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Abstract  
 
Alnö Carbonatite: A Future Moneymaker? 
Aklaqur Rahman 
 
Carbonatites are rare igneous rocks, which contain at least 50 %, carbonate 
minerals. They are often found along with alkaline silicate rocks, meaning that they 
contain relatively large amounts of Na2O and K2O, and important tools to understand 
mantle processes. Importantly, carbonatites are known to be rich in REE (Rare Earth 
Elements), compared to other magmatic rocks. The Alnö complex is located in the 
northern part of the island of Alnö, northeast of Sundsvall and is one of the biggest 
ring-shaped intrusions of the alkaline and carbonatite sort. The origin of carbonatites 
is not fully known yet but they may have resulted from a mantle plume, and absolute 
dating methods indicate that the age of the Alnö carbonatites are around 600 Ma.  
 A large amount of carbonatites have been found in the Alnö complex and the 
purpose of this thesis is to assess whether the Alnö complex and its carbonatites can 
become a potential source of REEs and if it can be profitable to mine these. The 
research has been conducted by first analyzing samples from the Alnö complex in 
thin sections through a light polarising microscope. The thin sections were 
photographed with a focus on apatite crystals, since apatite are hosts of REE. The 
apatites in the thin sections are crystals with high relief, sub-rounded and white-grey 
in color in a calcitic matrix. The images of the apatite were then edited with 
photoshop, to graphically isolate the apatite. The processed images were then 
analyzed in a program called “ImageJ” to calculate the total area of apatites in the 
thin sections and the area percentage of apatites. The area percentage helps to give 
an estimation of how much REE that can occur in the carbonatites of the Alnö 
Complex. 

A recent 3D- analysis of the Alnö complex using petrophysical and 
geophysical methods indicated the volume of the complex, which when coupled with 
our apatite data, allows us to estimate the total REE volume. The estimation of 
occurrences of apatites was calculated to around 13 % of the carbonatites in the 
Alnö complex. The cost to mine the REEs was much higher than the market price of 
the REEs. So the Alnö carbonatites are not profitable to mine for REEs today. 
 
Key words: The Alnö Complex, carbonatites, rare earth elements, polarising 
microscope 
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Sammanfattning 
 
Karbonatiter i Alnökomplexet - en potentiell inkomstkälla? 
Aklaqur Rahman 
 
Karbonatit är en ovanlig bergart som innehåller minst 50 procent karbonater, därav 
namnet. De hittas ofta i samband med alkaliska silikat-bergarter, vilket innebär att de 
innehåller till stor del natriumoxid och kaliumoxid samt kisel, och är viktiga för att 
kunna förstå processer i manteln. Karbonatiter är kända för att vara innehållsrika på 
sällsynta jordartsmetaller, även kända som REE, jämfört med andra magmatiska 
bergarter. Alnökomplexet ligger i den norra delen av Alnön, nordost om Sundsvall 
och är ett av världens största alkaliska och karbonatit-ringkomplex, med en radie på 
2,5 km. Dess ursprung i jordens inre är okänt men det tros vara ett resultat av en 
mantelplym, smältor från manteln som stiger mot ytan, och åldersdatering via 
absoluta dateringsmetoder tyder på att karbonatiterna är nästan 600 Ma.  

Stora mängder karbonatiter har hittats i Alnökomplexet och syftet med detta 
arbete är att bedöma om Alnökomplexet potentiellt kan bli gynnsam som källa för 
prospektering av sällsynta jordartsmetaller, ur ekonomisk synpunkt. Detta utfördes 
genom att analysera prover från Alnökomplexet samt studera data från Magnus 
Anderssons arbete om Alnökomplexet. Proverna analyserades med hjälp av en 
mikroprob som fotograferade apatiten, vita kristaller i ett mörkgrå matrix, då apatit 
indikerar på hög sannolikhet för REE-förekomst. Sedan redigerades dessa bilder 
med Photoshop och Paint, där andra kristaller redigerades bort så att det enda som 
var kvar var de vit-gråa utåtstickande kristallerna mot ett kalcitrikt matrix. Med ett 
annat program som heter ImageJ beräknades arean av dessa kristaller samt 
procenten av arean som apatiterna utgör i tunnslipen. Detta gav en viss uppskattning 
på hur stor mängd REE som kan förekomma i Alnökarbonatiter.  

Resultatet jämfördes med data från Magnus Andersson som har gjort en 3D-
undersökning av karbonatiter under Alnö-komplexet. Apatiten utgjorde en area på 13 
% och mängden REE var inte tillräckligt stor mängd relativ marknadspriserna samt 
utvinningskostnader för att räknas som vinstgivande. 
 
Nyckelord: Alnökomplexet, karbonatiter, sällsynta jordartsmetaller, mikroprob 
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1. Introduction 
As technology is being renewed and improved, the market in technology grows as a 
response to the demand. Since Rare Earth Elements are important within 
technological applications, the supply of these elements must increase as the 
demand increases. China has been dominating production of REE and over 95% of 
the supply of REE’s originates from China. Since 2010 China began to infer 
restrictions regarding the export of REE’s, and other countries dependent of the REE 
export from China have been forced to start or restart their production of REE’s 
(Chakhmouradian & Wall, 2012).  

Carbonatite is an igneous rock and its origin is widely debated, since it is not 
yet clear where and how deep inside Earth it is normally formed. What is clear 
however is that carbonatites contain REEs and the apatites within the carbonatites 
are the actual carriers of these important elements. The chemical formula for apatite 
is Ca5(PO4)3(F, Cl, OH), which is a high relief crystal that can be blue, green, yellow, 
or even colorless sometimes. Carbonatites can be used as a tool to interpret the 
deeper inner Earth and contain at least 50% carbonate minerals. The only known 
active volcano today, with carbonatite magma, is Oldoinyo Lengai in Tanzania. The 
Alnö complex makes Sweden the only country in Scandinavia, except for Norway, 
that is known to have a carbonatite complex. It is also one of the biggest ring-shaped 
carbonatite complexes in the entire world, with a diameter of 2.5 km. Alnö is an 
island, east of Sundsvall, and the Alnö complex is located in the northern part of the 
island, northeast of Sundsvall. Apart from carbonatites, the complex also contains 
rocks such as migmatite, granite and pyroxenite. 
 
1.1 The rare earth elements 
What are REEs? 
REEs consist of the 15 lanthanides but also yttrium and sometimes scandium, since 
it is not always considered as a rare earth element. REEs are widely used in 
technology, for example in catalysts, batteries, computers, cell phones etc. The 
demand for REEs has increased exponentially in the past few decades, as a result of 
continual improvements in technology. China is the market leader of REEs, in terms 
of both production and exports. China have controlled the market for decades and 
recently restricted their exports of REEs and the prices were raised immensely. This 
forced other countries that were dependent on the exports, to start or restart their 
REE production. For this reason, the Alnö complex has become a potential 
economic interest (Goodenough et al., 2016).  
 
 
 
 
 
 
 
 



 2 

 
Figure 1.1 Periodic table with REEs highlighted in orange 
Source: geology.com, 2017 
 
It was a Swedish artillery officer in the 19th century who discovered a new mineral, 
which contained REE, and would later be named gadolin after the Finnish chemist 
Johan Gadolin, who studied the mineral several years later. REEs are normally 
found in igneous rocks, formed from mantle-derived magma, but they can also 
appear in meteorites. Around 97% of all the REE supply in the world came from 
China in 2010, as China is world leading in production and export. REEs were used 
mainly for research before the 1980’s and there was no economic interest in them. 
The research proved the REEs to be of value since they had electrical, optical, and 
magnetic qualities that would eventually play a major role in the industry of 
technology. China is sitting on a goldmine of REEs, similar to how the Middle East is 
dominating the world’s resources of oil. Many of the REE deposits in China occur as 
surface deposits, which are easy and cheap to mine. In 2010, China decreased their 
export quota immensely, with a desire to keep most of the REEs within China. The 
global demand for REEs was estimated to grow by 52% over the course of four 
years. It can easily be said that the growth in demand of REEs is a result of the 
progress in technological applications. In 2010, China reduced their export with 40% 
compared to the numbers from 2009, which led to the huge increase in price 
(Chakhmouradian & Wall, 2012). 

 
1.2 Uses of REEs 
What do we use them for?  
REEs can be divided into light rare earth elements and heavy rare earth elements, 
where the LREEs contain elements from lanthanum to samarium and the HREEs 
contain europium to lutetium and also yttrium. Some of the HREEs have a significant 
importance in modern technology, such as praseodymium, dysprosium and 
neodymium, which are used to build electric car engines, hard disk drives and strong 
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magnets for wind turbines. Other important HREEs such as lanthanum, yttrium, 
europium, terbium and cerium are used to produce batteries, smartphone screens 
and phosphor-based light sources. Other applications involve military defense 
technologies and environmental-friendly rechargeable batteries, hybrid vehicles and 
wind technology (Goodenough et al., 2016). 
 
 
1.3 Sources of REEs 
Where do they come from and what is the situation with global 
demand and supply? What about the security of supply for the EU? 
Do we have a potential REE resource in Sweden?  
Carbonatites are the biggest source rocks for REEs, but they may also occur 
elsewhere. As the progress in modern technologies is increasing, the demand for 
HREEs is expected to grow with a rate of 5-10% each year, but since the rate of 
progress in technology may vary, this prediction is not very accurate. As the 
recycling of old electronics and industrial parts is predicted to increase, it might still 
not fulfil the increasing demand and hence natural REE deposits are important. 
Around 90 percent of the REEs in the global market come from China, and the EU 
must import almost all of its REEs as products, such as magnets and batteries, or 
raw products. Recently, the mission of finding resources of REEs received a high 
priority by the European Commission. The most important REEs, according to recent 
research, are yttrium, neodymium, terbium, europium and dysprosium, due to their 
use in phosphor-based light sources and magnets (Goodenough et al., 2016). Table 
1.1 below shows the mining costs of the most important REEs today. The operating 
cost per tonne of ore is around US$ 240, similar to mining of rare elements in Thor 
Lake and Bear Lodge (Sykes, 2013).  
 
Table 1.1 The pricing of REE oxides and metals. Last updated 2017-03-31. 

REE Price (US$/kg) Oxide Price (US$/kg) Metal Time 

Neodymium 42.00 60.00 31 Mar 2017 

Yttrium 6.00 35.00 31 Mar 2017 

Terbium 400.00 550.00 31 Mar 2017 

Europium 150.00 - 31 Mar 2017 

Dysprosium 230.00 350.00 31 Mar 2017 

Source: Mineralprices.com  
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China recently limited their export of REEs to the rest of the world due to their 
concerns for environmental influences and to keep the supply for their own 
industries. The actions from China have led other countries to increase efforts to 
recycle, search for REE deposits and alternative elements for REEs, and it has also 
led to countries such as the United States and Australia to start new mining 
ventures. The worldwide search for economic resources and the attempts to start 
production has increased since the beginning of the 2000’s, and at least 400 REE-
projects were active by 2012. One limiting factor in the extraction of REEs is the cost 
and the difficulty in extracting pure REEs from the ore, as they need to be 
concentrated and separated. Further complications in extracting REEs are that the 
REEs in minerals occur in groups of resembling elements and the REEs are mostly 
contained in more than one mineral (USGS, 2014).  
 
1.4 Aims of this thesis 
The purpose of this thesis is to estimate the volume of the carbonatites in the Alnö 
complex and to analyse representative samples from the Alnö carbonatites. By 
calculating the percentage of apatites, which are the main carriers of REEs in 
carbonatites, an estimation can be made of the amount of REEs in the Alnö 
complex. The volume of the bodies within the complex can be obtained through the 
data from Magnus Andersson’s PhD work on 3D analysis of the Alnö complex. The 
area percentage given from the analysis of the apatite can be applied to the 
carbonatites of the Alnö complex so if the average percentage of apatite is above a 
certain percentage, the Alnö complex can be worth using as a mining site for REEs. 
Andersson’s data has been obtained using both petrophysical and geophysical 
methods, such as seismic reflection, gravity and magnetic methods. Through the 
estimation from combining the data from Magnus Andersson with the data from the 
analysis of apatite, it can potentially be decided whether the Alnö complex is worth 
mining for REEs in the future. 
 
2. Carbonatites 
Carbonatites are rare igneous rocks consisting mostly of carbonate, hence the 
name. They are usually derived from highly alkaline carbonate lavas, which show no 
match in Earth’s geological record. These lavas have been proven to be formed in 
the mantle by their Sr-Nd-Pb isotopic data and are not showing any significant trace 
of interaction with the crust (Jones et al., 2013).  
 
2.1 Carbonatite magma 
Liquid carbonate melts are often associated with alkaline silicate melts but they are 
quite different from alkaline silicate melts. Apart from showing high solubility of 
several elements that are rare in silicate melts, they are very effective in transporting 
carbon from the mantle to the crust as well. They also possess a higher electrical 
conductivity than silicate melts and their melt capacities are known to be the highest 
for dissolving volatiles such as water or halogens at pressure levels around crustal 
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regions (Jones et al., 2013).  
Carbonate melts can be used to interpret the deeper parts of the Earth such 

as the mantle asthenosphere, which is characterized by irregular conductivity, or 
more precisely, electrically conductive parts of the mantle. The depth of most 
carbonatites is unknown which partially causes their origin in the mantle to be hard to 
determine, but it is believed that they appear in the lower mantle as they might 
control the long term storage and mobility of carbon in the deep parts of the Earth 
(Jones et al., 2013).  
 
2.2 Occurrence of carbonatites 
Carbonatites can occur in different geological settings, they can be found in 
diamonds as inclusions or in high-pressure shock wave environments. The general 
definition of carbonatites is a magmatic rock with at least 50 % carbonate mineral 
content and a high content of P, Ba and Sr. They can be be divided in different 
groups depending on the dominant carbonate mineral, such as dolomite or calcite, 
and also on the geochemistry, based on dominant elements such as Ca, Mg and Fe. 
In correlation, carbonatites can be divided into primary carbonatites and 
carbothermal residua based on process related classification. In this classification, 
carbonatites can be subdivided into categories of magmatic carbonatites with 
relations to similar carbon-bearing types of igneous rocks such as nephelinite, 
melilitite, kimberlite and silicate magmas originated in the mantle. The main 
difference between the two subdivided categories is the formation, where primary 
carbonatites are a result of partial melting and residua carbonatites are resulted as 
fluids with low temperature and are rich in F, H2O and CO2 (Jones et al., 2013).  
    Carbonatites occur mainly in tectonically stable settings, mostly located in Africa, 
usually appearing in tectonically isolated regions to orogenic belts, indicating 
possible connections to plate separation or large structural deformation of the Earth’s 
lithosphere. Carbonatites in continental crust can also have connections to big 
igneous provinces or mantle plumes, but a recent analysis of Archaean-crust 
carbonatites points to a connection to carbon sources in the underlying mantle as 
displayed in kimberlites, rather than mantle plumes. The extremely high conductivity 
in carbonatites in the underlying mantle causes the carbonatites to be very sensitive 
to remote geophysical sensing and there is still not much knowledge about their 
origin in the deep Earth, which could explain their highly irregular tectonic 
connections, such as ophiolites, deep subduction zones, oceanic islands, 
metamorphic terranes and ultra-high pressures. Carbonatites occurring above 
oceanic lithosphere are rare but findings of carbonatitic melt in dunite xenoliths 
suggest that carbonatite in oceanic settings is more common than initially theorised 
(Jones et al., 2013). 
    The discoveries of carbonatite occurrences around the world have gone from 56 
to around 530 between 1987 and today, where 49 of them are extrusive and extend 
back to the Archean age. The oldest carbonatites that have been found to date are 
more than 2000 million years old and are located in South Africa and Finland. 41 of 
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the extrusive carbonatites are dominated by calcite, 7 are dominated by dolomite 
and the remaining one is known to be alkaline natrocarbonatite (Jones et al., 2013).  

Flows of natrocarbonatite have been found in Oldoinyo Lengai, Tanzania, the 
only active volcano with carbonatitic magma that has been observed today, which 
have evidence that support the theory that carbonatites have a magmatic origin 
(Nielsen & Veksler, 2002). Carbonatites are normally found in sets, in relation to 
alkaline silicate, rocks, rather than as single units. Studies show that the number of 
occurrences of carbonatites has increased with decreasing age, which indicates that 
carbonate formation has become more common with time as the conditions for 
carbonatite formation became more widespread. Since carbonatites are more 
susceptible to weathering compared to silicate rocks, this phenomenon might be the 
reason why the amount of younger carbonatite rocks is higher (Jones et al., 2013). 
 
2.3 Carbonatite types 
Carbonatites can have a hydrothermal, extrusive or intrusive origin and have a 
content of less than 20% silicate, along with at least 50% carbonate minerals 
originated from carbonate magma. Apart from high contents of P, Sr and Ba, 
carbonatites also contain light rare earth elements. The chemical composition of 
carbonatites is of importance as carbonatites can be used as chemical probes to 
gather valuable information about the mantle, since it has little interaction with the 
crust. Comparisons of average concentrations of F, Si, Ti, Fe, Mn and Ba show that 
the concentrations increase from calciocarbonatites - magnesiocarbonatites - 
ferrocarbonatites, but it is not necessarily proof of a sequence of crystal fractionation. 
Among the different types of carbonatites, natrocarbonatite is the only one that 
consists mostly of K2O and Na2O, around 40 wt%, and minimal amounts of Al2O3, 
SiO2 and TiO2, a large content of CO2 and CaO, and a substantial amount of F, 
P2O5, BaO, SO3, Cl, MnO and SrO. The other carbonatites have variable contents of 
P, K, Sr, Al and Na (Jones et al., 2013). 
 
2.4 Origin of carbonatite 
The genesis of carbonatite can be divided into three theories. The first theory states 
that carbonatites originate from carbonate nephelitic or melilitic residual melts 
through fractionation. The second theory states origination through unmixable 
fractions of silicate melts that have been saturated with CO2. The third theory states 
that carbonatites originate from peridotite containing CO2, which then undergoes 
partial melting to produce primary mantle melts. Silica under-saturated melts 
containing carbonate can be generated through the melting of carbonated eclogite in 
the upper parts of the mantle, which then saturate the peridotite above. The origin of 
these melts is a combination of the three previously mentioned theories, which 
proves that carbonatite formation can be a combination of the three theories (Jones 
et al., 2013).  

It has also been believed that carbonatites originated as partial melts from the 
lithosphere, which then have been ascending in a quick rate over mantle plumes. 
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The mantle plume model is a popular model but recent discoveries of strong 
repeated lithospheric controls over the course of carbonatite ages have been made, 
which may contradict the mantle plume model. Newer discoveries have been made 
regarding carbonatite-silicate volcanism from Neogene to Quaternary in France, 
Spain and Italy, which allow researchers to receive further knowledge about 
extrusive carbonatite volcanism and its mantle origins (Jones et al., 2013).  

The newer research has made some surprising discoveries, such as xenoliths 
from the mantle that have been moved by the young volcanoes, unlike most 
carbonatites, and can lead to their source regions being limited. Also, the pathways 
for transported carbon from deeper levels can be limited as well by obtained 
geotherms. The silica-carbonatite rocks contain aragonite, a high pressure carbonate 
mineral which can be found in olivines as high pressure inclusions and are believed 
to have crystallized at deep mantle levels (Jones et al., 2013). 

The information on the evolution of the sub-continental mantle is given by the 
age variation in combination with the wide distribution. Relatively young oceanic 
island basalts show resemblance to relatively young carbonatites. Consequently 
carbonatite from the volcano Oldoinyo Lengai, and the rest of the East African 
suggest lithospheric or deeper mantle origin in connection with mantle plume 
influence. The difference between the crustal carbonatites and carbonatites beneath 
crustal regions are very low Pb concentrations in deeper carbonatites in comparison 
to crustal carbonatites (Jones et al., 2013). 
 
 
3. Geology of the Alnö complex 
The radius of 2,5 km makes the Alnö Complex one of the biggest alkaline and 
carbonatite ring-formed intrusions in the entire world, which intruded into the 
precambrian gneiss basement (Strekeisen, 2017). It is located in the northern part of 
Alnön, Northeast of Sundsvall (Åhlén, 2015) and is believed to have formed from 
magma rising from underneath to what is the Gulf of Bothnia today. The magma that 
rose upward has been theorized to originate from a mantle plume in the 
asthenosphere almost 600 million years ago, and underwent partially crystallization, 
a process known as igneous intrusion (Roopnarain, 2014).  

The Alnö complex holds five intrusions (Långarsholmen, Stornäset, 
Smedsgården, Båräng and Stornäset) spread out over the complex, composing a 
semicircle. The Smedsgården intrusion is the main intrusion, which is surrounded by 
the other four intrusions, and it contains alkaline silicate rock followed by silicate-
carbonatite and carbonatite dykes. The carbonatite dykes are categorized into two 
groups based on their dip directions and size, where the thinner dykes dip inwards 
towards the middle while the thicker dykes dip outwards from the middle of the 
complex. The complex is encircled by fenite that also surrounds Smedsgården, and 
is formed from the transformation of the wall rock with the help of volatiles with high 
CO2 content from the intruding carbonatites and alkaline silicate rocks (Strekeisen, 
2017).  
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The northern part of the ring, which consists of Långarsholmen and Hörningsholm, is 
dominated by calcium-carbonatite (Roopnarain, 2014), nepheline-syenite, pyroxenite 
and ijolite. The middle part, characterized by Stornäset and Båräng, is dominated by 
nepheline syenite, ijolite and fenite, whereas the southern part of the ring, 
Smedsgården, is similar to both the middle and northern part of the complex 
(Strekeisen, 2017), which overlies Palaeoproterozoic migmatite. The Båräng 
intrusion is also dominated by carbonatite (Andersson, 2015), and the complex also 
contains smaller intrusions dominated by carbonatite, which are called Sälskär, 
Åssjön, Söråker and Stolpås. The Sälskär intrusion is located north of Alnön and is 
an excellent source for information regarding former volcanic eruptions (Roopnarin, 
2014). The intrusion contains carbonatite in a carbonatite matrix with melilitic lapilli 
included that can be seen in the Sälskär Breccia, which is believed to be a 
surface/near surface result of intensive carbonatitic volcanism (Andersson, 2015). 
Dykes of meliltite and calcium carbonatite intrude the area with the Söråker intrusion, 
whereas carbonatitic breccia can be found in the surrounding bay. The dominating 
carbonatites are of calcitic and dolomitic type (Roopnarain, 2014) and many of the 
carbonatites can be associated with alkaline silicate rocks. One of the alkaline 
silicate rocks in the area is alnöite, named after Alnö, which is mafic with high 
content of melilite and is related to the kimberlite family. A shallow magma chamber 
below the complex is believed to be the primary source of the Alnö complex, 
suggested from an emplacement model established by detailed geological mapping. 
It is believed that between 500 to 2000 m of overburden have been removed by 
erosion since the time of emplacement (Andersson, 2015).  
 
4. Method 
The method for this thesis work can be divided into two parts: analysis of thin 
sections and estimation of the REE contents in the Alnö complex.  
 
4.1 Thin section analysis 
The initial analysis began with studying 31 thin sections from the Alnö complex and, 
looking for olivine through the optical microscope. The parts of the thin sections that 
contained olivine were photographed in transmitted light and cross-polarized light. 
The crystals that have no cleavage, are non-isotropic with weak greyish color were 
identified to be olivines. Another indicator for olivine is its second order interference 
colors seen in cross-polarised light, whereas the apatite crystals have no color and 
are uniaxial.  

Three of the thin sections with the most crystals were then chosen and 
carbon-coated to prevent charge from building up on the surface. To find the wanted 
crystals, in this case apatite, the microprobe was set to EDS mode (Energy 
Dispersive System) in order to check for the chemical composition of potential 
crystals. Analysis were carried out using operating conditions of 20 kV accelerating 
voltage, 100nA beam current and a beam diameter of one micrometer. The apatites 
appeared as white-grey crystals with high relief and sub-rounded in shape, but to 
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ensure that the white-grey crystals were apatite the EDS was used to check the 
chemical composition. Crystals with high contents of Cl-, F- and OH-were identified 
as apatite. SEM (Scanning Electron Microscope) images were taken of 
representative parts of the thin sections that were determined to show average 
amounts of apatite crystals.  

20 SEM images were taken of each sample but only photographs of thin 
sections “1” and “Man 130101B” were edited in Photoshop to remove crystals that 
were not apatite (e.g. titanium-oxides), since thin section ”Man 130302” had too 
many interfering crystals. The images with least interference, meaning fewest non-
apatite crystals, were cropped and later used in “ImageJ” to calculate the area taken 
up by apatite crystals in the images. The SEM-images were first made into binary 
images with the help of the “Make binary”-function in “Binary” under “Process” in 
ImageJ. Then the scale was set under “Analyze”, with the tool “Set scale”, where the 
pixel size of the image, which was given in Photoshop, was entered and the unit was 
set to micrometers. The shapes of the crystals were highlighted with the polygon-
tool. After that the tool ”Analyze particles” under ”Analyze”, was used to get the 
percentage that the crystals take up of the entire area within each picture.  
 
4.2 REE contents calculation 
The area percentage of apatite was calculated for 15 pictures from each of the two 
thin sections: “1” and “Man 130101B” and the results were put into an Excel-
spreadsheet, where the total apatite area percentage of both thin sections was 
calculated. With the total volume of the carbonatite bodies in the Alnö complex 
retrieved from Andersson 2015, combined with the average of the density data, 
obtained from Andersson and Malehmir, the mass of the Alnö carbonatites were 
calculated in tonnes. The calculated percentage of apatite was applied to each mass 
of apatites in each scenario. The average of the mass apatites in all scenarios was 
calculated to make an estimation of the amount of apatites in the Alnö complex.  
The average ppm for each REE was then calculated to be multiplied with the amount 
of apatite, which then was divided with 1000 000 to get the mass REE in tonnes. 
This was repeated for every REE in each scenario. The data, which came from 
Valentin Troll, represented whole rock values, since REEs can occur outside of 
apatite crystals even though they occur in relatively small scales outside of apatites. 
The cost of rare earth oxides was then calculated using a formula. Using this 
formula, the mass of carbonatite ore (tonnes) was multiplied with the extracting cost 
of ore per tonne to obtain the overall operating costs. The cost of ore per tonne was 
estimated to US$ 240, which is a reference number from Resource Cost and Capital 
602 (Sykes, 2013). How much the market price per tonne needs to be increased was 
calculated by solving for X, with the help of REO production numbers and operating 
cost numbers. The profit was obtained by multiplying the market price with the mass 
of each element and the net profit was calculated by subtracting the profit-numbers 
with the mining costs.  
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5. Results 
The results can be divided into a section that shows the appearance of different thin 
sections and a section for tables. The remaining figures and tables are in the 
appendices.  
 
5.1 Appearance of thin sections  
 

 
Figure 5.1 Picture of thin section “Man 130101B” with apatite and titanium-oxide in a calcite 
matrix. Taken with the microprobe. 
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Figure 5.2 Picture of thin section “1” before removal of non-apatite crystals in Photoshop. 
The same was done for images from thin section ”Man 130101B” but not ”Man 130302” 
since it had too many interferences. 
 
 

 
Figure 5.3 Same picture as in Figure 5.2 but after removal of non-apatite crystals in 
Photoshop. 
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Figure 5.4 A picture from thin section “1” after it was cropped in Paint, then to be analyzed in 
ImageJ. 
 
 
5.2 Tables  
 
Table 5.1. Volume of carbonatite bodies. The second and third scenarios, according to 
Andersson, best explain the 3D geometry of the magnetic anomaly. 
 

Scenario Susceptibility, SI units Closed Volume, m^3 

A ≥0.01 4.01155e+11 

B ≥0.02 1.88742e+11 

C ≥0.03 1.01998e+11 

D ≥0.04 5.55477e+10 

Source: Andersson, 2015 
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Table 5.2 Average area percentage for each thin section and also total average of all thin 
sections. 
 

Thin section Area % Total average % 

1 7.44  
13.08 

  Man 130101B 18.72 

 
 
Table 5.3 Density values obtained from Andersson & Malehmir’s data. 
 

Bodies Density kg/m^3 Average density kg/m^3 

All bodies to a depth of 3.5-4 km pp.1 >2850 2850 

Fine grain carbonatites from table 1 pp. 34 2600-3250 2925 

Corse grain carbonatites from table 1 pp. 34 2710-3090 2900 

Source: Andersson & Malehmir, 2017 
 
 
Table 5.4 Calculated carbonatites and apatite mass in tonnes for the scenarios from Table 
5.1. 
 

Scenario Mass (tonnes) Apatite mass (tonnes) 

A 1.16000e+12 1.51728e+11 

B 5.45778e+11 7.13878e+10 

C 2.94944e+11 3.85787e+10 

D 1.60625e+11 2.10097e+10 
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Table 5.5 Derived REO costs and profits for rare earth oxides in scenario A using values 
from Table 5.4 and Appendix 10. 
 

REE Ore throughput 
(tonnes) 

REO 
production 

(tonnes) 

REO mining 
cost/ton(US$) 

Net profit 
oxide (US$) 

Required increase 
in market 

price/tonne (US$) 

Nd 1.6000*10^12 39 147 991 9 808 932 -3.824*10^14 9 766 932 

Y 1.6000*10^12 6 784 408 56 600 370 -3.839*10^14 56 594 370 

Tb 1.6000*10^12 361 979 1 060 835 021 -3.839*10^14 1 060 435 021 

Eu 1.6000*10^12 1 389 394 276 379 486 -3.838*10^14 276 229 486 

Dy 1.6000*10^12 1 651 667 232 492 385 -3.836*10^14 232 262 385 

 
 
 
Table 5.6 Derived REO costs and profits for rare earth oxides in scenario B using values 
from Table 5.4 and Appendix 11. 
 

REE Ore throughput 
(tonnes) 

REO 
production 

(tonnes) 

REO mining 
cost/ton(US$) 

Net profit 
oxide (US$) 

Required increase in 
market price/tonne 

(US$) 

Nd 5.45778*10^11 18 419 072 7 111 472 -1.302*10^14 7 070 193 

Y 5.45778*10^11 3 192 054 41 035 246 -1.310*10^14 41 033 406 

Tb 5.45778*10^11 170 311 769 103 111 -1.309*10^14 768 781 086 

Eu 5.45778*10^11 653 708 200 374 969 -1.309*10^14 200 245 284 

Dy 5.45778*10^11 777 107 168 556 865 -1.308*10^14 168 343 954 

 
 
 
 
 
 
 



 15 

Table 5.7 Derived REO costs and profits for rare earth oxides in scenario C using values 
from Table 5.4 and Appendix 12. 

REE Ore throughput 
(tonnes) 

REO 
production 

(tonnes) 

REO 
mining 

cost(US$) 

Net profit  
oxide (US$) 

Required increase in 
market price/tonne 

(US$) 

Nd 2.94944*10^11 9 953 856 7 111 471 -7.037*10^13 7 070 821 

Y 2.94944*10^11 1 725 019 41 035 
235 

-7.078*10^13 41 037 026 

Tb 2.94944*10^11 92 037 769 109 
815 

-7.075*10^13 768 855 843 

Eu 2.94944*10^11 353 271 200 374 
670 

-7.073*10^13 200 262 714 

Dy 2.94944*10^11 418 853 169 000 
962 

-7.070*10^13 168 803 050 

 

 
Table 5.8 Derived REO costs and profits for rare earth oxides in scenario D using values 
from Table 5.4 and Appendix 13. 
 

REE Ore throughput 
(tonnes) 

REO 
production 

(tonnes) 

REO 
mining 

cost(US$) 

Net profit 
oxide (US$) 

Required increase in 
market price/tonne 

(US$) 

Nd 1.60625*10^11 5 420 803 7 111 493 -3.832*10^13 7 086 095 

Y 1.60625*10^11 939 434 41 035 
347 

-3.854*10^13 41 082 570 

Tb 1.60625*10^11 50 123 769 107 
994 

-3.853*10^13 769 705 540 

Eu 1.60625*10^11 192 389 200 375 
281 

-3.852*10^13 200 485 171 

Dy 1.60625*10^11 228 706 168 557 
012 

-3.850*10^13 168 546 927  
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5.3 Calculations 
 

∑14𝑖𝑖=1 𝑛𝑛+(𝑛𝑛+1)+...+(𝑛𝑛+14)
𝑛𝑛

 Sum of percentage area, divided by number of

 images, repeated for both thin sections.    
 

    ∑
3
𝑖𝑖=1 𝑛𝑛+(𝑛𝑛+1)+...+(𝑛𝑛+3)

𝑛𝑛
        Sum of densities from table 5.3 divided

             by n. 
 
 

ρ × V = m        Equation: density multiplied with volume gives  
           mass in kg. Mass in tonne: m div by 1000. 
 
 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑝𝑝𝑝𝑝𝑝𝑝 (𝐴𝐴/𝑡𝑡𝑡𝑡𝑡𝑡)  × 𝐴𝐴𝑝𝑝𝐴𝐴𝑡𝑡𝐴𝐴𝑡𝑡𝐴𝐴 (𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝐴𝐴𝑡𝑡)  
=  𝑀𝑀𝐴𝐴𝑡𝑡𝑡𝑡 𝑅𝑅𝑅𝑅𝑅𝑅 / 𝑤𝑤ℎ𝑡𝑡𝑜𝑜𝐴𝐴 𝐴𝐴𝑡𝑡𝑟𝑟𝑟𝑟 (𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝐴𝐴𝑡𝑡) 

 
 
𝑂𝑂𝐴𝐴𝐴𝐴 𝑡𝑡ℎ𝐴𝐴𝑡𝑡𝑟𝑟𝐴𝐴ℎ𝑝𝑝𝑟𝑟𝑡𝑡 ×  𝑅𝑅𝐸𝐸𝑡𝑡𝐴𝐴𝐴𝐴𝑟𝑟𝑡𝑡 𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡 𝑝𝑝𝐴𝐴𝐴𝐴 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝐴𝐴 = 𝑂𝑂𝑝𝑝𝐴𝐴𝐴𝐴𝐴𝐴𝑡𝑡𝐴𝐴𝑡𝑡𝑡𝑡 𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 

 
𝑅𝑅𝑅𝑅𝑂𝑂 ×  𝑋𝑋 = 𝑂𝑂𝑝𝑝𝐴𝐴𝐴𝐴𝐴𝐴𝑡𝑡𝐴𝐴𝑡𝑡𝑡𝑡 𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 

 
 𝑋𝑋 −𝑀𝑀𝐴𝐴𝐴𝐴𝑟𝑟𝐴𝐴𝑡𝑡 𝑝𝑝𝐴𝐴𝐴𝐴𝑟𝑟𝐴𝐴 𝑝𝑝𝐴𝐴𝐴𝐴 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝐴𝐴

= 𝑅𝑅𝐴𝐴𝑅𝑅𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅 𝐴𝐴𝑡𝑡𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝑡𝑡𝐴𝐴 𝐴𝐴𝑡𝑡 𝑝𝑝𝐴𝐴𝐴𝐴𝑟𝑟𝐴𝐴𝑡𝑡 𝑝𝑝𝐴𝐴𝐴𝐴𝑟𝑟𝐴𝐴 𝑝𝑝𝐴𝐴𝐴𝐴 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝐴𝐴  
 
 
X is how much the REO production needs to be multiplied with to break even.  
 

𝑃𝑃𝐴𝐴𝑡𝑡𝑓𝑓𝐴𝐴𝑡𝑡 − 𝑂𝑂𝑝𝑝𝐴𝐴𝐴𝐴𝐴𝐴𝑡𝑡𝐴𝐴𝑡𝑡𝑡𝑡 𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑁𝑁𝐴𝐴𝑡𝑡 𝑝𝑝𝐴𝐴𝑡𝑡𝑓𝑓𝐴𝐴𝑡𝑡 
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6. Discussion 
It is difficult to find the apatites in Appendix 1 and Appendix 2 but in Appendix 3 
some apatites may be seen. The white round crystals without cleavage may be 
apatite. They appear as crystals of the second order color in Appendix 4 in the same 
area as in Appendix 3. Appendix 7, Figure 3.1 and Appendix 8 show apatites in thin 
sections 1, Man 130101B and Man 130302 respectively, as grey crystals in a calcite 
matrix. In these pictures interference occurs as black shapes with undefinable origin 
and white crystals, which are titanium oxides. Figure 5.2 and Figure 5.3 show how 
one image would look before and after the interfering crystals were removed in 
Photoshop, respectively. This may have affected the analysis of apatite crystals as 
some parts of the apatite crystals may have been removed in the editing. Figure 5.4 
shows how the image would look after it had been cropped in Paint, to get rid of the 
text below and are therefore a bit smaller in size. This may also have affected the 
analysis as some small parts of the apatites may have been removed in the editing.  

Appendices 10-13 show that the amount of REEs varies with each element 
and that each scenario is different from the other. In appendices 10-13, only yttrium, 
neodymium, europium, terbium and dysprosium were studied closely, since they are 
considered to be the most important of the REEs. Among the five selected elements, 
neodymium has the highest count of tonnes according to Appendix 10, Appendix 11, 
Appendix 12 and Appendix 13. Yttrium shows the second highest amount according 
to appendices 10-13, dysprosium and europium show the third respectively fourth 
highest masses, followed by terbium, with the lowest of the five. The closer studies 
of these selected elements are the ones displayed in tables 5.5-5.8. 

Tables 5.5-5.8 represent one scenario each from Table 5.1 with its correlative 
value of carbonatite mass from Table 5.4, which is why each table only has one 
value of ore throughput. Tables 5.5-5.8 also show REE mass per whole rock as REO 
production, along with the rare earth oxides manufacturing costs and profits for the 
five selected REEs (yttrium, neodymium, terbium, europium and dysprosioum). 
These tables show extreme negative values and would require a massive increase in 
the pricing of the REEs from Table 1.1, where pricing for rare earth oxides are 
shown. The apatite mass in Table 5.4 is 13.08 % of the carbonatite mass, which is 
needed to understand the amount of REE-carriers in the carbonatites. What is worth 
mentioning is that apatites are not the only minerals with REEs but they are the most 
dominant carriers of REEs in this case. Appendices 10-13 show the average gram 
per tonnes (ppm) for REE’s, which was multiplied with the apatite mass to calculate 
the mass of each element in each scenario. This, combined with the rest of the data 
from Table 5.4 and appendices 10-13, was needed to calculate the cost per tonne 
for the five selected elements in each scenario. The market price per tonne for the 
selected elements was multiplied with the correlative mass from appendices 10-13 to 
obtain the profit, since the masses of each element change in each scenario. The 
net profit for mining each element in Alnö was calculated by subtracting the mining 
costs from the profits, and these values are displayed in tables 5.5-5.8, where each 
table represents each scenario. 



 18 

6.1 Error in image 7, thin section “1”? 
Only two of the three thin sections from the microprobe, thin section “1” and thin 
section “Man 130101B”, were processed in Photoshop and analyzed with ImageJ. 
Since most of the images from the third thin section “Man 130302” were interrupted 
by a lot of non-apatite crystals, the images from that thin section were difficult to 
process in Photoshop. This means that there were several interfering crystals, both 
big and small, that would have to be erased by first marking the interfering crystals 
with the magic wand, then by using the “fill”-tool to fuse the non-apatite crystals with 
the matrix. The problem with that tool was that sometimes a few pixels from the non-
apatite crystals were left and had to be removed manually. By using the “fill”-tool on 
images with a lot of interfering crystals, the amount of remaining pixels would most 
likely increase, which could lead to the remaining pixels being interpreted as apatite. 
Of the 20 pictures from each of the two selected thin sections, 15 of the best looking 
pictures with least apatite crystals were selected. The error, which can be seen in 
Appendix 9, led to the number of pictures from thin section “1” being 14 instead of 
15. 
 
6.2 Accuracy of the estimations from samples? 
The “REE-estimation” should be interpreted with caution since only a few thin 
sections from a few samples of carbonatites were used to accomplish the estimation, 
and cannot be fully representative for the carbonatites within the entire complex. 
Also, all of the thin sections were analyzed visually through the microscope, and 
those that had the best looking crystals went on to the microprobe. In this case, only 
three of the thin sections were carbon coated and analyzed through the microprobe, 
and since the total amount of thin sections are 31, the three selected thin sections 
are just a fraction. Analyzing crystals visually through the microscope has to be done 
carefully since some crystals, in our case apatite, can go unnoticed. It was not until 
when using the microprobe that the crystals could be analyzed chemically to 
determine the mineral more specifically. During the analysis through the microscope, 
misinterpretation of crystals might have occurred in a thin section, which may affect 
the estimation. As there were 31 thin sections, the margin of error increases with 
each thin section. Another source of error that might have a meaningful impact on 
the results is editing or deleting interfering crystals. As mentioned in methods, the 
“fill”-tool sometimes left pixels from the non-apatite crystals, which the programme 
might have interpreted as apatite. However, only two thin sections were used in this 
part of the analysis, but both thin section “1” and “Man 130101B” had 29 pictures for 
editing in total, and the margin of error increases for each picture.  
 
6.3. Machine errors 
The day before using the microprobe, there were some complications with the 
machine, which would result in the microprobe not working correctly and could risk 
giving incorrect results. The machine had to be recalibrated and yet did not give any 
good results when processing and analyzing the crystals, which is why the 
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microprobe then could only be used for taking images of the apatites. But since the 
machine had errors that required it to be recalibrated, it is not entirely clear if it was 
fully operable and could risk affecting the results. The probability of this is however 
not high since several similar crystals were analyzed with the microprobe and proved 
to be apatite every time. If it was some other machine error that may have affected 
the analysis of apatite it is beyond the comprehension of this level of studies.  
 
6.4 Misinterpretations of crystals in microprobe? 
The objective changed after five weeks, just after the microprobe could not analyze 
the crystals due to contamination, and the original task was to look for good crystal 
shapes of olivine. The contaminations in the thin sections were thought to be fluids, 
which have affected the contents within the thin sections. The thin sections that were 
chosen were the ones with the best visual olivines, not apatite. There may have 
been other, better visuals of apatite in other thin sections, but due to time limits there 
was no other choice than to continue with the selected thin sections. There is a small 
chance that this might have affected the visual results. With a wider range of time, 
perhaps that error margin could have been decreased. 
 
6.5 What amount of REEs is considered “good”? 
Since the Alnö complex is considered to be one of the biggest ring-shaped 
carbonatite complexes in the entire world, it may be assumed that its volume is large 
as well. Since it contains carbonatites, as it is known to be one of the biggest 
carbonatite complexes, it may also be appropriate to assume that the volume of 
carbonatites should be big. Data from Valentin Troll indicated the percentage of 
carbonatites in Alnö to be 10-30 %. A percentage of apatites above 10 % would 
probably considered as good, and since the percentage of apatites was calculated to 
13.08% the conditions look promising. However, the percentage of apatite 
occurrences is just and estimation and not a fixed number. When mining for REEs, 
only certain types of REEs are mined, not all of them. The amount of REO 
production ranges from some tens of thousand tonnes to several million tonnes, 
depending on the element. Although even the lower amounts seem high, the amount 
can only be considered good in relation to high market prices.  
 For the profits to reach numbers above 0 the market prices would have to be 
increased with at least 7 million dollars per tonne, and this is to reach 0. But to make 
mining profitable, the profits will have to be higher than just some hundred US 
dollars, which would require the market prices to be increased with much higher 
numbers. Knowing how high numbers the market prices for each of the five elements 
must be increased with to achieve those profitable numbers, it looks like the complex 
will not even be considered as a mining site for REEs in the future. The operating 
costs are high since they are probably depending on start-up costs, consulting, 
laywers etc. 
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6.6 What can be done in the future (future studies)? 
The accuracy of the estimation from looking at the thin sections should not be taken 
too seriously, as the three thin sections from a fraction might not be fully 
representative of all carbonatite bodies within the complex. With this said, the 
accuracy of the estimation can get higher the more samples are obtained, if the 
range of time would be wider as it would be needed for the analysis. Also, if more 
time was spent on analyzing the samples, the accuracy could be increased, but as 
the complex is large it would perhaps not be worth spending that amount of time or 
funding to get an uncertain amount of better accuracy. It could however lead to 
better sections with better apatite crystals. If the technology evolves and the 
precision of data acquisition increases sometime in the future, the volume of apatites 
could perhaps be measured immediately on the field with the help of existing 
methods such as; XRF, seismic reflection, radar pulses, or magnetic and gravity 
methods. The ways of obtaining this sort of data is restricted by the financial 
conditions and time. Even with more advanced technologies the analysis may not be 
fully certain, as Magnus Andersson said: “However, caution should be used since 
the reliability for depth of the body is limited”.  
 
7. Conclusion 
As the volume of the Alnö complex is relatively big, a percentage of 13% of apatites 
is a good number. However, it is stated that this number is just an estimation and not 
a fixed number. Tables 5.5-5.8 show that no profits can be made in mining any of the 
five selected REEs, as their negative values indicate that an immense increase in 
the pricing of REEs is needed, which they are nowhere close to today. This means 
that the Alnö carbonatites are not profitable in terms of REE-mining. Judging by how 
much the market prices for five of the important REEs must be increased, it is 
unlikely that the Alnö complex will be considered as a mining site for these elements 
in the future. 
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Appendices 
 

 
Appendix 1. Picture taken of thin section “1” through transmitted light, taken with optical 
microscope. 
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Appendix 2. Picture of thin section “1”in the same area as in Appendix 1 but through cross 
polarized light, taken with the optical microscope. 
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Appendix 3. Picture of thin section “Man 130101B” through transmitted light, taken with the 
optical microscope. 
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Appendix 4. Picture of thin section “Man 130101B” in the same area as in Appendix 3 but 
through cross-polarized light, taken with the optical microscope. 
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Appendix 5. Picture of thin section “Man 130302” through transmitted light, taken with the 
optical microscope. 
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Appendix 6. Picture of thin section “Man 130302” in the same area as in Appendix 5 but 
through cross-polarized light, taken with the optical microsccope. 
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Appendix 7. Picture of thin section “1”, apatite and titanium oxide in a calcite matrix. Taken 
with the microprobe. 
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Appendix 8. Picture of thin section “Man 130302” with apatite and titanium-oxide in a calcite 
matrix. Taken with the microprobe. Most images from thin section ”Man 130302” had blurry 
white interferences as the one seen near the left corner. 
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Appendix 9. Area percentage of the apatite crystals for each image. 
 

Thin section Image number Area % 

1 1                4.266             

1 2                6.125                           

1 3 3.164 

1 4 3.966 

1 5 8.586 

1 6 4.764 

1 7 ERROR 

1 8 5.012 

1 9 9.540 

1 10 12.416 

1 11 4.175 

1 12 5.693 

1 13 4.750 

1 14 13.138 

1 15 18.587 

Man 130101B 1 11.196 

Man 130101B 2 22.695 
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Man 130101B 3 9.721 

Man 130101B 4 31.950 

Man 130101B 5 32.950 

Man 130101B 6 14.661 

Man 130101B 7 16.972 

Man 130101B 8 12.991 

Man 130101B 9 15.738 

Man 130101B 10 12.403 

Man 130101B 11 11.014 

Man 130101B 12 14.284 

Man 130101B 13 14.933 

Man 130101B 14 14.798 

Man 130101B 15 25.838 
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Appendix 10. Average Rare Earth Element in whole rock and the mass of the specific 
element in tonnes from scenario A.  
 

REE Average ppm (g/tonnes) Mass REE/ whole rock (tonnes) 

Sc <6 910 368 

Y 44.71428 6 784 408 

La 392.27143 59 518 559 

Ce 799.70857 121 338 181 

Pr 76.62857 11 626 700 

Nd 258.01429 39 147 991 

Sm 35.65714 5 410 186 

Eu 9.15714 1 389 394 

Gd 17 2 579 376 

Tb 2.38571 361 979 

Dy 10.88571 1 651 667 

Ho 1.8 273 110 

Er 4.32857 656 765 

Tm 0.57142 86 701 

Yb 3.37143 511 540 

Lu 0.44286 67 193 

Source: Troll, 2013 
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Appendix 11. Average Rare Earth Element in whole rock and the mass of the specific 
element in tonnes from scenario B.  
 

REE Average ppm (g/tonnes) Mass REE/ whole rock 
(tonnes) 

Sc <6 428 326 

Y 44.71428 3 192 054 

La 392.27143 28 003 394 

Ce 799.70857 57 089 435 

Pr 76.62857 5 470 345 

Nd 258.01429 18 419 072 

Sm 35.65714 2 545 484 

Eu 9.15714 653 708 

Gd 17 1 213 592 

Tb 2.38571 170 311 

Dy 10.88571 777 107 

Ho 1.8 128 498 

Er 4.32857 309 007 

Tm 0.57142 40 792 

Yb 3.37143 240 679 

Lu 0.44286 31 615 

Source: Troll, 2013 
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Appendix 12. Average Rare Earth Element in whole rock and the mass of the specific 
element in tonnes from scenario C.  

 
REE Average ppm (g/tonnes) Mass REE/ whole rock 

(tonnes) 

Sc <6 231 472 

Y 44.71428 1 725 019 

La 392.27143 15 133 321 

Ce 799.70857 30 851 717 

Pr 76.62857 2 956 231 

Nd 258.01429 9 953 856 

Sm 35.65714 1 375 606 

Eu 9.15714 353 271 

Gd 17 655 838 

Tb 2.38571 92 037 

Dy 10.88571 418 853 

Ho 1.8 69 442 

Er 4.32857 166 991 

Tm 0.57142 22 045 

Yb 3.37143 130 065 

Lu 0.44286 17 085 

Source: Troll, 2013 
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Appendix 13. Average Rare Earth Element in whole rock and the mass of the specific 
element in tonnes from scenario D.  
 

REE Average ppm (g/tonnes) Mass REE/ whole rock 
(tonnes) 

Sc <6 126 058 

Y 44.71428 939 434 

La 392.27143 8 242 505 

Ce 799.70857 16 801 637 

Pr 76.62857 1 609 943 

Nd 258.01429 5 420 803 

Sm 35.65714 749 146 

Eu 9.15714 192 389 

Gd 17 357 165 

Tb 2.38571 50 123 

Dy 10.88571 228 706 

Ho 1.8 37 817 

Er 4.32857 90 942 

Tm 0.57142 12 005 

Yb 3.37143 70 833 

Lu 0.44286 9 304 

Source: Troll, 2013 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




