous 
complexes are most commonly associated with 
continental intraplate magmatism, but can also occur at 
plate boundaries, typically as part of post-collisional 
magmatic suites. Post-collisional magmatism is often 
voluminous, and occurs in a period of ‘relaxation’ 
generally post-dating continental collision by 25-75 Ma; 
emplacement of magmas is commonly linked to 
movement along major transcurrent shear zones 
(Sylvester 1989; Bonin 2004). Post-collisional alkaline 
magmatic rocks are typically potassic to ultrapotassic, 
with rarer sodic compositions (Bonin 2004). 

Much research relating to alkaline igneous rocks and 
carbonatites, and their associated mineralization, has 
focused on continental intraplate settings (Dostal 2017). 
However, many significant REE deposits worldwide are 
associated with post-collisional alkaline-carbonatite 
magmatic complexes. This contribution reviews some of 
the key characteristics of post-collisional REE deposits, 
and builds up a preliminary model for these magmatic-
mineralised systems.  
 

2 REE deposits associated with post-
collisional magmatism 

 
The majority of well-known REE deposits formed in post-
collisional settings are Mesozoic to Cenozoic in age, and 
relatively shallow levels of the alkaline-carbonatite 
magmatic suite are exposed at the surface. Common 
rock-types include shallow-level syenitic, phonolitic and 
trachytic intrusions and carbonatite dykes, with the REE 
mineralization hosted in breccias, carbonatite dykes and 
carbo-hydrothermal veins. Alkaline rocks are typically 
potassic to ultrapotassic in composition, whilst the REE 
deposits are carbonate-dominated and enriched in F, Ba, 
and the REE.  

The most economically important REE deposits 
associated with post-collisional magmatism lie in the 
Mianning-Dechang REE belt of southwestern China, 
which includes the Maoniuping and Dalucao REE 
deposits. These deposits occur as veins, lenses and 
breccias of barite-fluorite-bastnäsite-calcite ore with a 
range of alkaline silicate minerals (Guo and Liu 2019). 
They are associated with post-collisional syenite-
carbonatite complexes of Cenozoic age, which were 
emplaced into the Himalayan collision zone during 
shearing on regional strike-slip faults (Liu et al. 2015; Hou 
et al. 2009). REE deposits in post-collisional alkaline-
carbonatite complexes are also known from elsewhere in 
China, for example at Miaoya (Xu et al. 2015). 

In Turkey, Cenozoic post-collisional alkaline-
carbonatite suites are associated with a number of fluorite 
deposits. One of these, the Kizilcaören deposit, 
comprises lenses and veins of fluorite-barite-bastnäsite 
ore which represent a REE deposit (Öztürk et al. 2019). 
Igneous rocks in the area are represented by shallow-
level phonolitic to carbonatitic intrusions. 

In Southern Mongolia, the Lugiin Gol, Mushghai 
Khudag and Bayan Khushu alkaline complexes show a 
suite of syenitic to trachytic intrusions associated with 
carbonatite and phonolite dykes, magnetite-apatite rocks, 
and fluorite-barite-carbonate veins (Baatar et al. 2013; 
Nikolenko et al. 2018). At Mushghai Khudag, the 
magnetite-apatite rocks represent the most important 
REE mineralization, but the carbonatitic dykes and veins 
in all complexes are also significantly REE-enriched 
(Kynicky et al. 2019). These complexes are not well-
dated, but are thought to be late Jurassic in age, part of 
an alkaline magmatic province that formed in association 
with a tectonic transition from contractional to extensional 
deformation during the late Jurassic (Meng 2003).  

In the USA, Cenozoic post-collisional alkaline 
magmatic complexes were emplaced towards the end of 
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the Laramide Orogeny, and include several REE deposits  
(McLemore 2018). These include the Gallinas Mountains 
of central New Mexico, which host Cenozoic, syn- to post-
collisional alkaline intrusives with associated REE 
deposits in breccia pipes and fault-hosted breccias. The 
REE deposits comprise the fluorite-bastnäsite-barite-
calcite-quartz breccia matrices (Olivo et al. 2000). The 
Bear Lodge REE deposit in Wyoming is also hosted in an 
alkaline-carbonatite complex within this belt. The most 
heavily-explored part of the deposit is in the Bull Hill 
diatreme, comprising a breccia pipe with a stockwork of 
carbonatite veins and dykes; REE mineralization is 
related to multiple phases of carbo-hydrothermal activity 
within this diatreme (Moore et al. 2015). Carbonatite 
dykes and veins extend throughout much of the alkaline 
complex, and some peripheral zones are HREE-enriched 
(Andersen et al. 2016). 

It is evident that in most deposits in post-collisional 
settings, the REE mineralization occurs in carbonate- and 
fluorite-dominated ore bodies, which are associated with 
potassic alkaline igneous rocks. These REE deposits are 
likely to have formed by liquid immiscibility of a 
carbonatitic melt (or carbothermal fluid) from the alkaline 
silicate magma at deeper levels in the system (Kynicky et 
al. 2019). The REE, F, and Ba were all preferentially 
partitioned into the carbonatitic phase, as indicated by 
experimental data (Song et al. 2015). These volatile-rich 
carbonatitic melts/carbothermal fluids were subsequently 
emplaced at shallow levels as dykes, sheets, and in the 
matrix of breccia pipes. Such immiscible melts/ fluids may 
have also formed REE mineralization at deeper levels in 
the igneous complexes; to understand this it is necessary 
to investigate older and more deeply eroded examples. 

 

3 Understanding the deeper levels of post-
collisional REE deposits  

 
Few REE deposits associated with deeper levels of 
alkaline-carbonatite complexes have been positively 
recognized as post-collisional. However, the Proterozoic 
Mountain Pass REE deposit is associated with 
ultrapotassic alkaline igneous rocks and was likely 
formed in a post-collisional setting. These ultrapotassic 
rocks are relatively enriched in Ba and the LREE, and 
have allanite, apatite, monazite, fluorite and magnetite as 
accessory minerals (Castor 2008). The REE deposit is in 
a tabular carbonatite body that is enriched in barite, 
bastnäsite and monazite. 

Similar features are recognized in the post-collisional 
Silurian alkaline intrusions of the NW Highlands of 
Scotland, which were emplaced at the end of the 
Caledonian orogeny, and are characterized by 
ultrapotassic, high Ba-Sr compositions (Fowler et al. 
2008; Goodenough et al. 2011). The complexes largely 
comprise under- to oversaturated syenites with minor 
carbonatites. The main REE enrichment has been 
recognized in the form of biotite-magnetite-allanite-
apatite veins in syenites at the Cnoc nan Cuilean locality 
(Walters et al. 2013). These veins represent pathways 
exploited by late-stage, fluorine- and carbonate-rich fluids 
or melts rising through the magma chamber. Late 
allanite-monazite-fluorcarbonate veins also form the REE 
mineralization at the Ditrău Alkaline Complex in Romania, 
which was emplaced after the Variscan orogeny (Honour 
et al. 2018).  

Such examples are consistent with immiscibility of a 
F-Ba-REE-rich carbonatitic melt within the alkaline 
magma chamber and subsequent migration upwards 
through the magmatic system.  

Figure 1. Schematic figure indicating the components of a post-collisional alkaline-carbonatite REE deposit. 
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4 Genesis and evolution of REE-enriched 
magmas in post-collisional settings 

 
Parental magmas in post-collisional settings are 
commonly potassic to ultrapotassic, and enriched in Ba, 
Sr, and the LREE. These compositional features are 
considered to be derived from an enriched mantle source 
that has interacted with subducted continental material 
(or melts/fluids derived from the subducting material) and 
subsequently been melted (Couzinié et al. 2016). This 
enriched mantle source must typically also have been 
rich in carbonate; carbonate is stable in the shallower 
parts of modern subduction zones, but is eventually 
extracted through formation of carbonatitic melts, which 
metasomatise the overlying lithospheric mantle 
(Dasgupta and Hirschmann 2010). Compilations of Sr, 
Nd and Hf data for post-collisional alkaline complexes are 
consistent with addition of continentally-derived material 
into the mantle source. 

An overarching model for the formation of REE 
deposits associated with post-collisional alkaline 
magmatism can be summarized as follows. Small-degree 
partial melting of the enriched mantle source, triggered by 
‘relaxation’ and extension of the orogenic belt, produces 
a parental magma that is relatively rich in F, CO2, K, Ba, 
Sr and the LREE. Such magmas are emplaced along 
major crustal structures, reactivated in an extensional 
manner, into magma chambers at medium levels in the 
crust. Evolution by fractional crystallization produces 
trachytic/syenitic magma compositions which are volatile-
rich, and thus eventually a fluorine-rich carbonatitic melt 
is formed by liquid immiscibility. These carbonatitic melts 
rise through the magma chamber and into the overlying 
country rocks, to be emplaced as REE-enriched dykes 
and veins with associated metasomatic alteration.   

The HiTech AlkCarb project is developing new 
geomodels for REE mineralization in alkaline igneous 
rocks and carbonatites, which will incorporate information 
about complexes in post-collisional settings. A schematic 
diagram illustrating some of the features of this type of 
mineralized system is shown in Figure 1.  
 
5 Conclusions 
 
REE deposits in post-collisional alkaline-carbonatite 
complexes represent a discrete sub-type, which should 
be distinguished in exploration geomodels. They can be 
identified by regional tectonic setting and by the K-, Ba- 
and LREE-rich nature of the associated alkaline igneous 
rocks. The REE deposits at the upper levels of these 
complexes will typically take the form of carbonatitic 
dykes and veins or carbo-hydrothermal ore bodies, which 
are enriched in fluorite, barite and fluorcarbonates. At 
deeper levels, carbonatites and alteration zones within 
the alkaline complexes may be enriched in monazite, 
allanite and apatite which have the potential to represent 
significant REE mineralization.  
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Abstract. Critical Raw Materials (CRM) listed by the 
European Commission are raw materials that are 
economically and strategically important for the European 
economy, with uncertainties/risks related to their supply 
and sourcing from countries outside the EU. Phosphate 
is listed among these CRM, as are other commodities 
associated with phosphate mineralization (REE and F, for 
instance). Phosphate deposits and occurrences are 
widely distributed in Europe. However, most of them have 
not been studied in detail for some time, especially with 
respect to their potential for CRM. The identification of the 
economic potential of phosphate deposits, whether they 
are of sedimentary or igneous origin, could significantly 
contribute to secure access to many commodities listed 
as critical by the EC. The aim of the project presented 
here (funded by the H2020- ERA-NET Cofund Action) is 
to provide an up-to-date overview of phosphate 
mineralizations (and economically interesting black 
shales) in Europe, with special emphasis on their CRM 
content, as well as to stimulate and encourage further 
work on the known or newly reported phosphate deposits 
and occurrences in Europe. This abstract presents (i) the 
goals and methodology of the project, and (ii) the first 
outcomes under the form of a database and maps. 

 
1 Frame of the project 

 
GeoERA (a H2020 ERA-NET Cofund Action) is a 
research program aiming to gather the European 
Geological Surveys around common research themes. 
The main objective of GeoERA is to contribute to the 
optimal use and management of the subsurface in 

Europe. One of the four topics of interest concerns the 
raw materials. 

Under the umbrella of this GeoERA “Raw Material” 
theme, the FRAME (Forecasting and Assessing Europe’s 
Strategic Raw Materials Needs) project – which started 
on the 1st of July 2018 – aims to expand the strategic and 
CRM knowledge through a compilation of mineral 
potential and metallogenic areas of critical raw materials 
resources in Europe. One of the work packages (WP4 - 
“Critical Raw Materials in phosphate deposits and 
associated black shales”) is specifically dedicated to the 
assessment of economic potential of igneous and 
sedimentary phosphate deposits (and their host black 
shales) in Europe, especially regarding CRM. This sub-
project is detailed in section 3 of this abstract. 
 
2 Interest in phosphate and associated 

Critical Raw Materials 
 
Phosphorus is an element that is essential for living 
plants and animals. It is mostly found as apatite sensu 
lato, which occurs mainly in sedimentary marine 
phosphorite. An increase in the phosphorus demand of 
about 2% per year is expected in the global market (EC 
2015), mostly to produce fertilizers. 

Phosphate deposits and occurrences are widely 
distributed in Europe (Fig 1). Their ages vary from the 
Archean to the Pleistocene (Fig 2). However, the EU is a 
net importer of natural phosphates, with an average of 
4,000,000 tonnes of natural phosphate-rich material 
imported per year (EC 2015). In 2014, phosphate rock 
was added to the list of critical raw materials (CRMs) for 
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the EU (EC 2014). With the CRM list, the EU policy aims, 
among others, (1) to ensure European industrial 
competitiveness through a fair and sustainable supply of 
raw materials from global markets (EC 2014), and (2) to 
encourage the domestic production of these raw 
materials and new mining activities in the EU (EC 2016). 

In addition to phosphorus, other CRM can be 
recovered from phosphate deposits, such as rare earth 
elements (REE) and fluorspar (the commercial name of 
fluorite). The EU is also a significant importer of these 
commodities (EC 2015).  

Phosphate deposits represent a potential source of 
REEs (Christmann 2014; Ihlen et al. 2014; Emsbo et al. 
2015; Goodenough et al. 2016). Apart from the 
endowment in REE in these deposits (whether they are 
sedimentary or igneous in origin; Fig 3), the key potential 
for production of REE from apatite deposits is the easy 
extraction, compared to most conventional REE 
prospects (Pereira and Bilal 2012; Emsbo et al. 2015). 
Beside the REE, phosphate rocks can contain up to 3-4% 
of F. The recovery of F compounds is possible with all of 
the existing technologies in phosphate processing. 
Accordingly, phosphate rocks represent another possible 
source of fluorine (McKelvey 1967; Gorecki 1994).  

In addition, it must be emphasized that black shales, 
which can contain significant amounts of valuable trace 
elements, such as Be, Sb, V, Co, Ni, Mo, PGM, Cr and 
Zn (e.g., Huyck 1989), often host sedimentary 
phosphorite. They are also interesting with regard to 
(precious) metals, which they may host (McKelvey 1967).  

 
3 Description of the project 
 
This subproject “Critical Raw Materials in phosphate 
deposits and associated black shales” aims to provide an 
overview about phosphate mineralizations (and 
associated economically interesting black shales). It will 
comprise detailed mineralogical and geochemical 
characterization of key phosphate deposits of 
sedimentary and igneous origin. These metallogenic, 
mineralogical and geochemical studies will help to 
decipher the processes leading to CRM enrichment in 
these deposits. Since part of the phosphorites in Europe 
are hosted within metalliferous black shales, the latter will 
be considered as well, with the view of a combined and 
rational exploitation of these resources. Another aim is 
the development of a procedure to prepare and analyze 
samples from phosphate deposits. It would be helpful in 
providing internally consistent geochemical data at a 
European level for this type of mineralization. Finally, the 
data from the project will contribute to databases, such as 
those from Minerals4EU, the European Union Raw 
Materials Knowledge Base (EURMKB), SRT RM1, EGDI, 
and the GeoERA Information Platform. 

 

 
Figure 1. Phosphate deposits and occurrences in Europe. Deposit 
size: Small (>X) 2,000,000; Medium (>X): 20,000,000; Large (>X): 
200,000,000; Very large (>X): 2,000,000,000 tonnes. 

 
More precisely, the objectives are the following ones: 
(1) Acquisition of new mineralogical and geochemical 

data on selected phosphate deposits and occurrences.  
(1) Careful investigation of a selection of key 

phosphate deposits representative of the different types 
of phosphate mineralization encountered in Europe. The 
goal will be (i) to provide an up-to-date scientific overview 
about the genesis of phosphate deposits in Europe, (ii) to 
determine more clearly the potential for CRM (and their 
speciation) in phosphate deposits (and their metalliferous 
black shale hosts), and (iii) to investigate the processes 
leading to their enrichment.  

(2) Establishment of a procedure for sample 
preparation and analysis of phosphate samples with the 
objective of providing internally consistent geochemical 
data on a European level.  

(3) Development of an enhanced database compiling 
data collected during this project and information from the 
literature and older databases.  

 
4 First outcome: Overview of the phosphate 

deposits and occurrences in Europe 
 
4.1 Database 

 
The new database will provide information about the 
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potential of phosphate mineralization to host CRM, and 
help to identify new areas of interest for CRM, based on 
such criteria as: (i) the different commodities/CRM 
associated with phosphate deposits (REE, F, V, U and 
Y); (ii) the size of the deposits according to their known 
tonnages; (iii) the type and origin of the phosphorus-
phosphate mineralizations and deposits; (iv) the age of 
the deposits/occurrences and the host rock; (v) the 
commodities/CRM (Be, Sb, Co, PGM, V and Cr) in the 
associated black shales, when applicable and available. 

 

 
Figure 2. Map illustrating the phosphate deposits/occurrences 
according to their age (System/Period for Phanerozoic 
mineralization, Era for Proterozoic mineralization, and Eon for 
Archean mineralization). 
 

The data sources used to fill in this new database are 
ProMine, FODD (Fennoscandian Mineral Deposit 
Database), SIORMINP (Sistema de Informação de 
Ocorrências e Recursos Minerais Portugueses), and 
Mine records database (Ireland). In addition, information 
extracted from approximatively 60 references, including 
some very recent ones, is integrated. 

The compiled database presents 429 phosphate 
deposits and occurrences throughout Europe. This is 
undoubtedly one of the most complete (if not the most 
complete) databases about phosphate mineralizations of 
the continent. Taken as a whole, it shows the diversity 
and potential regarding phosphate mineralization in 
Europe fairly well (Fig 3). 

 

4.2 Maps 
 

The maps drawn from the database constitute an added 
value to the database itself, since they allow visualization 
at a glance of the most striking features concerning 
phosphate mineralization in Europe. Here are examples: 

 
Figure 3. Mineral deposit type of phosphate mineralizations and 
deposits in Europe. 

 
The first one (Fig 1) presents the known locations of 

phosphate deposits and occurrences in Europe. The size 
of the symbol used on the map directly relates to the size 
of the deposit (not yet UNFC compliant but aiming to be 
at the end of the project).  

The second map (Fig 2) shows the 
deposits/occurrences according to their age. This map 
allows considering the regions where important 
phosphogenic events have occurred. This is also of 
interest because the potential in CRM of sedimentary 
phosphate deposits is highly dependent on their age and 
the environment/settings in which they formed. 

The last map (Fig 3) allows discrimination of the 
different “Mineral Deposit Types” (according to Inspire; 
EC 2007). This map gives clues about the metallogenic 
provinces and the genetic type of the phosphate 
mineralization. Among the deposit types encountered 
are: 

(1) Sedimentary phosphorites that are the most 
abundant and widely distributed phosphate 
deposits/occurrences in Europe. Three main episodes of 
phosphogenesis occurred during the Lower Paleozoic, 
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the Upper Cretaceous, and the Tertiary.  
(2) Phosphate mineralizations related to alkaline 

complexes and carbonatites, as at Siilinjarvi (Archean in 
age), and Sokli (dated Devonian), both being located in 
Finland. 

(3) Apatite deposits associated with Neoproterozoic 
anorthosite complexes (e.g., the noritic Bjerkreim-
Sokndal layered intrusion, Norway) and monzonitic 
complexes (e.g., the Paleoproterozoic Lofoten-
Vesteralen Mangerite Complex and the Permian Larvik 
Plutonic Complex of the Oslo Paleorift, Norway). 

(4) Apatite iron ores (AIO), which are mostly found in 
the large districts of northern Norrbotten and Bergslagen, 
Sweden. A large part of the igneous deposits are located 
in the Fennoscandian Shield. The genetic type of the 
mineralization has an influence on the potential in CRMs 
of the deposit. For instance, REE content in magmatic 
apatite is usually higher than in apatite formed in a 
sedimentary environment.  

Both maps in Figs. 2 and 3 aim at identifying new areas 
of interest for CRM and constraining the potential of the 
deposits. The new geochemical data to be acquired 
during this project will help to better constrain these 
zones. 
 
5 Future work and prospects 
 
In the future, an enhanced database will be developed, 
compiling the present database and new mineralogical 
and geochemical data collected during the project. 

The combination of these new data sets will lead to (i) 
a better understanding of the CRM distribution and 
enrichment (grade) within these deposits, and constrain 
the processes, which have led to these enrichments, and 
(ii) identify and highlight the potential of these deposits 
regarding the CRMs. Research continues. 
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Abstract. The objective of the U.S. Geological Survey’s 
mineral deposit database project is to develop a 
comprehensive 21st century geospatial database that is 
the authoritative source of the most important mines, 
mineral deposits, and mineral districts of the United 
States. Since May 2017, the project has focused on 
critical minerals. Data for critical minerals that are 
produced as products are relatively robust, whereas data 
for byproducts are commonly of much poorer quality. For 
example, rare earth elements occur principally in deposits 
hosted by alkaline igneous rocks, but there is potential for 
production from waste from phosphate rock mining. 
Lithium has been recovered from pegmatites and brines, 
but other Li-bearing deposit types that may go into 
production have been delineated. Cobalt may be 
produced as a byproduct from a wide range of mineral 
deposit types, whereas Te is a byproduct of copper ore. 
Significant opportunities for research exist that could help 
identify new sources of critical minerals, and might also 
help increase production and recovery from existing 
sources.  
 
1 Introduction 
 
The rate of technological change is astonishing and 
accelerating. Smart phones, smart cars, advanced 
defense systems, green technology, and many other 
applications rely on an essential array of elements and 
compounds that were almost unused three decades ago. 
The uneven geological and geographic distribution of 
these elements and the orebodies that produce them, 
combined with estimates of political stability, have led to 
the development of critical minerals lists by different 
nations and organizations.  

This paper summarizes significant mineral deposits, 
as measured by production and resources, that are 
available for green growth applications in the U.S. 
Related databases for the U.S. Geological Survey’s 
mineral deposit database project are on the web at 
https://www.usgs.gov/energy-and-minerals/mineral-
resources-program/science/usgs-mineral-deposit-
database?qt-science_center_objects=4#qt-
science_center_objects. Herein, we critically assess 
knowledge gaps that impede our ability to evaluate and 
estimate supply chain risk and possible new sources of 
materials. We conclude by delineating important avenues 
for future research to more fully assess the availability of 
mineral resources to meet the globally increasing growth 
in green technologies.  
 

 

2 Mineral deposits and resources for green 
growth in the U.S. 

 
This contribution focuses on rare earth elements (REEs), 
Li, Co, and Te, which are some of the most important 
critical minerals for green growth. We consider deposits 
with past production or resources that exceed specific 
cut-off values, so as to consider only deposits that may 
be significant in a global economy.  
 
2.1 Rare earth elements 
 
The REEs represent a prime example of a critical mineral 
resource. In the 21st century, the REEs have gained 
visibility due to: (1) the recognition of the essential, 
specialized properties that REEs contribute to modern 
technology, as well as (2) China's dominance in 
production and supply of the REEs, and (3) international 
dependence on China for the majority of the world's REE 
supply. Since the late 1990s, China has provided 85–
95% of the world’s REEs, while the U.S. is highly 
dependent on REEs for their use in high technology 
devices, clean energy components, and defense 
technologies (Jowitt et al. 2018; Van Gosen et al. 2018). 
 

 
Figure 1. Distribution of notable REE deposits in the U.S. 
 

The deposits with the largest REE endowments in the 
U.S. are carbonatites at Iron Hill, Colorado; Mountain 
Pass, California; and Bear Lodge, Wyoming. These are 
examples of REE deposits hosted by alkaline igneous 
rocks, which is the predominant source of REEs on a 
global basis (e.g., Chakhmouradian and Wall 2012; Van 
Gosen et al. 2018, and references therein). In addition to 
these conventional resources, every year approximately 
56,000 t of REEs are mined, beneficiated, and put into 
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solution, but not recovered, by operations associated with 
the global phosphate fertilizer industry (Emsbo et al. 
2015; Emsbo et al. 2016). Metallurgical trials are currently 
underway to attempt to recover REEs from the 2Gt of 
waste material from phosphate mining operations in 
Florida, which contains approximately 600 kt of REEs 
(Zhang et al. 2019).  
 
2.2 Lithium 
 
Lithium is necessary for strategic, consumer, and 
commercial applications. The primary uses for Li are in 
batteries, ceramics, glass, metallurgy, pharmaceuticals, 
and polymers. The commodity is traded in three primary 
forms: mineral concentrates, mineral compounds (from 
brines), and refined metal (electrolysis from lithium 
chloride). Lithium mineralogy is diverse; it occurs in a 
variety of pegmatite minerals, such as amblygonite, 
lepidolite, and spodumene, and in the clay mineral 
hectorite (Kesler et al. 2012; Bradley et al. 2017).  

In the U.S., Li was first mined from pegmatites in South 
Dakota in the late 1800’s. As of 2019, the only deposit in 
the U.S. that is producing Li is the Clayton Valley brine 
deposit in Nevada. Because the U.S. is not a significant 
producer of Li, it is primarily imported to the U.S. from 
Chile and Argentina to meet consumer needs for the 
commodity. In 2018, the U.S. imported more than 50% of 
its Li (U.S. Geological Survey 2019), and for this reason, 
Li has been included as a critical mineral as defined by 
the USGS in response to Executive Order 13817 and 
Secretarial Order No. 3359 (Fortier et al. 2018).  
 

 
Figure 2. Distribution of Li deposits in the U.S. 
 

Past production of more than 15,000 metric tons (t) Li 
in the U.S. has come from pegmatite deposits of the 
Kings Mountain belt in North Carolina, and from the 
Clayton Valley brine deposit in Nevada. This production 
mimics global production, where pegmatites and brines 
are the predominant sources of Li (Kesler et al. 2012). 
The U.S. has other resources that contain more than 
15,000 t Li, including oilfield brines of the Smackover 
Formation in Arkansas, closed-basin brines in Nevada 
and California, Li-rich clay minerals such as those in the 
McDermitt caldera in Nevada, geothermal brines such as 

those in the Salton Sea geothermal fields in California, 
and the Great Salt Lake in Utah (Bradley et al. 2017; Karl 
2019).  
 
2.3 Cobalt 
 
Cobalt has diverse uses because of its properties, which 
include ferromagnetism, hardness, wear-resistance, low 
conductivity, and high melting point. The primary uses for 
Co are in rechargeable battery electrodes, and in 
superalloys used to make gas turbine engines. In 2017, 
the U.S. imported 72% of its Co (U.S. Geological Survey 
2019).  

Cobalt mineralogy is diverse; it occurs in a variety of 
sulfide, arsenide, sulfarsenide, and oxyhydroxide 
minerals. In the U.S., Co could be derived as a byproduct 
from mineral deposits that primarily produce other metals, 
including Ni, Cu, Zn, and Pb. The range of deposit types 
that may produce Co is diverse, and includes laterite 
deposits (Puerto Rico), volcanic hosted massive sulfide 
deposits (Ducktown, Tennessee), Mississippi Valley type 
deposits (Missouri), magmatic Ni-Cu-PGE deposits 
(Minnesota), sediment-hosted massive sulfide deposits 
(Black Butte, Montana; Idaho cobalt belt), and Kipushi 
deposits (Bornite, Alaska) (Burger et al. 2018; Fig. 2).  
 

 
Figure 3. Distribution of Co deposits in the U.S. 
 
2.4 Tellurium 
 
The main use of Te is for Cd-Te film in solar cells; other 
common uses are in thermoelectric cooling instruments, 
and as an additive to Cu, Pb, and steel alloys to improve 
machine efficiency (Goldfarb et al. 2017). In 2018, the 
U.S. had an import reliance of more than 75% for Te (U.S. 
Geological Survey 2019). Tellurium principally occurs in 
Au, Ag, and PGE telluride minerals; less is known about 
its distribution as a minor and trace element in sulfide 
minerals (e.g., George et al. 2017; Keith et al. 2018, and 
references therein). Tellurium is principally recovered 
from anode slimes as a byproduct of electrolytic copper 
refining, and in the U.S., the main producers of Te are 
likely the porphyry Cu deposits of the western U.S. 
However, because it is a byproduct mineral, Te 
production is rarely reported; only Butte, Montana has 
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historic production records (Fig. 4).  
 

 
Figure 4. Distribution of Te deposits in the U.S.  
 
2.5 Gallium, germanium, indium, antimony, and 

graphite 
 
Other elements and minerals that are important for low-
emission energy production, storage, and usage include 
Ag, Cd, Ga, Ge, In, Ni, Sb, Se, and graphite (Nassar et 
al. 2016; Hayes et al. 2019). Of these, Ga, Ge, In, Sb, and 
graphite have been listed as critical minerals in the U.S. 
(Fortier et al. 2018). The first four—Ga, Ge, In, and Sb—
are byproduct elements whose resources and production 
are not widely reported. Graphite, Ga, and In were 100% 
imported to the U.S. in 2018, Sb was 85% imported, and 
Ge was >50% imported (U.S. Geological Survey 2019).  

Graphite differs from most other critical minerals 
because it is a mineral, rather than an element or element 
group, and therefore it is classified and valued differently. 
Natural graphite occurs as vein, amorphous, and 
disseminated flake deposits, which form 1%, 44% and 
55% of the graphite market, respectively (Industrial 
Minerals 2019). Vein and flake graphite command the 
highest prices due to the higher quality of that material; 
graphite quality is determined by flake size, carbon purity, 
and industry-specific technical attributes of the flakes. 
Although the U.S. currently has no graphite production, 
the Graphite One project in Alaska has an NI 43-101 
compliant indicated resource of 10.3 Mt with 7.3% 
graphite, and an inferred resource of 71.2 Mt with 7.0% 
graphite (Eccles et al. 2015).  
 
3 Discussion 
 
The commodities described herein encapsulate many of 
the challenges and opportunities that are inherent with 
the growth of the critical minerals industry. This section 
discusses some of those challenges and opportunities.  

The majority of the critical minerals are primarily 
recovered as byproducts, and in many cases, this leads 
to profound ignorance of their production and recovery. 
Because byproduct production does not impact a 
company’s balance sheet, there is no obligation to report 
them to stakeholders or to the public domain. This is 

nicely illustrated by Te, where Butte, Montana is the only 
deposit in the U.S with recorded production values, even 
though Te has likely been recovered from anode slimes 
from many porphyry Cu deposits in the western U.S. 
There is an opportunity for industry to collaborate with 
researchers to more completely document supply and 
production of byproduct critical elements. This could 
provide essential guidance on the next generation of 
research topics that need to be addressed to ensure 
supply of critical minerals.  

Knowledge of the deportment of critical minerals varies 
from excellent in the case of most critical mineral 
products, to poor for many byproducts. The array of 
analytical tools that are now available make this an 
exciting avenue for research that can provide first-order 
constraints on the recoverability of critical minerals from 
different deposits and deposit types.  

Critical minerals have small, and in many cases 
volatile markets compared to ferrous, base, and precious 
metals (Jowitt et al. 2018). Where critical minerals are 
potential byproducts from deposits, the small market 
value of potential contributions from these byproducts 
may provide little incentive to tackle mineral processing 
challenges, which may hinder critical mineral production. 
In a world where social license plays an increasingly 
important role in determining whether prospects can 
become mines (e.g., Karakaya and Nuur 2018, and 
references therein), can operating mines derive 
additional, non-financial benefits by producing critical 
minerals?  

Production of many critical minerals relies on a chain 
of prerequisites, as illustrated by the possible recovery of 
Co from the Bornite deposit in Alaska. Bornite lacks 
critical infrastructure, and cannot go into production 
before a road is built to the site. Bornite is a copper 
deposit, and therefore its economic viability rests on its 
ability to produce copper profitably. The Co resides in co-
occurring arsenian pyrite, and current plans are to 
recover that Co from a separate metallurgical stream 
(Davis et al. 2016). Therefore, successful recovery of Co 
from Bornite relies on building a road to access the 
deposit; economic production of Cu; and successful and 
economic recovery of Co from a separate metallurgical 
stream. Any break in this chain would result in no 
production of Co. Many other byproduct commodities 
have similarly tenuous production chains.  

The small market size and limited production of many 
critical minerals makes them potentially vulnerable to 
disruptors. For example, the estimated REE endowment 
of the waste slimes from Florida phosphate mines—600 
kt—exceeds, by more than an order of magnitude, the 28 
kt of REE oxides of indicated resources at Bokan 
Mountain, Alaska. Recovery of byproduct REE from the 
phosphate industry could transform REE production and 
availability (Emsbo et al., 2015; 2016). Similarly, the 
diverse types of Li occurrences that are currently 
undergoing evaluation shows the potential for disruption; 
the Li marketplace could be transformed if a specific 
deposit type can outproduce others at a lower cost.  

Many critical minerals report extensively to waste, and 
some were never considered for recovery until relatively 
recently (e.g., Jowitt et al. 2018; Hayes et al. 2019, and 
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references therein). Consequently, one potential avenue 
for critical mineral recovery is from mine dumps and 
tailings of former operations (McLemore and Frey 2018). 
Although conceptually appealing, it must be recognized 
that weathering of ore materials may change the 
mineralogical site of critical minerals, which in turn may 
significantly impact mineral processing and recovery. As 
above, the array of analytical tools that are now available 
make this an exciting avenue for future research.  
 
4 Conclusions 
 
In conclusion, the U.S. is making progress with 
delineating possible domestic sources of critical minerals. 
However, as illustrated by the examples shown here, this 
effort is often complicated by a lack of publicly available 
data that report byproducts recovery. Thus, key priorities 
for future research include collaboration between industry 
and researchers to document current production of 
byproduct critical minerals from different deposits. 
Improved analytical techniques provide the ability to 
carefully evaluate where critical minerals reside in ore 
and waste materials; and collaboration with metallurgists 
will be necessary to optimize recovery using existing 
processes, and to develop new recovery processes. 
Small market size and limited production make critical 
minerals particularly vulnerable to disruptive changes—
the next decade will undoubtedly bring about unexpected 
quantum shifts in supply and demand.  
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Abstract. Lacustrine evaporite basins with significant Li 
resources in the western U.S and central Andes were 
filled over millions of years concurrent with volcanism.  
Since felsic ignimbrites are voluminous and contain more 
Li than andesites, their pre- and post-eruptive 
concentrations of Li were determined to evaluate Li 
mobility. Comparisons of the Li content of melt inclusions 
to those of pumice or whole rock show that Li-enriched 
ignimbrites release up to 98% of their Li into soluble salts 
that are removed by meteoric water whereas Li-poor 
ignimbrites release as little as 36%. Calderas trap about 
1/3 of the Li released from such eruptions, with the 
remainder deposited in adjacent basins. Small volume 
eruptions of Li-enriched tuff can release tens of 
megatonnes into one basin whereas large volume 
eruptions of ordinary tuff spread a similar amount over 
many basins. Large volume eruptions of Li-enriched tuff 
can spread gigatonnes of Li over many basins.  

The punctuated release of large amounts (tens to 
thousands Mt) of Li from successive ignimbrite eruptions 
into closed drainage basins increases resource potential, 
is more than enough to form world-class Li-brine and -
clay resources (tenths to several Mt) and should be 
included in mass-balance, exploration, and assessment 
models. 
 
1 Introduction and Background 
 
The growing demand for Li, driven by the burgeoning Li 
battery industry, has fueled a global exploration boom for 
pegmatites and lacustrine brine and clay deposits. About 
half of the world’s present and future Li resources occur 
in brine and clay layers in lacustrine evaporite basins 
(Bradley et al. 2018). A common factor that can explain 
the heterogeneous distribution of Li-brine and -clay 
resources over space and time in the western U.S. and 
central Andes is the eruption of ashflow tuff and tephra 
into closed basins from which Li can be leached by 
surface water, groundwater and geothermal fluids 
(Coolbaugh et al. 2018).  

As summarized by Bradley et al. (2018), Li-brines 
form under arid climatic conditions by the evaporation of 
meteoric water, which results in the formation of salt flats 
or salars. Gypsum, halite, and sometimes potash and 

borate, precipitate at the surface while conserved 
elements such as Li and Mg are concentrated in residual 
brine. Residual brines are dense and sink into basin 
aquifers where they accumulate over time. The Li-clay 
deposits in these basins likely formed by hydrolysis of 
volcanic ash by Li-brines over a range of T°C (Stillings & 
Godfrey, 2018). 

Recent studies of Li-brine deposits in closed drainage 
basins (e.g. Salar de Atacama; Munk et al. 2018) have 
used present rates of Li input in surface water and 
groundwater coupled with the evaporation rate to 
estimate the time required to concentrate the amount of 
Li present in the basin. Leachate analyses of volcanic 
rocks in these basins show that only about 2% (~0.5 ppm) 
of the Li is released into surface water or groundwater, 
which is similar to concentrations in present day surface 
and groundwater. Hence, the approach used in these 
studies did not consider the punctuated release of large 
amounts of Li from past ignimbrite eruptions. This is a 
significant flaw because many lacustrine evaporite basins 
are long lived and occur in or near coeval volcanic fields. 
For example, the Salar de Atacama basin has been in its 
present configuration for ~10 Ma over which time it was 
blanketed by several ignimbrite eruptions (Evenstar et al. 
2016).  

Because Li is an incompatible element, the Li content 
of felsic melts depends on the amount of continental crust 
assimilated by mantle-derived magmas and the degree of 
fractional crystallization (Benson et al. 2017). The mass 
of Li released from ignimbrite eruptions (Eq. 1) can be 
estimated from the volume and density of tuff, the pre-
eruptive concentration of Li in silicate melt inclusions in 
phenocrysts (Fig. 1), and the post-eruptive concentration 
of Li in pumice or whole rock (Hofstra et al. 2013). For 
crystal-rich ignimbrites, the mass fraction of glass must 
be estimated. The areal distribution and thickness of tuff 
can be used to apportion the amount of Li released from 
each eruption into closed basins. 

Equation 1. Li Released (t) = Volume of tuff (m3) x 
density of tuff (t/m3) x mass fraction of glass x [mass 
fraction of Li in melt inclusions – mass fraction of Li in 
pumice or whole rock] 
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Figure 1. Quartz phenocryst a. with melt inclusion b. containing 
4000 ppm Li from the Spor Mountain Tuff (Hofstra et al., 2013). 

 
The aim of this report is to demonstrate that the vast 

majority of the Li transferred from ashflow tuffs and tephra 
into closed drainage basins occurs in a punctuated 
fashion during or soon after each eruption. Hence, the 
volcanic history and life span of closed lacustrine 
evaporite basins is the key to their present Li-
endowments. 
 
2 Western United States 
  
In the western U.S., previous studies of melt inclusions 
and pumice glass or whole rock show that upon or soon 
after eruption, 36-98% of the Li present in magma is 
released into surficial environments (Hofstra et al. 2013; 
Benson et al. 2017). Moreover, Li-enriched melts release 
a greater percentage of their contained Li.  The results 
also show that small volume eruptions of enriched tuff 
(e.g. Spor Mtn, 21.7 Ma, 10 km3, 3750 ppm Li) release 
significant amounts of Li (55 Mt) into small areas whereas 
large volume eruptions of ordinary tuff (e.g. Bishop, 0.8 
Ma, 600 km3, 74 ppm Li; Fig. 2a) spread similar amounts 
(41 Mt) over large areas. Large volume eruptions of 
enriched tuff (e.g. tuff of Long Ridge, 16.3 Ma, 1080 km3, 
1600 ppm Li; Fig. 2b) release enormous amounts of Li 
(3685 Mt) over large areas. Consequently, successive 
eruptions into closed basins increase resource potential. 

Clayton Valley in southwest Nevada has a 0.3 Mt Li-
brine resource that has been in production since the 
1960s (Bradley et al. 2018) and a newly defined 0.02 Mt 
Li-clay resource (Barrie et al. 2018). It is located about 
100 km east of the source caldera for the Bishop Tuff and 
Bishop tephra is 3-7 m thick in Clayton Valley, consistent 
with the westerly trade winds. The small volume of Bishop 
tephra deposited in the ~1400 km2 Clayton Valley 
drainage basin (4.2 km3) released about 0.29 Mt of Li. In 
the Pliocene, small volume, rhyolite tuffs and flows 
exposed on the east side of Clayton Valley released 
about 83% and 53% of their contained Li (200 ppm) into 
the drainage basin (Hofstra et al. 2013). The amount of Li 
released (Fig. 2a) from 1 km3 of CV tuff (0.32 Mt) is similar 
to the amount of Li in brine. Together or individually, the 
Bishop Tuff and CV tuff can explain the known Li 
resource. 

The Miocene McDermitt caldera in northwest Nevada 
contains a 1.7 Mt Li-clay resource (Lithium Americas, 
2018). It was the only significant closed drainage basin in 
the volcanic field. Since the calderas in this field contain 

about 1/3 of their eruption volumes, about 1/3 of the 3685 
Mt of Li released from the tuff of Long Ridge (Fig 2b) was 
likely trapped in the McDermitt caldera. Only 1.5% of this 
amount is present in the known Li-clay resource. It is 
therefore possible that the caldera contained a much 
larger Li-brine resource in the past that either drained into 
underlying aquifers or discharged into the Pacific.  
 

 

 
Figure 2. a. Percent Li released from Clayton Valley (CV) rhyolites, 
Bishop Tuff and b. peralkaline rhyolites in the McDermitt volcanic 
field. Data from Anderson et al. (2000), Price et al. (2000), Hildreth 
et al. (2007), Benson et al. (2017). Median values were used to 
calculate the Li depletions shown. Abbreviations: melt inclusion (MI) 
and whole rock (WR). 
 
3 Central Andes 
  
In the central Andes of Bolivia, Chile and Argentina, 
numerous ignimbrite eruptions blanketed closed 
drainage basins over the past 10 m.y. (Kern et al. 2016) 
and several basins contain Li-brine resources (Munk et 
al. 2016). Many are west of eruptive centers, consistent 
with easterly trade winds. The Li-content of melt 
inclusions and pumice have only been determined for 
three ignimbrites that erupted into the Salar de Atacama 
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and Salar del Rincon basins at 4 Ma (Toconao and Atana) 
and 1 Ma (Purico) (Fig. 3a,b).  

 

 
Figure 3. a. Percent Li released from the 4.00 Ma Toconao, 3.96 
Ma Atana, and 0.98 Ma Purico-1 & -2 ignimbrites. Data from Lindsay 
et al. (2001), Schmitt et al. (2001), Burns et al. (2015), Kern et al. 
(2016), and this study. b. Distribution of ignimbrites relative to closed 
drainage basins and salars.  
  

The calculated amount of Li released from these 
eruptions (Eq. 1) is as follows: Toconao 90 Mt, Atana 
1000 Mt, and Purico 15 Mt. The Salar de Atacama basin 
captured about 275 Mt of the 1105 Mt of Li released from 
these ignimbrites and the Salar del Rincon basin about 
315 Mt of Li; the remainder went into intervening basins 
(Fig. 3b). The Salar de Atacama brine resource contains 
about 7.5 Mt of Li at an average grade of 1400 ppm and 
the Salar del Rincon 0.2 Mt at an average grade of 400 
ppm. The known Li brine resources account for only 2.7% 

and 0.6% of the Li released, which suggests either that 
most of the Li was not concentrated in brine or that 
additional Li-brine or -clay resources are present at 
depth. The latter alternative is supported by the mismatch 
in accumulation times for NaCl (~50 Ma) and Li (~2 Ma) 
in the Salar de Atacama (Munk et al. 2018). Since halite 
is buoyant and brine is dense, the mismatch may be due 
to the loss of Li-brine from the bottom of the basin along 
permeable structures or depletion of Li from brine into 
clay minerals, as observed in other basins. 
 
4 Model & Conclusions 
 

 
Figure 4. Model (after Hofstra et al., 2013), see text for further 
description. 
 
In this model, felsic crustally contaminated magmas erupt 
and deposit ash into closed drainage basins in arid 
climatic zones. Calderas trap a significant fraction of each 
eruption. The pressure drop during magma ascent and 
eruption results in fluid saturation, vesiculation of melt, 
and fragmentation of glass. Because the diffusion rate of 
Li rivals that of helium at magmatic temperatures (Richter 
et al. 2003), Li in melt or glass diffuses into vesicles and 
out to shard surfaces. Li partitioned into magmatic fluid 
condenses onto shard surfaces or dust particles in the 
form of soluble Li-salts. The initial flush of meteoric water, 
from rain or snowfall, through tuff or tephra dissolves Li-
salts and drains into closed drainage basins (e.g. 
calderas or grabens) where it is concentrated by 
evaporation. Li-enriched melts release up to 98% of their 
contained Li in this manner. Residual Li in tuff is less 
abundant and resides in relatively insoluble phenocrysts 
such that only about 2% is leached by subsequent 
flushes of surface water or groundwater. The resulting Li-
brine may react with basin sediments (e.g. ash layers) to 
form Li-clay deposits and/or descend along structures 
into permeable aquifers, where it may reside for 
thousands to millions of years. Successive ignimbrite 
eruptions into a closed drainage basin increase the 
amount of Li that can be concentrated into Li-brine and -
clay deposits; thus, well situated basins blanketed by 
several Li-enriched ignimbrites, such as the Salar de 
Atacama are the most prospective. 
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All of the closed drainage basins in the western U.S. 
and central Andes with significant Li resources were filled 
during periods of volcanism. The punctuated release of 
large amounts of Li from successive ignimbrite eruptions 
into these drainage basins increases resource potential, 
is more than enough to form world-class Li-brine and -
clay resources and should be included in mass-balance, 
exploration, and assessment models. 
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Abstract. The Alces Lake property (Canada) is an 
emerging high-grade rare earth element (“REE”) deposit 
of critical REEs for the “green technology” industry. 
Surface channel samples and diamond drillhole results 
have identified total rare earth oxide (“TREO”) 
concentrations exceeding >>20 wt% TREO within 
multiple zones at/near surface. In 2018, Appia Energy 
Corp. carried out a summer exploration program, 
comprising: 1) overburden stripping of seven REE 
surface-outcropping zones, 2) collection of 844 channel 
samples, 3) collection of 6 heavy mineral beach sand 
samples, and 4) completion of the first-ever property 
diamond drill program. The latter included 15 diamond 
drill holes within the Charles, Ivan, and Wilson zones. The 
Alces Lake REE mineralization is hosted within 
polyphase anatexites containing massive braided biotite 
schist and quartzofeldspathic pegmatite augen. The 
REEs are completely hosted within monazite (REE-Th-
rich phosphate), as red, coarse grains (i.e., as individual 
grains, banded, or clustered masses exceeding 75% 
monazite within the Ivan and Dylan zones). Alces Lake 
monazites yielded a crystallization age of 1927.1 +/- 1.2 
Ma, which places mineralization within the Taltson-
Thelon Orogeny. Petrographic studies reveal that the 
monazite crystals are euhedral to rounded, suggesting 
undisturbed crystalline growth for the former and 
physically active “magmatic entrainment from source” for 
the latter.  
 
1 Introduction  
 
The rare earth elements (REE) have gained a lot of 
attention over the past 10-15 years; mainly because they 
are interpreted to be critical metals for green/military 
technologies, and are in short supply due to the tight 
supply chain control (i.e., monopoly) by China. This has 
taken place despite the fact that: 1) REE mineralization is 
not rare, 2) REEs occur in a wide range of geodynamic 
settings, and 3) REEs have been the “flavour of the day” 
for much recent exploration activities. As a result of 
recent worldwide increases in exploration for REE 
deposits, many new resources/reserves have been 
defined globally (Wall 2014; Goodenough and Wall 
2016;Goodenough et al., 2016). A large number of these 
new discoveries are located in Canada (Mariano and 
Mariano 2012). The Alces Lake property (SK, Canada) 

has become a significant, emerging high-grade rare earth 
element (REE) deposit of critical rare earth metals that 
are required for the “green technology/battery metal” 
industry. Here we present 2017-2018 surface channel 
samples and diamond drill hole results from Alces Lake; 
including identified total rare earth oxide (“TREO”) 
concentrations >>20 wt% TREO within multiple zones 
at/near surface. 

 
2 Regional Geological Setting and Historical 

Exploration 
 
The Alces Lake property is located immediately north of 
Lake Athabasca and the Athabasca Basin. The Alces 
Lake project area is 14,334 hectares (35,420 acres) in 
size, and is 100% owned by Appia Energy Corp. The site 
is approximately 34 km east of Uranium City and 135 km 
west of Stony Rapids.  

Alces Lake is located within the Beaverlodge Domain; 
one of the major lithotectonic domains of northern 
Saskatchewan (Fig. 1). The Beaverlodge Domain was 
host to >17 individual uranium mines; having produced a 
total of 70 M lbs. U3O8 at an average grade over 0.20 
wt% U3O8 between 1950 and 1980 (Normand 2014).  

 
Figure 1. Lithotectonic domains and location of Alces Lake; 
immediately north of the world-renown U-rich Athabasca Basin in 
northern Saskatchewan. Figure is courtesy of Appia Energy; 
Geology and lithotectonic domains after Lewry and Sibbald 1978; 
Annesley et al. 2005; Card et al. 2007; Norman 2014. 
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Historic exploration for uranium and rare earth 
elements on the Alces Lake property and surrounding 
area occurred over four separate timeframes: 1950-1955, 
1966-1968, 1975, and 2010-2013 (Normand 2014). 

Three zones of surface mineralization on the Alces 
Lake property were first discovered by radiometric 
prospecting in the 1950’s; including the Alces Lake rare 
earth showing(s).  In 2013, a new high-grade rare earth 
surface discovery, the Ivan zone, was discovered 90 m 
NE of the Alces Lake zone. 
 
3 Alces Lake Geology 
 
The Alces Lake area is underlain by Archean and 
Paleoproterozoic rocks of the Beaverlodge Domain (Fig. 
2; Normand 2014). Lithological units on the Alces Lake 
property include: 1) Archean granitic gneiss, 2) 
Paleoproterozoic metasedimentary gneiss (pelitic-
psammopelitic [+/- graphite], quartzite, amphibolite, 
pyroxenite, diatexite), and feldspathic gneiss, 3) 
Paleoproterozoic syn- to late-anatectic pegmatites, 4) 
Paleoproterozoic late-orogenic to metasomatic biotite 
schist, pegmatite augen and monazite accumulations 
(the REE mineralized system). The basement rock 
package of metasedimentary gneiss is similar to that 
observed within the Beaverlodge uranium deposits. The 
property boundary is approximately 28 km N of the 
current day Athabasca Basin margin. The St. Louis Fault, 
a regional scale fault, runs ENE-WSW within the northern 
portion of the property below the Alces Lake waterbody. 
This fault is a major tectonic boundary between the 
Beaverlodge and Train Domains (Figs. 1 and 2, Normand 
2014).  

 
Figure 2. Geological setting of Alces Lake in the Beaverlodge 
Domain (modified after Normand 2014). Figure is courtesy of Appia 
Energy. 
 
 

The fault zone hosts >3 uranium deposits, all of which 
produced over 45 M lbs U3O8 between 1950 and 1980. 
 
4 Alces Lake mineralization 
 
To date, all of the REE elements are hosted primarily 
(~100%) within monazite (Fig. 4); with a minor amount 
component of Y within xenotime. 

The Alces Lake REE mineralization is hosted within a 
lithological mixture of late-orogenic to metasomatic 
polyphase anatexites that contain massive braided biotite 
schist and quartzofeldspathic pegmatite augen, with 
equal distribution of monazite accumulations within both 
schist and pegmatite. Biotite schist, which is also typically 
sulphide-rich, shows signs of remobilization along/within 
massive biotite schlieren. This mineralized anatectic 
system appears to be in sharp contact and clearly cross-
cut previously solidified gneissic material; suggesting late 
orogenic development. The Alces Lake geological suite 
lies within a regional synformal anticline, with the eastern 
limb hosting the REE zones; suggesting folding controls 
on the mineralization deposition (Fig. 3). 

 

 
Figure 3. Schematic 3D block diagram of the Alces Lake 
mineralized system within a regional scale folding configuration; fully 
scalar from outcrop to district to regional scale. 

 
The REE mineralization system occurs in both 

Archean orthogneisses and Paleoproterozoic 
metasediments. The REE mineralization appears to be 
consistent within all zones and rock types; occurring as 
isolated grains to 1 to 3 cm thin lenses to isolated massive 
clusters to massive clusters (up to m’s thick) of 1 to 3 mm-
sized grains (average) of monazite (Fig. 4). 

At Alces Lake, the REEs are completely hosted within 
monazite (REE-Th-rich phosphate). The monazite is red 
in color, coarse-grained (0.5 to 3.0 mm in width); forming 
as isolated grains, banded, or as clustered masses 
exceeding >75% monazite within the Ivan and Dylan 
zones. Previous studies of Alces Lake monazite have 
suggested a crystallization date of 1927.1 +/- 1.2 Ma, 
which places mineralization within the Taltson-Thelon 
Orogeny. Petrographic studies reveal that the monazite 
crystals are euhedral to rounded; suggesting undisturbed 
crystalline growth for the former and a physically active 
“magmatic entrainment from source” for the latter. 
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The REE ratios are consistent from one zone to 
another; regardless of variable grades or of rock type 
hosting the mineralized system. In particular, Nd and Pr 
account for approximately 20% and 5% of the REEs, 
respectively. 

 

 

 
Figure 4. Summary figure for “monazite”; the REE host mineral of 
the Alces Lake REE-TH-U deposit: a) monazite hosted within biotite, 
b) monazite hosted within quartz and altered feldspar, and c) large 
concentrated aggregate of monazite (>50%). Figure is courtesy of 
Appia Energy Corp. Petrographic observations in plane polarized 
light using transmitted and reflected light microscopes on a JEOL 
JXA-8900 Superprobe electron microprobe situated at the 
University of Saskatchewan. 
 

5 Alces Lake prospecting and drilling 
 
Three zones of surface mineralization on the Alces Lake 
property were first discovered by airborne and ground 
radiometric prospecting in the 1950’s; including the Alces 
Lake rare earth showing(s).  A new high-grade rare earth 
surface discovery, the Ivan zone, was discovered 90 m 
NE of the Alces Lake zone in 2013. 

Radioactivity measurements of the Alces Lake 
outcrops and boulders have consistently exceeded 
56,000 total counts per second (off-scale radioactivity) as 
measured with a RS-125 Super-Spec hand-held 
spectrometer, and sourced mainly from Th-rich minerals 
(i.e., monazite).  

A total of seven high-grade REE zones have been 
discovered as of 2018; six of which are at surface, and 
one is within 15 m of the surface. These include: Bell 
(surface) at 10.239 wt% TREO (2.223 wt% CREO), 
Charles (surface) at 9.656 wt% TREO (2.163 wt% 
CREO), Charles Lower (sub-surface) at 8.868 wt% TREO 
(2.049 wt% CREO), Dante (surface) at 13.763 wt% 
TREO (3.057 wt% CREO), Dylan (surface) at 31.827 wt% 
TREO (7.259 wt% CREO), Ivan (surface) at 22.711 wt% 
TREO (5.242 wt% CREO), Wilson (surface) at  9.398 wt% 
TREO (2.062 wt% CREO). CREO was calculated as the 
sum of Pr6O11, Nd2O3, Eu2O3, Tb4O7 and Dy2O3. 

In addition, a total of three REE zones with grades 
compatible with halos surrounding high-grade zones 
have been discovered to date; one of which is at surface, 
and two which are within 15 m of the surface: Ivan Middle 
(sub-surface) at 0.379 wt% TREO (0.083 wt% CREO), 
Ivan Lower (sub-surface) at 0.315 wt% TREO (0.072 wt% 
CREO), and Wilson South Central (surface) at 0.622 wt% 
TREO (0.144 wt% CREO). 

Also, there are at least four REE showings and 
prospects, which require detailed follow-up; having 
grades similar to those zones above: Danny (surface) at 
9.961 wt% TREO (2.525 wt% CREO), Hinge (surface) at 
4.718 wt% TREO (1.171 wt% CREO), Wilson NW 
(surface) at 2.481 wt% TREO (0.630 wt% CREO), and 
Wilson SE (surface) at 1.066 wt% TREO (0.257 wt% 
CREO). 

 
5.1 2018 prospecting and drilling program  
 
During the summer of 2018, Appia Energy Corp. carried 
out a field exploration program for REEs, which consisted 
of: 1) overburden stripping of 7 REE surface-outcropping 
zones (Bell, Charles, Dante, Dylan, Ivan, Wilson, Wilson 
South-Central), 2) collection of 844 systematic channel 
samples, 3) collection of 6 heavy mineral black beach 
sand samples (see Mudd and Jowitt 2016), and 4) 
completion of the first-ever diamond drill program on the 
Alces Lake property.  

A total of fifteen short diamond drill holes (“DDH“) were 
collared in three different REE zones (Charles, Ivan, and 
Wilson) that were previously exposed at surface as part 
of the overburden stripping program. Twelve of these 
holes intersected REE mineralization, of which ten 
intersected high-grade Total and Critical REEs (CREE). 
Two drill holes, CH-18-000 and CH-18-004, were 
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abandoned and re-collared as CH-18-001 and CH-18-
004A, respectively.  

Also significantly, three new sub-surface occurrences 
without surface expressions were intersected within 12m 
true depth below the surface of the Charles and Ivan 
zones; the Charles Lower, Ivan Middle, and Ivan Lower 
zones. The best drill hole analytical results of the 
Program were from drill hole CH-18-008 within the 
Charles Lower Zone, which returned 10.02 wt% TREO 
over 3.55m. It is noteworthy that the sub-surface zones 
discovered by the drilling remain open in all directions.  

The depth extensions of the surface REE zones 
(Charles, Ivan and Wilson) were traced down to a 
range of 0.43 to 7.27 metres true depth from surface 
and remain open with the exception of the Charles N-
S subzone, which was closed off at 1.95 m depth from 
surface. In particular, the drill hole analytical results 
from the Charles N-S subzone were higher grades 
than those witnessed at surface; for example 10.12 
wt% TREO over 0.9 m returned from DDH CH-18-007. 
 
6 Discussion 
 
The Alces Lake Property encompasses some of the 
highest-grade total and critical REE mineralization in the 
world, hosted within seven surface showings that remain 
open at depth. Critical rare earth elements (CREE) are 
defined here as those that are in short-supply and high-
demand for use in permanent magnets and modern 
electronic applications (i.e., Neodymium (Nd), 
Praseodymium (Pr) and Dysprosium (Dy)). The Alces 
Lake REO geochemical assay results are ranked 
presently as the highest-grade REE occurrences in 
Canada. Results to date showcase world-class REO 
grades that are comparable to (locally possibly better 
than) those encountered in the historical REE-producing 
Steenkampskraal (South Africa) and Mountain Pass 
(USA) deposits; as well as the currently producing high-
grade Gakara Rare Earth Project (Burundi, East Africa) 
and the Mt. Weld CLD mine (Australia). The latter 
produced over 12% of the global REE supply in 2017. 

As of September 2018, four of the seven REE zones 
exposed at surface have been drill-tested. Diamond 
drilling was focused within an area measuring 1.5 
hectares (3.7 acres), which represents a very small 
portion of the Alces Lake property, further attesting to the 
exploration potential of the Property. The Alces Lake REE 
grades have been compared with global REE deposit 
grades.  

These comparable high grades are world-class, thus 
Appia plans to continue their diamond drilling and 
reconnaissance exploration on the Alces Lake property in 
2019 with a >3,000 meter program designed to continue 
defining and evaluating the currently known surface and 
sub-surface zones, as well as testing other high-priority 
target areas. This planned drilling program will be carried 
out concurrently with a detailed ground gravity survey 
exploring for subsurface REE zones, and additional 
overburden stripping / channel sampling of at least nine 
other REE showings identified during the previous 
exploration programs. 

 
 

7 Conclusions 
 
The Alces Lake Property encompasses some of the 
highest-grade total and critical REE mineralization in the 
world, hosted within seven at/near surface showings that 
remain open laterally and at depth. 

The 2018 diamond drilling program verified the 
concepts of a working geological model, as well as 
indicating that REE mineralization continues well below 
the surface. Most importantly, the sub-surface 
discoveries provide evidence that the Alces Lake 
property remains highly prospective for additional REE 
zones to be discovered; both laterally and at depth. As a 
result of a significant number of years of erosion of these 
REE zones, we are only seeing the tail ends of saucer-
shaped REE zones at surface. The sub-surface provides 
the untapped potential for discovering fully-intact high-
grade REE bodies at depth. 
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Abstract. The Bergslagen ore province in south central 
Sweden is one of the most metallogenetically diverse of 
the classic mining regions in the Fennoscandian shield. 
Although most prolific with regards to iron and base metal 
production, Bergslagen was also the first place where 
hard-rock mining for extraction of rare earth elements 
(REE) took place, and exploration for them is ongoing. 
Major deposit types hosting REE minerali-sation are 
apatite-iron oxide (Kiruna-type) ores, Bastnäs type 
magnetite-skarn mineralisations and rare metal-enriched 
granitic pegmatites. These deposits represent a variety of 
geological processes that led to the formation of a diverse 
suite of REE minerals over a total time span of some 100 
M.y., from early orogenic and syn-volcanic intrusive-
related as well as hydrothermal processes, to late-
orogenic intrusive-related ones.  
 
1 Introduction and background 
 
In today´s industry and society the rare earth elements 
(REE, often separated into less sought-after light ones, 
LREE, and higher-value heavies, HREE) are key to a 
vast range of products, from basic yet high-tech utilities, 
via research and military technologies, to extensive 
applications within present and emerging “green” and 
“fossil free” energy systems. The recent increase in 
demand for REE for the latter technologies, combined 
with a global supply situation entirely dominated by 
China has led to worldwide interest in REE 
mineralisations both old and new (e.g. Wall 2014). 

The Palaeoproterozoic Bergslagen ore province is the 
most classic and ancient mining region in the 
Fennoscandian shield, featuring diverse deposit types 
that have been worked at least since medieval times 
(e.g. Tegengren 1924; Geijer and Magnusson 1944). 
Although most metal mining has been focused on iron 
oxide and base metal sulphide deposits, noble and rare 
metals have also been exploited. The main ore-bearing 
sequence consist of c. 1.91-1.88 Ga dacitic to rhyolitic 
metavolcanic rocks with marble interlayers that were 
deposited in a continental back-arc basin setting (Allen 
et al. 1996; Fig. 1). During the Svecokarelian orogeny, 
these rocks were subjected to polyphase deformation 
and regional metamorphism (e.g. Stephens et al. 2009). 
Syn-volcanic activity generated an absolute majority of 
the base metal and iron oxide deposits, as well as REE 
mineralisations, ranging from apatite-iron oxide ores, to 

REE-skarn deposits. In contrast, rare metal pegmatites 
mainly formed at c. 1.82-1.78 Ga (Romer and Smeds 
1994, 1997), during a late-orogenic stage. 
 
2 REE mineralisations in Bergslagen 
 
2.1 Granitic pegmatites  
 
Within the greater part of the Bergslagen ore province 
(Fig. 1), the most important notable granitic pegmatites 
are either of NYF-affinity, carrying Y-HREE-rich minerals 
(oxides and silicates) and mainly concentrated in the 
northwestern-northern and north/eastern parts, whereas 
LCT-type pegmatite fields are particularly found in the 
southeastern part of the area, typically associated with 
extensive areas of pelitic meta-sedimentary rocks such 
as in the Utö area (Fig. 1; e.g. Smeds 1990).  
 

 
Figure 1. Overview bedrock geology map of the Bergslagen ore 
province (inset map showing the location in south central Sweden), 
with marked locations of major granitic pegmatites and pegmatite 
groups mentioned in the text. From SGU databases. 
 
The well-known, historical pegmatite quarry at Ytterby, 
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north of Stockholm [with abundant Y+HREE-rich 
minerals such as gadolinite-(Y), fergusonite-(Y) and 
yttrotantalite-formanite-ichikawaite-(Y)] is, together with 
other occurrences such as Gruvdalen, part of the 
easternmost broad grouping of HREE-enriched NYF-
dominated pegmatites. Y-HREE-silicates, e.g. yttrialite-
(Y) and thalénite-(Y) are important in some pegmatites, 
such as Holmtjärn, Österby and in the Falun field, while 
oxidic Y-HREE-bearing phases predominate in others, 
such as at Flintgruvan and Kolsva (Fig. 1). 

The formation of a majority of pegmatites with 
available age datings is clearly related to the final, late-
orogenic phase of the Svekokarelian orogeny, peaking 
around 1.8 Ga. 
 

 
Figure 2. Coarse aggregates of Y+HREE-rich silicates at the 
Holmtjärn granitic pegmatite, northwestern Bergslagen, featuring 
inter alia yttrialite-(Y). Length of chisel is c. 20 cm. 
 

As most of the known rare metal-enriched granitic 
pegmatites in Bergslagen are of small to moderate size 
with highly variable contents of REE-bearing minerals, 
they are therefore mostly not amenable to mining in any 
modern industrial sense; yet, some dykes (or fields) are 
more extensive, and the potential for new discoveries 
clearly remains. 
 
2.2 Apatite-iron oxide ores  
 
The apatite-iron oxide ores of Bergslagen are 
represented by a few deposits in the northwestern part of 
the province (Fig. 3), in contrast to the great number of 
iron oxide skarn deposits (thousands). The largest of 
these now closed mines, Grängesberg and Blötberget 
(Fig. 3), have been worked extensively and constitute the 
largest iron ore concentration in southern and central 
Sweden, with abundant ore left underground. Based on 
their mineralogy, geochemistry, geometry and host-rock 
relations, these deposits clearly represent Kiruna-type 
deposits (e.g. Jonsson et al. 2013, and references 
therein). They formed at an early stage of the volcanic 
activity in Bergslagen, with indicated ages near 1.9 Ga 
(e.g. Högdahl et al. 2013). Besides the main commodity, 
iron in the form of magnetite and hematite, fluorapatite 
and associated REE-bearing phosphates and silicates in 
these multi-million tonne ores represent potential 

reserves of REEs as well as of phosphorus, particularly 
as possible by-products of iron mining.  

Fluorapatite is a key mineral in the apatite-iron oxide 
deposits, mostly occurring as fine-grained aggregates in 
the magnetite ore, and often exhibits a banded or 
schlieren-like structure in it. Already in the 1970s 
significant REE contents were found to be present in the 
fluorapatite, and although programs including chemical 
analytical work as well as concentration tests were 
performed during the time of active mining at 
Grängesberg (cf. Back 1991), the largest and most well-
studied of these deposits, it never led to any full-scale 
beneficiation. Characteristic of these deposits is that Si 
and (Y+REE) in the fluorapatite exhibit a distinct positive 
correlation, as opposed to Na and (Y+REE) (Harlov et al. 
2002; Jonsson et al. 2016). This is the result of REE 
incorporation by the coupled substitution Si4+ + 
(Y+REE)3+ = P5+ + Ca2+. In the Grängesberg ores, the 
fluorapatite is typically high in Ce, La, Nd, and Y. REEs 
are also carried by monazite-(Ce), xenotime-(Y), allanite-
(Ce) and variably REE-enriched epidotes, as well as in 
Ce-LREE-dominant REE-fluorocarbonates of synchysite-
bastnäsite-type; additionally, a gadolinite-(Ce)-like 
mineral has also been observed (Jonsson et al. 2016). 
Within the variably phyllosilicate-altered immediate host 
rocks that exhibit enrichment in the REEs, these are 
hosted by minor allanite-(Ce), fluorapatite, monazite-
(Ce), REE-fluorocarbonates and gadolinite-like minerals. 
 

 
Figure 3. Bedrock geology map over west-central Bergslagen with 
marked locations for the major apatite-iron oxide deposits in the 
Ludvika area, and the Bastnäs-type REE-mineralisations of the 
REE-line (outlined in purple). From SGU databases. 
 
Based on mineralogical and mineral-chemical studies, 
including high resolution microprobe data, fluorapatites in 
the Grängesberg ore are chemically and texturally 
variable, and overall contain between c. 0.5 up to close 
to 2.5  w% (Y+REE)2O3 (Jonsson et al. 2016). The most 
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likely interpretation of the variable REE contents and 
textures is that primary REE contents of a majority of 
fluorapatites have been depleted through post-
crystallisation fluid overprinting. The associated REE-
bearing phosphates (monazite, xenotime) and silicates 
(allanite) formed through fluid-mediated remobilisation of 
REEs from primary fluorapatite, and subsequent 
formation of these secondary, REE-enriched phases, 
mainly as dissolution and reprecipitation as monazite, but 
also by more distal remobilisation and formation of 
allanite through reactions with groundmass silicates (Fig. 
4; Jonsson et al. 2016). The REE-fluorocarbonates, in 
turn, formed at even later, low-temperature conditions. 
Overall, the Grängesberg fluorapatites exhibit the 
following ranges in contents of discrete REEs (average of 
481 electron microprobe point analyses, all in wt% oxide): 
Ce 0.01-0.6; La 0.01-0.2; Nd 0.03-0.39; Pr 0.02-0.13; Y 
0.02-0.24; all others were below the analytical detection 
levels (Jonsson et al. 2016). Average total REE contents 
for apatites from discrete assemblage types range from 
0.19 wt% (Y+REE)2O3 in an altered metavolcanic rock 
(phyllosilicate-rich alteration assemblage) to between 1.7 
and 2.5 wt% (Y+REE)2O3 in apatite-rich units in magnetite 
ore (Jonsson et al. 2016).  
 

 
Figure 4. Back-scattered electron (BSE) image showing peripheral 
coarser-grained and central finer-grained inclusions of monazite-
(Ce) in a medium-grey fluorapatite. Magnetite-apatite ore from the 
Grängesberg mine, north-eastern Bergslagen. Scale bar equals 200 
µm. 
 

Allanites occurring associated with the ores are 
primarily rich in Ce and La. As expected, monazite carries 
large amounts of REE, mainly Ce, and is an important 
accessory REE mineral; yet, the abundance of monazite 
associated with fluorapatite varies significantly. 
Xenotime-(Y) hosts major Y+HREE, but is much less 
abundant than monazite and allanite. Bulk analyses of 
dump samples at Grängesberg yielded up to 0.7 wt% 
total REE, comparable to contents in the other apatite-
iron oxide deposits in Bergslagen (Högdahl et al. 2015). 

 
2.3 Bastnäs type REE-magnetite skarn deposits  
 
The Bastnäs-type REE deposits are skarn-hosted iron 
oxide, locally polymetallic (± Cu, Au, Co, Bi, Mo…) 
mineralisations that carry in part very REE-rich 

assemblages. They occur along a discontinuous, c. 100 
km long, narrow belt of felsic metavolcanics rocks with 
skarn-bearing marble interlayers, for which the name “the 
REE-line” has been introduced (Fig. 3; Jonsson and 
Högdahl 2013). Major deposit clusters are located in the 
Nora, Riddarhyttan and Norberg areas (Fig. 3). These 
deposits are characterised by the occurrence of locally 
very abundant REE-rich silicate minerals such as cerite-
(Ce) and allanites (sensu lato), but also including REE-
fluorocarbonates such as bastnäsite-(Ce). Overall, these 
mineralisations exhibit a quite complex and diversified 
REE mineralogy. The deposit type was named after the 
Nya Bastnäs mine field (Geijer 1961), the site of the 
original discovery of Ce, as well as the type locality of 
numerous REE minerals, such as bastnäsite-(Ce), cerite-
(Ce), törnebohmite-(Ce) and several others (cf. Holtstam 
& Andersson 2007; Holtstam et al. 2014, and references 
therein). Additionally, the mine Ceritgruvan in the Nya 
Bastnäs field was most likely the first hard-rock deposit 
specifically mined for rare earth elements.  

The REE-rich iron oxide skarn deposits (Fig. 3) occur 
together with associated BIF occurrences, as well as 
similar skarn mineralisations without known elevated 
REE contents. The major iron ore horizons, magnetite-
dominated skarns and hematite-dominated banded iron 
formations, are stratiform and overall likely to be of 
volcano-sedimentary origin (e.g. Holtstam et al. 2014). 
The skarn-hosted mineralisations follow narrow marble 
horizons within the metavolcanic rocks. The main phase 
of hydrothermal alteration of the volcanic units probably 
took place during an essentially syn-volcanic stage 
around 1.90-1.88 Ga, as is also suggested by the near, 
spatial association of extensively altered, originally 
volcanic rocks with those that are essentially unaltered 
except for a later (regional) metamorphic overprint. Near 
the actual deposits, these rocks were strongly 
hydrothermally altered, and subsequently transformed 
during regional (Svecokarelian) metamorphism into 
cordierite and/or andalusite-bearing mica schists or “mica 
quartzites”. Ductile folding of host rocks as well as REE-
mineralised assemblages has been recorded, and the 
mineral assemblages in the studied deposits mostly 
exhibit recrystallised textures, indicating that they formed 
at an early stage of the orogenic evolution (Fig. 5). The 
origin of the Bastnäs-type deposits has been debated 
over time, and they are now generally interpreted as 
being the result of skarn-forming reactions between pre-
existing carbonate rocks and medium to high-
temperature, metal-rich (including the REEs) 
hydrothermal fluids (e.g. Sahlström et al. 2015; Holtstam 
et al. 2014, and references therein). The formation of 
local REE silicate mineralisation in other host rocks, and 
specifically banded iron formations (BIFs) is suggested to 
be related to the same (epigenetic) process forming the 
skarns, rather than synchronous with the formation of the 
BIFs (Jonsson & Högdahl 2013). 



 

1739 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 4 

 
Figure 5. BSE image of folded, recrystallised REE-silicates from the 
Högfors mines, northeast of Bastnäs, central part of the REE-line, 
showing the pre-tectonic nature of this mineralisation type. Light 
grey is cerite-(Ce), medium grey is a västmanlandite-(Ce)-like 
mineral. Gangue silicates are black. 
 
3 Summary and conclusions 
 
The formation of REE-enriched mineralisation in the 
Bergslagen province was extensive and diverse during 
some 100 M.y. of the Svecokarelian orogeny and 
represents an important geodynamic stage for such 
deposits in the contexts of both the Fennoscandian shield 
and Europe (Goodenough et al. 2016). Besides the three 
major groups of mineralisations described here, several 
recently discovered and so far poorly studied ones also 
exist; some with potential genetic links to these three 
major groups, as well as some that seem rather unique. 
All mentioned deposit types will be described in a 
forthcoming report from the Geological Survey of Sweden 
(SGU), in part based on work performed during the 
EURARE project, summarising the known REE 
mineralisation in Sweden. 

Additionally, just outside the southern edge of 
Bergslagen proper are the presently studied c. 1.8 Ga 
hydrothermal Olserum-Djupedal deposits (Andersson et 
a. 2018), which suggest further exploration potential 
along the border of the province. It is clear that the 
Palaeoproterozoic rock units of the Svecokarelian 
Bergslagen ore province and its surroundings represent 
one of the major REE provinces in Europe. 
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Abstract. The REE mineralization of Nam Xe, Vietnam, 
provides important new insights into paragenically 
complex carbonatite-related REE mineral formation 
associated with the transition from magmatic to 
hydrothermal conditions. Carbonatite dykes at Nam Xe 
comprise of calcite, ankerite and barite; these are 
crosscut by younger veins consisting of rare earth 
fluorcarbonates, fine-grained barytocelestine and calcite. 
The dominant rare earth fluorcarbonate is parisite 
[(REE)2Ca(CO3)3F2] with only minor bastnäsite and 
synchysite. Petrographic observations reveal that REE-
mineralization is polystadial. Early bastnäsite associated 
with the magmatic stage is subsequently replaced by 
parasite in the presence of a Ca-CO3-rich carbothermal 
fluid. Parisite is then again overprinted by a Sr- rich 
hydrothermal fluid resulting in the formation of REE-
enriched parisite and calcite.  
 
1 Introduction 
 
Within the last decade, the supply of rare earth elements 
(REE) received considerable public attention 
(Goodenough et al. 2018). As a consequence, numerous 
REE exploration projects were initiated (Massari and 
Ruberti 2013) on a large number of different ore deposit 
types (Goodenough et al. 2018) Carbonatites have been 
of particular relevance to recent exploration efforts, as 
some of them are known to contain high concentrations 
of REEs (Verplanck 2015). Carbonatites are defined as 
igneous rocks composed of more than 50 wt% carbonate 
and less than 20 vol % quartz (Le Maitre 2002). Many 
carbonatites are formed as central plugs in alkali intrusive 
complexes or as dykes, sills, or breccia bodies (Singer 
1986). Based on origin and shape, they are subdivided 
into primary carbonatites formed by asthenospheric 
mantle-derived magmas, carbonatites formed by 
pneumatolytic melting of crustal rock and carbonate-rich 
rocks associated with potassic and sodic peralkaline 
magmas from metasomatized lithospheric mantle 
(Mitchell 2005). REE enrichment in carbonatites is still 
rather tentatively attributed to different processes, e.g., 
orthomagmatic processes or hydrothermal fluid-rock 
interaction, subsolidus metasomatic redistribution of 
REEs, and sequestration of REE into secondary minerals 
(Verplanck 2015). Significant enrichment of REE grades 
can also be related to chemical weathering of the 

carbonatite host rock.  
Carbonatite-related mineralization is typically enriched 

in light REE (LREE) with the REE fluorcarbonates 
(bastnäsite, parisite, synchysite, ancylite) and 
phosphates (monazite and apatite) as the most common 
ore minerals (Kanazawa and Kamitani 2006; Verplanck 
2015; Wall and Zaitsev 2004). Bastnäsite is particularly 
common and of major economic relevance (Goodenough 
et al. 2018). 

The present contribution provides a first description of 
the geological setting, mineralogy and mineral 
paragenesis of REE mineralization associated with a 
series of carbonatite dykes at Nam Xe, in the 
northwestern region of Vietnam (Fig 1). Preliminary 
results show that REE deposition is polystadial and 
related to both magmatic and hydrothermal processes.  

 
2 Geological Setting 
 
Carbonatite dykes form a series of ca. 70 sub-parallel 
intrusions into a thick succession of basanite-
trachybasalts of Triassic age (Chung and Jahn 1995; He 
et al. 2007; Searle 2006). The dykes strike in NW-SE 
direction and dip between 20 and 30° to the southwest. 
An extensive drilling campaign in 2012 confirmed that 
these dykes continue with depth throughout the entire 
exploration area (~340 m lateral, 400 m vertical).  

The dominant regional tectonic feature in the area is 
the Song Da zone, which is described as an 
intracontinental rift structure of Mesozoic age (Metcalfe 
1988; Polyakov et al. 1998; Nguyen et al. 2014; Tran et 
al. 2016). This rift zone extends from the Vietnamese 
coastline striking southeast-northwest to the Vietnam-
China borderer with the Nam Xe carbonatite dykes being 
located near at the northwestern limit. The dykes are 
situated at the intersection of Ban Man-Phong Tho fault 
(Fig. 1) and synclinal faults (Vlasov 1961) which offsets 
the Triassic basalt and the surrounding Permian 
limestone and other Paleozoic sediments (Metcalfe 1988; 
Chung and Jahn 1995; Polyakov et al. 1999; Searle 2006; 
Nguyen et al. 2014; Tran et al. 2016).  

Carbonatites are exposed as lenses and dykes on the 
surface which extend for hundreds of meters with 
thicknesses up to several meters (Fig. 1). The 
carbonatites have previously been subdivided into two 
compositional types, namely ferro- and calcio-carbonatite 
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(Chi et al. 2010; Nguyen et al. 2014; Vlasov 1961). At 
their contact to the host rock, all carbonatite types are 
surrounded by zones of fenitization where the fenites 
show a transition starting from an inner carbonate-rich, to 
a biotite and finally an aegirine-rich composition (Nguyen 
et al. 2014).  

K-Ar age data of 28.0 Ma (Chi et al. 2010) and 44.0 Ma 
(Nguyen et al. 2014) suggest a close relationship of 
carbonatite magmatism with Paleogene volcanism of the 
Fansipan range to the north. Isotopic and trace-element 
data has, however, been used to invoke distinct and 
unrelated sources for these two magmatic events 
(Nguyen et al. 2014). 

 

 
Figure 1. (A) A Map of Vietnam with the location of the investigated 
area in northwest Vietnam (square). (B) Geological map of the Nam 
Xe area. South Nam Xe dykes (green lines) are situated on a north 
facing mountain slope south of the east-west striking Ban Man-
Phong Tho fault This fault greatly offsets Triassic basalts and 
Permian limestones.  
 
3 Samples and Methods 
 
The geological context of REE mineralization at Nam Xe 
was studied during a field visit in 2016. A series of 
diamond drill cores obtained in 2012 was available for 
investigation and sampling on site. The present 
contribution includes samples from two drill cores (0512, 
0709), which were complemented by field samples. 
Representative samples of half core from 21 dykes were 
prepared as polished thin sections. 

Polished thin sections were characterized using 
transmitted and reflected-light microscopy. Furthermore, 
a scanning electron microscope (SEM; FEI Quanta 650F) 
was used to acquire backscatter electron (BSE) images 
and energy disperse X-ray (EDX) single grain analyses 
for detailed petrographic sample characterization as well 
as semi-automated thin section mapping (MLA; GXMAP) 
for modal composition and mineral association 
(Bachmann, 2017). 

Parisite compositions were determined using a JEOL 
JXA-8530F HyperProbe equipped with a field emission 
gun and five wavelength-dispersive X-Ray 
spectrometers. The measurements were run at an 
acceleration voltage of 15 kV and a beam current of 30 
nA using a defocused beam of 10 to 20 µm diameter. 

Online quantification was done with the ZAF matrix 
correction and further offline corrections were performed 
according to the measurement protocol of Osbahr et al. 
(2015). Furthermore, drift corrections were calculated for 
C, Mg, Sr, Ba, Ca, S and applied assuming a linear 
machine drift between two reference material blocks. 
Elemental concentrations were removed from the data 
set if their value was below 3.4 times the JEOL software 
displayed limit of detection and subsequent if their 
relative 3-sigma standard deviation exceeded 50% 
(Burisch et al. 2018). 
 
4 Results 
 
Most of the carbonatite dykes at South Nam Xe can be 
classified as coarse-grained calico-carbonatites 
dominated by calcite, closely associated with aegirine, 
arfvedsonite, biotite, apatite and magnetite (Chi et al. 
2010; Nguyen et al. 2014; Vlasov 1961). Two minor but 
distinct compositional types are observed, including 
foliated calico-carbonatite with phlogopite rather than 
aegirine, and ferro-carbonatite consisting of ankerite, 
calcite, rare earth fluorcarbonates, fluorapatite, K-
feldspar and Ba-, Sr-sulfates (Nguyen et al. 2014).  

 

 
Figure 2. Scanned image of dyke from rim (left) to center (right). The 
rim is characterized by coarse crystalline biotite (bt) followed by 
coarse crystalline calcite (cal). The crystal size of ankerite (ank) and 
calcite decreases towards the REE-fluorcarbonate contact. On the 
right side of the sharp carbonate – REE-fluorcarbonate contact 60 – 
150 µm parasite crystals occur in a fine crystalline barytocelestine-
calcite matrix. 

 
This study observed for all dykes an often symmetrical 

structure having calcite, ankerite and minor barite at the 
center of the dykes and biotite and magnetite more 
abundant towards the contact of the dykes with the host 
rock. Aggregates and veins of REE-fluorcarbonates in a 
fine-grained barytocelestine and calcite matrix are 
distinctively younger than the coarse crystalline 
carbonatite mineral assemblage (Fig. 2). 

MLA and EMPA analyses of the REE fluorcarbonates 
show that parasite [(REE)2Ca(CO3)3F2] is more 
abundant than bastnäsite. Parisite is intimately 
associated with barytocelestine and calcite. Different 
REE-fluorcarbonates can be discriminated according to 
their stoichiometric ratio of REE fluorcarbonate 
[REEFCO3] and calcium carbonate [CaCO3]. Parisite has 
a ratio of 2:1 and is compositionally in between bastnäsite 
(1:0) and synchysite (1:1) (Fig .3; Alles et al. 2018). 
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Figure 3. EMPA data for REE fluorcarbonates from Nam Xe plotted 
as REE2O3 vs. CaO (blue rhombus). Dotted lines indicate the 
different REE2O3/CaO ratio of bastnästite-Ce, parisite type 1 (pst I), 
and parisite type 2 (pst II). 
 

Bastnäsite [(REE)(CO3)F] exhibits 5-120 µm sized 
crystals associated with parisite and barytocelestine. In 
one of all investigated ore veins, bastnäsite was the only 
REE fluorcarbonate present having 300 µm to 1 mm 
sized idiomorphic, pyramidal crystals associated with 
mainly strontianite and minor calcite. Parisite occurs in 
two distinct generations, which are often closely 
associated (Fig. 4). The first generation (pst I) is fine-
grained (10-300 µm) with typical euhedral and pyramidial 
crystals (Fig. 4). Pst I is characterized by a uniform 
REE2O3/CaO ratio of 5.8 ±0.2 (Fig. 3) and has a relative 
high calcium and a low REE content. The second 
generation of parisite (pst II) replaces pst I together with 
calcite. It occurs mostly in direct contact to pst I and is 
intimately intergrown with calcite (Fig. 3). The clear 
petrographic discrimination between pst I and pst II is 
supported by the REE2O3/CaO ratio of pst II at 6.8 ±0.35. 
However, the compositional differences between both 
parisite generations are relative small with pst II tending 
towards higher REE2O3/CaO ratios. 

 
5 Discussion and Conclusion 

 
Magmatic and hydrothermal processes – or a 
combination of both have been invoked by previous 
authors  to explain REE-rich mineralization associated 
with carbonatites (e.g., Mariano 1989; Wall and Mariano 
1996; Zaitsev et al. 2002; Williams-Jones et al. 2012; 
Song et al. 2016). In some cases a combination of 
magmatic and hydrothermal processes involving water-
bearing fluids has been invoked (e.g., Wall and Mariano 
1996; Zaitsev et al. 2002; Moore et al. 2015). 
 

 
Figure 4. Contrast-enhanced BSE image of a crystal of parisite 
within a matrix of barytocelestine. The original crystal outline of 
parisite (pst I) is still visible and outlined by the presence of 
bastnäsite (bsn). Noteworthy is the alteration of pst1 to parisite type 
2 (pst II) and calcite (cal). 

 
REE enrichment at the in Nam Xe deposit is a 

consequence of multiple mineralization stages. The 
association of fine-grained calcite, strontianite and 
barytocelestine suggest a magmatic origin of bastnäsite 
(Castor 2008) at temperatures above 600 °C (Wyllie et al. 
1996). The alteration of bastnäsite to pst I is attributed to 
the presence of post-magmatic Ca-, and CO3-rich 
carbothermal fluids (Giebel et al. 2017). Pst II replaces 
pst I, which is related to the influx of a Sr- and CO3-rich 
hydrothermal fluid. Concomitantly, barite is altered to 
barytocelestine and carbonates hosting the REE-
fluorcarbonate veins are recrystallized resulting in smaller 
grains and increased strontium content towards the 
contact. Polystadial mineral-fluid reactions, which 
happened across the magmatic-hydrothermal transition 
of the Nam Xe carbonatite system, resulted in re-
distribution and substantial enrichment of REE in the 
dykes. Bastnäsite, common in the major REE carbonatite 
deposits (Voncken 2016), is replaced by two generations 
of parisite forming a unique REE fluorcarbonate deposit. 
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Abstract. The rare earth elements (REE) Nd, Dy and Pr 
are critical metals for low carbon technologies that require 
high field strength permanent magnets and rechargeable 
batteries. The majority of the global heavy REE (HREE: 
Gd-Lu) supply, which includes Dy, is sourced from ion 
adsorption deposits. At the Ambohimirahavavy Alkaline 
Complex, northwest Madagascar, thick laterite profiles 
with variable ion exchangeable REE content develop 
from a range of protoliths, which vary in both REE 
concentration and REE-host mineralogy. Proportions of 
REE within these ores are controlled by their relative 
concentrations and host-minerals in the protolith 
lithologies. ‘First-order’ magmatic processes generally 
control the REE concentration of the protolith, such as 
fractional crystallisation and melt differentiation, whereas 
the REE-host mineralogy is influenced by the melt 
conditions and late- to post-magmatic evolution of the 
residual melt and fluids. This late- to post-magmatic 
evolution may result in mineral assemblages that are 
susceptible or resistant to dissolution during supergene 
processes.  
 
1 Introduction 
 
Neodymium, Dy and Pr are critical metals for low carbon 
technologies that require high field strength permanent 
magnets and rechargeable batteries (Goodenough et al 
2018). In REE deposits these three critical elements are 
found together with the other lanthanides, and most REE 
deposits are strongly enriched in light REE (LREE: La-
Eu) but have low heavy REE (HREE: Gd-Lu) content. 

The majority of the global HREE supply, which 
includes Dy, is sourced from ion adsorption deposits 
(European Commission 2017). These supergene 
deposits contain over 50% of their REE in an ion 
exchangeable form (Sanematsu and Watanabe 2016), 
typically adsorbed to the surface of clay minerals, which 
are liberated using weak electrolyte solutions 
(Moldoveanu and Papangelakis 2012). This ease of 
extraction, coupled with the low radioactivity and 
relatively elevated HREE content compared to other 
major REE sources (e.g. carbonatite-associated 

deposits, typically strongly LREE-enriched), makes these 
deposits ideal HREE sources. Other REE deposits with 
relatively elevated HREE-content include hydrothermally 
altered carbonatite-associated (e.g. Huanglongpu 
District, China – Smith et al 2018) and alkaline to 
peralkaline igneous rock-associated (e.g. Ilímaussaq 
Alkaline Complex, Greenland; Strange Lake, Canada – 
Marks and Markl 2017) occurrences.  

Most known ion adsorption deposits are developed 
upon muscovite and/or biotite granites, which have 
experienced variable hydrothermal alteration, such as 
those of the Nanling Range, southern China (Li et al 
2017). Principal controls on the development of ion 
adsorption ores include: 1) tropical to temperate climate 
to enable intense chemical weathering, 2) low to 
moderate denudation rates to allow preservation of 
regolith profiles and 3) parental rocks containing REE-
bearing minerals susceptible to dissolution during 
chemical weathering (Sanematsu and Watanabe 2016; Li 
et al 2017). The Ambohimirahavavy Alkaline Complex 
(AAC) is a unique example of ion adsorption ores derived 
from alkaline to peralkaline igneous rocks, and thus 
encompassing two REE deposit types – ion adsorption 
and alkaline to peralkaline rock-associated deposits. 

By integrating the paragenesis of REE-host minerals 
and whole rock geochemistry, the effect of late magmatic 
to post-magmatic alteration on the REE-bearing 
mineralogy is evaluated for peralkaline granitic dykes 
(PGD), nepheline syenites (NS) and alkali feldspar 
syenites (AFS) of the AAC. From this, we discuss the 
importance of late- to post-magmatic processes on the 
development of easily degradable REE-mineral 
assemblages for the subsequent development of ion 
adsorption ores.  
 
2 Climate, topography and geological setting  
 
Northwest Madagascar has a tropical climate, with 
average annual temperatures > 25°C and precipitation 
of >200 mm/annum in the AAC area (Desharnais et al 
2014). Regolith profiles have an average thickness of 
13.5 m and maximum of 40 m (Desharnais et al 2014). 
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An annular ridge forms a topographic high, surrounding a 
central caldera, in the southeast of the AAC and the 
northwest is comprised of a series of hills and valleys with 
elevations ranging from sea level to 713 m. 

The AAC is a sub-volcanic alkaline to peralkaline 
complex of the Cenozoic Ampasindava Alkaline 
Province. It comprises a suite of coeval silica-
undersaturated to silica-oversaturated intrusive syenitic 
to granitic and extrusive volcaniclastic units (Estrade et al 
2014a). There are two main intrusions, the Tsarabariabe 
Intrusion in the northwest and the annular Ampasibitika 
Intrusion in the southeast. The Ampasibitika Intrusion 
hosts unusual eudialyte-bearing peralkaline granitic 
dykes, which are mineralised with respect to REE (up to 
2.24 wt. % REE₂O₃; Gilbertson 2013), and thus this 
intrusion has been the main interest for studies into REE 
mineralisation associated with the AAC (Estrade et al 
2014b; 2018). There are three major intrusive units of this 
intrusion: the silica-undersaturated Ankobabe Hybrids 
(NS and associated mafites), the silica-neutral AFS that 
are the main intrusive lithology of the intrusion, and the 
silica-oversaturated marginal dyke swarm, which consists 
of variably altered microsyenite dykes and PGD (see 
geological map in Estrade et al 2014a). Peralkaline units 
may contain agpaitic (complex Na-Ca-K-Zr-silicates) 
and/or miaskitic (simple HFSE-phases, e.g. zircon, 
titanite etc.; Marks and Markl 2017) lithologies.  
 
3 Whole rock geochemistry 
 
Whole rock geochemical data are available for rocks of 
the Ampasibitika Intrusion from this study and Estrade et 
al (2014a 2014b). The AFS, NS and PGD of the 
Ampasibitika exhibit a range of K/Rb ratios of <115 for 
PGD and >150 for AFS and NS (Fig. 1A). The total Rb 
content increases exponentially with decreasing K/Rb, 
with an order of magnitude difference between the lowest 
values of the AFS and highest of the PGD. There is a 
similar trend recorded for the total REE (∑REE) 
concentrations, with ∑REE generally increasing with 
decreasing K/Rb (Fig. 1B). 

 
4 REE host mineralogy 
 
Host mineralogy of the REE is highly heterogeneous. 
There has been extensive research on pseudomorph 
assemblages after eudialyte for the Ampasibitika PGD 
(Estrade et al 2014b 2018), which is summarised in the 
following section. New information on the REE-host 
mineralogy is described for NS and AFS of the 
Ampasibitika Intrusion.  
Peralkaline Granitic Dykes 
Eudialyte group minerals (EGM) occur as late magmatic 
accessory phases and early magmatic rock forming 
mineral phases alongside other agpaitic minerals in 
transitional miaskitic-agpaitic and agpaitic granites of the 
PGD (Estrade et al 2018). Secondary pseudomorph 
assemblages of unidentified Ca-Na-zirconosilicates or 
zircon and quartz resulting from the destabilisation of 
EGM during interaction with Ca-bearing fluids are a 
common feature (Estrade et al 2018).  

Cathodoluminescence imagery highlights the multiple 
generations of quartz present in these dykes and the 
occurrence of late dendritic zircon with the final 
generation (Fig. 2A). Other REE-bearing minerals 
associated with PGDs include monazite and pyrochlore; 
these occur as intermediate to late-stage phases and are 
interstitial to the earliest quartz generation (Fig. 2B). 
Nepheline Syenites 
Fluorapatite is the most common REE-bearing mineral 
phase in amphibole-dominated NS. These apatites 
exhibit oscillatory zonation patterns and REE-rich 
overgrowths (Fig. 2C) that correspond to the 
crystallisation of late arfvedsonite amphibole, aegirine 
and analcime. Rare, unidentified Na-Ca-zirconosilicate, 
interleaved with pyrochlore, and monazite occur as late 
interstitial phases associated with analcime (Fig. 2D). 

EGM occur as intercumulus phases in aegirine-
dominated NS (Fig. 2E). These EGM are variably 
destabilised to pseudomorph assemblages of Na-Ca-
zirconosilicate, fluorite-(Y) and monazite (Fig. 2F).  

 

 
Figure 1. Bivariate plots of a. K/Rb vs. Rb and b. ∑REE vs. K/Rb  
(Bottom) showing magmatic (M) to hydrothermal/pegmatitic (H/P) 
subdivision at K/Rb ≈ 150 defined by Shaw (1968). Data sources: 
(1) This Study and (2) Estrade et al 2014a 2014b.  
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Figure 2. SEM (cathodoluminescence, CL; backscatter electron, 
BSE) imagery and photomicrograph (plain polarised light, PPL) of 
characteristic REE-host mineralogy of units the Ampasibitika 
Intrusion. a. PGD: SEM CL image showing three generations of 
quartz (Q1 – Q3) and dendritic zircon (Zrn) + Q3 pseudomorph 
assemblage; b. PGD: SEM BSE image of ‘poikilitic’ monazite (Mnz) 
with potassic feldspar (Kfs) inclusions and pyramidal pyrochlore 
(Pcl). c. NS (amphibole- dominated): SEM BSE image with 
oscillatory-zoned fluorapatite (Fap) with bright REE-rich fluorapatite 
rim associated with analcime (Anl); d. NS (amphibole- dominated): 
SEM BSE image of amphibole-NS with late unidentified Na-Ca-
zirconosilicate (Zrs) interleaved with pyrochlore and monazite in 
interstitial space between analcime and aegirine (Aeg). e. NS 
(aegirine- dominated): PPL image of intercumulus eudialyte (Eud) 
located between earlier nepheline (Ne) and alkali feldspar (Afs) and 
associated with acicular aegirine; f. NS (aegirine-dominated): SEM 
BSE image of pseudomorph assemblage of Na-Ca-zirconosilicate, 
fluorite-(Y), monazite and analcime. g. AFS: SEM BSE image of 
fluorapatite inclusions in intercumulus aegirine-augite (Aeg-Aug) 
and annite (Ann), bright rims indicate REE-enriched apatite; h. AFS: 
SEM BSE image of apatite with britholite (Brt) mantle partially 
replaced by REE-fluorcarbonate (REE-FC) hosted in intercumulus 
amphibole (Am). Other abbreviations: Qtz, quartz; Ti-Mag, 
titanomagnetite; Alt Afs, altered/sericitised alkali feldspar. 
Alkali Feldspar Syenites 

Fluorapatite is a common early to intermediate-magmatic 
mineral phase of the AFS. Where associated with 
intercumulus amphibole and annite, apatite is variably 
mantled by late-magmatic monazite (Fig. 2G). Proximal 
to carbonate-rich alteration assemblages and miarolitic 
cavities, monazite is partially to completely replaced by 
REE-fluorcarbonate phases (Fig. 2H).  
 
5 Discussion 
 
5.1 ‘First-order’ magmatic controls on protolith 

REE content 
 
Trends in K/Rb and Rb can be used as a proxy for the 
degree of fractional crystallisation and differentiation 
experienced by parental magmas (Fig. 1A), with lower 
K/Rb indicating that the parental melts are more evolved. 
Very low K/Rb ratios of <150 are proposed to mark the 
transition from magmatic to pegmatitic or hydrothermal 
processes (Shaw 1968). This proposal is consistent with 
the trends observed for granites and syenites of the 
Ampasibitika Intrusion; the PGD, which are pegmatitic, 
have K/Rb <150 in contrast to the AFS and NS that have 
higher K/Rb ratios and are magmatic cumulates that have 
undergone variable degrees of fractional crystallisation.  

The abundance of REE generally increases with 
decreasing K/Rb ratios (Fig. 1B), and thus, the greater 
the degree of fractional crystallisation and differentiation 
experienced by the parental magma prior to 
emplacement, the greater the overall REE content of the 
final rock. This is coherent with the expected incompatible 
behavior of REE in most rock-forming minerals and their 
affinity for the melt phase during fractional crystallisation 
and melt differentiation.  

 
5.2 Late- to post-magmatic controls on REE-host 

mineralogy 
 
Conditions promoting EGM saturation in magmas include 
strongly peralkaline compositions, and high Zr and Cl 
melt compositions (Sørensen 1997; Ghiel et al 2014; 
Estrade et al 2018). Subsequent destabilisation of EGM 
to Na-Ca-zirconosilicates is promoted by decreases in Cl 
melt content and increases in H2O activity (Marks and 
Markl 2017; Estrade et al 2018), potentially triggered by 
the exsolution of a fluid phase during the latter stages of 
crystallisation. Estrade et al (2018) proposed that late 
exsolution of a fluid phase and interaction with external 
Ca-rich fluids destabilised the EMG to form the zircon + 
Q3 pseudomorph assemblage of the peralkaline granite 
PGD. The complete destabilisation of EGM to Na-Ca-
zirconosilicate, fluorite-(Y), monazite and analcime in the 
aegirine-rich NS suggests the presence of a Ca, F, and P 
enriched fluid that interacted with the EGM. Due to the 
incompatibility of Ca and P in Na-rich silicate mineral 
phases, these elements may become enriched in the final 
volatile-rich melt. As such, an external fluid source may 
not be required to promote the destabilisation of EGM to 
Na-Ca-zirconosilicate pseudomorph assemblages.  

In the amphibole-dominated NS, REE-enrichment in 
the residual melt/fluid phase is evident by the 
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development of REE-rich fluorapatite rims around earlier 
REE-poorer fluorapatite as well as the presence of 
monazite, Na-Ca-zirconosilicate and pyrochlore as a final 
phase after analcime. Na-Ca-zirconosilicates are 
interstitial to analcime and therefore crystallised from the 
final aqueous melt/fluid phase. For agpaitic Na-Ca-
zirconosilicate phases to stabilise in place of eudialyte or 
zircon the late melt or exsolved fluid would have had a 
high αH₂O (Marks and Markl 2017).  

Fluorapatite in the AFS records the enrichment of REE 
in the residual melt phase, with the development of REE-
enriched fluorapatite rims and britholite mantles 
associated with intercumulus annite and amphibole 
respectively. Replacement of britholite by REE-
fluorcarbonate minerals indicates an F  ̄ and CO₃² ̄ rich 
fluid phase, which was either exsolved from the residual 
melt or externally derived.  
 
5.3 Implications for subsequent ion adsorption 

ores 
 
During chemical weathering, protolith mineral phases 
break down at different rates and form a variety of 
alteration products. The final mineral assemblage 
produced from the weathering of rocks is comprised of 
the least soluble minerals (e.g. kaolinite, Fe-
oxide/hydroxide) and resistant primary minerals (zircon, 
quartz, etc.; Anand and Paine 2002). REE-
fluorcarbonates are susceptible to dissolution when 
exposed to acidic solutions, eudialyte will decompose to 
Fe- and Al-oxide/hydroxide assemblages (Zakharov et al 
2011) and apatite to secondary REE-phosphate phases, 
whereas monazite and zircon are resistant to dissolution 
(Sanematsu and Watanabe 2016).  

As such, the development of zircon pseudomorphs 
after eudialyte will decrease the availability of REE for ion 
adsorption ores, as would the presence of monazite as 
the main REE-host phase. Development of REE-
fluorcarbonates would promote the release of REE during 
subsequent weathering, thus is beneficial to the 
development of ion adsorption REE ores. However, the 
presence of phosphate-rich phases (e.g. apatite) may 
result in the sequestration of REE into secondary 
phosphates, which would trap REE in non-ion 
exchangeable phases.  
 
6 Conclusions 
 
Magmatic fractional crystallisation and differentiation 
promote the enrichment of REE in the most evolved melts 
of the Ampasibitika Intrusion. However, the exsolution or 
introduction of late volatile-rich and/or aqueous fluids 
strongly influences development of REE minerals 
susceptible or resistant to dissolution during supergene 
processes. Thus, although the protolith may be highly 
enriched in REE, late- to post-magmatic alteration may 
result in the development of mineral phases unsuitable of 
the subsequent development of ion adsorption ores (e.g. 
PGD), whereas lower grade protoliths (e.g. AFS) may 
contain REE-host minerals that will release their REE-
budget during weathering enabling the formation of ion 

exchangeable REE.  
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Abstract. Lateritic Ion Adsorption Deposits (IADs) are the 
world’s dominant source for heavy rare earth elements 
(HREE: Gd-Lu), currently mostly mined from China. IADs 
in Brazil, Madagascar and South East Asia may provide 
alternative supply for HREE. However, the exact nature 
of REE in the IADs is unclear; for example whether 
deposits elsewhere are directly analogous to the easily-
leachable Chinese laterites, and whether the REE are 
truly adsorbed, structurally bound in clays or hosted in 
other mineral phases.  

This study compares economically mineralized IADs 
from the Zhaibei granite, China to prospective IADs 
developed on peralkaline igneous rocks from 
Madagascar. We use synchrotron X-Ray Fluorescence 
(SXRF) element mapping and X-ray Absorption 
Spectroscopy (XAS) to study the distribution and 
coordination state of light and heavy REE. We explore 
sites of adsorption to clays and the presence of HREE in 
other mineral phases. The Malagasy and Chinese 
laterites have kaolinite as the dominant REE-hosting clay 
phase, with minor halloysite. XAS data demonstrate that 
the REE occur as 8 to 9-coordinated outer-sphere basal 
surface complexes on kaolinite, rather than 5- or 6-
coordinated edge complexes, or 6- or 8-coordinated 
interlayer complexes, thus confirming the truly adsorbed 
nature of REE in lateritic IAD’s from both localities.   
 
1 Introduction 
 
Heavy rare earth elements (HREE, Gd-Lu) are classed 
as ‘critical metals’ because of their ubiquitous use in 
modern technologies and renewable energy solutions 
and because restricted access to these metals would 
hinder technological development for green energy 

solutions (e.g. Goodenough et al. 2017). At present, 
lateritic IADs from Southern China account for c. 80% of 
global heavy REE supply (Weng et al 2015). They formed 
through weathering of granitic bedrock (Li et al. 2017; 
Sanematsu and Watanabe 2016). Despite being 
relatively low grade (0.05 - 0.2 wt.% total RE2O3, incl. 
Y2O3) and small compared to carbonatite or alkaline 
hosted REE deposit types (Smith et al 2016, Weng et al 
2015), exploitation of IADs is economically viable through 
low-cost in situ or heap leaching (Bao and Zao, 2008; 
Wall et al. 2017). The assumption is that the majority of 
REE (>50%) are loosely adsorbed onto the surfaces of 
clay minerals, and hence, are ‘ion exchangeable’.  

While most Chinese laterites developed on granites 
with relatively low heavy REE contents, a primary control 
on heavy REE enrichment into the laterite profile is the 
REE-hosting mineralogy of the protolith and their 
susceptibility to weathering (Li et al. 2017, Xu et al 2017). 
Compared to granite, peralkaline igneous rocks typically 
contain orders of magnitude higher total REE contents 
and are also relatively enriched in heavy REE compared 
with carbonatites (Chakhmouradian and Wall 2012). 
Moreover, they may contain complex alkali-HFSE phases 
such as eudialyte, which are highly susceptible to late-
magmatic hydrothermal alteration and subsequent 
supergene weathering (Estrade et al., 2018; Borst et al. 
2016). Laterites developed over such protolith types may 
therefore be more favourable for the development of high 
grade IADs with high proportions of leachable heavy 
REE. 

In this work we characterize economically mineralized 
laterites from Southern China, developed on the Zhaibei 
granite (Yiangxi Province; Xu et al. 2017, Wang et al. 
2015), and compare them to soils developed on 
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peralkaline granite and syenite from the Cenozoic 
Ambohimirahavavy complex in Madagascar (Estrade et 
al. 2014). We characterize the REE-hosting mineralogy 
in both laterites and identify the local bonding 
environment of the clay adsorbed heavy REE fraction. 

 
2 Samples and mineralogy 
 
2.1 Zhaibei, China 
 
Samples from the Zhaibei granite in China were obtained 
from surface exposed profiles into mineralized laterite. 
The sample selected for analysis was taken from the 
upper 2 m of a 12 m laterite profile and shows a total of 
1000 mg/kg REE leachable with ammonium sulphate 
solution, with 37% HREE (Eu to Lu plus Y) developed on 
biotite granite (dominated by quartz, K-feldspar, 
plagioclase and biotite) with small quantities of muscovite 
and amphibole. Rare earth element mineralization in the 
bedrock occurs in accessory zircon, apatite, monazite, 
REE-fluorcarbonates, xenotime and fluorapatite (Wang 
et al. 2015). The pedolith sample was prepared by 
mounting rock fragments and disaggregated soil 
materials in epoxy resin, followed by polishing to provide 
a flat surface for analysis. Examination by SEM (at the 
University of Brighton) shows the lateritic mineralogy to 
be dominantly kaolinite, K-feldspar, quartz (Fig. 1a) and 
iron oxides with minor illite, and accessory relict zircon 
and rutile. X-ray diffraction indicates that kaolinite is the 
dominant clay mineral, with minimal halloysite present. 

 
2.2 Ambohimirahavavy, Madagascar 
 
The Ambohimirahavavy complex is a Cenozoic caldera 
complex in Northern Madagascar which is in the 
advanced stages of mineral exploration. It hosts IADs in 
a 1 to 30 m thick laterite profile formed by tropical 
weathering. The complex comprises peralkaline granite, 
pegmatitic dykes and a syenite ring dyke (Estrade et al. 
2014). Samples for this study included pedoliths and 
saprolites from a hand-dug weathering profile on rhyolite 
and trachyte, and boreholes and drill cores of soil profiles 
on REE mineralized peralkaline granite and pegmatite 
dykes. Samples for XAS analyses were selected to reflect 
a range in REE grades, and to allow for mineralogical 
comparison of different bedrock and depths along the 
laterite profile.  

A sample with the highest grades in leachable REE 
(1962 mg/kg REE, 29% HREE), derived from the base of 
a hand-dug pit, was prepared as an epoxy resin 
impregnated polished thin section from intact blocks of 
pedolith. SEM examination shows it to contain kaolinite, 
K-feldspar, Fe and Mn oxyhydroxides with accessory 
zircon and micron-sized cerianite (Fig 1b). K-feldspar and 
zircon are present as microscopic relict phases. X-ray 
diffraction shows the clay fraction to be kaolinite, 
halloysite and gibbsite. Analysis of orientated clay 
samples shows comparable levels of kaolinite and 
halloysite, but kaolinite is visibly dominant. Pedolith and 
saprolite samples developed over REE mineralized 
peralkaline granite pegmatite dykes (Estrade et al. 2018) 

demonstrate variable degrees of weathering and primary 
bedrock mineralogy. Magmatic and late-stage 
hydrothermal minerals include albite, K-feldspar and 
quartz with minor amounts of zircon, Ca-REE 
fluorcarbonates, pyrochlore and aeschynite-(Ce). The 
latter may be spatially correlated, occurring together in 
pseudomorphs after primary eudialyte (Estrade et al. 
2018). The Ca-REE-fluorcarbonates are associated with 
partially decomposed magmatic pyrochlore which has 
zones enriched in Pb (Fig 2c).  
 

 
 
Figure 1. Back-scatter electron images. (a) Pedolith sample from 
Zhaibei, China, showing relict alkali feldspar and quartz and 
supergene gibbsite, Fe-Mn oxyhydroxides (gth), kaolinite and 
halloysite. (b) Pedolith sample from Madagascar showing a similar 
mineralogy with Fe-Mn oxyhydroxides and cerianite. (c) Pyrochlore 
with late-stage alteration forming Pb-rich pyrochlore and REE-
fluorcarbonate as relict primary REE-phases in saprolite from 
Madagascar. White boxes indicate locations of element maps 
shown in Figure 2.   
 
3 X-Ray Absorption Spectroscopy  
 
3.1 Experimental set-up and data processing 

 
We use X-ray Absorption Spectroscopy (XAS, including 
SXRF maps, XANES and EXAFS) of soil samples and 
leachates to study the distribution and local bonding 
environment of REE in these deposits. 

XAS measurements were carried out at the I18 micro-
focus beamline, Diamond Light Source, Didcot, UK. The 
I18 beamline is designed for high spatial resolution 
analyses of heterogeneous samples within the 2-20.7 
keV energy range, and set up for SXRF mapping, µ-XRD 
and µ-XAFS (Mosselmans et al. 2009). Measurements 
were run at room temperature (~295 ˚K), in fluorescence 
mode using a 3x3 µm focused beam. Standards were 
measured as powders or crystals (gem-quality diamond 
and zircon) on KAPTON© tape, and Y and Nd solutions 
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were held in a metallic liquid cell sealed between 
KAPTON© tape.  

Yttrium K-edge (17038 eV) and Nd L3-edge (6208 eV) 
X-ray absorption spectra were measured as proxies for 
light and heavy REE, respectively. We chose Y as it can 
be analyzed on the K-edge, which has no significant 
interference from absorption edges of other elements 
over the measured energy range, and Nd because 
natural materials contain no Pm, allowing a longer k-
range in the EXAFS spectrum than other lanthanides.  

All data were normalized and processed using the 
Athena and Artemis Demeter Perl packages for XAS 
analyses following the IFEFFIT program (Ravel and 
Newville, 2005). A total of 187 EXAFS measurements 
and 16 XRF maps were completed, including 134 
analyses of pressed powder pellets, resin blocks and thin 
sections from China and Madagascar, and 53 analyses 
of standards and diamond blanks including synthetic and 
natural mineral samples and solutions of Y and Nd.  
 
3.2 SXRF element mapping and XANES 
 
Selected areas in thin section and the resin blocks were 
targeted for detailed SXRF elemental mapping to 
visualize areas of REE enrichment associated with clays 
and relict bedrock phases such as zircon, pyrochlore and 
REE-fluorcarbonates (i.e. parisite-(Ce), synchysite-(Ce)). 
The different REE-hosting phases were then targeted for 
in situ XAS measurements. Here we focus only on results 
of the clay-hosted REE fraction (medium REE 
concentrations, and compare these to minerals 
standards. Element maps of REE-enriched pedoliths 
from both localities (Fig 2) demonstrate local enrichment 
of Y (in red) within and along the boundaries of kaolinite 
and halloysite. 

 

 
Figure 2. I18 SXRF elemental maps (500x500 µm) produced using 
Dawn software of (a) Chinese pedolith sample and (b) Malagasy 
REE-rich lower pedolith sample. Corresponding features visible in 
accompanying BSE images (Fig 1) are highlighted in white dashed 
lines. Tick marks are spaced at 100 µm. 
 
The clay-adsorbed Y fractions as determined from BSE 
and SXRF element maps all show identical Y K-edge 
XANES and were merged to improve signal to noise 
ratios. Average spectra for the clay hosted Y fraction in 
the pedolith from China, and the Malagasy pedolith and 
saprolite samples are shown in Figure 3. They most 
closely resemble XANES obtained for REE-
fluorcarbonates and Y in aqueous solution, in which the 
REE respectively occur in low point-symmetry 9-fold 
coordination (3x F, 6x O) and 8-fold coordination (8x OH) 

(Ni et al 2000; Diaz-Moreno 2000).  

 
Figure 3 Normalized Y K-edge XANES spectra for REE-mineral 
standards with REE in different coordination states (from top to 
bottom, CN=9 in green, CN=8 in red, CN=6 in blue). Black lines 
represent merged spectra for clay hosted REE fractions in the 
Malagasy and Chinese pedolith and saprolite samples. 

 
3.3 Yttrium coordination state from EXAFS  
 
Quantitative refinement of the EXAFS for the Malagasy 
and Chinese clays are shown in Figure 4. The EXAFS 
spectra were fitted to theoretical scattering paths using 
Artemis Demeter Perl software to constrain the number 
of nearest neighbour oxygen atoms associated with water 
or hydroxyl groups, or fluorine, and their average bond 
distances. Best fits were obtained for a simple hydration 
sphere comprising 8.1 - 8.6 ± 0.9 oxygens at average 
distances of 2.35 – 2.38 ± 0.01 Å and significant structural 
disorder (large Debye-Waller factors).  

 
Figure 4 Left: EXAFS oscillations in k-space for the clay-hosted Y 
fractions, and Y in aqueous solution. Black lines indicate measured 
spectra. Blue stippled lines indicate fitted spectra. Right: Radial 
distribution functions showing best fit coordination numbers and 
average bond distances of nearest neighbor oxygens to yttrium.  
4 Conclusions 
 
Laterite samples from the Zhaibei granite was compared 
to laterite from the Ambohimirahavavy complex in 
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Madagagascar. Ammonium sulphate leaching studies 
demonstrate high levels of exchangeable REE 
associated with kaolinite. Scanning electron microscopy 
shows that REE are released from primary phases during 
late-magmatic alteration and subsequent supergene 
weathering. Y K-edge XANES for the Chinese and 
Malagasy clay-hosted REE fractions are comparable to 
XANES of Y in aqueous solution and of REE-
fluorcarbonates, where Y are respectively inferred to be 
8 and 9 coordinated (Fig 3). This suggests a similar 8 to 
9-fold hydration environment for Y associated with 
kaolinite in the laterites. 

The structural state of Y associated with kaolinite from 
pedolith and saprolite samples was further constrained 
from quantitative EXAFS refinements. This yielded best 
fit coordination numbers of 8.1 - 8.6 ± 0.9 with average Y-
O bond distances of 2.35 – 2.38 ± 0.01 Å (Fig 4).  Fits to 
a structural model of REE in parisite-(Ce), with 3 F and 6 
O in the first coordination shell, were less successful. This 
suggests that the REE are truly adsorbed to the clays, 
and not hosted in micro- or nanoscopic particles of REE-
fluorcarbonates. We therefore conclude that REE-
adsorbed kaolinites from Madagascar and China are 
direct structural analogues, where REE are present as 
easily exchangeable 8 to 9 coordinated, hydrated, outer 
sphere, basal surface complexes on kaolinite, rather than 
structurally bound 5-6 coordinated edge complexes, or 6 
coordinated interlayer complexes. Our data thus confirms 
a similar absorption mechanism at both deposits and 
explains the easily leachable nature of the REE. 
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