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Table of minerals 

Name Composition 

Albite NaAlSi3O8 

Allanite 

(Ce, Ca, Y, La)2(Al, 

Fe3+)3(SiO4)3(OH) 

Amphibole 

 

 

A0-1B2C5T8O22(OH, F, Cl)2 

where A = Na, K; B = Na, Zn, 

Li, Ca, Mn, Fe2+, Mg; C = Mg, 

Fe2+, Mn, Al, Fe3+, Ti, Zn, Cr; 

and T = Si, Al, Ti 

Ancylite Sr(Ce, La)(CO3)2(OH).H2O 

Anhydrite CaSO4 

Ankerite Ca(Fe, Mg, Mn)(CO3)2 

Apatite Ca5(PO4)3(F, Cl, OH) 

Barite BaSO4 

Bastnaesite (REE)(CO3)F 

Biotite K(Mg, Fe)3(AlSi3O10)(F, OH)2 

Burbankite (Na, Ca)3(Sr, Ba, Ce)3(CO3)5 

Calcite CaCO3 

Carbocernaite (Ca, Na)(Sr, Ce, Ba)(CO3)2 

Cerianite (Ce4+, Th)O2 

Chalcopyrite CuFeS2 

Crandallite CaAl3(PO4)(PO3OH)(OH)6 

Dolomite CaMg(CO3)2 

Euxenite 

(Y, Ca, Ce, U, Th)(Nb, Ta, 

Ti)2O6 

Fergusonite (La, Ce, Nd)(Nb, Ti)O4 

Florencite (La, Ce, Nd, Sm)Al3(PO4)2(OH)6 

Fluocerite (Ce, La)F3 

Gadolinite (Ce, La, Nd, Y)2FeBe2Si2O10 

Gagarinite Na(Ca1-x, REEx)2(F, Cl)6 

Galena PbS 

Goethite Alpha-Fe3+O(OH) 

Goyazite SrAl3(PO4)(PO3OH)(OH6) 

Gypsum CaSO4.H2O 

Kaolinite Al2Si2O5(OH)4 

K-feldspar KAlSi3O8 

Molybdenite MoS2 

Monazite (REE, Th)PO4 

Muscovite KAl2(AlSi3O10)(F, OH)2 

Nepheline (Na, K)AlSiO4 

Phlogopite KMg3(AlSi3O10)(F, OH)2 

Pyrite FeS2 

Pyromorphite Pb5(PO4)3Cl 

Pyroxene 

 

XY(Si,Al)2O6 where X = Na, Ca, 

Mn, Fe2+, Mg, Li; and Y = Mn, 

Fe2+, Mg, Fe3+, Al, Cr, Ti 

Quartz SiO2 

Rhabdophane (REE)PO4.H2O 

Rutile TiO2 

Samarskite (Y, Fe3+, U)(Nb, Ta)O4 

Siderite FeCO3 

Sphalerite (Zn, Fe)S 

Strengite FePO4.2H2O 

Strontianite SrCO3 

Synchysite Ca(REE)(CO3)2F 

Tridymite SiO2 

Vermiculite 

(Mg, Fe2+, Fe3+)3(Si, 

Al)4O10(OH)2.4H2O 

Xenotime YPO4 
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The Story of my Research 

Ever since I was a child, I have been collecting rocks while travelling with my family. I always picked out 

the most remarkable rocks and carried them throughout the entire walk in my backpack or my pockets. 

Consequently, I always returned home with some new additions to my collection of stones lining up 

on my desk. Visits to the local mineral and fossil fairs further supplied more remarkable rocks for my 

collection. 

Initially, I just collected rocks because they looked peculiar to me. But with time, I began to wonder 

about the origin of these rocks and how they were formed, which eventually led to my choice to study 

geology in higher education. One should therefore not be surprised that my favourite subjects dealt 

with the processes that are of importance to unravel the history of rocks. The stranger and older the 

rocks were, the more I became interested in their origin and evolution. 

Therefore I picked a subject for my bachelor project that dealt with economic mineral deposits in DR 

Congo, and this by means of geological and mine archives from the Royal Museum of Central Africa in 

Tervuren. It was at the sight of the mineral and rock collection, that was gathered over more than 100 

years of geological studies and ore prospection, that I decided for myself to choose a similar subject 

for my master’s dissertation. The idea that you are investigating rocks that were deposited million 

years ago in Central Africa and still reveal details about their origin and genesis, is something I really 

do find amazing. Especially when you take into account that one is able to investigate the evolution of 

a mineral deposit in a country which you never came to visit. 

I am therefore grateful that I could contribute, in one way or another, to the knowledge of an area that 

now, from an economic point of view, is receiving renewed geological interest. 

Graphical Abstract 

Mineral Stage 1 – primary ore Stage 2 – brecciation Stage 3 – 

supergene 

alteration 

Quartz 
Muscovite 
Bastnaesite 
Anhydrite 
Biotite 
Barite 
K-feldspar 
Rutile 
Pyrite 
Galena 
Chalcopyrite 
Molybdenite 
Sphalerite 
Goethite 
Monazite 
Strengite 
Rhabdophane 
Kaolinite  



 

1 
 

1 Introduction 

In this fast evolving world, there is a high demand for cutting edge modern and green technologies. A 

group of chemically similar elements, the so-called Rare Earth Elements (REEs), are critical to a variety 

of these high technology applications and have become increasingly important in different 

applications. The REEs are a group of 17 elements, consisting of the 15 lanthanides, yttrium and 

scandium. The latter two are transition metals that are often included due to their chemical similarity 

(Binnemans et al., 2013). The lanthanides with low atomic numbers (La-Eu) are conventionally termed 

as the light REEs, while the higher atomic numbers (Gd-Lu, Y) are referred to as heavy REEs 

(Chakhmouradian et al., 2012a). The name may suggest a low abundance in the earth’s crust, however, 

the concentration is in general not very low and can occur in a variety of forms. It is the combination 

of the minor concentrated occurrences and the application of complex processing methods for their 

recovery that points to the “rarity” and the economic importance of these elements (Mariano, 1989). 

REEs do not exist in nature as native metals but are present in economic deposits both as a minor or 

major constituent of REE-bearing minerals. Over 250 mineral species are identified to contain 

important amounts of REE in their chemical formula. These are mainly silicates, fluorocarbonates, 

oxides and phosphates that, dependent on the type of mineral, tend to be dominated by either light 

REEs or heavy REEs (Dostal, 2017). Only three REE-bearing minerals (i.e. bastnaesite, monazite and 

xenotime) can be considered as the principal minerals most feasible for extraction (Charalampides et 

al., 2015). The enrichment of REEs to ore levels is, in general, the consequence of its incompatible 

behaviour during magmatic crystallisation and their limited solubility in low-temperature aqueous 

solutions (Harmer et al., 2016). The incompatible behaviour also explains their general enrichment in 

the continental crust with respect to the primitive mantle (Linnen et al., 2014). However, high grades 

generally require additional action of several geological processes. Based on the temperature range of 

operation can these processes be subdivided into the following groups: magmatic, 

magmatic/hydrothermal and epithermal/supergene (Harmer et al., 2016). 

In 2002, it has been estimated that there are 799 economic and non-economic sources worldwide 

(Figure 1) (Orris et al., 2002). Primary deposits with minable concentrations are usually associated with 

carbonatites and alkaline igneous systems that formed in extensional intracontinental rifts. Exploitable 

secondary deposits are mainly ion-adsorption clay deposits and xenotime-bearing placer deposits (Al-

Ani et al., 2018; USGS, 2019). The relative abundance of individual REEs also affects the potential 

commercial value of the deposit (Linnen et al., 2014). 

Evolving from a near monopoly that China held in 2009, providing 94% of the world supply, the rare 

earth market and industry boomed (Chen, 2011). This resulted in a rush to discover and develop REE 

products outside of China (Harmer et al., 2016). However, China still leads in 2018 with 71% of the 

world mine production and represents 37% of the world mine reserves (USGS, 2019). At the start of 

2015, 11 African REE resource statements were reported (Harmer et al., 2016), but until now is the 

REE mineralisation of Gakara, Burundi the only producing REE mine in Africa. Rainbow Rare Earths 

started the extraction of the ore in September 2017 and claims to have with Gakara one of the richest 

REE deposits in the world (Rainbow Rare Earths, 2019). Estimated in-situ grades of the total rare earth 

oxides are in the range of 47-67% (Reichhardt et al., 2016). 



 

2 
 

 

Figure 1. Global distribution of REE occurrences. After data from Orris et al. (2002). 

The hydrothermal bastnaesite-monazite mineralisation of Gakara is situated in the most western part 

of Burundi in the Mesoproterozoic orogenic Karagwe-Ankole belt (Tack et al., 2010). This fold- and 

thrust belt separates the Archean and Paleoproterozoic Central African cratons. Different models have 

been proposed for the Mesoproterozoic history of the Karagwe-Ankole belt, varying between an 

intracratonic basin history (Fernandez-Alonso et al., 2012) and a subduction-related history (Debruyne 

et al., 2015). However, Neoproterozoic ages have been obtained on bastnaesite and monazite (Nakai 

et al., 1988; Ntiharirizwa et al., 2018) and the mineralisation is rather linked with different events that 

occurred during the Neoproterozoic in a much wider area of central and southern Africa (Pohl, 1994). 

The hydrothermal REE mineralisation of Gakara is located along the western East African Rift. It has 

since the first description of the mineralisation been associated with the occurrence of carbonatites in 

the area (Thoreau et al., 1958; Van Wambeke, 1964, 1977). Although Aderca et al. (1971) rather 

favoured a connection with granitic magmatism, the hypothesis of a link with a hidden carbonatitic 

body at depth is currently still supported (Ntiharirizwa et al., 2018). If this would be the case, the 

formation of the Gakara mineralisation could be linked to the same event as for the Neoproterozoic 

alignment of alkaline and carbonatite massifs located along the western branch of the East African Rift 

(Tack et al., 1984; Woolley, 2001). 

Although Gakara has been considered as a REE deposit of major importance, recent studies about its 

formation history and mineralogical and geochemical composition are largely missing. The aim of this 

study is, therefore, to contribute to the reconstruction of the formation history of the Gakara REE 

mineralisation in Burundi and to study the mineralogy and geochemistry of the REE phases. Firstly, 

general geological information about the Gakara deposit will be compiled from the archive collection 

available at the Royal Museum for Central Africa (RMCA). Secondly, a paragenesis will be constructed 

with special attention for the different mineralisation phases and possible alteration and 

remobilization phases. This will be based on a detailed petrographic study of rock samples from the 

RMCA collection. In addition to standard microscopy, other techniques will be applied to identify 
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different mineral generations. X-ray diffraction (XRD) and X-ray fluorescence (XRF) are envisaged to 

identify mineral phases and to analyse their chemical composition. Scanning electron microscope – 

Energy dispersive X-ray spectroscopy (SEM-EDS) will be carried out to identify minerals down to the 

microscopic level. Cold cathodoluminescence microscopy and Raman spectroscopy will be used to 

identify different mineral generations. Laser ablation – Inductively coupled mass spectrometry (LA-ICP-

MS) will be carried out to determine the REE pattern of the different generations of minerals. 

Eventually, data will be integrated into a preliminary metallogenic model for REE mineralisation in the 

Karagwe-Ankole belt. 
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2 Geological setting 

Burundi is part of what is now called the Karagwe-

Ankole belt (KAB). This Mesoproterozoic orogenic 

belt (Figure 2) is furthermore exposed in 

southwest Uganda, the eastern part of DR Congo, 

northwest Tanzania and Rwanda. Previously one 

referred in literature to this area as the north-

eastern Kibara Belt (Tack et al., 2010). The Kibara 

belt was defined as a single, continuous 

Mesoproterozoic mobile belt of supracrustal units 

of metasedimentary rocks, and to a lesser extent 

metavolcanic rocks, that were intruded by S-type 

granitic massifs and mafic bodies (Cahen et al., 

1984). However, the Kibara belt has been 

separated into a northern and southern part by 

the northwest-trending Paleoproterozoic 

terranes of the Rusizi and Ubende belt, extending 

from DR Congo across Lake Tanganyika into 

Tanzania. Tack et al. (2010) therefore restricted 

the term Kibara Belt (KIB) to the south-eastern 

Kibara belt and the KAB to the north-eastern part 

of the previously called Kibara belt. For ease of 

reference, the old term of the Kibara belt will only 

be used sensu lato to describe the KAB and the KIB 

together as both parts of the belt underwent a 

similar geological history (De Waele et al., 2008). 

Notwithstanding the similarities between the KAB 

and the KIB, they have been considered to have 

developed separately within the proto-Congo 

Craton (Fernandez-Alonso et al., 2012; Debruyne 

et al., 2015). 

Paleoproterozoic and Mesozoic belts, among 

which the KIB and the KAB, separate the Archean 

and Paleoproterozoic blocks of the Central African Cratons (i.e. the Congo Craton, the Tanzania Craton 

and the Bangweulu Block) (Debruyne et al., 2015). The KAB is the result of an intracratonic shallow 

basin history dating back to ~1800 Ma within a proto-Congo craton. It underwent several intermittent 

periods of depositional activity and magmatism, containing at least two metasedimentary successions 

(De Waele et al., 2008; Fernandez-Alonso et al., 2012). The KAB can be considered as a new 

Mesoproterozoic feature that developed largely independent of the previously stabilized craton (Pohl, 

1994). 

Different models have been proposed for the geodynamic evolution of the KAB. In the first set of 

models, the KAB formed in an intracratonic extensional setting within a single continental block, 

composed of the Congo and Tanzania craton and the Bangweulu block, the so-called Proto-Congo 

Figure 2. Regional setting of the Karagwe-Ankole belt. After 
Debruyne et al. (2015). The location of the Gakara 
mineralisation is indicated with a yellow star. 
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craton (Fernandez-Alonso et al., 2012 and references therein). Following this model, initial 

deformation is related to the emplacement of granitic plutons and younger reactivations are related 

to far-field stresses related to collisional orogenic events external to the proto-Congo Craton, in the 

Irumide Belt (1.0 Ga) and Mozambique Belt (570–530 Ma). Those developed a structural and 

metamorphic overprint in the KAB, modifying the original cratonic composition leading to 

metacratonisation and favouring the emplacement of fluid-driven mineralization. In the second group 

of models, the KAB (and KIB) evolved in a complete Wilson-type convergence cycle (Kampunzu, 2001; 

Rumvegeri et al., 2004; Kokonyangi et al., 2006; Debruyne et al., 2015). According to these authors, 

the KAB formed in a convergent setting along an active continental margin, resulting from a collision 

between the Congo craton and the Tanzania-Bangweulu cratons. In these models, the Tanzania craton 

and Bangweulu block were separated from the Congo craton until they collided around 1000 Ma during 

a full-scale orogeny with convergence and subsequent crustal thickening or nappe stacking (Buchwaldt 

et al., 2008; Koegelenberg et al., 2014). 

Numerous granite intrusions that formed over a long period are an important feature in the KAB. They 

have been subdivided previously in a synorogenic group (G1-G2) and a post-orogenic group (G3-G4) 

(Cahen et al., 1984). These intrusions can be linked with tectonic movements (Rumvegeri, 1991) which 

can in turn be subdivided into three deformation phases on the scale of the KAB (Klerkx et al., 1984). 

The first phase D1 consists of a foliation due to a tangential deformation mainly observable in the 

western part. A second phase D2 formed cylindrical folds with straight axial planes, regularly 

observable in the eastern part of Burundi, following the main NE-SW structural trend of the KAB. The 

third phase D2’ is translated in a transversal shear zone with respect to the cylindrical folds of D2  

(Klerkx et al., 1984). Based on new analyses, this deformation model has been simplified by Tack et al. 

(2010) and Fernandez-Alonso et al. (2012) who restricted the compressional deformation to two short-

lived compressional deformation effects reflecting the far-field global orogenic events external to the 

proto-Congo Craton: the Rodinia amalgamation at 1.0 Ga and the Gondwana amalgamation at 550 Ma. 

The KAB belt can furthermore be divided into two structurally contrasting domains (Figure 3), 

highlighted by a Mesoproterozoic plutonic alignment of two magmatic suites: a Western Domain (WD) 

and an Eastern Domain (ED). The WD is bounded to the west by the western branch of the Cenozoic 

East African rift and the ED is bounded to the east by Lake Victoria. The Kabanga-Musongati suite (KM) 

and the Gitega-Makebuko and Bukirasazi suite (GMB) constitute together the boundary zone between 

the WD and the ED. The KM suite, with an emplacement age of 1275 ± 11 Ma obtained by U-Pb dating 

on zircon, is mainly composed of mafic and ultramafic layered rocks and to a lesser extent A-type 

granites. The GMB suite, with an emplacement age of 1249 ± 8 Ma obtained by U-Pb dating on zircon, 

is vice versa dominated by A-type granites and to a lesser extent some mafic rocks (Tack et al., 1994). 
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Figure 3. The structural framework of the Karagwe Ankole belt (Tack et al., 2010). 

The metasedimentary successions consist mainly of pelitic and arenitic facies that have a frequent 

variability both lateral and vertical. Carbonate rocks, on the other hand, are scarce and only limited to 

lenticular deposits (Pohl, 1994). A more recent lithostratigraphic study (Figure 4), together with 

geophysical data and provenance analysis (Fernandez-Alonso et al., 2012) supports the subdivision of 

the KAB. The WD consists of strongly deformed, greenschist to amphibolite facies sedimentary cover 

overlying a Paleoproterozoic basement. The sedimentary cover of the ED, overlying an Archean 

basement, is on the other hand characterised by an eastward decrease in deformation and 

metamorphism (Tack et al., 1994). Moreover, the WD is intruded by numerous S-type granitic rocks 

and by tin granites, while the ED lacks any of these plutonic bodies. This is also reflected in the unique 

lithostratigraphic successions for both domains, respectively the Akanyaru Supergroup and the  Kagera 

Supergroup, indicating an independent deposition style for the two subbasins. A correlation between 

both is therefore not possible. The Kagera Supergroup can furthermore be subdivided into two sub-

basins separated by a fault. These have each their own lithostratigraphic column. Geological mapping 

suggests the possibility of a stratigraphic break in the Akanyaru Supergroup dividing the lower Gikoro-

Pindura units from the upper Cyohoha-Rugezi units (Fernandez-Alonso et al., 2012). 
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Figure 4. Synthetic litho-chronostratigraphic logs for the WD and the ED (Fernandez-Alonso et al., 2012). 

Debruyne et al. (2015) and references therein proposed a geodynamic context for the 

Mesoproterozoic KAB and KIB in which the active continental margin model for the KIB (Kokonyangi et 

al., 2006) is reconciled with the intracratonic shallow basin history of the KAB (Fernandez-Alonso et 

al., 2012). The depositional history of the KAB (Figure 5) starts at ~1780 Ma with the deposition of the 

Muyaga Group, as part of the Kagera Supergroup in the ED, unconformable on the Archean Tanzania 

Craton. The depositional history of the KIB lags behind and starts sometime before  ~1420 Ma. The 

onset of the KIB showed to be suitable with convergent movement between the Congo Craton and the 

Tanzania-Bangweulu Block and an active margin setting (Kokonyangi et al., 2006). This also constricts 

the evolution of the KAB during this period. Mafic-ultramafic complexes that intruded along with the 

KM suite and the Lake Victoria Dyke Swarms are in accordance with the magmatic ages of the KIB mafic 

rocks (1400-1375 Ma). Debruyne et al. (2015) proposed for the KAB that this is the result of a temporal 

transition from accretionary tectonics towards a collisional setting during the ~1420-1375 Ma period. 

This is also indicated by the depositional or erosional hiatus. The KM suite would then be the result of 

preferential melting along a fault zone by anomalous asthenospheric heating (Fernandez-Alonso et al., 

2012). The WD of the KAB was massively intruded by S-type granitic rocks, and to a lesser extent by 
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associated intermediate igneous rocks, during the 1375 Ma bimodal magmatic event. This is indicative 

for intra-cratonic emplacement under an extensional stress regime. Preferred pathways along regional 

crustal-scale zones of weakness are hereby followed, in particular the rheological boundary between 

the Tanzania-Bangweulu Block and the Paleoproterozoic basement (Tack et al., 1994, 2010). 

 

Figure 5. The proposed geodynamic context for the Mesoproterozoic evolution of the KAB. The location of transect AB is 
indicated in Figure 2. After Debruyne et al. (2015). 

There is only scarcely any sedimentary record preserved in the period 1375-1000 Ma. A third 

sedimentation period (1222-986 Ma), together with a relative quietness of magmatic activity (only very 

locally emplacement of A-type granitic rocks at ~1205 Ma), can only be documented in the WD (Tack 

et al., 2010; Fernandez-Alonso et al., 2012). At ~986 Ma voluminous peraluminous granites intruded 

the KAB and KIB, giving rise to the world-class Sn-Nb-Ta mineralisation. This indicates a collisional event 

between the Congo craton and the Tanzania-Bangweulu Block that can be possibly related to the pan-

Rodinia formation at 1.0 Ga (Debruyne et al., 2015). 

The KAB basin evolution prolonged in the Neoproterozoic era with another intra-cratonic magmatic 

event, giving rise to alkaline plutonic complexes (~750 Ma). Also the depositional activity extended in 

the Neoproterozoic with a general basin evolution moving with time from the ED towards the WD and 

thus from east to west. The ~710 Ma Itombwe syncline a little to the west of the WD, but also smaller 

similar basins within the KAB,  are the last known relict of depositional activity lasting to the end of the 

Neoproterozoic (542 Ma). One can therefore conclude that the KAB records a period of intracratonic 

intermittent depositional activity which shows a recurrent subsidence trend moving with time from 

east to west controlled by tectonic activity. The sedimentary polarity in the WD can geodynamically be 

related to a similar trend in extensional magmatism (Fernandez-Alonso et al., 2012). 

All events postdating the ~986 Ma tin granites are no longer restricted to the KIB and KAB but occur in 

a much wider area of central and southern Africa (Pohl, 1994). Although the controversy about the 

origin of the REE mineralisation of Gakara, its occurrence is spatially related to and is contemporaneous 
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with the alkaline complexes and carbonatites (Figure 6) (Ntiharirizwa et al., 2018). These deposits have 

been related to magmas of sub-crustal derivation, typically present in consolidated cratons (Pohl, 

1994). The Neoproterozoic plutonic alignment, largely in line with the present-day Western Rift  (Tack 

et al., 1984), seems to reflect a rise of mantle-derived magmas along lithospheric weakness zones 

(Midende et al., 2014). 

 

Figure 6. Alkaline and carbonatite massifs along the Western Rift. After data from Tack et al. (1984) and Woolley (2001). The 
location of the Gakara REE mineralisation is indicated with a star. 

The massifs range in composition from quartz syenites and granites to feldspathoidal syenites and 

carbonatites. Even (ultra)mafic rocks or silicic metavolcanics can be linked with certain massifs (Tack 

et al., 1984). Ages of emplacement are in the range of ~830 to 650 Ma and could, in the hypothesis of 

an extensional setting, confirm the relationship with several stages of the Rodinia breakup between 

~800 and 700 Ma. However, the Pan-African event (660-550 Ma) induced a deformation that could be 

responsible for overprinting and partial resetting of some isotopic systems (Midende et al., 2014). 

Remark that, even though these massifs can all be linked to the Neoproterozoic plutonic alignment, 

only a few radiometric ages are considered to be reliable and the geology, petrochemistry and isotopic 

characteristics only well constrained is for some of these massifs (Tack et al., 1984).  



 

10 
 

3 Metallogenesis of primary REE deposits 

REE mineralisations occur in a wide range of geological settings but they only become of economic 

importance where they are concentrated significantly above the background level of about a hundred 

ppm. To become a potential economic REE deposit, a REE concentration in the order of magnitude of 

some percentages is required. An enrichment to such a degree in primary REE deposits is generated 

by magmatic processes and hydrothermal fluid mobilisation (Goodenough et al., 2016). The REEs are 

generally incompatible in magmatic systems and because of that are their concentrations a function 

of partial melting, fractional crystallisation (Linnen et al., 2014) and liquid immiscibility 

(Chakhmouradian et al., 2012b). The highest concentration of REEs is present in the igneous bodies 

that resulted either from very low degrees of partial melting or from extreme fractionation. Although 

the REEs are relatively insoluble in most aqueous fluid, the characteristics of the REEs (i.e. high valences 

and moderate ionic radii) make them preferentially form aqueous complexes with hard ligands (e.g. F- 

and OH-) (Linnen et al., 2014). A small difference between the radii of light REEs and heavy REEs 

influences their relative abundance and coordination numbers for each mineral class. The light REEs 

are enriched in carbonates and phosphates, while the heavy REEs are rather expected to be 

concentrated in oxides and to a lesser extent in phosphates. Both groups of REEs are included in 

silicates (Kanazawa et al., 2006). 

The majority of the primary REE deposits are associated with alkali-rich igneous rocks and carbonatites 

in intracontinental, anorogenic, extensional settings created by pull apart tectonics or asthenospheric 

upwelling (Figure 7). They may as well constitute extensive igneous provinces associated with rift 

zones, horst and graben structures, crustal lineaments and transcurrent fault systems that can be 

activated episodically (Chakhmouradian et al., 2012b). Intrusions from such igneous rocks are typically 

found in a close spatial relationship with fenites. These are alteration haloes of high temperature, 

metasomatically altered country rocks that are generally considered to result from multiple pulses of 

alkali-rich fluids. The scale of the alteration haloes can vary from centimetres to several kilometres 

from the intrusive contact. Regardless of the high variable mineral assemblages to be linked with, are 

fenites typically characterised by K-feldspar, albite, alkali pyroxenes and/or alkali amphiboles. They are 

also often associated with hydraulic fracturing and brecciation (Elliott et al., 2018). 

Although the still debated origin and geodynamic position of the anorogenic magmas, enrichment of 

REEs showed to require metasomatic enriched sources and some sort of evolutionary processes. REE 

mineralisations, as a consequence, display contrasting geochemical and mineralogical characteristics 

indicative for the different sources and evolutionary pathways of primary magmas. Furthermore, they 

may as well be postmagmatic reworked by hydrothermal fluids. One may consequently subdivide the 

primary REE deposits into the following five categories (Chakhmouradian et al., 2012b): 

1. Carbonatites 

2. Peralkaline silica-undersaturated rocks 

3. Peralkaline granites and pegmatites 

4. Pegmatites associated with sub- to metaluminous granites 

5. Fe oxide-phosphate deposits. 

Carbonatites are defined in the IUGS system as igneous rocks containing more than 50% of primary, 

magmatic carbonate minerals  (predominantly calcite and dolomite and to a lesser extent ankerite and 

siderite) and less than 20 wt% of SiO2 (Le Maitre et al., 2002). But one should rather recognize that  
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Figure 7. Main environments of alkali-rich igneous rocks and carbonatites. After Goodenough et al. (2016). 

there is a polygenetic diversity of carbonatites. One can subdivide carbonatites, in terms of the 

mineralogical-genetic classification of Mitchell (2005), into three groups. The first group consists of 

primary carbonatites formed from diverse, predominantly asthenospheric, mantle-derived magmas. A 

second group includes both carbonate-rich rocks associated with potassic and sodic peralkaline 

magmas and REE-carbonate-rich rocks of indeterminate genesis. This group should rather be termed 

as carbothermal residua. The third group of carbonate-rich rocks formed by hydrothermal interaction 

with crustal rocks should not even be considered as carbonatites. 

The melts of primary carbonatites may evolve from alkali-rich carbonate-silicate magmas by both liquid 

immiscibility or fractional crystallisation. Therefore they typically show a strong enrichment in the 

more incompatible light REEs relative to the heavy REEs (Figure 8). The most important economic REE 

hosts are carbonates and phosphates that display mineralogical distinct assemblages according to the 

different temperature ranges of operation. The primary magmatic phase crystallises Na-Ca-Sr-Ba-REE 

carbonates of the burbankite group and REE ± Ca fluorocarbonates. Hydrothermal and metasomatic 

alteration of primary REE-bearing minerals results in complex intergrowths of REE-Sr-Ba-bearing 

minerals (e.g. carbocernaite, ancylite, synchysite, bastnaesite, strontianite and barite) 

(Chakhmouradian et al., 2012b). Overprinting by hydrothermal processes results in a relative 

enrichment of heavy REEs. REE deposits hosted by metasomatic or hydrothermal rocks are, although 

they display a diversity of geological characteristics, often preliminary linked to a hypothetical 

carbonatitic source. This is commonly supported by enrichment of elements and minerals to be linked 

with carbonatites (e.g. Sr-rich calcite or REE-rich apatite), radiogenic and stable (δ18O-δ13C) isotope 

analysis consistent with a mantle source, fluid inclusions indicating crystallisation from a CO2-rich melt 

or fluid and the spatial proximity of carbonatitic bodies (Linnen et al., 2014). 

Peralkaline rocks are characterised by a higher molecular proportion of the alkali metals sodium and 

potassium (Na2O + K2O) over aluminium (Al2O3). The two categories of peralkaline rocks that were 

identified by Chakhmouradian et al. (2012b) concentrate a similar suite of elements. Because of the 

high molecular proportion of sodium and potassium are alkali amphiboles and pyroxenes commonly 

encountered in peralkaline rocks. REE deposits occur, without regard for silica activity, in all peralkaline 

rock types and are particularly closely related to the latest fractions of crystallisation. 
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Peralkaline silica-undersaturated rocks are predominantly hosted by nepheline syenitic rocks of large 

layered intrusions and show suggestive cumulate textures. The REE mineralisations occur as layers rich 

in cumulates of REE-bearing minerals. REE deposits in peralkaline granites and pegmatites do not show 

any cumulate textures but mostly occur disseminated within the intrusions (Dostal, 2017). The primary 

peralkaline silica-undersaturated rocks lack monazite or REE carbonates. The bulk REE budget is here 

distributed between phosphates from the apatite-group and accessory zircono- and titanosilicates 

(Chakhmouradian et al., 2012b). 

Peralkaline granites and pegmatites are typically enriched in heavy REEs (Figure 8) and contain heavy 

REE minerals (e.g. xenotime, fergusonite, samarskite and gagarinite). This is usually explained by the 

low solubility of, light REE-bearing, monazite minerals in silicic melts. Furthermore, it is the fractional 

crystallisation of feldspars, also responsible for the negative Eu anomaly, that likely enhanced the 

relative enrichment of heavy REEs in evolved granites (Chakhmouradian et al., 2012b). The relative 

enrichment in heavy REE elements is, to a lesser extent, also observable in the peralkaline silica-

undersaturated rocks, but without the negative Eu anomaly (Dostal, 2017). 

Pegmatites associated with sub- to metaluminous granites occur in post- to anorogenic settings. They 

result from differentiation processes of granitic igneous bodies emplaced at intermediate to relatively 

shallow depths. They can be further subdivided after the predominant REE-bearing minerals. The 

allanite-monazite type is characterised by a predominance of light REEs, the euxenite type contains 

important Y, variable heavy REE/ light REE ratio and insignificant amounts of Be while the gadolinite 

type is characterised by a dominance of heavy REEs, Y and Be. The REE-bearing pegmatites are in 

general low in phosphorus, boron and sulphur and only contains negligible amounts of lithium, 

rubidium and caesium (Černý et al., 2005). 

Iron oxide-phosphate deposits are linked with felsic to ultramafic igneous rocks that can be either 

extrusive or intrusive in nature and thus have a multiplicity of possible origins. In general, the REE 

budget is here dominated by apatite. In some deposits, some small inclusions of monazite and 

xenotime formed during a renewed, postmagmatic equilibrium of apatite with a fluid 

(Chakhmouradian et al., 2012b). 

 

Figure 8. Chondrite-normalized REE patterns of representative primary REE deposits compared with the composition of the 
continental crust (Rudnick et al., 2003) and the primitive mantle (Palme et al., 2014). The data for the carbonatite is derived 
from the major REE deposit at Mountain Pass, United States (Haxel, 2005). The data for the peralkaline granite is derived from 
the economic Strange Lake deposit (Canada) (Hatch et al., 2015). Normalizing values after chondrite values of Sun et al. (1989).  
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4 The Rare Earth Element mineralisation of Gakara (Burundi) 

4.1 Compilation of geological information from historical works and the mine 

archives available at the RMCA. 
The Royal Museum for Central Africa (RMCA) is, besides its expert knowledge, renowned for its 

geological and mining archives and mineral and rock collection. The collection was obtained from 

geological studies and ore prospecting objectives in Central Africa over more than 100 years. The 

mining and geological archives were consulted for this study since they offer detailed and unpublished 

information concerning prospection, mapping and geology. During this study, the mine archives and 

maps related to the Gakara deposit in Burundi were selected. Historical maps with indications of 

geological observations were searched for and delivered historical information on the local geology 

and the occurrence of the bastnaesite deposits in the larger area of Gakara, often referred to as the 

Karonge area. The digitised information is stored on pc for possible reuse in further scientific 

investigations. 

4.1.1 Introduction 

The REE mineralisation in the Karonge area was discovered during alluvial prospection in May 1936, 

led by Mr Doyen for SOMUKI (Société Minière de Muhinga et de Kigala). After analyses of the samples, 

the REE-bearing mineral was identified as the fluocarbonate bastnaesite. The prospection continued 

until the end of 1939. After the cessation of activity, research and exploitation restarted for a short 

period in 1941 and 1942 with the focus more on the localisation of the primary deposits (Thoreau et 

al., 1958). 

Work was resumed in 1947, for ten years without interruption, as the exploitation of REE minerals 

became more economically attractive. The knowledge of the REEs, more particularly their metallurgy 

and separation techniques, rose in the following years and lead to a renewed interest for the REEs. 

This resulted in the reopening of exploitation works in 1965 by Sobumines (Aderca et al., 1971). 

Nevertheless, the market value of the deposits was considered to be too low to continue the 

systematic prospection of the region. Therefore were exploration and workings only focused on the 

known occurrences. Production figures show that 77% of the production originated from Gakara, 16% 

from Rusutama, 16% from Kasenyi and less than 1% from Bigugo and the other places that were 

examined (Krenning, 1975). 

It has been observed that bastnaesite was radioactive at certain locations (e.g. Rusutama). Several 

prospections of the region have been executed by means of a scintillation counter, but without any 

success (Krenning, 1975). Although it was possible to distinguish several indices of the bastnaesite 

mineralisation by using this technique (Paspatis, 1978), the technique did not allow to demonstrate a 

straight forward link between the anomalies and the presence of bastnaesite (Aderca, 1976). However, 

since bastnaesite was mainly found in gneissic host-rocks, the prospection technique allowed to 

significantly distinguish the lithology of the host rock containing the mineralisation to the other 

occurring lithologies. All geologic information (Ramelot et al., 1968; Aderca et al., 1971; Ramelot, 1977) 

collected throughout the years and available in the mining archives of the RMCA has been compiled 

on a map (Figure 9).
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Figure 9. Digitalised geological map after historical information of the RMCA and redrawn from (Theunissen, 1986). Abbreviations: Ga = Gakara, Ru = Rusutama, Ny= Nyabigati, Bi = Bigugo, Gi= 
Gitwaro, Mi = Misuki,  Zi = Zinga, Muk = Mukasenyi, Mur = Murambi, Kar = Karinzi, Go = Gomvi, Kas = Kasagwe and Kiy = Kiyenzi.
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4.1.2 Stratigraphy 

During works from 1966 to 1968, by the geologists Ramelot and Lambeau for the Mines Department 

of Burundi, a description of the stratigraphy of this region from high to low has been made. The upper 

part of the stratigraphy consists of schist, which is largely weathered at the north-eastern part of the 

Gakara mine, and is encountered with an N20°W/85° orientation. Below the schist, there is a quartzitic 

level (± 30 m in thickness), visible in the Gakara mine (N26°E/82°), which prolongs to the Karonge river 

where it changes strongly in a direction towards the north. This level consists of large white banks of 

muscovite-rich quartzites but also includes small banks of siliceous schists and intercalations of 

muscovite mica schist. A structural difference can be observed between the quartzite at the Karonge 

river and the quartzite at the Gakara mine. The latter is situated in a tectonic zone and shows both 

fractures making a small angle with respect to the stratification and fractures perpendicular to the 

stratification 

At a lower stratigraphic level, one finds an augen gneiss, most probably orthogneiss, that occurs 

extremely weathered at the southwestern part of the Gakara mine. Microscopic studies specified this 

lithology as a feldspathic quartzite with biotite or a siliceous gneiss. At the Bigugo mine, the orientation 

is N10°W/80° to vertical. To the south of the Karonge river, this lithology is separated from the 

quartzite by a 30 m thick muscovite granite-gneiss. A muscovite-rich pegmatite also occurs here, 

intercalating between both gneissic rocks. 

Weathered mica schists occupy the central part of an anticlinal structure exposed in the Rusutama 

mine. The mica schist (N10-15°E/70°W) is finely red and white zoned. The schist is generally red where 

there is no mineralisation and yellowish-white at the mineralised parts. The whole is irregularly striped 

due to the presence of white-coloured pegmatites. This lithology strongly resembles the weathered 

schist observed at the Gakara mine. 

White pegmatitic granitic rocks are observed at less than 1 kilometre westerly from the Gakara mine, 

indicated by the presence of large sheets of muscovite. To the west of the mine, the quartzitic layer 

stops against this granitic mass. Basic rocks are also often observed as dykes appearing at the surface 

as green, strongly coloured rocks, which cut obliquely the general direction of the strata. 

It has been observed that the total thickness of the superficial alteration is considerably thick in this 

region, which made it hard to reconstruct the geology of this region. During more recent works, Aderca 

et al. (1971) concluded that gneissic rocks form the basement of this region. It is the strong alteration 

of these gneissic rocks that gave rise to the thick land cover (Krenning, 1975). 

4.1.3 Mineralised rock 

The REE mineralisation occurs in several forms throughout the region, which can be linked to different 

types of host rock. The highest grade of mineralisation (i.e. at Gakara) is found as a stockwork 

mineralisation in sedimentary rocks. This type of deposition can also be found at Rusutama, but the 

host rock is quite different over there. All other REE mineralisations are found as a multitude of 

bastnaesite lenses within a gneiss host rock (Aderca et al., 1969, 1971; Krenning, 1975). 

The mineralisation at the Gakara mine is located in local concentration, tens of meters thick. The host 

rocks consist of schist-like horizons within banks of quartzite and have generally a north-eastern strike. 

These quartzitic rocks are in the vicinity of the veins abundantly punctuated by pyrite. One has 

recognized three narrow mineralised zones with a general north-western direction transversally over 

the Gakara mine. At the centre of these zones, one observed discontinuously veins or veinlets of 
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bastnaesite with a variable thickness, from 2-3 cm to several decimetres. These veins have a similar 

general north-western direction as the mineralised zones. Other veins nevertheless follow the 

direction of the banks to the northeast. Furthermore, there are numerous veins of barren quartz that 

can occur associated with bastnaesite mineralisation. The distribution of the rare earth mineralisation 

at Gakara is strongly related with a north-eastern fault, occurring at not more than fifty meters from it 

(Thoreau et al., 1958). This has also been observed during the fieldwork of Aderca et al. (1971). At the 

fault zone, mica schists are in an abnormal contact with the quartzitic rocks. At the southern side of 

the fault zone, the quartzitic host rock is intensively fractured, giving a larger favourability for the 

penetration of mineralised fluids. At places where the mineralisation is of great magnitude, a 

brecciated rock with angular fragments of bastnaesite embedded in a pale matrix can be found 

(Thoreau et al., 1958). 

During the visit of the Gakara mine by engineer M. Bertrand in 1951, white pegmatitic intrusions and 

a network of north-western oriented veins of green bastnaesite occurring together with iron-bearing 

products were identified. A large number of pegmatitic lenticular bodies were also found during later 

works at Gakara (Krenning, 1975). Widespread development of pegmatites has been recognized in the 

region of Murambi, in which smaller veins are observable by their red tint in the altered and weathered 

white coloured pegmatite. Aderca (1971) considered the pegmatites to be posterior to the 

mineralisation. This is based on the fact that these are not mineralised, and on their crosscutting 

relationship with the bastnaesite veins. However, Paspatis (1978) rather considered the pegmatites 

prior to the mineralisation as bastnaesite veins were found within the pegmatites. 

4.1.4 Structural geology 

The important quartzite bank at the Gakara mine, emphasises a large anticlinal structure which dips 

towards the west. Below this quartzite bank, metamorphic schist appears as inclusions in the gneissic 

rock. These schists show an intense fractionation related to the mineralisation. In the Gakara mine, 

the quartzite-gneiss contact is emphasised with an important mineralised fracture that continues in 

both surrounding rocks, while the Bigugo and Nyabigata mine only shows fractured gneiss (Aderca et 

al., 1969). The stockwork at Bigugo mainly follows two main directions: one follows the main foliation 

(18°/55°) and the other is steeply inclined with respect to the foliation (340°/85°) (Aderca et al., 1971).  

The known mineralisation may be located along several alignments. This would mean that Gakara-

Rusutama is situated at the northern border of the anticline, Bigugo in the axial zone and Gitwara-

Nyabigata on the southern side of the anticline. However, all the mines have their own local 

characteristics (Aderca et al., 1969). The alignments Mukasenyi-Murambi and Kasagwe-Gomvi have 

been discovered later (Ramelot, 1977). 

The mineralisation gives the impression to occur in a broad region as a stockwork, taking on the form 

of shear zones. This stockwork doesn’t show any spatial relation with the gneiss-metamorphic rock 

contact, which gives the idea concerning a posterior tectonic phase. The granite parallel to the 

surrounding rocks, on the other hand, could be syn-tectonic (Aderca et al., 1969). The control of the 

positioning of the several mines is due to tectonics. If one would group the Gakara-Rusutama-Nyabigati 

mines as part of a principal fracture zone, this would constitute an important, steeply inclined, shear 

zone relative to that of the anticlinal axe (Aderca et al., 1971). 
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4.2 Published literature 
The hydrothermal REE is localised along fracture zones and heterogeneities in a metagranitic biotite 

and biotite-muscovite gneiss host rock containing minor pegmatite bands. Rb/Sr dating of the granite 

gneiss gives an age of 948 ± 17 Ma, while the granite pegmatite gives an age of 969 ± 17 Ma. Both have 

an initial 87Sr/86Sr ratio larger than 0,73 (Lehmann et al., 1994; Ntiharirizwa et al., 2018). The La-Ba 

geochronometer, directly applicable to bastnaesite, gives a formation age of 586,8 ± 3,7 Ma. This latter 

age is considered as non-reliable since a mixture of bastnaesite and its alteration product monazite 

have been analysed by using the La/Ba system (Nakai et al., 1988). A U-Th-Pb geochronological study 

of the mineralisation gives an age of 602 ± 7 Ma on bastnaesite and 589 ± 8 Ma on monazite 

(Ntiharirizwa et al., 2018). 

The mineralisation consists of cm- to dm- thick, irregular veins and stockworks mainly composed of 

coarse-grained bastnaesite that is locally brecciated. Potassic alteration (biotite blastesis) developed 

in the granitic wall rock. The study of fluid inclusions in quartz suggest homogenization temperatures 

≥ 420°C (Lehmann et al., 1994). The main primary minerals that occur together with bastnaesite are 

quartz, barite and goethite. Less of importance are the occurrence of micas, feldspars, galena, pyrite, 

rhabdophane, kaolinite and goyazite. The latter been found in the contact between a pegmatite and 

bastnaesite vein (Aderca et al., 1971). Several new minerals, with respect to historical works, have 

been identified by their X-ray diffraction patterns: cerianite, fluocerite, tridymite, vermiculite, 

pyromorphite and two types of rhabdophane (La-rhabdophane and Ce-rhabdophane). The wide lines 

of the diffraction patterns mostly indicate a microcrystalline state. Minerals similar to goyazite were 

found associated with cerianite and La-rhabdophane, for which the trace amounts suggest that they 

are intermediate members of the crandallite-florencite series (Van Wambeke, 1977). 

A comprehensive study of the mineral associations for this hydrothermal rare earth mineralisation has 

been carried out by Aderca (1971) and further developed by Van Wambeke (1977). The paragenetic 

sequence established in Van Wambeke (1977) (Figure 10) is broadly in line with Ntiharirizwa et al. 

(2018). However, Ntiharirizwa et al. (2018) rather linked cerianite with the alteration stage. The 

secondary alteration of bastnaesite into monazite together with the extensive silicification of the 

primary mineral barite, not to be linked with weathering but to regional phenomena, can be 

considered as the key of identification for this deposit (Aderca et al., 1971). Notwithstanding that the 

REE-bearing minerals may vary from pure bastnaesite to nearly pure monazite (Ntiharirizwa et al., 

2018). 

The remarkable thing about this mineralisation is that it differs from other rare earth deposits by the 

absence of simple carbonates. Yet the origin of the rare earth mineralisation is, since the first 

description of the rare earth deposits in the Karonge area (Thoreau et al., 1958), associated with 

carbonatites present in the area. This was later supported by mineralogical evidence after a study of 

the carbonatites in Kaiserstuhl, Germany (Van Wambeke, 1964). However, in comparison with the 

well-known Mountain Pass REE carbonatite, Aderca (1971) rather favoured a connection with a granitic 

activity. The arguments cited therein, to defend this hypothesis, appear to be rather doubtful and do 

not take into account several important factors (Van Wambeke, 1977). 

The evidence mentioned in Van Wambeke (1977) strengthens, on the contrary, the carbonatitic origin 

and refute the arguments for connection with granitic activity. It can be stated that the Gakara 

mineralisation is most probably related to the differentiation products of buried alkaline rocks. This is 

not exceptional, as carbonatite veins may occur outside alkali complexes. Alkaline rocks with an U-Pb 
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age of 739 ± 7 Ma, mainly consisting of nepheline syenite, are known at about 60 km northeast from 

the Gakara mineralisation (Nakai et al., 1988). These also belong to the Late Proterozoic alkaline 

province with carbonatite magmatism located along the Western Rift Valley (Tack et al., 1984). The 

ages obtained on bastnaesite and monazite for the mineralisation reinforce the idea of their linkage to 

the intermittent Pan-African intrusive activity in an extensional tectonic context (Ntiharirizwa et al., 

2018). 

The occurrence of this mineralisation in a fractured dome structure of the basement, representing only 

the final stage of differentiation, strengthens its relationship with a differentiated alkali magma. The 

total absence of simple carbonates, the most common mineral assemblage of rare earth carbonatites,  

can be explained by the intense silicification of the mineralisation (Van Wambeke, 1977; Ntiharirizwa 

et al., 2018). In addition is the decrease in the Ce/La ratio, except for cerianite, during the 

differentiation a typical feature of the hydrothermal stage of carbonatites which does not occur in 

granitic pegmatites. This is reflected most of all in the formation of the La-rhabdophane, with a large 

prevalence of La and other light REEs over Ce. The radioactive elements Th and U are concentrated in 

the rare earth minerals, especially in monazite. On the contrary is the Sr and Pb content low in the rare 

earth minerals. Only in rhabdophane is the Pb content enriched. La-rhabdophane may even contain 

sometimes appreciable amount of Cu, Ni and Zn  (Van Wambeke, 1977). 

 

Figure 10. Paragenesis of the Gakara REE mineralisation (Van Wambeke, 1977). 

Although the likelihood of its linkage to a carbonatitic magmatic-hydrothermal activity, the deposit 

shows a highly negative initial εNd (~-11,9) that is unusual for a carbonatite-related system. The 

alkaline-carbonatite complex of Matongo, which are the closest known alkaline rocks, rather has a 

depleted Nd and Sr isotope composition. It is for this reason that the lateral and/or vertical extent of 

the enriched mantle domain in the Karonge region is assumed to be small (Lehmann et al., 1994).  
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5 Materials & methods 

5.1 Archives and sample selection at the RMCA 
As mentioned above, the Royal Museum for Central Africa (RCMA) hosts an important mineral and 

rock collection in addition to the geological and mining archives. This mineral and rock collection has 

been essential in the supply of the rock samples for our study. 

Both the mineral and rock collection of the RMCA contained samples from the Karonge area, 

respectively 41 and 46 rock samples. The samples were subjected to a preliminary macroscopic 

description with the focus on the identification of minerals. This was done to determine the 

paragenetic relationship between the different minerals occurring in the mineralisation. The 

identification of the different minerals was facilitated by the presence of short accompanying notes 

that contained information about the sampling location and the most important minerals that were 

previously identified by other researchers. The mineral collection contains the best representative 

samples for the different individual mineral species present in the Karonge area, among others some 

type specimens. This collection has only been used for macroscopic description, without any selection 

of samples for further analyses. A representative selection of 13 samples was chosen from the rock 

collection. Some samples were further subdivided into subsamples, giving rise to a total of 17 samples.  

All macroscopically described samples from the mineral and rock collection of the RMCA were 

photographed. For administrative ease, the original RMCA sample identification number (RG number) 

has been used to refer to the different samples. The descriptions were summarised in an excel file 

together with the accompanying notes and the original location of the samples. The 17 samples were 

then cut in two at the Laboratory for Mineralogy and Petrology of Ghent University. One half was 

reserved for the preparation of thin sections, while the other half was kept for further analyses that 

could contribute to the petrographic analysis. The paragenesis of the Gakara mineralisation has mainly 

been constructed based on macroscopic and microscopic observations. Additional techniques (XRD, 

XRF, SEM-EDS, Raman spectrometry, cold cathodoluminescence) were applied to identify mineral 

phases that could not be identified with the standard macro- and microscopic techniques. The 

application of these different techniques allowed to establish a detail paragenetic sequence of the REE 

mineralised samples of Gakara. 

5.2 Petrography 

5.2.1 Macroscopic description 

After the cutting of the 17 samples, the freshly cut surfaces (see Appendix A) were studied 

macroscopically. The samples were kept wet during the description as this allowed for more 

straightforward identification of the different minerals. During the macroscopic description, the focus 

was to identify the relationship between the minerals occurring in the different samples, and this to 

establish a first rough mineral paragenesis. This was largely done based on visual aspects (e.g. colour, 

lustre and crystal habitus) and with an eye for the crosscutting and overgrowth relationships between 

the minerals. The macroscopic unidentifiable minerals were identified and eventually subjected to 

additional analyses (see Appendix B). Complementary information from the preliminary macroscopic 

description of the entire RMCA collection was added to complete the first paragenesis based on the 

macroscopic description of the Gakara mineralisation. 
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5.2.2 X-ray diffraction and X-ray fluorescence 

Different zones were selected in the other half of the cut samples for additional analyses to identify 

analytically which minerals are present (see Appendix A for the selected locations). The unidentified 

minerals were drilled out with a small diamond drill. Where possible and if the mineral phase was large 

enough, small fragments of these minerals were crushed in an agate mortar, prior to further XRD and 

XRF analyses. 

X-ray diffraction or XRD is a common analytical technique for the qualitative and quantitative 

identification of minerals. An X-ray tube typically produces polychromatic X-rays, a type of 

electromagnetic radiation with energies situated between UV radiation and gamma rays. By filtering 

polychromatic X-rays through a monochromator they are converted to monochromatic radiation (Das 

et al., 2014). The interaction of incident monochromatic X-rays with the powdered sample creates 

diffracted X-rays determined by Braggs’s law: 

𝑛𝜆 = 2𝑑 sin 𝜃 

With the integer 𝑛 corresponding to the order of the diffracted beam and 𝜆 representing the 

wavelength of the incident X-ray. The characteristic spacing between the planes in the crystal lattice is 

indicated with 𝑑 and the angle between the incident X-ray and the planes is represented by 𝜃 (Das et 

al., 2014). 

The monochromatic X-rays are elastically scattered by the atoms in the crystal planes and are leaving 

under the same angle 𝜃 (Figure 11). Geometry teaches us that the X-rays reflected from the second 

plane will travel a distance 2𝑑 sin 𝜃 further than those interacting with the first plane. The X-rays that 

are in phase after interaction with the sample give constructive interference. The detector, positioned 

at an angle 2𝜃 with respect to the incident X-rays, measures the angles 𝜃 under which constructive 

interference occurs (Chatterjee, 2001). This results in a diffracted X-ray pattern characteristic for the 

various minerals that are present in the sample.  

The analyses of the fine-grained powders were performed with the Bruker D8 advance Eco at Ghent 

University. The minerals were identified by comparing the diffracted X-ray patterns with the reference 

database included in the software package DIFFRAC.EVA and with the online RRUFF database which 

contains high-quality spectral data (Lafuente et al., 2015). 

Whereas XRD has been used to identify minerals, X-ray fluorescence spectrometry (XRF) has been 

applied in this study to analyse the major, minor and trace elements in the powdered samples. The 

Constructive 

interference 

 

First plane 

 

Second plane 

Figure 11. Illustration of Braggs's Law. After Chatterjee (2001). 
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XRF instrumentation benefits from automation in the quantification of the results but is in general only 

applicable to determine a range of elements from magnesium to uranium. 

The principle of this technique relies on the photoelectric effect (Figure 12). The interaction of X-ray 

photons with atoms causes the ionisation of inner shell orbital electrons. An outer shell electron will 

almost instantaneously fill the vacancy of the inner shell orbital to decay to a more stable electronic 

configuration. In this process is excess energy emitted as secondary X-ray photons with a discrete 

energy level that correlates with the difference in energy between the two orbital levels that were 

involved. The intensity of this characteristic fluorescence is, after corrections, proportional to the 

atomic concentration of the involved element (Potts et al., 1992). 

 

Figure 12. Photoelectric effect leading to X-ray fluorescence (Potts et al., 1992). 

The samples that were investigated with XRD, were also studied with XRF at UGent, by using an 

Olympus Delta handheld XRF analyser in Benchtop Workstation, bundled with advanced software for 

computer. 

5.2.3 Microscopic description 

Out of 17 samples, 14 samples were selected for the preparation of uncovered thin sections (see 

Appendix B). These samples were selected based on their relevance for the further microscopic 

elaboration of the paragenesis. The thin sections were studied by using a Zeiss Axio polarising 

petrographic microscope to reconstruct the paragenesis of the deposit in detail.  Optical properties 

(e.g. colour, pleochroism and birefringence) allowed the identification of minerals. Photographs were 

taken with the AxioCam MRc 5 and the AxioVision software package and further adjusted with ImageJ. 

5.2.4 Scanning Electron Microscope-Energy Dispersive X-ray Spectroscopy (SEM-EDS) 

The SEM instrument (Figure 13) is an essential tool in the investigation of geological samples down to 

a micro-scale. Primarily it was designed for imaging with high resolution, but performances have been 

improving ever since and the attachment of multiple instruments offered the opportunity to analyse 

other characteristics of the samples as well. When a SEM is equipped with an EDS instrument, one can 

perform a compositional analysis while viewing the sample. Therefore it can provide component 

identification and semi-quantitative analysis of the different minerals in the thin sections (Chen et al., 

2015). 

A beam of electrons is generated under a high vacuum by heating the cathode of the electron gun. The 

anode accelerates the generated electrons to an energy range between 0.1 and 30 keV which are 
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hereafter condensed and focused by the electron optical system towards the desired location on the 

sample. The interaction of the electrons with the sample generates secondary electrons that are picked 

up and amplified by the detector to produce an image. Whereas in XRF the samples interact with X-

ray photons, are the samples in SEM-EDS interacting with electrons. Both techniques, however, rely 

on the generation of secondary X-rays that are characteristic to each element (Chen et al., 2015). 

The analyses were performed at UGent, by using the Jeol JSM-5310 LV SEM attached with an Oxford 

Instruments Pentafex X-ray detector. This instrumentation allowed the detection of elements with an 

atomic number higher than or equal to that of sodium. The instrument was operated at a working 

distance of 20 mm, an acceleration voltage of 20 kV and a spot size of 15 to 20 µm. It was necessary to 

coat the non-conductive thin sections with the help of a graphite sputtering machine and attach a 

metal strip in order to make them electrically grounded. 

 

Figure 13. Schematic diagram of a scanning electron microscope (Chen et al., 2015). 

5.2.5 Cold cathodoluminescence microscopy 

Cold cathodoluminescence (CL) microscopy is used to detect and distinguish minerals and mineral 

generations by the CL colour they may display. The CL emission is the result of lattice defects and/or 

trace activator ions (Götze, 2002). In this way, one could analyse the crystal chemistry of solids or 

reconstruct processes of mineral formation and alteration to be linked with certain types of mineral 

deposits. 

In cold CL microscopy, an electron gun is mounted on a polarizing microscope, allowing for switching 

between transmitted light and CL observation. A discharge of electrons takes place between the 

cathode and anode of the electron gun, resulting in an ionised gas. The electrons are subsequently 

focused on a sample in the vacuum chamber. Insulators and semiconductors, with the presence of 

activators (i.e. defect centres) between the valence and conduction band, can generate luminescence 

when excited with electrons. Thanks to the excitation, the ions with unfilled shells pass from the 

ground state to the excited state. This causes the appearance of an absorption band in the optical 
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spectrum. However, ions in the excited state can return to the ground state through emission and 

radiationless transitions. The presence of defect centres in minerals results in a shift of the position of 

the emission band, relative to the absorption band, towards longer wavelengths. Some can emit 

photons with wavelengths within the visible spectrum, correlating with the energy difference between 

the excited and the ground state. The spectra are, although commonly complex due to a great variety 

of different centres, characteristic for the intrinsic or impurity-related extrinsic defect centres (Götze, 

2002). 

A selection of thin sections was subjected to analysis with an in-house build Technosyn model 8200 

Mark II, a Nikon microscope and a ProgRes C10 plus image capturing system (Figure 14) at the KU 

Leuven. The samples were positioned in a low vacuum chamber (0.05 Torr) where a lead glass window 

absorbs the emitted X-ray radiation and the digital camera digitally documents the observations. The 

electron gun has a 5mm beam width and never exceeded 20 kV and 1000 µA during working 

conditions. The microscope works with low magnification possibilities, up to only a maximum 

magnification of x10. This offered the opportunity to quickly reveal the different zones that clearly 

demonstrate luminescence. Afterwards, these zones have been re-subjected to SEM-EDS analysis to 

help in the interpretation of the variable CL colours. 

5.2.6 Raman spectroscopy 

Similar to previous techniques, Raman spectroscopy is often used to identify the mineralogy of 

samples. Based on the occurrence of various characteristic anionic groups in inorganic crystalline 

materials, the Raman spectra functions as fingerprints for specific compositions of minerals. This 

technique even allows for the identification of the purity and physical form of elements (Kloprogge, 

2017). 

Raman spectroscopy is based on the inelastic scattering of monochromatic light, usually generated 

with a laser source. Molecules undergo rotational-vibrational transitions by the interaction of the laser 

source. The interaction of monochromatic light with a sample changes the frequency of their photons. 

 

Digital camera (ProgRes C10 Plus) 
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Sample chamber 
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Figure 14. Cold cathodoluminescence 
microscope. 
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They are reemitted in a shifted frequency that can be both up or down. It is this shift of the original 

monochromatic frequency that is called the Raman effect (Luna, 2016). The Raman shift ∆𝑤 is typically 

reported in wavenumbers (cm-1): 

∆𝑤 =  (
1

λ0
−

1

λ1
) 

With λ0 the excitation wavelength and λ1 the Raman spectrum wavelength. 

A selection of thin sections was subjected to analyses with a Bruker Senterra Raman microscope at the 

Royal Belgian Institute of Natural Sciences (RBINS). A laser with a wavelength of 532 nm (green) has 

been operated with a power of 2mW to 20 mW and operated as the source of monochromatic light. A 

50 x 1000 µm aperture and an acquisition time of 3 x 5 seconds to 3 x 15 seconds has been used to 

obtain information over a spectral window from 50.5 to 4450 cm-1. The raw spectra have been 

monitored and preliminarily evaluated with the OPUS Spectroscopy Software. Peak identifications 

were later carried out using the Spectragryph optical spectroscopy software. 

5.3 Geochemistry 

5.3.1 Laser Ablation - Inductively Coupled Plasma Mass Spectrometer 

An inductively coupled plasma mass spectrometer (ICP-MS) is an instrument capable of both elemental 

and isotopic measurements for the majority of elements in the periodic table (Fryer et al., 1993). When 

coupled with a laser ablation probe (Figure 15), one is able to produce detailed microscale elemental 

measurements on solid samples. The setup of the laser ablation system allows the operator to select 

the desired small sampling site and target microfeatures. 

A laser ablation system creates ablation pits in the sample. The ablated material is transported by an 

inert gas (e.g. argon) through plastic tubing towards the ICP-MS (Fryer et al., 1993). In the ICP-MS, a 

high-temperature (5000 – 10000 K) electrodeless plasma is discharged at the torch, which is 

maintained in an inert gas (often Ar or He). A spark from a Tesla coil ionizes electrons during ignition. 

Atoms from the inert gas collide with these ionised electrons and become ionised as well. This, in turn, 

generates electrons that participate in a self-perpetuating process. The analyte is injected into the 

plasma and sequentially undergoes several processes (e.g. vaporisation and atomisation) before it 

finally becomes ionised. A subset of this plasma is transported towards the mass spectrometer with 

the carrier gas. Ion optics then separate the ions of the analyte from the electrons, after which it is 

subsequently conducted into the MS as a positive ion beam. Ions are here separated in accordance 

with their mass-to-charge ratios (m/z) to eventually be counted by the detector. Standard Reference 

Materials are used to standardise the counted ions at the detector (Beauchemin, 2017). 

Several minerals occurring in different stages in the paragenetic sequence of the Gakara mineralisation 

were analysed with the laser ablation-ICP-MS at the RMCA to reconstruct the geochemical evolution 

of the REE pattern.  The samples were ablated with the New Wave Research UP-193 FX Fast Excimer, 

producing craters with a spot size of 50 microns. Each studied mineral was ablated 5 times. The ablated 

material was transported with an He-Ar gas directly into the Thermo Scientific X-Series2 ICP-MS for 

analysis. The studied minerals are bastnaesite, monazite and iron oxide. C was used as the internal 

standard for bastnaesite and quantified with the external standards MACS-1 and MACS-3, which are 

synthetic carbonate pellets (Jochum et al., 2012). External standards NIST-610 and NIST-612, 
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representing trace elements in glass (Jochum et al., 2011), were used for monazite and iron oxide, with 

respectively P and Fe as internal standards. 

 

Figure 15. Schematic diagram of laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) (Günther et al., 
2005). 
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6 Results 

6.1 Mineralogical description 

6.1.1 Macroscopic description 

Based on the macroscopic description of the different samples, the samples from the Gakara 

mineralisation can be divided into two large groups. A first limited group of samples consist of massive 

minerals. These samples show little to no evidence of any deformation or fracturing, while the second 

group dominantly consist of brecciated samples, which forms the majority of samples. This group of 

brecciated samples is formed by clasts of the first group of minerals, collected in a matrix of newly 

formed minerals. The different samples are often characterised by the presence of different iron 

oxides, that occur as overgrowths. As mentioned above, we were not able to identify all minerals 

macroscopically, which has been solved by using different mineralogical and geochemical techniques. 

The results of the XRD and XRF measurements (Appendix C, D) attribute to the identification of the 

various minerals and their chemical compositions. Minerals that are present in small quantities were 

identified using microscopic techniques (see section 6.1.3). The most representative cross-sections of 

the samples are included in the text below. Cross-sections of the other samples still can be viewed in 

Appendix A. 

RG5433 – This sample consists of a massive green mineral with a greasy vitreous lustre that is crosscut 

by two structures with different mineralogical assemblages (Figure 16A). The first crosscutting minerals 

display a white, colloform banding around greyish, angular minerals. This phase, in turn, seemed to be 

crosscut by a small, dull, light green coloured vein. The green massive mineral is identified as 

bastnaesite, using XRD. 

RG8508 – This brecciated sample contains centimetre large, elongated, brownish green minerals, also 

identified as bastnaesite, embedded in a rusty brown to a dark brown matrix (Figure 16B). The matrix 

is identified with XRD as quartz containing important amounts of iron and displays a small, pinkish grey 

border around the mineralised cavities. The mineralised cavities often contain dull orange minerals 

without a clear crystal structure. Smaller minerals, some of which have a pearly lustre and are blackish 

in colour,  are embedded in the quartz matrix. XRD identified these minerals as biotite or phlogopite 

based on a major peak just below a 2θ angle of 11 degrees.  

 

Figure 16. Cross-sections through A) RG5433 and B) RG8508. 

A B 
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All samples that start with a number 9, except for RG9752, are largely similar. They only differ in the 

fragment/matrix ratio and the distribution of the mineral fragments. 

RG9751 – This sample represents a breccia of centimetre large, transparent quartz minerals in a pinkish 

white, fine-grained matrix. The large quartz fragments are often accompanied by a diffuse spread of 

reddish black minerals. Small, elongated minerals are to a lesser extinct also present in the matrix. 

Where the matrix is surrounding the mineral fragments, the matrix is often more whitish in colour. 

RG9752 – This sample consists of green coloured massive minerals similar to the massive mineral in 

RG5433 and which have also been identified with XRD as bastnaesite. The orientation of the minerals 

rather displays a chaotic arrangement. Although the homogeneity and apparent low porosity of this 

sample, there are some cavities present between the green minerals. These are often partly filled with 

dull, white minerals. 

RG9755 – This sample (Figure 17A) is representative of the breccia samples that start with a number 

9. One can observe brown elongated minerals in the brownish white matrix. Besides these minerals, 

other minerals are also present. Two types of minerals with a metallic lustre can be identified. One is 

yellowish in colour and has been identified as pyrite. The other opaque mineral is rather greyish in 

colour. The matrix is not really homogeneous in colour. At some places, the matrix is rather white in 

colour while at other places distinct zones appear to be more salmon pinkish in colour. 

 

Figure 17. Cross-section through A) RG9755 and B) RG9757. 

RG9756 – This sample clearly displays two distinct zones (Figure 17B). One zone contains yellowish 

brown minerals, as well as larger brownish green minerals in a fine-grained, pinkish white matrix. Both 

minerals were identified as bastnaesite by XRD. The brown elongated minerals in RG9755 (Figure 17A) 

can therefore be identified as bastnaesite minerals as well. Some cavities are also present within the 

matrix. Pyrite is present as clasts within the pinkish white matrix but is more dominantly present as 

smaller minerals in the other zone. This zone is greyish in colour and veined through by white minerals 

similarly to the white minerals surrounding the clasts in the other zone. Also biotite has been identified 

in the grey side based on the XRD analysis of this region. 

RG9757A – In this brecciated sample, the matrix is clearly the main component. The size of the 

fragments is relatively small compared to the other breccia samples studied. The fragments consist 

A 
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largely of grey, transparent quartz minerals and brown, elongated minerals. Harder to distinguish are 

the salmon pink minerals, as they differ minimally with the greyish white matrix. Some of the mineral 

fragments are subrounded, but most of them are angular in shape. Cavities, similar in size, are also 

present within the matrix. 

RG9757B – As opposed to RG9757A, the fragments are up to a centimetre in size in this breccia. The 

larger fragments include elongated, brown minerals and pyrite minerals. Pyrite is at some places 

intergrown with a dull black mineral that possibly can be related to the weathering of pyrite. Fragments 

of quartz are also present and are slightly greyish purple in colour. The matrix is pinkish white in colour 

but appears to be rather white in colour around the fragments and cavities. 

RG10342 – This sample can be subdivided into two different parts. One part consists of centimetres 

long elongated, brown minerals in contact with each other and surrounded by a white matrix. These 

minerals have been identified as bastnaesite by XRD analysis. The spaces between the minerals are 

not fully filled as cavities are still present. A dull, yellowish white mineral, identified as the clay mineral 

kaolinite, is present at the top of this part of the sample. The XRD pattern for kaolinite indeed 

correlates well with the unidentified peaks in the obtained XRD spectra of RG10342. Moreover, the 

concentration of aluminium for this area, analysed with XRF, is 16,55%. 

The other part of the sample can rather be described as a matrix-supported breccia. Smaller 

bastnaesite minerals are also here present as fragments within the pinkish white matrix as well as a 

black mineral that suggests a distinct basal cleavage. Several voids in this part of the sample are 

connected with each other by an orange line. The XRD pattern of sample RG10342 also indicates the 

presence of monazite and quartz. 

RG11455 – This sample (Figure 18) has been further subdivided into three subsamples as they display 

a different mineral composition. 

RG11455A – Zone A consists of light grey, subrounded quartz minerals that occur together with smaller 

pyrite minerals. This makes the sample to appear more dark grey in colour. The sample is furthermore 

veined through by a network of dull white minerals surrounding the previously mentioned minerals. 

RG11455B – This subsample represents a breccia of mainly small, brown to purple, angular fragments 

in a pinkish white matrix. The purplish grey fragments are most possible quartz minerals, while the 

brown fragments are most likely bastnaesite minerals. A semi-transparent, angular, white quartz 

mineral is also included in the matrix. Besides quartz, there are also large, dark brown, elongated 

minerals present that are aligned with each other. Cavities are also present in the sample and/or are 

filled up with dull, dark grey minerals. 

RG11455C – This subsample is largely in line with subsample B. Angular fragments, of which some are 

elongated, are present throughout the orange white matrix. The XRD analysis identified the angular 

fragments as bastnaesite and the matrix as quartz. The colour of the matrix ranges from ochre, orange-

brown to dark reddish brown and changes from zone to zone. This is mostly due to the presence of 

iron-rich material. The presence of iron-rich material is substantiated by a crust of iron-rich material 

of about half a centimetre thick on top of the sample (Figure 18). This has been identified, using XRD, 

as goethite.  
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Figure 18. Sample RG11455 further subdivided into the three subsamples A, B and C. 

RG11469A – The sample consists of a breccia of mainly honey yellow, elongated, bastnaesite minerals 

within a salmon pink matrix (Figure 19A). The matrix displays a whitish border around the fragments. 

Grey, subrounded quartz minerals are less commonly present but are larger in size. There is also a 

presence of cavities, up to one centimetre, which is also bordered by a more whitish matrix. Two zones 

in this sample are more dark red to purple in colour due to a diffuse spread of smaller minerals. 

RG11469B – This breccia contains dark brown, elongated bastnaesite minerals and to a lesser extent, 

although larger in size, vitreous quartz minerals (Figure 19B). Cavities are omnipresent and often show 

distinct square-like shapes that suggest the existence of minerals that were previously present. These 

cavities occur both within bastnaesite fragments as well as in the matrix. The colour of the matrix 

ranges from pinkish white to dark purple and dark red. The darker colours originate from a diffuse 

spread of minerals that especially stain the matrix. The XRD analysis of this sample identified the 

presence of pyrite in sample  RG11469B. However, smaller XRD peaks also suggest the presence of 

other sulphides, like molybdenite and sphalerite. XRF data for RG11469B, on the other hand, only 

shows an elemental concentration of 0.08% for molybdenum, while the concentration of zinc was too 

low to measure. 

 

Figure 19. Cross-sections through A) RG11469A and B) RG11469B.   

RG16234 – This whitish green, earthy sample is quite porous in character and displays no real 

observable textures. The one thing that can be observed is that the green mass has been infiltrated by 
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reddish brown minerals that similarly have an earthy lustre. No XRD analyses were performed on this 

sample. 

RG16998 – This sample (Figure 20A) is brownish green in colour and has an earthy appearance. It 

clearly displays angular to subrounded fragments, with sizes as large as several centimetres, broken 

up by a posterior, more brownish phase crosscutting the whole sample. The primary greenish phase 

seems not to be repositioned largely as the fragments fit well together. These fragments have been 

identified with XRD  as bastnaesite minerals that have been crosscut by monazite veins. 

RG17019 – This sample (Figure 20B) can be subdivided into two distinct parts. One part displays a 

crystalline rock consisting of light grey to dark grey minerals, for which most of them appear to be 

quartz, without a distinct matrix. The other part consists almost entirely of whitish green bastnaesite 

containing dark grey, small, angular fragments. This phase is crosscut by small, dark veins that run, in 

general, parallel with the border between the two phases. Also visible is a larger whitish grey zone, 

most possibly quartz with which bastnaesite is strongly intergrown. The border between the two large 

phases shows intergrowth between each other and also displays the presence of dull, pink minerals. 

 

Figure 20. Cross-sections through A) RG16998 and B) RG17019. 

The preliminary macroscopic description of the entire RMCA collection showed the presence of 

additional minerals that were not identified in the representative selection of samples. In sample 

RG9986, strengite (FePO4.2H2O) was previously identified by researchers. It occurs as a black botryoidal 

crust inside the cavities. Chalcopyrite, pyrite and galena minerals are observed to be finely distributed 

in the quartz matrix of sample RG9755A. Euhedral galena minerals are also observed in sample 

RG5908. Rhabdophane minerals are identified in several samples (RG9754, RG17403 and RG17404) 

and occur as a yellow incrustation around mineral fragments. 

6.1.2 X-ray diffraction and X-ray fluorescence 

The green massive minerals in the different samples have all been identified as bastnaesite (Table 1). 

The XRD patterns obtained for these samples correlate well with the peaks from the JCPD-database 

(see Appendix C). This mineral has a general chemical formula of (REE)CO3F and XRD analyses may 

allow the identification of different types of bastnaesite, dependent on the predominant REE. 

A 
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Bastnaesite can here be subdivided in bastnaesite-(Ce) and bastnaesite-(La), as the major peaks differ 

slightly in position. The proportional amount of counts per peak varies significantly between the 

samples, but this is not to be linked with a difference in mineralogy. The possibility to assign both 

bastnaesite-(Ce) and bastnaesite-(La) to one and the same bastnaesite mineral may indicate that both 

elements contribute largely to the total REE content. 

Table 1 Summary of identified minerals per sample using XRD. 
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The XRF equipment was, except for yttrium, not capable of measuring the elemental concentration of 

REEs (see Appendix D). As samples RG5433 and RG9752 are almost pure bastnaesite, it is remarkable 

that these samples would have high concentrations of titanium, vanadium, chromium and manganese. 

However, in energy dispersive spectrometry, the K-alpha and K-beta peaks from these elements 

interfere with the L-alpha and L-beta peaks from the light REEs (Figure 21). Their concentrations are 

therefore rather a measure for the concentration of the light REEs. 

Monazite has, in association with bastnaesite, been identified in samples RG10342, RG11455C and 

RG16998. This phosphate, with a general chemical formula of (REE, Th)PO4 is identified here as 

monazite-(Ce). In RG16998, the peaks of monazite correlate with the chemical formula PrPO4. 

However, this could as well been identified as monazite-(Ce) as both types of monazite have a similar 

XRD pattern. The attribution of the most important REE to monazite is therefore considered to be 

inconclusive. Because the XRF measurement of RG16998 reveals appreciable amounts of calcium and 

magnesium (respectively 1.18% and 5.29%), this sample was also tested on the presence of calcite or 

dolomite. Nevertheless, these minerals could not be identified with XRD. On the other hand, peak 

identification of monazite in the XRD pattern of RG10342 suggests the possibility of calcium being part 

of the chemical formula of monazite (Ca0.167Ce0.7PO4). However, the concentration of calcium was too 

low to be measured with XRF. 
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Figure 21. Energy-dispersive XRF spectrum for sample RG5433 with in A) the K-lines for Ti, V, Cr and Mn indicated, and in B) 
the L-lines of La, Ce and Nd. 

Quartz has been identified in 8 out of 11 samples. This mineral is often part of the matrix of the 

brecciated samples where mineral fragments are embedded in a pale white matrix. In RG9751 and 

RG11469B (red side), the XRD pattern also revealed the presence of barite. The matrix of these samples 

is rather pinkish white in colour. The identification of (Ca0.8La0.2)TiO3 in RG11469B (red side), 

resembling the chemical formula of perovskite (CaTiO3), has to be interpreted with care as these peaks 

are very small and partly overlap with peaks of other minerals 

Samples RG8508 and RG11455C partly contain a matrix stained with brown minerals. Both of these 

samples demonstrate the presence of iron-rich minerals in their XRD pattern. No specific mineral 

species has been attributed for the Fe in sample RG8508, while RG11455C demonstrates that this could 

be identified as the iron-bearing hydroxide mineral goethite. 

6.1.3 Microscopic description 

The microscopic description of the thin sections has been carried out by using standard polarised 

microscopy in combination with further investigation works using both SEM-EDS and cold CL 

microscopy. These additional analyses have been used to identify additional mineral phases and 

different mineral generations that were not identified with the standard polarising microscope. 

RG5433 – Three distinct phases are encountered in this thin section. One phase almost occupies all the 

area of the thin section and is white to slightly yellow in plane polarized light (Figure 22A). In crossed 

polarized light, the minerals show a birefringence that could be at first sight interpreted as one of first 

order white (Figure 22B). However, the extinction is hard to distinguish as it only displays different 

shades of grey without clearly phasing-out. This phase has been identified with XRD as bastnaesite. 

Small, yellowish minerals forming euhedral hexagonal minerals occur as inclusions within this phase. 

These have a 2nd order to 3rd order birefringence. Based on SEM-EDS analyses of other thin sections 

(e.g. RG9757B), this mineral was identified as anhydrite. Also small, transparent quartz minerals, to a 

diameter of 200 µm, can be found within bastnaesite. 

A B 
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The bastnaesite phase is crosscut by another major phase (Figure 22C, D). This phase is mostly made 

of different generations of quartz minerals, based on the overgrowth relationships. The largest, 

transparent quartz minerals are angular in shape and often delineated by brownish minerals. These 

quartz minerals are later directionally overgrown by inclusion-rich quartz minerals with an undulated 

extinction. The quartz minerals that overgrow become larger further away from the quartz mineral 

they overgrow. This quartz phase seems to fill in the available spaces between the larger transparent 

quartz minerals. A small unidentified, elongated, pleochroic pink to orange pink mineral can also be 

distinguished near the boundary of these two main phases. 

 

 

Figure 22. Micrographs of RG5433 with (A) and (C)  PPL images and (B) and (D) their respective  XPL images. (B = bastnaesite, 
Q = quartz,  M = monazite, O = opaque mineral and ? = unidentified pink mineral) 

The next phase that has been encountered seems to crosscut both previous phases or at least 

bastnaesite (Figure 22A, B). These are small, green veins with a birefringence that is most possibly of a 

first order yellow. Different small fragments can be found within this phase. This includes fragments 

of bastnaesite, quartz and opaque minerals that range from black to rusty orange in colour. Based on 

observations in other thin sections, this phase has been identified as monazite. 

A cold Cl microscopic investigation of this sample did not demonstrate the presence of any mineral 

with a clear emission of CL. 

RG8508 – This thin section can be described as a breccia composed of mineral fragments within a 

quartz matrix. Bastnaesite, characterised by a higher order birefringence and the typical orthorhombic 

cleavage, is found as elongated minerals. It is mainly some centimetres in length, but it also occurs as 

smaller minerals. The smaller bastnaesite fragments are often grouped in zones. At one place are small 
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bastnaesite minerals emplaced in a matrix of microcline instead of the quartz matrix. Bastnaesite is 

also at places in relation with a later iron-rich phase, often crosscutting and affecting the borders of 

the bastnaesite minerals (Figure 23A). In a similar way, the microgranular quartz is affecting 

bastnaesite minerals. The bastnaesite minerals also display some conversion at its boundaries to a 

yellow mineral for which the birefringence is hard to distinguish. This occurs together with iron-rich 

material, especially where the bastnaesite minerals are quite small. 

Also single transparent quartz minerals can be found within the quartz matrix. These are often 

surrounded by a border of a dark brown iron-rich material. Biotite minerals are mainly found as 

individual minerals, but can also be found in relation with bastnaesite and transparent quartz minerals. 

They display a pleochroism from greenish-pinkish white to brownish green, a bird’s eye extinction and 

the nearly perfect basal cleavage (which is not always well-established) (Figure 23A, B). SEM-EDS 

showed that some biotite minerals surround a region of barite minerals (Figure 23C). Elemental 

mapping with SEM-EDS of this region showed that the barite minerals contain important amounts of 

cerium. Also a zone of diffuse green minerals with a planar cleavage, in spatial association with biotite, 

can be found. This is interpreted as the result of the alteration (chloritization) of biotite minerals. 

Near the largest zone of biotite minerals, a white mineral with a perfect cubic cleavage, a uniaxial 

negative conoscopic interference pattern and a birefringence which is of first order grey are 

observable. This mineral contains a smaller, brown elongated mineral. SEM-EDS analyses showed that 

these minerals are respectively K-feldspar and a titanium oxide that is most possibly rutile. Cold Cl 

microscopy demonstrates, as K-feldspar minerals display a blue CL emission, that there are numerous 

other K-feldspar fragments present in this thin section (Figure 23D). They occur mostly as single 

mineral fragments but occur also together with biotite. At one place, K-feldspar rather displays a 

pinkish red CL emission. 

As previously mentioned, the matrix consists generally of quartz crystals, which are quite similar in size 

(~50 µm) and stained with several degrees of mainly dark brown to rusty brown iron-rich material 

(Figure 23A). Minor elemental amounts of Al, S, P, K, Ba and Ce are observed in SEM-EDS analyses to 

be contained in the quartz matrix. Where the size of the quartz minerals is the smallest, one can find 

the highest amount of the iron-rich minerals whereas iron-rich material is mostly absent in association 

with the largest quartz minerals. The matrix shows a relation between the presence of iron-rich 

material in the quartz matrix and the CL emission. Where the iron-rich material is present, the quartz 

matrix displays a faint yellow CL emission (Figure 23D) whereas for pure quartz the CL emission is non-

existent. The biotite minerals mainly occur where the quartz matrix is stained with the iron-rich 

material. The largest quartz minerals of the matrix, to a size of ~ 500 µm are formed by directional 

growth towards cavities where they are sometimes overgrown by a phase of iron-rich material. 

RG9751 – This thin section is characterised by large quartz crystals embedded in a matrix of finer quartz 

minerals full of inclusions. Similar to RG5433, the large, transparent, non-undulating quartz crystals, 

are up to some centimetres in size, overgrown by quartz at its boundaries. The large quartz crystals 

are sometimes cut through by small, yellow-orange, anhedral iron-rich minerals. 

In addition to the large quartz minerals, there are also smaller, elongated bastnaesite fragments 

present. One can observe as well the occurrence of bastnaesite minerals within the large transparent 

quartz minerals. Bastnaesite is mostly affected at its boundaries by iron-rich material and to a lesser 

extent crosscut by it. This iron-rich material can also be present separately within the quartz matrix. 
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Opaque minerals, often broken up in smaller pieces, are present both as single minerals as well as in 

relation with quartz and bastnaesite minerals. 

The thin section could therefore be described as a breccia with different sizes of mineral fragments 

within. The quartz matrix has an undulating extinction and clearly indicates directional growth towards 

the available space, resulting in the formation of comb structures. This is especially visible near cavities, 

where the quartz suddenly becomes more transparent due to less fluid inclusions and sometimes is 

bordered by dark brown iron-rich minerals. Sometimes the comb structures point inwards another 

mineral phase, which is the case for some barite minerals. Barite is not so easy to distinguish but can 

be mostly be found as elongated tabular minerals with a birefringence that is slightly higher than quartz 

(1st order yellow). The barite crystals seem to be corroded by the quartz matrix. 

 

Figure 23. Micrographs of RG8508, with (A) PPL and (B) XPL image from the same area. C) Micrograph of RG8508 using SEM-
EDS. D) Cold CL micrograph of a section from figure 22B. (B = bastnaesite, bi = biotite, Q = quartz, Fe = presence of iron-rich 
material, K = K-feldspar and ba= barium) 

RG9755 – This thin section is in line with RG9751, but without the staining of the quartz matrix by iron-

rich material. The size of the different mineral fragments in the matrix is also different in this sample. 

This is especially the case for bastnaesite. Some of the mineral fragments show a relation between 

each other. There is, for example, a mosaic of transparent quartz minerals found together with opaque 

minerals and bastnaesite (Figure 24). The opaque minerals are often cubic and therefore most possibly 

pyrite. This observation is confirmed by reflected light microscopy. The opaque minerals are often 

broken up, though not much displaced, and appear brown to orange in colour at its boundaries. Also 

rectangular opaque minerals with parallel stair-like pits inside, characteristic for galena, are present. 
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The galena minerals also display a different reflectance than the previous discussed cubic pyrite 

minerals. 

 

Figure 24. Micrograph of RG9755, with (A) PPL and (B) XPL. (B = bastnaesite, Q = quartz and P = pyrite) 

RG9756 – This thin section can be subdivided into two parts. One part abundantly contains opaque 

minerals in relation with transparent, often with an undulating extinction, quartz minerals.  XRD 

showed that the opaque mineral fragments are pyrite minerals. The pyrite minerals are broken up and 

cemented by small, less transparent, quartz minerals (Figure 25) and may contain small mineral 

fragments of biotite and quartz. It was previously observed that fine quartz minerals broke up the 

opaque minerals. However, a dark green vein is also found between two opaque minerals. SEM-EDS 

showed that this is quartz as well, but with important amounts of iron and sulphur most possibly 

originating from the adjacent pyrite minerals. 

 

Figure 25. Micrograph of RG9756, with (A) PPL and (B) XPL. (P = pyrite, Q = quartz and bi = biotite) 

In the other half of this thin section, the opaque minerals occur dispersed randomly throughout the 

matrix. Fragments of quartz minerals are here omnipresent, both in relation with bastnaesite as well 

as occurring individually. Bastnaesite occurs here mainly as elongated crystals, sometimes broken up 

by the quartz matrix. 

RG9757B – This thin section is quite similar to RG9755 and RG976. The mineral fragments are in this 

sample quite euhedral in shape and consists of cubic opaque minerals, most possibly pyrite, elongated 

bastnaesite minerals and quartz minerals. The presence of galena now leaves no doubt, as some 

opaque minerals now clearly display the characterising triangular polishing pits (Figure 26). 
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Bastnaesite, also present as twins, shows a relation with the previously discussed opaque minerals. At 

one place, bastnaesite contains a small translucent mineral with a second order birefringence. SEM-

EDS analyses showed that this is an anhydrite mineral, containing important amounts of strontium as 

well. 

Other mineral fragments seemed to be corroded and reduced in size by the formation of the quartz 

matrix and are, therefore, rather irregular in shape. One type of these minerals displays a distinct 

prismatic cleavage, has a birefringence quite similar to quartz and a dirty appearance. These minerals 

have been identified, and later confirmed by SEM-EDS analyses, as K-feldspar minerals. Other minerals 

phases rather display a birefringence of 1st order yellow, have a higher relief than quartz and appears 

to be even more irregular in shape than the previously discussed K-feldspar fragments. They are more 

easily identified, by using SEM-EDS, as barite minerals. Although mostly found as single minerals, they 

occur also in relation with galena (Figure 26). It can also be observed that comb structures of the quartz 

matrix point inwards certain barite minerals. 

 

Figure 26. Micrograph of RG9757B using SEM-EDS. (G = galena, ba = barite and Q = quartz) 

RG10342 – In this sample, centimetric, elongated, angular bastnaesite fragments, often displaying 

twinning, are embedded within a matrix of undulating quartz, rich of fluid inclusions. Both phases are 

crosscut by veins, mostly consisting of iron-rich material, that are rusty orange to yellow in colour. 

Concentrations of iron-rich material are also randomly distributed within the quartz matrix. 

Bastnaesite minerals sometimes include smaller, subhedral minerals with a maximal birefringence of 

2nd order blue. These minerals display a yellowish emission of CL and were further identified with SEM-

EDS as anhydrite minerals (Figure 27). Another mineral phase within this bastnaesite mineral showed 

to be biotite (Figure 27). 

 

Figure 27. Micrograph of RG10342 using SEM-EDS. (B = bastnaesite, A = anhydrite and bi = biotite) 
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Transparent and inclusion free quartz fragments are also present. These are larger in size with respect 

to the quart matrix and do not show an undulose extinction. They seem to be surrounded and crosscut 

by bastnaesite (Figure 28). Quartz fragments within bastnaesite minerals are also observed. Brown-

green pleochroic biotite, K-feldspar and barite, similar in appearance as in RG8508, are also identified 

here but are not so dominantly present in this thin section. 

 

Figure 28. Micrograph of RG10342, with (A) PPL and (B) XPL. (Q = quartz and B =bastnaesite) 

RG11455A – The largest mineral constituents of this thin section are quartz and opaque mineral 

fragments. Large transparent quartz minerals seem to be crosscut by smaller quartz veins. This later 

phase of quartz seems to been filling-up open spaces, as it displays directional growth of crystals, 

forming larger crystals near cavities. This observation is aided by the presence of comb structures that 

are banded with an inclusion-rich band before the quartz becomes more clear. This is especially visible 

in plane polarised light, where it can be observed around the larger quartz crystals and around the 

opaque minerals (see also RG11469, Figure 31). 

The opaque minerals have a similar reflectance, both macroscopically as microscopically, as the 

opaque minerals of RG9756, and are therefore identified as pyrite. They occur here as angular 

fragments in relationship with the transparent quartz minerals. They also can occur as broken 

fragments that are not showing any large displacement. Besides quartz and opaque minerals, there is 

also a very small amount, almost none, of muscovite present. Bastnaesite fragments were not 

identified in this sample. 

RG11455B – This sample can be identified as a breccia. The matrix is largely made up of small quartz 

crystals containing plenty of fluid inclusions and is slightly orange in colour due to the presence of iron-

rich material. Some larger, transparent quartz fragments with a non-undulatory extinction can also still 

be found. Quartz of the matrix clearly grows directionally towards the present cavities (Figure 29A, B). 

These cavities are often bordered to even totally filled with orange to opaque iron-rich material. 

Bastnaesite fragments seem to have been largely removed from the thin section during the 

preparation of the thin sections and are only represented by some remains. These remains are present 

as small, elongated minerals and clearly show evidence of replacement by another mineral phase that 

is green-yellow under plane polarized light (Figure 29C, D). This replacing mineral can occur both with 

or without the near presence of pinkish red to yellow-orange iron-rich material that cuts through 

bastnaesite as well. SEM-EDS investigation of these green-yellow minerals showed that these are 
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monazite minerals rich in light REEs. Point investigations with SEM-EDS of monazite also showed that 

they may contain, from place to place, minor concentrations of sulphur, potassium, calcium and lead. 

Cold Cl microscopy demonstrates, like in RG8508, the presence of single K-feldspar fragments in this 

thin section. Small mineral fragments with a yellow CL within the quartz matrix were also observed. 

They were identified with SEM-EDS as anhydrite minerals. 

 

Figure 29. Micrographs of RG1455B, with (A) and (C) PPL images and (B) and (C) their respective XPL images. (Q = quartz, Fe 
= iron-rich material, B = bastnaesite and M = monazite) 

 RG11455C – This thin section is similar to RG1455B. Bastnaesite is here crosscut by dark reddish brown, 

black and at one place yellowish green veins. These veins are, at one place, crosscutting the quartz 

matrix as well. They also often form a border of mineral material around the cavities. Quartz can also 

be found as small minerals within the bastnaesite fragments.  

Large quartz fragments are omnipresent and always overgrown by a later phase of quartz. They appear 

quite transparent at their unaffected centre but become less transparent towards the outer border of 

the mineral fragments. Quartz fragments may also occur as more irregular fragments within the matrix. 

The matrix changes in colour throughout the thin section from a dirty looking quartz that is mostly 

brown speckled to a matrix which is more speckled and more orange in colour. The top of the thin 

section is marked by an orange band of goethite, as was observed in the macroscopic description. 

Investigation works with reflected light showed concentric growth banding for goethite (Figure 30). 
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Figure 30. Micrograph of goethite in a polished slab of RG9756, using reflected light. 

RG11469A – Mineral fragments are found in a matrix of undulatory quartz that is rich in fluid inclusions. 

The mineral fragments are restricted to bastnaesite and quartz minerals, with the latter up to one 

centimetre in diameter. Clear examples of directional crystal growth of the quartz matrix, starting from 

early phases towards the available accommodation phase, can easily be identified (Figure 31A). This is 

especially visible around the quartz fragments. The quartz matrix also suddenly becomes clearer and 

larger in crystal size near cavities. 

Other mineral fragments in the matrix were not able to maintain their crystal shape due to the 

formation of the quartz matrix and have therefore an irregular anhedral shape. These are barite 

minerals, similarly to the barite minerals observed in RG9751 and RG9757B. Elongated bastnaesite 

minerals are, exact for one zone, present without the crosscutting iron-rich veins. In that specific zone, 

both the quartz matrix and bastnaesite are affected by the crosscutting iron-rich veins. 

 

Figure 31. Micrographs with PPL of (A) RG11469A and (B) RG11469B. (Q = quartz, Fe = iron-rich material and C = comb 
structure) 

RG11469B – The main difference between sample RG11469B and sample RG11469A, are the 

omnipresent iron-rich veins that are crosscutting almost everywhere, even the larger quartz 

fragments. Opaque minerals occur both as angular fragments without a clear crystal structure and as 

cavity/fracture filling material. The angular fragments are pyrite minerals, while the cavity/fracture 

filling material is iron-rich material. The presence of the iron-rich material clearly stains the quartz 

matrix and marks its two-stage development (Figure 31B). Where the vast majority of the matrix is 
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stained with iron-rich material, are the zones surrounding several cavities not stained. However, they 

can be overgrown by a subsequent phase of iron-rich material. 

Similar to RG11469A, there are some minerals affected by the development of the quartz matrix, as 

the comb structures point inwards several fragments. These fragments are greyish white and display 

a first order birefringence. It is possible that some of them are quartz minerals. However, the 

conoscopic interference pattern is not always easy to identify. It is possible that some of these 

fragments rather are barite minerals, as the XRD investigation indicated its presence in this sample. 

They can be distinguished from quartz by their slightly higher birefringence (1st order yellow) and 

relative higher refractive index. 

RG16998 – At first sight, the mineral composition is quite similar to the phases distinguished in sample 

RG5433. Bastnaesite fragments are found within a dense network of monazite veins (Figure 32). Most 

bastnaesite minerals in this sample exhibit the typical high birefringence of carbonates. Some of the 

bastnaesite fragments seem to contain rounded bastnaesite “intraclasts” that have a similar extinction 

as the minerals they are within. These “intraclasts” are sometimes removed from the surrounding 

bastnaesite mineral. Green veins, from dark green to light green to even yellow, crosscutting these 

large bastnaesite minerals occur in large numbers and are similar to the veins in RG5433 and RG17019. 

The birefringence is difficult to distinguish, but the XRD and SEM-EDS investigation showed that these 

are monazite veins. Dark orange to black iron-rich minerals are also an important fraction in the veins, 

occurring both at the borders as well as at the centre of the veins. They may also occur as rounded 

grains showing different rings. Where the veins are the widest, up to several millimetres, are the iron-

rich minerals occur mixed with monazite. Point investigations of monazite often showed, besides the 

presence of phosphor and light REEs, minor concentrations of calcium and sulphur. 

A cold Cl microscopic investigation of this sample did not demonstrate the presence of any mineral 

with a clear emission of CL. 

 

Figure 32. Microphotograph of RG16998. (B = bastnaesite, M = monazite and Fe = iron-rich material) 

RG17019 – This thin section can, based on the mineralogy, be subdivided into an REE-rich part and an 

REE-poor part. The REE-poor part consists of a mosaic of transparent, undulating quartz minerals 

containing mineral fragments of muscovite and a first order yellow phyllosilicate with a less 

pronounced basal cleavage (Figure 33). The mineral fragments are overgrown with a small rim of 

microcrystalline quartz and display kink banding. 
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Figure 33. Micrograph of RG17019, with (A) PPL and (B) XPL. (Q = quartz, Mu = muscovite) 

At the borderline with the REE-rich part, microcline is largely present (Figure 34A, B). This border is 

rather chaotic as fragments from the REE-rich part occurs in the REE-poor part and vice versa. It was 

observed here that an elongated bastnaesite mineral is crosscutting a muscovite mineral. The 

microcline minerals showed pinkish red CL (Figure 34C), opposed to the blue CL that was observed in 

most other thin sections (e.g. RG8508). When measured with SEM-EDS, these microcline minerals only 

inconsistently showed negligible concentrations of iron. At one place, blue K-feldspar minerals occur 

in relation with pinkish red K-feldspar minerals. 

The largest part of this thin section consists mainly of a bastnaesite matrix. It contains also some biotite 

that is often related to an irregular shaped yellow mineral that is always dark brown at its boundaries 

(Figure 34D, E). This mineral phase was identified with SEM-EDS as light REE-bearing monazite minerals 

with a minor content of calcium. At one location biotite occurs as a fragment in relation with 

microcline. Biotite mostly contains more magnesium than iron and also contains minor concentrations 

of titanium.  

The largest part of the thin section demonstrates numerous crosscutting veins, brown to green to even 

yellow in colour, that contain small, angular fragments of bastnaesite and quartz. The largest vein 

observed is up to 400 µm wide. Besides their occurrence as major veins are the green-yellow minerals 

also affecting the large bastnaesite minerals in a denser network of veins (Figure 34D, E). They can be 

linked with the yellow monazite minerals previously discussed as they have similar chemistry. The 

brown veins, in relation with the green monazite veins, appear similar in colour as the border around 

the yellow monazite minerals. Both the brown iron-rich veins and the green monazite veins are 

crosscut by smaller yellow veins. A large zone within this large part of this thin section consists of 

transparent, undulating quartz minerals with the presence of single, elongated bastnaesite minerals. 

The quartz minerals contain to a lesser extent biotite, but here without the distinct cleavage, and has 

at places been broken up by a later phase of quartz. 

A B  

  Q 

 

 

 

      Mu    Q 

 

 

 

          reaction rim 



 

43 
 

 

Figure 34. Micrographs of RG17019, with (A) and (D) PPL images and (B) and (E) their respective XPL images. C) Cold CL 
micrograph of a section from figure 32B. (Q = quartz, Mu = muscovite, B = bastnaesite, M = monazite, K = K-feldspar and bi = 
biotite) 

6.1.4 Raman spectroscopy 

This technique has been applied to further develop the paragenesis, to identify possible different 

mineral generations of bastnaesite and monazite and to study how the Raman spectra relate to the 

specific mineral compositions of these minerals. The obtained spectra were first validated with 

reference spectra of bastnaesite and monazite (Figure 35) before they were further investigated. It has 

to be mentioned that this technique was performed after SEM-EDS analysis and that despite the 

attempt to remove the carbon coating from the thin sections, the Raman spectrum of amorphous 

carbon (Figure 35) at places still attenuated the signal. 
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Figure 35. Raman spectra of bastnaesite and monazite from RRUFF sample data, RRUFF ID respectively R05049 and R120146. 
Raman spectra of amorphous carbon after carbon-based black pigments (TOMASINI 2012). Spectra obtained using 532 nm 
laser excitation. 

Raman spectra for bastnaesite are identified for samples RG5433, RG8508 and RG9755 (Figure 36). All 

show the major bastnaesite peak at 1096 cm-1, while the peak at ± 256,7 cm-1 can only be identified 

clearly in samples RG5433 and RG9755. The latter two samples also display three distinct peaks in the 

spectral range 100-400 cm- 1, but with different wavenumbers. However, the signature of these two 

samples resemble each other very well and clearly display matching peaks at higher wavenumbers (i.e. 

at 1001, 1039, 1601 1729, 2940 and 3063 cm-1). No additional peaks were observed for bastnaesite in 

RG8508 due to a broad background curve. 

Raman spectra for monazite are identified in RG5433, RG16234 and RG17019 (Figure 37). They all 

display the major peak around 972,2 cm-1. The Raman spectrum of RG16234 also shows a peak at 464,6 

cm-1, to be linked with the monazite peak at 465,7 cm-1 and a zone with several peaks in the spectral 

range 1200-1700 cm-1. The high background signal, together with the attenuation from the amorphous 

carbon (see peaks in the spectral range 1300-1600 cm-1), impedes the identification of additional 

peaks. It can be noted that the thin sections of RG5433 and RG16234 were not treated with a carbon 

coating, but similarly display a high background signal. 
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Figure 36. Raw Raman spectra of bastnaesite in A) RG5433, B) RG8508 and C) RG955. Spectra obtained using 532 nm laser 
excitation. 

  

Figure 37. Raw Raman spectra of monazite in A) brown vein of RG17019, B) RG5433, C) RG16234, D) green vein of RG17019 
and E) yellow vein of RG17019. The Raman spectra of RG16234 was made possible by a thin section available at the RBINS. 
Spectra obtained using 532 nm laser excitation. 
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6.1.5 Paragenesis 

In the first phase of the mineralisation, before the brecciation of the mineralised rocks, 13 different 

minerals have been identified (Figure 38). The major minerals in this assemblage are bastnaesite, 

quartz, biotite, barite, K-feldspar and pyrite. Quartz can be placed slightly earlier in time, as the 

obstructed growth of bastnaesite minerals overgrowing two euhedral quartz minerals was observed 

in RG10342 (see Figure 28). Muscovite has only been found associated with quartz in RG11455A and 

crosscut by bastnaesite in RG17019 and is therefore as well placed slightly earlier in time. It has to be 

mentioned that other samples (e.g. RG9755, Figure 24) demonstrate that euhedral bastnaesite and 

pyrite minerals also occur as fragments within a matrix of quartz minerals. The mineral assemblage of 

the primary phase is mainly observed in the clasts of the samples that have been submitted to a later 

stage of brecciation. In the brecciated sample RG8508, the biotite minerals act as the link between the 

different major constituents of the first stage of mineralisation (Figure 23), except for pyrite. The K-

feldspar minerals that are associated with this first phase display a blue CL emission. The K-feldspar 

minerals that display a pinkish red CL emission (Figure 34C) are rather interpreted to be an alteration 

product (i.e. fenitisation) of the first phase. 

Minor mineral phases in the assemblage of the first phase of mineralisation are galena, anhydrite, 

rutile, molybdenite, sphalerite, chalcopyrite and muscovite. Galena often occurs associated with 

pyrite. In sample RG9757B, galena has observed to be related with barite (Figure 26). Molybdenite and 

sphalerite are identified together with pyrite in the XRD investigation of RG11469B (Table 1) but have 

neither been identified macroscopically nor macroscopically. Chalcopyrite is identified macroscopically 

in RG9755A, together with pyrite and galena, and during the preliminary macroscopic description of 

the RMCA mineral and rock collection. These minor sulphide minerals are related to one another and 

are therefore placed together with pyrite at the first stage of the primary mineralisation. A rutile 

mineral has been identified within a K-feldspar mineral of RG8508 using SEM-EDS. Small anhydrite 

minerals have been identified in bastnaesite minerals in several samples (i.e. RG5433, RG9757B, 

RG10342 and RG11455B). 

A late stage of the primary mineralisation consists of goethite and monazite minerals affecting the 

minerals of the first stage of the primary mineralisation (e.g. RG16998, Figure 32). They are affecting 

the outer boundaries of the individual minerals as well as crosscutting them. This has especially been 

observed for bastnaesite minerals, which is the only mineral that is affected by both goethite and 

monazite, and to a lesser amount for quartz minerals. However, this stage of the mineralisation can 

differ largely from sample to sample. Sample RG9752 consists almost entirely of pure bastnaesite, 

while RG16998 is extensively crosscut by veins consisting of monazite and goethite. This can also differ 

largely in the same sample. For example, centimetres long bastnaesite minerals of RG8508 are not at 

all affected, whereas other smaller bastnaesite minerals are almost entirely replaced by goethite 

and/or monazite. Note that goethite has only been identified in the XRD investigation of RG11455C 

and, therefore, always was termed as iron-rich material during the macroscopic and microscopic 

description. 

The primary mineralisation has subsequently been broken up into smaller mineral fragments and 

emplaced in a matrix of microgranular quartz. Most of the studied samples (e.g. RG9755) are actually 

brecciated rocks that are composed of mineral fragments from the primary mineralisation. The quartz 

matrix can be distinguished from the primary quartz fragments both macroscopically and 

microscopically. It displays macroscopically a milky white colour, while the quartz fragments are rather 
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translucent in nature. The quartz matrix also abundantly contains fluid inclusions and has a directional 

growth towards the cavities (Figure 29A, B), exemplified by comb structures (Figure 31). Quartz 

minerals from the primary mineralisation are also often directionally overgrown along their 

crystallographic directions (Figure 22C, D). Whereas most of the minerals from the primary 

mineralisation are only broken up into smaller pieces (Figure 25), the K-feldspar and barite minerals 

are also largely reduced in shape and corroded by the formation of the quartz matrix. 

The end of this quartz phase is marked by a small border of goethite (Figure 31). The same has been 

observed for monazite and barite. Goethite and monazite minerals have been observed in 11455C to 

crosscut the quartz matrix, whereas quartz comb structures are observed to point inwards some of the 

barite minerals (e.g. in RG9751 and RG11469A, B). Goethite also often causes the brown-orange 

colouration of the otherwise white quartz matrix. 

The stage of brecciation is followed with yet another stage of quartz and goethite mineralisation. Much 

more transparent quartz minerals overgrow the quartz matrix full of inclusions (Figure 31). Goethite 

minerals further overgrow this phase, but now more extensively (Figure 29A, B). It may even form a 

centimetric bank of goethite where the cavities are at the widest (Figure 18). 

The paragenesis of the mineralisation ends with a stage of supergene alteration. Strengite is identified 

macroscopically in RG9986 as a black botryoidal crust inside a cavity, while rhabdophane minerals 

occur as yellow incrustations around mineral fragments. These hydrated phosphates are interpreted 

as the alteration products of Fe-bearing monazite. Kaolinite, identified in sample RG10342 by XRD, is 

considered as the alteration product of K-feldspar.  

Mineral Stage 1 – primary ore Stage 2 – brecciation Stage 3 – 

supergene 

alteration 

Quartz 
Muscovite 
Bastnaesite 
Anhydrite 
Biotite 
Barite 
K-feldspar 
Rutile 
Pyrite 
Galena 
Chalcopyrite 
Molybdenite 
Sphalerite 
Goethite 
Monazite 
Strengite 
Rhabdophane 
Kaolinite  

Figure 38 Detailed mineral paragenesis for each stage of the Gakara REE deposit. 
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6.2 Geochemical investigation 

6.2.1 LA-ICP-MS 

The mineralogical investigation of the mineralisation demonstrated that the REE-bearing minerals (i.e. 

bastnaesite and monazite) appear to quite different from sample to sample, both macroscopically and 

microscopically. A representative selection of the different observed bastnaesite and monazite 

minerals has been made to study their REE geochemistry. Additionally, the REE geochemistry of the 

iron-rich material is investigated. 

For the investigation of the chemical variability of bastnaesite, 5 locations were selected on 4 different 

samples (Figure 39). This selection was largely based on macroscopic differences in colour. Only 

RG5433 was selected microscopically, because of the different appearance of bastnaesite in thin 

section with respect to the other samples containing bastnaesite. However, all investigated 

bastnaesite minerals display a similar REE pattern with an estimated total rare earth oxide content 

(TREO) of 52%, promethium not been taken into account of which the light REEs comprise 50% and 

the heavy REEs 2%. The light REEs are clearly enriched with respect to the heavy REEs, with a chondrite-

normalised La/Yb ratio around 6500 and without a europium anomaly. 

 

Figure 39 Chondrite-normalized REE patterns of bastnaesite, monazite and goethite (Fe), using their mean values. Normalizing 
values after chondrite values of Sun et al. (1989). For the analysed values, see Appendix E. 

For monazite, three minerals were selected on three different samples (Figure 39). The differences 

between the 3 locations were observed microscopically, both on appearance and on the textural 

relationship with the other minerals. Similarly to the investigated bastnaesite minerals, there are no 
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major differences observed in the REE pattern of the different monazite minerals. The TREO is 

estimated to be 56%, promethium not been taken into account, of which the light REEs comprise 54% 

and the heavy REEs 2%. Similarly, the REE pattern does not display a europium anomaly. The chondrite-

normalised La/Yb ratio for RG5433 and RG11455B are around 6150, while for RG16998 this is 

somewhere around 2000. This indicates a relative enrichment of heavy REEs with respect to the light 

REEs. The REE patterns of bastnaesite and monazite resemble each other very well, both in the 

distribution of the REEs and in the concentrations of the REEs. 

The thorium and barium concentrations were also measured for bastnaesite and monazite. For 

bastnaesite, the thorium concentration is on average 74 ppm, with a maximum value of 252 ppm. The 

monazite minerals have a thorium concentration that is on average 59 ppm, with a maximum value of 

329 ppm. The monazite minerals also contain important amounts of barium, with a minimum value of 

483 ppm and a maximum value of 1547 ppm, whereas the concentration of barium in bastnaesite was 

mostly too low to be measured. 

Also the REE pattern for the iron-rich phase was investigated (Figure 39). The iron-rich zones in sample 

R11455C have been investigated. The REE pattern shows a similar trend in the distribution of the REEs, 

but the enrichment of light REEs with respect to the heavy REEs is much lower. The chondrite 

normalised La/Yb ratio is around 50. 
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7 Discussion 

Based on the petrographic investigation of the samples, the Gakara REE mineralisation may be 

subdivided into three distinct phases (see paragraph 6.1.5, Figure 38). The mineralogical assemblage 

of the primary ore consists of 6 major mineral phases (quartz, bastnaesite, biotite, barite, K-feldspar 

and pyrite) and 6 minor phases (galena, anhydrite, rutile, chalcopyrite, molybdenite and sphalerite), 

quickly followed by a goethite-monazite alteration. The second phase represents a brecciation phase, 

by which quartz was deposited together with goethite, monazite and barite. The final phase is linked 

with a supergene alteration (laterization) and the deposition of goethite, kaolinite, rhabdophane and 

strengite. Results from this study will be compared to the paragenetic observations from previous 

studies (Aderca et al., 1971; Van Wambeke, 1977; Ntiharirizwa et al., 2018). Together with the 

geochemical investigation of the REE-bearing phases, a metallogenic model for REE mineralisation will 

be proposed. 

7.1 Mineralogy and paragenesis 

7.1.1 Primary ore 

The Gakara deposit is hosted in different types of rocks throughout the stratigraphy of the region 

(Thoreau et al., 1958; Aderca et al., 1971). Ramelot and Lambeau described, during exploration work 

from 1966 to 1968, the stratigraphy of the region as a sequence of schist – quartzite – gneiss with the 

presence of intercalated pegmatitic rocks. A pegmatitic granite is observed In the immediate vicinity 

of Gakara, as well as basic dykes that obliquely cut the general direction of the strata. These type of 

rocks give a mineralogical assemblage of predominantly quartz, mica (biotite and muscovite) and 

feldspar. A mineralogical assemblage which has also been observed in the first phase of the 

paragenesis to occur together with bastnaesite 

When looking at the mineralogical composition of rocks in the Gakara REE mineralisation, muscovite 

has mostly been observed not to be associated with any REE-bearing minerals, which rules out the 

direct relationship with the formation of the REE deposit. Furthermore, when bastnaesite was 

observed together with muscovite, it is clearly crosscutting muscovite. Quartz, biotite and K-feldspar, 

on the other hand, are found to be directly related with bastnaesite in the Gakara REE mineralisation. 

In the work of Ntiharirizwa et al. (2018), quartz and biotite are as well found in assemblage with 

bastnaesite, while the proposed paragenesis in Van Wambeke (1977), derived from Aderca et al. 

(1971), did not include biotite in the first phase of the mineralisation. This is despite the fact that 

Aderca et al. (1971) clearly indicates that biotite is related to bastnaesite. 

K-feldspar was also noted by Aderca et al. (1971) but was rather ascribed to the gneissic host rock. 

Bastnaesite may, however, be found within a matrix of microcline. Two types of CL emission (i.e. a blue 

and pinkish-red emission) have been observed for K-feldspar, which may contain elongated brown 

rutile inclusions. The majority of the K-feldspar minerals display a blue CL emission. This can be linked 

to the most common CL emission band in K-feldspar (at 450 nm), which is caused by defects of the 

type Al-O--Al (Götze et al., 2000). Deep-red CL emission of feldspars (around 700 nm) is due to Fe3+ 

which occupies Al3+ tetrahedral sites in feldspar. This intense red emission has numerously been 

reported from feldspars in alkali-rich igneous rocks and carbonatites (Götze et al., 2000 and references 

therein). It typically characterises fenitization processes that originate from highly oxidizing alkali-rich 

fluids, causing significant quantities of Fe3+ (Elliott et al., 2018). In the carbonatitic realm, this supports 
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the linkage of the K-feldspar minerals, at least those with a pinkish-red emission, with the first phase 

of mineralisation. 

Bastnaesite occurs as massive masses and veins in the samples that show little to no evidence of any 

deformation or fracturation. It also occurs as elongated mineral clasts in the group of brecciated 

samples. This observation corresponds with how the mineralisation has been described during recent 

fieldwork of Ntiharirizwa et al. (2018), both as REE-bearing veins and as hydrothermal breccia textures. 

Anhydrite, containing important amounts of strontium, has been observed as small inclusions within 

bastnaesite minerals. Although they could have been altered to gypsum during the preparation of the 

thin sections, it is considered that these were initially anhydrite minerals as formation temperatures 

for quartz were reported to be ≥ 420°C (Lehmann et al., 1994). The faint yellow cathodoluminescence 

of anhydrite could be due to the replacement of calcium by strontium and barium or due to traces of 

REEs (Baumer et al., 1997). 

A direct relation between bastnaesite and barite has not been observed, as barite mainly occurs as 

single, irregular anhedral fragments within the brecciated samples. Barite can yet be directly linked to 

other minerals of the first phase of the mineralisation (e.g. biotite and galena). Moreover, elemental 

mapping showed that barite may contain important amounts of cerium. It has been suggested in 

literature (Van Wambeke, 1977; Lehmann et al., 1994; Ntiharirizwa et al., 2018) that barite is part of 

the gangue minerals of the first phase, however, Aderca et al. (1971) and Van Wambeke (1977) have 

put barite slightly later in the paragenesis than bastnaesite. Evidence for the latter has not been 

observed during this study. The barite minerals, among the minerals of the first phase, have been the 

most affected by the silicification during the brecciation (see below). A phenomenon that is commonly 

noted for barite minerals in hydrothermal vein-type deposits (Burisch et al., 2017). This should not 

come as a surprise as the Gakara REE deposit previously has been described in literature as a 

hydrothermal mineral deposit (Thoreau et al., 1958; Van Wambeke, 1977; Lehmann et al., 1994; 

Ntiharirizwa et al., 2018). 

A group of sulphides (i.e. pyrite, galena, chalcopyrite, molybdenite and sphalerite) are also related to 

the first phase of the mineralisation. Pyrite and to a lesser extent galena are the most abundant 

sulphides. Ntiharirizwa et al. (2018) rather reported that galena is the most abundant sulphide and 

only traces of pyrite and molybdenite were observed. Chalcopyrite and sphalerite were previously not 

identified, but are here identified in spatial association with the major sulphides (i.e. pyrite and galena). 

Chalcopyrite and sphalerite have only been identified during respectively the macroscopic description 

ad XRD analysis. However, their spatial association with pyrite and galena supports their affinity to the 

primary phase. The sulphides especially occur in the quartz minerals, giving them a grey colour. Aderca 

et al. (1971) already observed that the quartzitic rocks at the Gakara mine are punctuated by pyrite in 

the vicinity of the bastnaesite veins. 

The end of the first phase of the Gakara mineralisation is marked by the presence of goethite and 

monazite affecting the minerals that were previously deposited. Ntiharirizwa et al. (2018) observed 

that goethite commonly forms pseudomorphs after pyrite. Since pyrite now has been found as a 

dominant phase in this study, goethite can directly be attributed to the replacement of pyrite. The 

alteration of bastnaesite to microcrystalline monazite, with minor amounts of goethite, was already 

recognised as one of the main features of mineralisation (Aderca et al., 1971), but can differ largely 

from sample to sample. The evolution from carbonated conditions to phosphatic conditions is 

currently supported by the hypothesis that phosphates can be concentrated in the late stages of 
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evolution from a carbonatitic source (Ntiharirizwa et al., 2018), but additional analyse (e.g. fluid 

inclusion characterisation and stable isotope studies) are required to clarify the origin of the fluids 

involved in the Gakara REE mineralisation. Whereas carbonates and phosphates are commonly 

investigated with CL microscopy because of their distinct CL properties (Götze, 2002), bastnaesite and 

monazite did not emit any observable luminescence. This is most likely due to the presence of iron, 

which is known to prevent any luminescence (Götze, 2002). 

The goethite-monazite alteration can generally be termed as a stockwork, characterised by a dense 

network of micro veinlets impregnating the bastnaesite minerals. In other terms, one could describe 

this also as a fitting breccia, without a large displacement of the bastnaesite minerals. Therefore, the 

monazite-goethite alteration is still ascribed to the pre-brecciation phase and thus the first phase of 

the mineralisation. This is furthermore evidenced by mineral clast of the first phase that underwent a 

monazite-goethite alteration at their outer surfaces before their emplacement in the microgranular 

quartz matrix of the brecciated rocks (see below). Van Wambeke (1977) additionally identified 

cerianite to be in relation with bastnaesite-monazite-goethite, which is, together with goethite, 

indicative for oxidizing conditions. 

7.1.2 Brecciation 

The next main phase in the mineralisation consists of a brecciation of the minerals present in the first 

phase; containing mineral fragments from the first phase cemented together by a matrix of 

microgranular quartz. The quartz matrix often displays a directional growth of the quartz crystals 

outwards from the mineral clasts and becoming larger in size towards the available space between the 

mineral clasts. Numerous comb structures have also been noted for the quartz matrix. This is indicative 

for the deposition from hydrothermal solutions in open fissures (Vaughan et al., 1994) and requires 

relatively slow changing conditions during crystal growth (Dong et al., 1995). Furthermore, brecciation 

events are often associated with fenites (Elliott et al., 2018), which further supports the relationship 

between the Gakara REE mineralisation and intrusions of carbonatite and alkaline rocks. 

As previously discussed, the newly formed quartz matrix also affected the mineral clasts, especially K-

feldspar and barite. The replacement of these minerals by silica, termed as silicification, is a process 

that commonly follows the main hydrothermal mineralisation phase (Burisch et al., 2017) and which 

caused here the remobilisation of barite, goethite and monazite. These minerals were deposited later 

in the cavities on top of the quartz matrix or within small microfractures that are crosscutting the 

quartz matrix. Some quartz comb structures are observed to point inwards some of the barite minerals. 

The new formation of these barite minerals post-dates the formation of the comb structures, as the 

comb structures are only possible to form in open fissures (Vaughan et al., 1994). Goethite, together 

with other minor elemental concentrations derived from the first phase, also often gives the quartz 

matrix a brown-orange colouration, which is also distinguishable in cold CL microscopy. The faint 

yellow CL emission is most possibly due to the presence of extrinsic impurity-related defect centres in 

the quartz matrix (Götze, 2002). Due to the variety of possible trace activator ions, it was not possible 

to trace which chemical element(s) are responsible for the faint yellow CL emission of the quartz 

matrix. 

A younger stage of much more transparent quartz minerals is overgrowing the comb structures from 

the previous quartz phase. They often form larger crystals with straight crystal boundaries due to the 

available space in the cavities. The chemical purity of these quartz crystals suggests that they are not 

linked with the remobilisation of minerals from the first phase. This stage has previously been 
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described as hyaline quartz (Aderca et al., 1971), which needs stable conditions in terms of pressure, 

temperature and time to form euhedral crystals (Venditti et al., 2016). Goethite overgrows, but now 

more extensively, in the remaining cavities and exhibit concentric growth banding. A feature which 

results from an unobstructed growth of minerals into fluid-filled voids (Vaughan et al., 1994) and which 

is interpreted as the start of the third phase of the mineralisation: a supergene alteration. 

7.1.3 Supergene alteration 

This third phase consists of an assemblage of minerals (i.e. goethite, strengite, rhabdophane and 

kaolinite) that are formed by mineral hydration in an oxidative environment and that previously has 

been linked to lateritization (Ntiharirizwa et al., 2018). Rhabdophane has only been observed with 

some certainty during the macroscopic description. Although some monazite minerals showed to 

contain appreciable amounts of lead in EDS spectra, which is, according to Van Wambeke (1977), 

especially enriched in the rhabdophane minerals, they have been interpreted as monazite minerals. 

All minerals that have been observed during this study, except for strengite, were already observed in 

Van Wambeke (1977) and Ntiharirizwa et al. (2018). These minerals are there also related to the late 

hydrothermal stages and/or supergene phase of the Gakara REE mineralisation. Van Wambeke (1977) 

additionally observed fluocerite, pyromorphite and trace amounts from the crandallite-florencite 

series in the supergene phase. Whereas Van Wambeke (1977) linked the formation of cerianite with 

the goethite-monazite alteration, cerianite has been noted in Ntiharirizwa et al. (2018) to correspond 

with the supergene alteration. It may be possible that cerianite has formed during both stages, as both 

indicate oxidizing conditions. Strengite has previously been noted by researchers to form within a 

cavity of most possibly goethite but has yet not been discussed in the paragenesis of the 

mineralisation. The precipitation of dissolved phosphates at the goethite-water interface shows to be 

possible for Fe3+-P phases, among which strengite (Wang et al., 2018), which supports its formation 

during the supergene phase of the mineralisation. 

The REE-bearing minerals (i.e. bastnaesite and monazite) were furthermore briefly investigated with 

Raman spectroscopy. Despite the high background signal in the Raman spectra, due to the overlapping 

emitted fluorescence of REE-bearing minerals (Gaft et al., 2015) and the attenuation from amorphous 

carbon, could the major peaks for bastnaesite and monazite still be observed. The major peak of 

bastnaesite is around 1096 cm-1 and is around 972,2 cm-1 for monazite. The position of the Raman 

bands in synthesised, single REE-bearing monazite-type phosphates correlates linearly with the 

effective cationic radii of the REEs (Ruschel et al., 2012; Heuser et al., 2014). Monazite can therefore 

be termed as monazite-(Ce), on the assumption that the most abundant REE determines the Raman 

band positions. Indeed, cerium showed to be the most abundant REE in the geochemical analysis of 

several monazite minerals (see Appendix E). A study on how this fundamental relationship between 

the effective ionic radii and the band position applies for bastnaesite has yet not been carried out, but 

could similarly be applied for the determination of the most abundant REE. 

7.2 Geochemistry 
The REE-bearing minerals have as well been subjected to a geochemical investigation of the REE 

distribution with LA-ICP-MS. The appearance of bastnaesite and monazite is macro- and 

microscopically quite different from sample to sample, but this showed to not be illustrated by 

differences in the REE content. The investigation of different bastnaesite minerals shows for all 

samples a similar REE pattern, with a general enrichment of light REEs over heavy REEs and a 
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(La/Yb)chondrite ratio around 6500, comparable to the REE pattern of bastnaesite published in Lehmann 

et al. (1994). The investigation of different monazite minerals shows a REE pattern and TREO content 

that is almost identical to bastnaesite, disregarded from one sample that showed a (La/Yb)chondrite ratio 

somewhere around 2000. The low thorium concentrations in monazite (329 ppm on average) are 

characteristic for hydrothermal monazite (Schandl et al., 2004) and indicates once again the formation 

under hydrothermal conditions. 

The enrichment of light REEs relative to heavy REEs are generally expected in carbonates and 

phosphates (Kanazawa et al., 2006) and can be quantified with the (La/Yb)chondrite ratio, which is here 

between 2000 and 6500. An enrichment to such a degree is typically only noted for carbonatite REE 

deposits (Chakhmouradian et al., 2012b). The monazite alteration quickly followed the bastnaesite 

crystallisation (Ntiharirizwa et al., 2018) and did not evoke a noticeable redistribution of the REE 

content. Both mineral phases are therefore considered to be formed under similar formation 

conditions. The formation of cerianite, predominantly concentrating Ce over the other REEs, can be 

considered to be insignificant to have an effect on the REE distribution. 

A rare earth differentiation was noted by Van Wambeke (1977) in the supergene alteration. 

Rhabdophane evolved from rhabdophane-Ce to rhabdophane-La with a general decrease of Ce in 

comparison with the other light REEs. Oxidizing conditions are therefore considered to be more 

prevalent during the supergene alteration, with a more substantial formation of cerianite. Compared 

to the other light REEs, cerianite preferentially concentrates cerium (Van Wambeke, 1977), which may 

explain the rare earth differentiation of rhabdophane. The REE pattern of the late iron-rich phase 

(goethite) shows a less pronounced enrichment of the light REEs, (La/Yb)chondrite is around 50, with an 

enrichment in Ce that is too low to explain the rare earth differentiation of rhabdophane. 
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8 Conclusion 

The Neoproterozoic Gakara REE deposit in Burundi was first discovered in 1936 and has been 

periodically studied from 1947 until the late 1970s, as the exploitation of the REE-bearing minerals 

bastnaesite and monazite showed to be economically attractive. It is only since September 2017 that 

work has been resumed by the Rainbow Rare Earths mining company, who claims to have with Gakara 

one of the richest REE deposits in the world (Rainbow Rare Earths, 2019). The Gakara REE deposit is 

localised along fracture zones and heterogeneities in the Mesoproterozoic orogenic Karagwe-Ankole 

belt and is spatially related to the regional occurrence of alkaline complexes and carbonatites 

(Ntiharirizwa et al., 2018). 

The main objective was to reconstruct a detailed paragenesis of the Gakara REE mineralisation by 

making use of the rock and mineral collection of the RMCA. Recent literature already discussed the 

formation history (Van Wambeke, 1977; Ntiharirizwa et al., 2018), but a detailed petrographic study 

of this mineralisation dates back to Aderca et al. (1971). Special attention went out to the different 

mineralisation phases and possible alteration and remobilisation phases. Standard microscopy was, 

therefore, complemented with XRD-XRF, SEM-EDS, cold CL microscopy and Raman spectroscopy. 

Techniques which all proved to be helpful, one way or another, in the identification of minerals. The 

mineralogical investigation of the Gakara REE deposit together with the geochemical investigation of 

the REE-bearing minerals using LA-ICP-MS, eventually lead to a clearer view on the metallogenesis of 

the deposit. 

The paragenesis supports mainly on the microscopic techniques and can be subdivided into three 

distinct phases. The mineralogical assemblage of the primary bastnaesite-vein type ore consists of 6 

major minerals (quartz, bastnaesite, biotite, barite, K-feldspar and pyrite) and 6 minor minerals 

(galena, anhydrite, rutile, chalcopyrite, molybdenite and sphalerite) of which anhydrite, rutile, 

chalcopyrite and sphalerite have not yet been identified. This was quickly followed by a goethite-

monazite alteration under oxidizing conditions that can differ largely from sample to sample. The 

primary ore has subsequently been brecciated and by subsequent silicification processes been 

cemented together in a microcrystalline quartz matrix that is derived from hydrothermal solutions in 

open fissures. This caused the remobilisation of barite, goethite and monazite, to be deposited 

afterwards in cavities or within small fractures. The end of this brecciation phase is marked by the 

deposition of much more transparent quartz minerals overgrowing the quartz matrix. The third phase 

consists of a mineral assemblage that is formed by mineral hydration in an oxidative environment, to 

be linked with a supergene alteration (lateritization). Goethite, kaolinite and rhabdophane were 

previously identified, but strengite is here for the first time identified. 

Cold CL microscopy did not deliver its desired applicability for the REE-bearing minerals, due to iron 

that impeded most of the luminescence. However, Raman spectroscopy showed to be applicable for 

the identification of the REE-bearing minerals. Although no different mineral generations were 

identified with this technique, Raman spectroscopy could also demonstrate its usefulness in the 

identification of mineral generations that are controlled by a change in the effective ionic radii and/or 

REE distribution. 

The geochemical investigation of the REE-bearing minerals demonstrates that both bastnaesite and 

monazite have a similar strong enrichment of light REEs and an almost identical TREO content (> 50%). 

Despite that the low Th content of monazite once more confirms the hydrothermal origin of the Gakara 
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REE deposit, the strong enrichment in light REEs and the mineralogical assemblage is also indicative 

for a REE deposit with a carbonatitic origin. Furthermore, the pinkish red CL emission of feldspars that 

are linked to the primary ore typically characterises fenitization processes that are associated with 

alkali-rich igneous and carbonatite intrusions. 

The Neoproterozoic Gakara REE vein-type hydrothermal mineralisation is localised along fracture 

zones and heterogeneities in the upper brittle crust of predominantly Paleoproterozoic gneissic rocks 

of the KAB (Ntiharirizwa et al., 2018). The historical works and mine archives available at the Royal 

Museum of Central Africa further highlights the occurrence of several north-eastern alignments along 

a large anticlinal structure with which the mineralisation is related. More recent geophysical data also 

helped to delineate North-South transversal fault zones in the KAB, to which igneous and hydrothermal 

intrusions, among which the Gakara REE mineralisation, showed to be associated (Everaerts et al., 

2016). Hydrothermal rocks are often preliminarily linked to a hypothetical carbonatitic source (Linnen 

et al., 2014) and may occur as veins outside alkali complexes (Van Wambeke, 1977). Complexes which 

may evolve from alkali-rich carbonate-silicate magmas by both liquid immiscibility or fractional 

crystallisation (Linnen et al., 2014). The REE deposit of Gakara has therefore previously been described 

in literature as a hydrothermal mineralisation that shows a strong affinity with a carbonatitic origin 

(Thoreau et al., 1958; Van Wambeke, 1977; Lehmann et al., 1994; Ntiharirizwa et al., 2018). A 

hypothesis that is further confirmed in this study. The silicification of the primary ore during the 

brecciation, with the presence of comb structures, and the low thorium concentrations in monazite 

indicates the deposition from hydrothermal solutions in open fissures. On the other hand, the pinkish 

red CL emission of feldspars and a brecciation phase are characteristic for fenitization, a process of 

alteration to be typically associated with carbonatite complexes. Moreover, the carbonatitic origin of 

the Gakara REE deposit is substantiated by the mineralogical assemblage and by a strong enrichment 

in light REEs. 

Therefore, the Gakara REE deposit can be associated with the Neoproterozoic alkaline complexes and 

carbonatites that occur along the present-day Western Rift. They seem to reflect a rise of mantle-

derived magmas along lithospheric weakness zones (Pohl, 1994; Midende et al., 2014), to be linked to 

the intermittent Pan-African intrusive activity (Ntiharirizwa et al., 2018). It is important to mention that 

the closest known alkaline-carbonatite complex of Matongo reflects a depleted mantle domain, 

whereas the Gakara region reflects an enriched mantle domain (Lehmann et al., 1994). A link with a 

hidden carbonatitic body at depth is therefore currently still supported (Ntiharirizwa et al., 2018). 

It can be concluded that the Gakara REE mineralisation is structurally controlled and when considered 

in terms of the mineralogical-genetic classification of Mitchell (2005), rather should be termed as 

carbothermal residua derived from an unidentified potassic-suite carbonatite at depth that is possibly 

derived from a predominantly metasomatised lithospheric mantle. 

8.1 Further Research 
A detailed stable isotope study (18O-13C) of different generations of minerals could be envisaged to 

identify the fluid sources and the formation temperature. Additionally, a microthermometric study of 

fluid inclusions could determine the minimum temperature of mineralisation, the characteristics of the 

fluid (salinity, composition) and the water-rock interaction. The direct linkage with an alkaline-

carbonatite body at depth could be achieved in the near future, as the Rainbow Rare Earths mining 

company already started a drilling campaign in the Gakara region (Rainbow Rare Earths, 2019).  
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RG5433 

RG8508 

RG9751 

RG9752 

RG9755 

RG9756 

RG9757A 

RG9757B 
RG10342 

Appendix A. Fresh cut rock samples. The regions subjected to XRD and XRF are encircled in black. 
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Appendix B. Summary of the analyses performed on the samples. 

Sample number 
Analyses 

Thin section XRD & XRF SEM-EDS Cold CL Raman LA ICP-MS 

RG5433 x x 
 

x x x 

RG8508 x x x x x 
 

RG9751 x x 
    

RG9752 
 

x 
    

RG9755 x 
   

x 
 

RG9756 x x x 
 

x x 

RG9757A 
      

RG9757B x 
 

x 
   

RG10342 x x x x 
  

RG11455A x 
     

RG11455B x 
 

x x 
 

x 

RG11455C x x 
   

x 

RG11469A x 
     

RG11469B x x 
   

x 

RG16234 
    

x 
 

RG16998 x x x x x x 

RG17019 x 
 

x x x 
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RG5433 

RG8508 

RG9751 

Appendix C. Results from the XRD analyses (see Appendix A for the selected locations).  
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Appendix D. Results from the XRF analyses (see Appendix A for the selected locations). 
El

e
m

e
n

t 

C
o

n
ce

n
tr

at
io

n
 Sample number 

R
G

5
4

3
3

 

R
G

8
5

0
8

 

R
G

9
7

5
1

 

R
G

9
7

5
2

 

R
G

9
7

5
6

 

(g
re

en
) 

R
G

9
7

5
6

  

(g
re

y)
 

R
G

1
0

3
4

2
 

R
G

1
1

4
5

5
C

 

R
G

1
1

4
6

9
B

  

(r
ed

) 

R
G

1
1

4
6

9
B

 

(g
re

en
-w

h
it

e)
 

R
G

1
6

9
9

8
 

Mg % 6.21 3.62 3.25 5.06 5.73 3.58 5.30 2.87 2.84 2.21 5.29 

Al % 1.05 1.74 0.60 0.98 1.16 2.40 16.55 0.60 0.00 0.00 0.84 

Si % 0.86 35.23 23.94 0.24 4.77 25.24 49.58 18.68 29.11 34.23 0.82 

P % 0.67 0.62 0.00 0.66 0.12 0.00 2.13 0.89 0.00 0.00 4.08 

S % 0.05 0.16 4.11 0.08 0.41 11.20 0.00 1.01 1.80 7.41 0.31 

Cl % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

K % 2.01 1.24 0.00 2.52 2.48 1.19 0.00 0.00 0.00 0.00 1.70 

Ca % 0.20 0.00 0.00 0.21 0.09 0.00 0.00 0.03 0.00 0.00 1.18 

Ti % 7.00 1.95 8.43 7.02 6.99 0.26 3.12 1.33 3.98 0.28 7.08 

V % 22.64 4.82 12.08 22.60 21.91 0.25 8.54 3.31 6.58 0.19 21.52 

Cr % 13.00 1.99 3.61 12.84 12.19 0.44 3.75 1.34 2.15 0.04 11.66 

Mn % 3.40 0.51 1.38 3.43 3.27 0.07 1.22 0.42 0.68 0.02 2.93 
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Zn % 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.01 

As % 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 

Se % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Rb % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sr % 0.01 0.03 0.26 0.02 0.03 0.01 0.12 0.02 0.08 0.01 0.10 

Y % 0.10 0.03 0.04 0.11 0.11 0.00 0.04 0.03 0.02 0.00 0.08 

Zr % 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 

Nb % 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 

Mo % 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.08 0.01 

Ag % 0.27 0.00 0.14 0.26 0.25 0.00 0.00 0.00 0.00 0.00 0.24 

Cd % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sn % 0.04 0.01 0.02 0.04 0.04 0.00 0.00 0.01 0.01 0.00 0.04 

Sb % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ta % 0.02 0.00 0.01 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.02 

W % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Hg % 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 

Pb % 0.01 0.12 0.07 0.03 0.04 0.07 0.09 0.52 0.06 0.03 0.44 

Bi % 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Th % 0.02 0.13 0.01 0.02 0.02 0.00 0.04 0.00 0.01 0.00 0.02 

U % 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.02 0.00 0.00 0.01 

LE % 40.81 44.09 30.91 42.18 37.97 35.63 
 

49.41 42.61 46.46 40.09 
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Appendix E. Analysed values for the geochemical analysis, using LA-ICP-MS. 

Bastnaesite 
Ba La Ce Pr Nd Sm Eu Gd Dy Y Ho Er Yb Lu Th 

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

5433B-1    <0.5 136094 205966 30218 109838 14245 2960 11229 1031 1432 89.46 219.5 29.70 1.40 67.35 

5433B-3  <0.5 135911 192797 24585 88035 11013 2384 7299 808.2 1568 70.83 79.25 11.06 0.72 61.78 

5433B-4 <0.5 152432 220476 27589 98200 12194 2615 8183 895.1 1752 77.30 87.99 11.91 0.77 69.92 

5433B-5  <0.5 141948 203903 25490 90849 11493 2456 7653 807.5 1599 70.96 77.19 10.08 0.72 60.56 

5433B-6 <0.5 128153 184266 23668 82614 10609 2135 6717 741.1 1488 63.71 69.93 8.94 0.69 45.14 

16998B-1    <0.5 97103 139519 23017 89244 10933 2194 24650 745.2 794.2 66.35 1358 93.28 3.36 23.09 

16998B-2    <0.5 175458 233155 31481 110918 12702 1947 7103 896.8 1341 80.02 167.8 21.62 1.24 39.06 

16998B-3    <0.5 232246 308613 39113 136052 16098 2505 8507 1256 2080 113.6 146.4 20.63 1.43 66.84 

16998B-4    12.17 195355 258012 32262 111340 12818 1977 7339 979.3 1741 86.98 106.7 14.18 1.04 49.86 

16998B-5    <0.5 177238 232052 28650 95977 10549 2073 6904 688.5 1334 60.28 73.47 9.70 0.76 39.55 

11455B-2    <0.5 129832 198090 28425 104110 13786 2354 8631 1001 1527 87.97 155.7 21.41 1.15 30.83 

11455B-3    <0.5 146939 223698 31465 119006 16817 2883 8197 1434 2100 124.2 156.9 20.88 1.29 52.02 

11455B-4    <0.5 167909 258618 35371 133903 18916 3227 7882 1653 2332 143.7 167.3 22.42 1.51 61.45 

11455B-5    5.97 235042 345156 45818 165196 21219 3466 11058 1599 2639 137.2 153.0 19.39 1.33 49.94 

9756B-ye-br-1    <0.5 166528 233617 32655 123453 15806 2619 9243 1554 2231 145.8 286.7 42.01 1.99 76.54 

9756B-ye-br-2    2.37 170324 247427 34918 133055 18388 3088 7906 1754 2152 150.5 179.4 25.64 1.58 74.64 

9756B-ye-br-3    7.31 261241 349215 45569 162350 21810 3514 10443 2186 3021 202.7 240.9 36.55 2.34 252.4 

9756B-ye-br-4    2.79 173059 231109 29703 108180 14622 2411 6791 1489 2095 140.1 160.7 24.16 1.46 111.4 

9756B-ye-br-5    <0.5 208065 292250 38659 142067 19347 3163 10498 1973 3029 180.4 200.0 26.33 1.75 118.9 

9756B-gr-br-1    <0.5 111200 157774 20326 73524 9933 1627 5973 880.6 1566 78.61 85.12 10.68 0.76 57.01 

9756B-gr-br-2 <0.5 137405 185925 22903 80790 10528 1979 6244 915.2 1787 85.32 95.17 13.48 1.05 85.33 

9756B-gr-br-3 <0.5 149424 202131 25147 88590 11389 2209 7437 968.4 1960 90.65 98.49 13.78 1.14 96.20 

9756B-gr-br-4 <0.5 136594 182468 22275 77170 10161 2039 6631 911.6 1830 86.60 95.03 14.01 1.06 87.29 

9756B-gr-br-5 <0.5 143373 190660 23207 81379 10561 2133 7047 882.7 1793 81.38 88.69 12.26 0.96 90.38 
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Monazite 
Ba La Ce Pr Nd Sm Eu Gd Dy Y Ho Er Yb Lu Th 

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

5433-1    1547 194000 230600 
 

145100 26920 4943 13250 1419 2368 111.2 200.4 31.94 1.85 0.383 

5433-2    1411 165400 190300 
 

112200 20800 3731 9216 1051 2059 82.19 113.9 16.46 1.17 0.258 

5433-3    1460 162200 182500 
 

106100 18010 3492 8788 1007 2070 78.30 104.5 14.20 1.06 2.176 

5433-4    1375 164700 183600 
 

105200 18150 3426 8697 1010 2124 79.32 99.91 13.88 1.24 0.307 

5433-5    1343 158400 176800 
 

99380 18290 3154 7983 952.3 2017 73.61 95.28 12.98 1.04 <0.1 

16998-1    650.1 154600 180300 
 

109700 18510 2854 22930 754.5 1106 62.31 551.6 53.61 2.58 49.86 

16998-2    1034 138300 168400 
 

84900 13750 2533 7036 634.6 1312 60.44 168.8 50.79 4.97 329.3 

16998-3 Bad correction of the internal standard 

16998-4    483.1 128600 145900 
 

67130 10450 1746 3906 427.4 810.7 33.23 64.44 13.16 0.99 23.88 

16998-5 Bad correction of the internal standard 

11455B-1    921.2 169300 220400 
 

135300 25220 5253 21240 1248 1978 100.2 468.0 55.57 2.54 59.86 

11455B-2    870.6 145900 188900 
 

102000 19070 3913 9693 915.9 1546 73.56 177.6 24.18 1.33 75.97 

11455B-3    731.0 145900 184600 
 

95940 14990 3282 7569 847.7 1623 68.99 121.4 17.05 1.23 78.14 

11455B-4    521.1 125300 163100 
 

81130 14300 2781 5713 642.1 1236 50.35 84.04 10.80 0.59 74.79 

11455B-5    496.3 143500 182600 
 

92010 14340 2966 6462 717.5 1484 57.90 89.03 12.22 1.07 70.36 

 

Iron-rich 

material 

Ba La Ce Pr Nd Sm Eu Gd Dy Y Ho Er Yb Lu Th 

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

11455C-1    35.65 43.89 116.4 
 

87.71 23.42 4.659 12.91 2.605 7.455 <0.1 1.53 0.97 <0.1 6.19 

11455C-2    37.68 59.9 149.7 
 

77.49 19.9 3.81 7.587 2.334 10.28 <0.1 0.86 1.19 <0.1 5.16 

11455C-3    308.2 280.8 522.5 
 

214.5 33.45 8.283 14.33 3.903 9.554 <0.1 0.87 1.18 <0.1 10.57 

11455C-4    26.03 80.62 178.8 
 

91.25 24.24 4.679 10.1 3.335 8.233 <0.1 0.63 0.61 <0.1 11.18 

11455C-5    23.74 117.5 226.5 
 

113.6 12.5 3.303 11.41 3.815 10.73 0.51 0.74 <0.1 <0.1 3.81 

 

 


