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Abstract 

The 450 km long Orange River pegmatite belt intruded the Namaqua Sector of the 

Mesoproterozoic Namaqua-Natal Province, Southern Africa, at ca. 1 Ga. The western part of the 

belt is characterized by the occurrence of LCT pegmatites locally mineralized in Li, Ta, Nb, Be 

and Bi. Most of these mineralized pegmatites display zonation with a quartz-feldspar-muscovite-

garnet-beryl-bearing aplite border and wall zone, a quartz-feldspar-spodumene-lepidolite-bearing 

intermediate zone, and a quartz-K-feldspar core. The pegmatites and their granodioritic country 

rocks commonly show evidence of albitization and greisenization (i.e. secondary 

muscovitization). In this study, detailed petrographic observations and the compositions of mica, 

feldspar, spodumene and Nb-Ta oxide minerals are reported. This information is combined with 

bulk country rock compositions and new U-Pb zircon and monazite ages plus Sm-Nd isotope 

compositions of monazite to constrain the origin and magmatic-hydrothermal evolution of 

weakly and strongly mineralized LCT pegmatites. 



The Li-Ta-Be Kokerboomrand I pegmatite emplaced at ca. 985 Ma during the main stage of 

pegmatite emplacement in the Orange River belt and regional strike-slip deformation. It has 

εNd(t)monazite = -14 ± 3 and formed by partial melting of Paleoproterozoic rocks from the 

Richtersveld magmatic arc. Alternatively, Mesoproterozoic sediments of the Bushmanland 

Subprovince may also provide a suitable magma source for the Kokerboomrand I pegmatite.  

The rare metal contents of muscovite and columbite group minerals (CGM) increase from the 

weakly mineralized to strongly mineralized pegmatites, suggesting early-stage fractional 

crystallization or variable partial melting conditions. Mica Nb/Ta values of <14 and K/Rb ratios 

of <40 can be used as geochemical tools for Li-Ta-(Nb)-Be exploration in the region, and 

possibly in other pegmatite belts worldwide.   

Rare metal-bearing minerals crystallized throughout the magmatic-hydrothermal evolution of 

mineralized pegmatites. During the magmatic-dominated stage I, constitutional zone refining 

likely induced a decrease of spodumene Fe contents and increase of CGM Ta contents toward the 

pegmatite core. Stage II marks the pervasive circulation of an immiscible hydrosaline melt. This 

stage is characterized by the replacement of the primary mineral assemblage by lamellar albite 

(cleavelandite), (fluor)calciomicrolite and Cs-Ta-rich Li-muscovite and zinnwaldite. Stage III 

represents the progressive transition from a magmatic-hydrothermal system dominated by a Li-

Cs-Ta-rich hydrosaline melt toward a system mainly involving (Li)-Cs-(Ta)-Bi-rich aqueous 

fluids. This stage is characterized by the crystallization of lepidolite and zero-valence-dominant 

pyrochlore as well as strong localized greisenization and Bi mineralization. 

Magmatic-hydrothermal alteration of the immediate country rock of the mineralized 

pegmatites is marked by the crystallization of albite, Li-Ta-Cs-rich mica, various Nb-Ta oxide 



minerals, and led to a strong decrease of the whole-rock Nb/Ta ratio plus significant rare metal 

enrichment.  

Our findings from the Orange River belt demonstrate that an important role can be ascribed to 

melt-melt and melt-fluid immiscibility and metasomatism in the formation of pegmatite-related 

rare metal deposits. Greisens and albitites associated with pegmatites and their immediate country 

rocks can be considered as favorable targets for Li-Ta mineral exploration. Strong and pervasive 

metasomatism across the mineralized pegmatites and their country rocks suggests involvement of 

a parental medium that was highly enriched in water.  

1. Introduction 

Highly peraluminous rare metal granites (PRMG, Černý et al., 2005; Linnen and Cuney, 

2005) and pegmatites of the LCT family, enriched in Li-Cs-Ta (Černý and Ercit, 2005), host a 

disseminated magmatic mineralization type that contrasts with common muscovite-bearing 

peraluminous granites (MPG, Barbarin, 1996), in which saturation of rare metals is not achieved 

at the magmatic stage. Both PRMG and LCT pegmatites represent a major source of rare metals 

(e.g., Li, Ta, Nb, Be, Sn, W), many of which are strategic for the high-tech industry and transition 

to sustainable energy sources (Linnen and Cuney, 2005; Linnen et al., 2012; Gunn, 2014). 

Despite a significant economic potential, the reasons for rare metal enrichments of these highly 

peraluminous intrusions remain unclear.  

LCT pegmatites and PRMG are commonly interpreted as residual melts formed by extreme 

degrees of fractional crystallization of a large peraluminous granitic body (e.g. Norton, 1973; 

Raimbault et al., 1995; Černý and Ercit, 2005; Černý et al., 2005; Buick et al., 2008; Hulsbosch 

et al., 2014; London, 2014; Roda-Robles et al., 2018;  Knoll et al., 2018). However, due to the 



lack of spatial, compositional and temporal relationships between several pegmatite fields and 

granite intrusions worldwide, a second model based on the partial melting of rare metal- and 

fluxing element-rich sediments or igneous rocks along shear zones was proposed (e.g. Norton, 

1973; Zasedatelev, 1974, 1977; Stewart, 1978; Shmakin, 1983; Matheis, 1987; Kontak et al., 

2005; Melleton et al., 2012; Deveaud et al., 2013, 2015; Shaw et al., 2016; Müller et al., 2017; 

Fuchsloch et al., 2018; Konzett et al., 2018a, 2018b; Gourcerol et al., 2019). Formation of rare 

metal-enriched granitic magmas may result from a weathering-related increase of these metals in 

sediments prior to partial melting of such source rocks (Romer and Kroner, 2016) while the 

fluxing components such as B and Li may be provided by partial melting of evaporite-rich 

sedimentary sequences (Simmons and Webber, 2008). Alternatively, during granulite facies 

metamorphism, regional shear zones may channel fluids that are enriched in rare metals and 

fluxing elements. Such fluids may enhance partial melting of the deep crust, resulting in the 

formation of rare metal-enriched melts (Cuney and Barbey, 2014).  

Following partial melting, further metal enrichment can take place by fractional 

crystallization either during magma ascent in dykes (Yamato et al., 2015) or in magma chambers 

(Dufek and Bachmann, 2010). The parental magmas of these pegmatites and granites can be 

highly enriched in fluxing components, such as B, P, F, water and Li, which has the effect to 

reduce the viscosity and solidus of the magma and, thus, enhance mineral-melt segregation (e.g. 

Černý et al., 2005; Linnen and Cuney, 2005; Thomas and Davidson, 2012). At the site of magma 

emplacement, undercooling- and supersaturation-induced processes, such as isothermal fractional 

crystallization and migration of a boundary layer liquid enriched in fluxing elements, can also 

lead to metal enrichment in the internal zones of pegmatites (e.g. London, 2014, 2018; Van 

Lichtervelde et al., 2018).  



On the other hand, the parental magmas of highly evolved granites and pegmatites may 

contain up to 30 wt.% water, and melt and fluid inclusion studies have demonstrated that at least 

three phases can coexist during crystallization of these intrusions in the upper crust: (i) a high 

viscosity, water-poor, silicate-rich melt (type A), (ii) a low viscosity, water (± carbonate)-rich, 

silicate-poor melt (type B), and (iii) a lower salinity aqueous (± carbonate-rich) fluid (e.g. 

Thomas et al., 2005, 2012; Thomas and Davidson, 2012). Hydrosaline melts and hydrothermal 

fluids may cause important element mobilities in and around granitic intrusions via exsolution 

and metasomatism and, therefore, contribute to the formation of granite- and pegmatite-related 

rare metal deposits (e.g. Thomas et al., 2009, 2011; Badanina et al., 2010, 2015; Dostal et al., 

2015; Ballouard et al., 2016a; Kaeter et al., 2018; Wu et al., 2018).  

The Namaqua sector of the Mesoproterozoic Namaqua-Natal metamorphic province, southern 

Africa, which was deformed and metamorphosed from 1.2 to 1.0 Ga, hosts an E-W oriented 500 

by 50 km belt containing more than 30,000 individual pegmatites (Fig. 1) (Hugo, 1970; Schutte, 

1972; Thomas et al., 1994; Minnaar and Theart, 2006).  Recent studies indicate that the 

pegmatites were emplaced in relationship with strike-slip tectonics between ca. 1040 and 960 Ma, 

after the peak of metamorphism and granitic magmatism in the region (Lambert, 2013; Doggart, 

2019). This so-called Orange River pegmatite belt is zoned: the western and eastern extremities 

contain mostly Li-Ta-Be-Bi-Sn-rich pegmatites showing an affinity to the LCT family (Černý 

and Ercit, 2005), whereas Nb-F-REE-Y-Be-rich pegmatites with NYF (Nb-Y-F) characteristics 

(Černý and Ercit, 2005) dominate the central part (Fig. 1). Pegmatites of the Orange River belt 

were mined sporadically since the beginning of the 1900’s for Bi, Be, Li, Ta and Nb as well as 

industrial minerals such as feldspar and mica (Hugo, 1970; Schutte, 1972; Minnaar and Theart, 

2006). The pegmatites with the most significant economic potential are located in the western 



part of the belt (this study), and some pegmatite bodies of the region (Noumas I, Blesberg mine 

and Kokerboomrand I) are currently re-evaluated for their Li and Ta mineralization.  

Despite several decades of exploration, mining and geological research, the nature of the 

source(s) as well as magmatic and magmatic-hydrothermal processes involved in the rare metal 

enrichment of pegmatites from the Orange River belt remain poorly understood. To tackle these 

issues, we carried out a detailed petrological, geochemical and geochronological study of selected 

barren and Li-Ta-Nb-Be-(Bi) mineralized LCT pegmatites from the western part of the belt 

including metasomatized country rocks. We present compositional data for mica (major, minor 

and trace elements), feldspar, spodumene and Nb-Ta oxide minerals (major and minor elements) 

from the pegmatites along with mineral composition and whole-rock major and trace element 

analyses of their immediate country rocks. U-Pb zircon and monazite ages, as well as Sm-Nd 

isotopic compositions of monazite were also obtained for mineralized pegmatites. These results 

show that, in addition to fractional crystallization and supersaturation processes, melt and fluid 

immiscibility and metasomatism have a major control on the distribution of rare metals in the 

pegmatites and their country rocks and are therefore considered critical to the formation of 

pegmatite-related Li-Ta-Bi deposits. Finally, we provide new constraints on the sources of these 

pegmatites and discuss their tectonic context.  

2. Geological context 

2.1. The Namaqua Sector of the Namaqua-Natal belt  

The Namaqua Sector (Fig. 1), located in the north-western part of South Africa and southern 

part of Namibia, represents the western portion of the Mesoproterozoic Namaqua-Natal mobile 

belt, which was accreted to the Archean Kaapvaal Craton between ca. 1.2 and 1 Ga during 

formation of the supercontinent Rodinia (Thomas et al., 1994; Cornell et al., 2006). The 



Namaqua Sector comprises a number of tectonostratigraphic domains and subprovinces bound by 

thrust and shear zones, which were juxtaposed and reworked during the Namaqua-Natal orogeny 

(Figs. 1 and 2):  

 The Bushmanland Subprovince forms the structurally lowermost domain of the Namaqua 

Sector. It is mostly composed of a ca. 1.8 Ga old orthogneissic basement (the Gladkop 

Suite) overlain by ca. 1.6 to 1.1 Ga old metamorphosed supracrustal rocks (the 

Bushmanland and Kamiesberg groups) that were intruded by granitoids (the Little 

Namaqualand Suite, Concordia granite and Spektakel Suite) and mafic rocks (the 

Koperberg Suite) from ca. 1230 to 1030 Ma (Robb et al., 1999; Clifford et al., 2004; 

Cornell et al., 2009; Macey et al., 2018). Northern and eastern parts of the Bushmanland 

Subprovince record amphibolite facies conditions whereas other areas were affected by 

granulite facies metamorphism with peak ultra-high temperature conditions of 850-900 °C 

at 4-6 kbar (Robb et al., 1999).  

 The Richtersveld magmatic arc, structurally overlying the Bushmanland Subprovince, 

comprises volcano-sedimentary rocks (the Orange River Group) and intrusions (i.e. the 

Vioolsdrif Suite) formed in an island arc-related setting between ca. 1.91 and 1.87 Ga 

(Macey et al., 2017). The Richtersveld magmatic arc was variably affected by the 

Namaqua orogeny and two tectono-metamorphic domains are distinguished. In the 

Vioolsdrif Domain, deformation was limited and metamorphism did not surpass 

greenschist facies conditions, whereas the Pella Domain experienced significant 

deformation under amphibolite facies conditions with peak conditions of ~600°C at 5-6 

kbar (Macey et al., 2017).  



 The Kakamas Domain, overthrusting the Bushmanland Subprovince, is separated from 

the Richtersveld magmatic arc by a wide thrust mélange: the Lower Fish-River 

Onseepkans thrust (LFROT) zone (Macey et al., 2018). The Kakamas Domain is 

interpreted as a mega-nappe stack of granulite facies metasedimentary rocks that record 

peak P-T conditions of 800-900°C at 4-5 kbar and were intruded at ca. 1200-1080 Ma by 

granitoids (Cornell and Pettersson, 2007a; Bial et al., 2015a, 2015b, 2016; Bailie et al., 

2017).  

 The granulitic Aus Domain, located to the NW of the Kakamas Domain in Namibia (not 

shown on Fig. 1), is made of granitoids emplaced between ca. 1120 and 1085 Ma and 

metasediments that reached peak P-T conditions of 825°C at 5.5 kbar (Diener et al., 

2013).  

 The lower granulite to amphibolite-grade Areachap Domain, with peak conditions of 600-

700°C at 6-8 kbar and ~730°C at 4.1 kbar, consists of supracrustal rocks deposited at ca. 

1250-1300 Ma in an arc-related setting and intruded at ca. 1200-1100 Ma by granitoids 

(Cornell et al., 1992; Cornell and Pettersson, 2007a; Bachmann et al., 2015; Bailie et al., 

2017).  

 The Kaaien Domain forms a tectonic transition between the Kaapvaal craton, Kheis belt 

and Namaqua Sector and is mostly composed of variably deformed greenschist facies 

supracrustal rocks deposited between ca. 1.9 and 1.1 Ga and ca. 1.4 to 1.1 Ga old 

granitoids (Van Niekerk, 2006; Pettersson et al., 2007; Moen and Armstrong, 2008; Van 

Schijndel et al., in press). Some metasediments record eclogite-facies peak metamorphic 

conditions of ~650 °C at ~10 kbar (Van Schijndel et al., in press). The Kaaien Domain 



has recently been proposed to be part of the newly defined Kheis Terrane (Van Niekerk 

and Beukes, 2019).   

Most domains of the Namaqua Sector experienced at least two low-pressure, high 

temperature tectono-metamorphic events (Fig. 2): an older one at ca. 1200-1100 Ma (D2) related 

to the development of a penetrative foliation and domain juxtaposition, and a younger one 

between ca. 1100 and 1000 Ma (D3) associated with large scale folding (Diener et al., 2013; Bial 

et al. 2015a, 2016; Macey et al., 2018). The end of the Namaqua Orogeny is marked between ca. 

1005 and 960 Ma by dextral deformation along NW-SE vertical faults (D4), such as the Pofadder 

Shear Zone. Transcurrent deformation was synchronous with the emplacement of pegmatites 

from ca. 1040 to 960 Ma (Lambert, 2013; Doggart, 2019) and scarce granitic magmatism or fluid 

influx at ca. 1 Ga, as represented by the Warmbad Suite in the Pella Domain (Macey et al., 2015), 

dykes in the Aus Domain (Diener et al., 2013), and pronounced fluid-related metasomatism in the 

Kakamas Domain (Bial et al., 2015b). Cooling of most domains below 350°C occurred at ca. 960 

Ma (Pettersson, 2008).  

Despite significant thrust tectonics, no evidence of high-pressure metamorphism and 

therefore important crustal thickening exists in the Namaqua Sector except for the marginal 

Kaaien Domain, representing the Namaqua front. This led Van Schijndel et al. (in press) to 

suggest that D2 high-pressure metamorphism was overprinted in the core of the Namaqua Sector 

by D3 thermal events, and these authors invoke collisional-type tectonics. In contrast, Bial et al. 

(2015a, 2015b, 2016) and Macey et al. (2018) argued that the polyphase near-isobaric high-

temperature and low-pressure history of several domains of the Namaqua Sector is not 

compatible with classic tectonic models involving continental break-up, subduction and 

continental collision. These authors propose a continental back-arc mobile belt setting where 



episodic heat transfer from the convecting mantle into a thinned lithosphere may have occurred 

over a period of 200 Myr. Dewey et al. (2006) also proposed that mafic underplating, ultra-high 

temperature metamorphism and granitic magmatism at ca. 1030 Ma occurred during transtension 

and lithospheric thinning. 

2.2. The Orange River pegmatite belt  

Pegmatites from the Orange River belt are ca. 960 to 1040 Ma old (Lambert, 2013, Doggart, 

2019). Dykes and lenses with a thickness and length up to ~40 m and 500 m, respectively, strike 

either parallel to or crosscut the main foliation of their country rocks with a main NW-SE 

direction (Hugo, 1970; Schutte, 1972; Minnaar and Theart, 2006) (Fig. 3). In the Pofadder Shear 

Zone area (Fig. 1), pegmatite emplacement is mainly controlled by D4-related subvertical 

foliation, parasitic fold axial planes, Riedel shears and dextral dilatant jogs as well as late D4 

extensional fractures (Lambert, 2013). The internal structure of the pegmatites varies from 

homogeneous to heterogeneous and their mineralogy is variable across the belt. In the central part 

of the belt (western and central parts of the Kakamas Domain, Fig. 1), homogeneous pegmatites 

generally contain quartz, feldspar, biotite, muscovite with zircon, monazite, titanite, magnetite 

and tourmaline as accessory minerals. The heterogeneous pegmatites display complex zoning and 

commonly contain topaz, fluorite, beryl, allanite, gadolinite, euxenite, columbite group minerals 

(CGM) and pyrochlore in addition to the mineral assemblage of the homogeneous pegmatites 

(Hugo, 1970). According to the classification scheme of Černý and Ercit (2005), these pegmatites 

belong to the REE subclass of the NYF family. In the Richtersveld magmatic arc (Schutte, 1972; 

Baldwin, 1989; MacDonald, 2013) and eastern part of the Kakamas Domain (Hugo, 1970), 

homogeneous pegmatites commonly contain quartz, feldspar, muscovite and garnet, with apatite, 

zircon, monazite and rare tourmaline, CGM and beryl as accessory minerals. Heterogeneous 



pegmatites are generally characterized by an aplite border, wall zone, intermediate zone and a 

quartz-K-feldspar core (Fig. 4). These intrusions commonly contain, in addition to the 

homogeneous pegmatite mineral assemblage, Li-bearing minerals (e.g., spodumene, lepidolite 

and Li-tourmaline), beryl, CGM, microlite, cassiterite and Bi-minerals that tend to concentrate in 

the intermediate zones. These pegmatites belong to the Li subclass of the LCT family (Černý and 

Ercit, 2005).  

3. Field and sample descriptions 

The study area is located in the western part of the Orange River belt at the transition between 

the amphibolite facies Pella Domain and greenschist facies Vioolsdrif Domain of the 

Richtersveld magmatic arc (Figs. 1 and 3). In this area, Schutte (1972) identified three main types 

of pegmatites referred to as: 1. non- or weakly mineralized, unzoned, homogeneous, 2. 

mineralized, weakly zoned, homogeneous, 3. mineralized, zoned, heterogeneous (Fig. 3). We 

sampled and studied five heterogeneous and mineralized pegmatites, namely, from west to east: 

the Li-Ta-Be-Bi Noumas I pegmatite, Nb-Ta-Be Kokerboomrand II pegmatite, Li-Ta-Be 

Kokerboomrand I pegmatite (Fig. 4), Li-Ta-Be Norabees I pegmatite and Nb-Ta-Be Witkop 

pegmatite. Three homogeneous and weakly mineralized pegmatites were also sampled including 

two (KOK-17-13 and 14) from the area of Kokerboomrand and one (NORA-17-6) located to the 

south of the Norabees I pegmatite. A description of the sampled pegmatites and their country 

rocks, including GPS coordinates, texture, mineralogy, thickness, strike and dip angle as well as 

their position in the CMS classification scheme of pegmatitic and aplitic rocks (Dill, 2015a, 

2015b) is provided in Supplementary Files 1 and 2 and summarized below. Representative field 

and sample photographs are shown in Figures 5, 6 and 7. 

3.1. Weakly mineralized pegmatites 



In the area of Kokerboomrand, the two NW-SE to N-S striking and subvertical homogeneous 

pegmatite dykes or lenses crosscut the foliation of a micaschist (KOK-17-13) and a 

metagranodiorite (KOK-17-14). They have thicknesses of ~2 m and 10 m, respectively. Graphic 

intergrowth between quartz and microcline was observed in KOK-17-14. Both pegmatites 

contain microcline, quartz, muscovite, garnet and rare Nb-Ta oxide minerals, but plagioclase was 

only observed in KOK-17-13. In the Norabees area, the N-S striking subvertical homogeneous 

pegmatite dyke crosscuts the foliation of a pink granitic gneiss and has a thickness of ~2 m. The 

pegmatite contains microcline, plagioclase, quartz, muscovite as well as zircon and monazite as 

accessory phases.  

3.2. Li-Ta-Be-Bi Noumas I pegmatite (Blesberg mine) 

The Noumas I pegmatite is the largest known heterogeneous and mineralized pegmatite of the 

Orange River belt with a length of ~500 m, a width between 10 and 40 m and a height of 

exposure of ~140 m. Its exploitation began in 1925 for Bi, and subsequently the body was mined 

for beryl and CGM as well as spodumene, feldspar and mica. The dyke-like body is discordant to 

the foliation of the Gaarseep granodiorite (Macey et al., 2017) and strikes NW-SE with a dip 

angle between 50 and 80° (Schutte, 1972).  

The Noumas I pegmatite mainly consists of an aplite border (Fig. 5a), wall zone (Figs. 5a and 

5b), intermediate zone and quartz-K-feldspar core. The aplite border contains sugary plagioclase, 

quartz, microcline, muscovite and subordinate amounts of Nb-Ta oxide minerals and zircon. 

Accessory garnet and apatite locally form layers parallel to the contact of the pegmatite. In 

addition to the mineral assemblage found in the aplite border, the wall zone hosts beryl and 

lamellar plagioclase (cleavelandite variety, Fisher, 1968). Muscovite and beryl (Fig. 5b) locally 

have a skeletal shape and microcline is commonly found as relics inside cleavelandite (Fig. 8a). 



The intermediate zone consists of green, pink or white spodumene, plagioclase, quartz and 

accessory microcline, beryl and Nb-Ta oxide minerals. Veinlets or patches (~100 µm) of 

plagioclase are locally found within spodumene. 

Replacement bodies occur as fracture-filling lenses close to the contact between the wall zone 

and intermediate zone (Fig. 5c). They consist of garnet and muscovite with subordinate amounts 

of smoky quartz, Bi-minerals and U (± Th, Pb, Cu)-rich phosphates, such as torbernite and 

plumbogummite.  

Meter-sized rafts of variably metasomatized granodiorite are found inside the wall zone of the 

pegmatite (Figs. 7a and 7b). The degree of greisenization, i.e. high-temperature metasomatic 

breakdown of biotite and feldspar and replacement by muscovite or Li-mica and quartz (e.g. 

Štemprok, 1987; Schwartz and Surjono, 1990; Launay et al., 2019), increases toward the contact 

with the pegmatite. Two types of greisens, separated by a millimeter-thick apatite-rich zone, were 

identified (Fig. 7c). At the contact with the pegmatite, the Green greisen, consisting of muscovite 

with accessory apatite, Nb-Ta-Ti oxide minerals and zircon is followed by the Black greisen 

constituted by muscovite with subordinate amounts of weakly chloritized biotite, quartz, 

plagioclase, ilmenite, zircon, apatite, rutile with monazite inclusions and Mn (± Ba) oxide 

minerals. The less metasomatized (meta)granodioritic country rock consists of plagioclase, K-

feldspar, quartz, locally chloritized biotite, zircon and oxide minerals.  

3.3. Nb-Ta-Be Kokerboomrand II pegmatite 

The Kokerboomrand II pegmatite is exposed in a 2-3 m deep extraction pit. It forms a lens 

~40 m in length and 5-15 m in thickness, striking subvertically at ~150°, either discordant or sub-

concordant to the foliation of the metagranodioritic country rock (Gaarseep granodiorite). The 



pegmatite is constituted by a wall zone made of microcline, lamellar plagioclase, quartz, 

muscovite, garnet, apatite, beryl and Nb-Ta oxide minerals, and a quartz core. Microcline is 

commonly found as anhedral relics between or within lamellar plagioclase and graphic texture 

was observed close to the contact with the metagranodiorite. 

3.4. Li-Ta-Be Kokerboomrand I pegmatite 

The Kokerboomrand I pegmatite was mined to a depth of ~11 m and is exposed over a 

surface area of 45 by 10 m (Fig. 4). The lens-like body intrudes the Gaarseep metagranodiorite 

and strikes NW-SE with a dip angle of ~75° toward the SW and plunges northward (Schutte, 

1972).  

The pegmatite consists of an aplite border, wall zone, intermediate zone and quartz-K-

feldspar core. The aplite border contains sugary plagioclase, quartz, muscovite, garnet and 

accessory apatite, zircon, monazite and Nb-Ta(-Ti) oxide minerals. Rare microcline is also found 

as anhedral grains between plagioclase. The wall zone consists of a similar mineral assemblage as 

the aplite border but contains beryl, and plagioclase is generally prismatic. The intermediate zone 

consists of lamellar plagioclase, quartz, Li-mica, pink spodumene and accessory apatite. In this 

zone, pink spodumene is replaced by purple Li-mica, and lamellar plagioclase may also be 

corroded by Li-mica (Figs. 6a and 8b). 

A meter-scale replacement body is here referred to as albitized intermediate zone (Fig. 6b). It 

consists of plagioclase, pink spodumene as well as accessory microcline and Nb-Ta oxide 

minerals. Both spodumene and microcline are partially replaced by plagioclase (Fig. 8c).  A 

second type of meter-sized replacement body occurs in the intermediate zone, close to the contact 

with the wall zone, and is hereafter referred to as greisenized intermediate zone (Figs. 5d and 6c). 



It is made of green mica, plagioclase with a cleavelandite habit, quartz, white and green 

spodumene, microcline, garnet and various oxide minerals. Plagioclase replaces spodumene (Fig. 

6c), and both these minerals are partially replaced by green mica (Fig. 8d). 

A ~1 m thick zone of partially assimilated and strongly metasomatized granodioritic country-

rock was sampled at the contact with the pegmatite (Fig. 7e). This zone has a heterogeneous 

crystal size and consists of fine- (0.1-0.3 cm) and coarse-grained (0.5-2 cm) subzones 

corresponding to the strongly metasomatized granodiorite and pegmatite, respectively. The fine-

grained subzone comprises biotite, muscovite, plagioclase and quartz along with garnet, zircon, 

monazite and various Nb-Ta-Ti oxide minerals. The coarse-grained subzone consists of quartz, 

plagioclase, tourmaline, muscovite with accessory garnet and apatite. A moderately 

metasomatized granodiorite, sampled 50-100 cm away from the contact of the pegmatite consists 

of plagioclase, biotite, muscovite and rare quartz along with accessory monazite, zircon and 

apatite. The high abundance of plagioclase in this sample may have resulted from albitization 

(Fig. 7d). 

3.5. Li-Ta-Be Norabees I pegmatite 

The Norabees I pegmatite is exposed in a ~55 by 25 m quarry that is at maximum 30 m deep. 

Approximately 1100 t of spodumene and ~36 t of beryl were extracted since the 1960’s (Schutte, 

1972). The contact strikes N-S, dips at ~60° W and is discordant to the foliation of the Gaarseep 

metagranodiorite.  

The pegmatite comprises a wall zone, intermediate zone and quartz-K-feldspar core. The wall 

zone consists of plagioclase (locally lamellar), quartz, muscovite, green spodumene, tourmaline, 

garnet, beryl and accessory Nb-Ta-(Ti) oxide minerals, zircon, monazite, pollucite and fluorite 



(Fig. 5e). The intermediate zone consists of lamellar plagioclase, quartz, purple Li-mica, pink 

spodumene, watermelon tourmaline, characterized by a pink core and black rim, along with 

accessory Nb-Ta oxide minerals and apatite (Fig. 5f). Li-mica is locally observed as millimeter-

thick veinlets in plagioclase. 

Meter-scale rafts of metasomatized metagranodiorite comprise quartz, biotite, muscovite, 

tourmaline and rare plagioclase as well as accessory magnetite, rutile, fluorite, zircon, titanite, 

epidote, Bi and Mn oxide minerals, apatite, monazite and garnet (Fig. 7f). A less metasomatized 

granodioritic country-rock was sampled ~2-3 m below the contact with the footwall of the 

pegmatite. It consists of plagioclase, quartz, biotite, apatite, titanite, apatite and oxide minerals.  

3.6. Nb-Ta-Be Witkop pegmatite 

The Witkop pegmatite is exposed on a hill over a surface area of ~75 by 105 m (Schutte, 

1972). The body is ~25-30 m thick, strikes E-W, dips at a low angle toward the south and 

crosscuts the foliation of metagranitoid country rock. The wall zone of the pegmatite, commonly 

showing graphic texture, consists of plagioclase, microcline, quartz, muscovite, garnet along with 

accessory zircon, monazite and Nb-Ta oxide minerals. The intermediate zone was mined for 

CGM and beryl and contains also plagioclase, quartz, muscovite, tourmaline, garnet, zircon and 

monazite. A greisen (Fig. 6d), consisting of muscovite, plagioclase, garnet, microcline, and 

subordinate Nb-Ta oxide minerals and zircon, was sampled at the transition between the wall 

zone and the quartz-microcline core. In the greisenized intermediate zone, microcline is partially 

replaced by lamellar plagioclase (cleavelandite) and both minerals are partially replaced by 

muscovite (Fig. 8e). 

4. Results 



Sample preparation, mineral imaging as well as elemental and isotopic analyses were carried 

out at the Spectrum analytical facility of the University of Johannesburg. Detailed analytical 

protocols are provided in Supplementary File 3. 

4.1. Feldspar and spodumene mineral compositions 

The major and minor element composition of feldspar and spodumene from the LCT 

pegmatites and their country rocks, obtained by electron microprobe analyses (EPMA), is 

provided in Supplementary File 4.  

4.1.1. Feldspar 

 The albite (Ab) content of plagioclase from weakly mineralized pegmatites ranges from 94 to 

98 mol.% and most grains have an Ab concentration between 96 and 98 mol.% (Fig. 9). The 

lamellar plagioclase from the Nb-Ta-Be Kokerboomrand II pegmatite shows limited 

compositional variation and has slightly higher Ab content ranging from 98 to 99 mol.%. In the 

Nb-Ta-Be Witkop pegmatite, the composition is more variable and the Na content increases from 

prismatic plagioclase in the wall zone (Ab85-95) and intermediate zone (Ab94-98) to lamellar 

plagioclase (Ab98-99) replacing microcline in the greisenized intermediate zone. Sugary 

plagioclase from the aplite border and lamellar crystals from the wall zone of the Li-Ta-Be-Bi 

Noumas I pegmatite have a comparable Ab content, mostly ranging from 97 to 100 mol.% 

whereas plagioclase that occurs as veinlets in spodumene from the intermediate zone has an 

almost pure albite composition (Ab99-100). In the weakly metasomatized granodiorite, plagioclase 

has an andesine composition (Ab58-61). In the Li-Ta-Be Kokerboomrand I pegmatite, the Ab 

content increases from sugary plagioclase in the aplite border (Ab90-93), prismatic crystals in the 

wall zone (Ab91-98) toward lamellar plagioclase in the intermediate zone (Ab98-100). Lamellar 



plagioclase from the greisenized intermediate zone has similar Ab content as in the less 

metasomatized portion with most values around 99 mol.% Ab. In the moderately metasomatized 

granodiorite, the plagioclase has an oligoclase composition (Ab73-82). However, in the strongly 

metasomatized granodiorite, plagioclase has an Ab content ranging from 91 to 93 mol.%, 

comparable to that in the aplite border. Regarding the Li-Ta-Be Norabees I pegmatite, the Ab 

content of pristine to lamellar plagioclase in the wall zone is variable (Ab92-99) and generally 

lower than lamellar plagioclase in the intermediate zone (Ab98-99). 

Although our dataset for K-feldspar is smaller compared to plagioclase, the orthoclase (Or) 

content and K/Rb ratio of microcline from weakly mineralized pegmatites (Or91-97; K/Rb ~ 160-

530) are comparable with that of microcline found in the Nb-Ta-Be pegmatites (Or92-98; K/Rb ~ 

150-630). The K/Rb values of microcline from Li-Ta-Be-(Bi) mineralized pegmatites are mostly 

similar to those of other pegmatites (K/Rb ~1000-180); however, the Or content of microcline is 

restricted to high values between 95 and 98 mol.% (Supplementary File 5, Fig. S5.1). 

4.1.2. Spodumene 

White, green and pink spodumene crystals from Li-Ta-Be-(Bi) pegmatites follow a well-

defined anticorrelation, with a slope around -1 in an Al versus Fe diagram, likely reflecting the 

substitution between Fe
3+

 and Al
3+

 in the M1 site of the pyroxene structure (Fig. 10). In the 

Norabees I pegmatite, pink spodumene from the intermediate zone is devoid of Fe (0.00 apfu) 

and has high Al (0.99-1.00 apfu) compared to green spodumene (Fe = 0.01-0.07 apfu; Al = 0.93-

0.99 apfu) from the wall zone. The rims of the pink spodumene from this pegmatite fall outside 

the trend defined by other spodumene crystals; they are slightly enriched in Fe (0.01-0.02 apfu) 

and have high Al (~1.10-1.13 apfu). They have relatively low Li contents (average of ~0.57 apfu 

based on stoichiometry). Their K (average ~0.4 apfu) and Cs (0.02 apfu) contents are elevated 



compared to spodumene from the other studied pegmatites (Li calc average ~0.99 apfu; K average 

~0.00 apfu; Cs average ~0.00 apfu). White spodumene from the Kokerboomrand I (Fe = 0.01-0.08 

apfu; Al = 0.91-0.98 apfu) and Noumas I pegmatites (Fe = 0.02-0.03 apfu; Al = 0.95-0.98 apfu) 

overlap in composition with green spodumene from the Norabees I pegmatite. 

4.2. Mica petrography, classification and composition 

Representative images and Fetot + Mn + Ti - Al
VI 

versus Mg - Li classification diagrams (feal 

vs. mgli diagram; Tischendorf et al., 1997, 2001) for mica from the pegmatites and their country 

rocks are shown in Figures 11 and 12, respectively. Major and minor element compositions, 

mainly determined by EPMA, are provided in Supplementary File 6. The Li content was either 

measured by LA-Q-ICP-MS or extrapolated based on a correlation between the Li content 

measured by LA-Q-ICP-MS and F content measured by EPMA (Supplementary File 3, Figure 

S3.2) following Van Lichtervelde et al. (2008). The reasons for using our own equations instead 

of the more commonly used equations of Tischendorf et al. (1997) are detailed in Supplementary 

File 3. All mineral formulae have been calculated based on 22 oxygen atoms per unit. Rare metal 

and other trace element contents of mica from the LCT pegmatites and their country rocks were 

analyzed by LA-Q-ICP-MS (Figs. 13 and 14; Supplementary File 7). A detailed petro-

geochemical description of mica is given in Supplementary File 8 and summarized below.  

4.2.1. Weakly mineralized pegmatites 

For homogeneous and weakly mineralized pegmatites, the cores of > 1 mm large mica 

crystals fall at the transition between the fields of muscovite and Fe-muscovite in the feal vs. mgli 

diagram and late crystals rims are generally Fe-muscovite (Fig. 12a). Large mica cores from 

weakly mineralized pegmatites are generally depleted in Ta, Li, Cs and characterized by high Nb 



contents and Nb/Ta values (14-30) compared to the aplite borders and wall zones of strongly 

mineralized pegmatites (Fig. 13). Mica crystals from the aplite borders and wall zones of Li-Ta-

Be-(Bi) pegmatites show lower K/Rb values (10-40) than mica from weakly mineralized 

pegmatites (40-130) and the wall zones of Nb-Ta-Be pegmatites (20-80) (Supplementary File 5, 

Fig. S5.2). 

4.2.2. Witkop and Kokerboomrand II Nb-Ta-Be pegmatites 

The cores of >1 mm large mica crystals in Nb-Ta-Be pegmatites fall at the transition between 

the fields of muscovite and Fe-muscovite in the feal vs. mgli diagram (Fig. 12a). The mica cores 

from the greisenized intermediate zone of the Witkop pegmatite have a purer muscovite 

composition. In the Kokerboomrand II and Witkop pegmatites, the rims of large crystals (Fig. 

11a) and small crystals found inside feldspar (<1 mm) can be either depleted or enriched in Fe 

and Mg compared to large mica cores. Their compositions are also transitional between 

muscovite and Fe-muscovite. 

In the Witkop pegmatite, the Li content and Nb/Ta value of the large mica cores decrease 

while the Ta and Cs contents increase from the wall zone through the intermediate zone toward 

the greisenized intermediate zone of the intrusion (Fig. 14a). Large mica crystals from the wall 

zone of the Nb-Ta-Be Kokerboomrand II pegmatite are depleted in Cs and characterized by 

higher Nb/Ta values as well as Li and Ta contents compared to small crystals (Fig. 14a). 

4.2.3. Li-Ta-Be-Bi Noumas I pegmatite 

In the Li-Ta-Be-Bi Noumas I pegmatite, the composition of large mica cores (>1 mm) from 

the aplite border, wall zone and garnet-mica-rich replacement bodies fall at the transition between 

the field of muscovite and Fe-muscovite (Fig. 12b). Small crystals (< 1mm) and rims of relatively 



large crystals from these zones fall in the field of muscovite. In the less metasomatized 

granodiorite, mica falls at the transition between the field of Mg- and Fe-biotite. Together, the 

mica analyses from the metasomatized granodiorite display a positive evolutionary trend in the 

feal vs. mgli diagram. At the contact with the pegmatite (i.e. Green greisen), the composition of 

mica is similar to that of mica from the pegmatite; i.e., transitional between muscovite and Fe-

muscovite. In contrast, mica flakes from the Black greisen, more distant to the contact, are 

restricted to the field of Fe-muscovite. These crystals are heterogeneous in composition and 

characterized by resorbed cores and overgrowths (Fig. 11b). 

Large mica cores from the wall zone are enriched in Cs and depleted in Li-Ta with higher 

Nb/Ta values compared to larger crystals from the aplite border (Fig. 14b). A late mica rim from 

the wall zone and small crystal from the aplite border are depleted in Li and enriched in Cs 

compared to the earliest identified crystals. The Ta content can either be enriched (wall zone) or 

depleted (aplite border) in these particular generations. In the garnet-mica-rich replacement body, 

the mica has lower Li-Ta contents and higher Cs concentrations than in the large mica cores from 

the aplite border and wall zone of the pegmatite. Biotite from the less metasomatized 

granodioritic country rock is very poor in Ta and enriched in Li-Cs compared to (Fe-) muscovite 

from the aplite border and wall zone. Regarding the Black greisen in the metasomatized raft of 

country rock, the Ta content increases whereas Li-Cs contents and Nb/Ta ratio decrease from 

mica cores to rims. The Ta enrichment and Li-Cs depletion are even higher in (Fe-) muscovite 

from the Green greisen. Micas with high Li-Ta contents are mostly associated with the 

metasomatized rafts of granodioritic country rock. 

4.2.4. Li-Ta-Be Kokerboomrand I pegmatite 



Mica crystals from the aplite border and the wall zone of the Li-Ta-Be Kokerboomrand I 

pegmatite have a comparable major element composition and fall in lower part of the field of Fe-

muscovite (Fig. 12c). In the intermediate zone, the purple mica that replaces spodumene (Figs. 6a 

and 8b) is strongly heterogeneous in texture (Fig. 11c). A first skeletal core (core 1), with a Li-

muscovite to zinnwaldite composition, is filled by zinnwaldite (core 2). Both core generations are 

overgrown by two generations of lepidolite (rim1 and rim 2). A fifth generation of mica (rim 3), 

with a Li-muscovite to muscovite composition, is locally replacing the earlier mica generations. 

The green mica from the greisenized intermediate zone, replacing both spodumene and lamellar 

albite (Figs. 8d and 11d), also has a variable composition, with a dominant first generation (mica 

1) ranging from Fe-muscovite to zinnwaldite, and a second generation with a muscovite 

composition (mica 2) forming patches in mica 1. Dioctahedral mica such as Fe-muscovite 

replaces trioctahedral mica (e.g. Fe-biotite and siderophyllite) in the metasomatized granodioritic 

country rocks of the Kokerboomrand I pegmatite (Fig. 11e). Mica crystals from the country rock 

form an almost continuous evolution trend in the feal vs. mgli diagram (Fig. 12c) with Fe-biotite 

and Fe muscovite representing the end members.  

The Ta and Cs contents of mica generally decrease from the aplite border to the wall zone, 

whereas Li is relatively constant (Fig. 14c). Regarding purple mica crystals from the intermediate 

zone, the Li and Cs contents are higher than in mica from the aplite border, typically increasing 

from core to rim. Mica rims are strongly depleted in Ta compared to the cores. Purple mica cores 

have the highest Ta content among the pegmatites whereas the opposite is true for the rims. 

Predominant green mica 1 and small patches of mica 2 from the greisenized intermediate zone 

could not be analyzed separately resulting in a highly variable rare metal composition. This 

‘average’ composition is comparable to mica from the non-greisenized intermediate zone with 



regards to Ta-Cs contents, and transitional between the aplite border and intermediate zone for 

Li. The rare metal content of mica from the metasomatized granodioritic country rock is also 

highly variable and generally higher in the strongly metasomatized portions. In the 

metasomatized rocks, the rare metal content of trioctahedral mica is generally higher than in 

dioctahedral mica. The compositions of mica from the metasomatized granodiorite show the 

same Cs-Ta variation as in the pegmatite; however, Li contents are lower compared to mica from 

the intermediate zone.  

4.2.5. Li-Ta-Be Norabees I pegmatite 

In the Li-Ta-Be Norabees I pegmatite, the mica from the wall zone is commonly zoned with 

muscovite to Li-Fe-muscovite cores overgrown by Li-Fe-muscovite to zinnwaldite (rim 1). These 

cores and rims are locally replaced or overgrown by Fe-muscovite (rim 2, Figs. 11f and 12d). 

Similar to the Kokerboomrand I pegmatite, purple mica from the intermediate zone of the 

Norabees I pegmatite is characterized by a heterogeneous, locally skeletal, core with a muscovite 

to Li-muscovite composition overgrown by zinnwaldite and lepidolite (Figs. 11g and 12d). In the 

less metasomatized granodiorite, Mg-biotite occurs whereas in the strongly metasomatized 

granodiorite raft, mica cores have a Fe-biotite to Fe-muscovite compositions and are replaced by 

different varieties of Fe-muscovite (Figs. 11h and 12d). Mica crystals from the less and strongly 

metasomatized granodiorites form a continuous evolution trend in the feal vs. mgli diagram. 

In the Li-Ta-Be Norabees I pegmatite (Fig. 14d), the Li, Cs and Ta contents of mica cores 

generally increase from the wall zone toward the intermediate zone. In both of these zones, the 

mica rims are strongly enriched in Li-Cs and depleted in Ta compared to the cores. In the less 

metasomatized granodiorite, the Li and Cs contents of Mg-biotite are comparable to that of mica 

cores from the wall zone of the pegmatite. However, these Mg-biotite crystals are more depleted 



in Ta. Mica cores in the strongly metasomatized granodioritic country rock raft are significantly 

enriched in Li, Cs and Ta compared to Mg-biotite from less metasomatized granodiorite. 

However, mica rims are generally depleted in Li and Cs compared to the cores, and Ta 

concentrations of the rims are even lower than in Mg-biotite from less metasomatized 

granodiorite. In general, the highest Cs contents of the Norabees I pegmatite are found in mica 

cores from the metasomatized granodioritic raft and the Li contents of these mica crystals exceed 

those of mica cores from the wall zone. Mica flakes from the metasomatized granodiorite are 

generally depleted in Ta compared to mica from the pegmatite.  

4.3. Oxide and rare metal-rich mineral petrography and compositions 

Representative BSE images of oxides and rare metal-rich minerals from the pegmatites and 

their country rocks are shown in Figure 15 and Supplementary File 5, Fig. S5.3. The chemical 

composition of columbite group minerals (CGM), pyrochlore group minerals (PGM) and rutile 

are provided in Supplementary File 9 and shown in Figure 16. A detailed petro-geochemical 

description of oxide minerals is provided in supplementary File 8 and summarized below. The 

nomenclature of PGM is from Atencio et al. (2010). 

4.3.1. Weakly mineralized pegmatites 

The main oxide in weakly mineralized pegmatite is represented by texturally homogeneous 

columbite-Fe to columbite-Mn. CGM are commonly replaced by zero-valence-dominant 

pyrochlore with a spongy texture along the rims (Figs. 15a, 16a-b).  

4.3.2. Nb-Ta-Be Witkop and Kokerboomrand II pegmatites 

Mn-columbite is the dominant oxide in the wall zone of the Kokerboomrand II pegmatite 

(Fig. 16a). The crystals are characterized by homogeneous to oscillatory textures and are 



commonly replaced along cracks or rims by (fluor)calciomicrolite or zero-valence-dominant 

pyrochlore with a spongy texture (Fig. 16b).  

Despite CGM having been mined from the Witkop pegmatite (Schutte, 1972), only PGM 

were found in our samples along with rare Bi and Mn oxide minerals. In the wall and 

intermediate zones, PGM were observed either as spongy crystals or micrometric veinlets in mica 

cleavages. In the greisenized intermediate zone, PGM is present either as homogeneous crystals 

of (fluor)calciomicrolite, found along cracks and mica cleavages, or as spongy zero-valence-

dominant microlite (Figs. 16b and S5.3). 

4.3.3. Li-Ta-Be-Bi Noumas I pegmatite 

CGM are abundant in the aplite border and wall zone of the Noumas I pegmatite. The crystals 

are characterized by either homogeneous textures (Fig. 15b), normal zoning with increase of Ta 

content from core to rim (Fig. 15c), inverse zoning, oscillatory zoning (Fig. 15d) or complex 

patchy zoning (Fig. 15e). CGM are commonly replaced along rims or cracks by spongy PGM 

(Figs. 15b-c). In the aplite border, CGM are columbite-Fe (Fig. 16a). However, CGM from the 

wall zone range in composition from columbite-Mn to tantalite-Mn and Ta-richer CGM, 

including one tapiolite-Fe (Fig. 16a), are complexly zoned. The composition of PGM from the 

aplite border and the wall zone, characterized by high A-site vacancy, ranges from zero-valence-

dominant microlite and pyrochlore to calciomicrolite and calciopyrochlore (Fig. 16b).  

Micrometric veinlets of Mn oxide minerals crosscutting albite are locally found in the wall zone 

of the pegmatite (Fig. S5.3). Bi-minerals generally consisting of native Bi surrounded by Bi oxide 

minerals are abundant in garnet-mica-rich replacement bodies (Fig. 15f) and U (± Th, Pb, Cu)-

rich phosphates, such as torbernite and plumbogummite, are rarely observed (Fig. S5.3).  



Nb-Ta-rutile and microlite are common in the metasomatized granodioritic rafts and mostly 

restrained to an apatite-rich zone, occurring at the transition between the Green and Black 

greisens (Fig. 7c). These crystals are locally oscillatory zoned with Ta, Nb, and Ta/(Nb+Ta) 

values increasing from core to rims (Figs. 15g and 16c). Calciomicrolite or fluorcalciomicrolite 

are either replacing rutile or occur as homogeneous crystals in the Green greisen (Fig. 16b). Mn 

oxide minerals are rarely found along the cleavage of mica from the Green greisen.  

4.3.4. Li-Ta-Be Kokerboomrand I pegmatite 

Only two CGM crystals, with a homogeneous texture, were found in the aplite border of the 

Kokerboomrand I pegmatite and have a columbite-Fe to columbite-Mn composition (Fig. 16a). 

Rare Nb-Ta-rutile crystals are characterized by a complex texture with Nb-Ta-rich rutile (Rt 1, 

Fig. 15h) partially replaced by an assemblage of Nb-Ta-poor rutile (Rt 2) and calciomicrolite 

(Figs. 16b-c). In the wall zone, CGM are characterized by a homogeneous or oscillatory texture 

and are columbite-Mn (Fig.16a). These crystals are commonly replaced by homogeneous to 

spongy calciomicrolite or zero-valence-dominant microlite along the rims (Fig. 16b). Oxide 

minerals were not observed in the more pristine areas of the intermediate zone but PGM are 

abundant in the albitized and greisenized portions. In these strongly metasomatized zones, 

homogeneous (fluor)calciomicrolite is locally altered to PGM with a spongy texture and a 

(fluor)calciomicrolite to zero-valence-dominant microlite composition (Fig. 16b). PGM in the 

greisenized intermediate zone are commonly replaced by Li-mica and brecciated by native Bi and 

Bi oxide minerals that also occur along the cleavage planes of Li-mica (Fig. 15i). PGM with 

Nb>Ta were also observed in the cleavage of trioctahedral mica crystals from the strongly 

metasomatized granodiorite. In this zone, titanite is partially replaced by Nb-rich rutile and 

columbite-Mn (Figs. 16a, 16c and S5.3).  



4.3.5. Li-Ta-Be Norabees I pegmatite 

In the Li-Ta-Be Norabees I pegmatite, CGM are rare and have a columbite-Mn composition. 

They are observed in the wall zone either as crystals partially replaced by PGM or as resorbed 

inclusions with albite inside PGM (Figs. 15j-k). PGM vary in texture from relatively 

homogeneous to spongy. Homogeneous PGM are fluorcalciomicrolite or calciomicrolite whereas 

spongy PGM range in composition from calciomicrolite to zero-valence-dominant microlite and 

pyrochlore (Fig. 16b). Nb-Ta-rutile crystals were rarely observed in the wall zone (Fig. 16c) and 

spodumene is locally crosscut by tens of micrometer-thick veinlets of fluorite and pollucite (Fig. 

S5.3). PGM also occur in the intermediate zone, and relatively homogeneous fluorcalciomicrolite 

or calciomicrolite are commonly altered into spongy calciomicrolite along the rims (Fig. 15l).  

4.4. Whole-rock geochemistry of country rocks 

The whole-rock major and trace element composition of the weakly to strongly 

metasomatized granodioritic country rocks of the Li-Ta-Be-(Bi) Noumas I, Kokerboomrand I and 

Norabees I pegmatites is reported in Supplementary File 10 and shown as log-log isocon 

diagrams (Grant, 1986; Baumgartner and Olsen, 1995) (Fig. 17). Mica and oxide mineral 

compositions (see Sections 4.2 and 4.3) suggest that a significant amount of Ta and Nb, 

commonly considered as fluid-immobile elements, were transferred into the country rocks. 

Therefore, it is difficult to precisely define the slope of the isocon and compensate for the effect 

of mass and volume changes that can be significant during, for example, greisenization processes 

(e.g. Launay et al., 2019). The main replacement reactions involved during greisenization and 

albitization are reported in Table 1. During these reactions, Al is expected to remain relatively 

immobile but it always shows an apparent enrichment in the metasomatized granodiorites. 



Therefore, Al is used in Figure 17 to define the maximum slope of the isocon; elements that are 

significantly enriched during metasomatism are expected to plot above this line.  

The Green and Black greisens from the Noumas I pegmatite as well as the metasomatized 

granodiorite from the Norabees I pegmatite, which experienced greisenization and 

tourmalinization, show significant K enrichment and Na depletion (Fig. 17a-c). This is in 

agreement with the fact that the pristine granodiorite consists dominantly of plagioclase and that 

the metasomatic agent introduced additional K to the system for the formation of muscovite 

(Table 1, R2-3). The depletion in Na can be explained by the breakdown of plagioclase. In 

contrast, the moderately metasomatized granodiorite from the Kokerboomrand I pegmatite is, as 

suggested by its plagioclase-rich character (Fig. 7d) and the high albite content of plagioclase 

(Ab73-82, Fig. 9c), significantly enriched in Na indicating albitization (Fig. 17d). Phosphorous is 

significantly enriched in the greisenized granodiorites from the Noumas I and Norabees I 

pegmatites, whereas the albitized granodiorite from the Kokerboomrand I pegmatites is P 

depleted. In the Noumas I pegmatite, the Green greisen (NOU-17-6b) is strongly enriched in Ta 

(164 ppm), Be (37 ppm), Cs (1149 ppm), Nb (116 ppm), Li (774 ppm) and Bi (7.2 ppm) 

compared to the less altered granodiorite (NOU-17-10; Ta = 1.4, Be = 1.7, Cs = 58, Nb = 12, Li = 

380, Bi = 4.5 ppm). Beryllium, Nb and Ta are less enriched in the Black greisen compared to the 

Green greisen, but Li, Cs and Bi show higher concentrations (NOU-17-6a; Ta = 4.3, Be = 11, Cs 

= 2265, Nb = 16, Li = 1156, Bi = 6.3 ppm). Similarly, the greisenized granodioritic raft (NORA-

17-4) from the Norabees I pegmatite is strongly enriched in Be (49 ppm), Cs (2165 ppm), Ta (11 

ppm), Bi (84 ppm), Li (1783 ppm) and Nb (23 ppm) compared to the less metasomatized 

granodiorite (NORA-17-5, Be = 4, Cs = 166, Ta = 1, Bi = 17, Li = 589, Nb = 9 ppm). The 

albitized granodioritic country rock (KOK-17-12) of the Kokerboomrand I pegmatite also 



contains a significant amount of Li (667 ppm), Ta (4 ppm), Nb (23 ppm) and Be (19 ppm) 

compared to less metasomatized granodiorites from the other localities. 

4.5. Isotope analyses 

4.5.1. Monazite and zircon U-Pb geochronology 

A significant amount of monazite crystals was recovered from the aplite border of the 

Kokerboomrand I pegmatite. Monazite, with a size of 100 to 300 µm, is generally anhedral and 

rounded in shape showing patchy zoning in BSE images, which reflects a higher Th 

concentration in bright zones. Monazite crystals commonly contains 1 to 10 µm large apatite 

inclusions (Supplementary File 5, Fig. S5.4). Twenty crystals were analyzed by LA-MC-ICP-MS 

for their U/Pb systematics (one spot analysis per crystal; Supplementary File 11), avoiding 

inclusion-rich zones. A cluster of fifteen concordant analyses yields a concordia age of 985.9 ± 

4.2 Ma (MSWD = 1.7) whereas five analyses are slightly discordant (5-10 %) and most probably 

reflect common Pb contamination (Fig. 18a).  

A significant amount of zircon crystals was found in the Kokerboomrand I, Noumas I and 

Norabees I pegmatites. The 100 to 300 µm-large crystals are generally subhedral to euhedral and 

characterized by bright cores and dark rims, typically with oscillatory zoning in 

cathodoluminescence images (Fig. S5.4). The LA-MC-ICP-MS U-Pb results for zircon are 

provided in Supplementary File 11, and Wetherill concordia diagrams are shown in 

Supplementary File 5, Figure S5.5. In the aplite border of the Kokerboomrand I pegmatite, the 21 

analyses on seventeen crystals plot in a concordant to strongly discordant position in the 

concordia diagram, defining 
207

Pb/
206

Pb ages from 1474 ± 8 to 2286 ± 8 Ma. Twenty analyses 

from sixteen zircon crystals form a discordia line and yield an upper intercept age of 1872 ± 17 

Ma, with a lower intercept age of 102 ± 25 Ma (MSWD = 22). One analysis with ~90% of 



discordance (
207

Pb/
206

Pb age = 2286 ± 8 Ma), potentially reflecting Pb loss and common Pb 

contamination, was excluded from the calculation. In the aplite border of the Noumas I 

pegmatite, the twelve spot analyses on twelve crystals are concordant to strongly discordant and 

have 
207

Pb/
206

Pb ages ranging from 1187 ± 11 to 3021 ± 8 Ma. Ten analyses align along a 

discordia and yield lower and upper intercept ages of -28 ± 3 and 1866 ± 14 Ma, respectively 

(MSWD = 4.7). Four out of these ten analyses yield a concordia age of 1876 ± 9 Ma (MSWD = 

0.5), which is identical within uncertainty to the upper intercept age. One concordant analysis has 

a 
207

Pb/
206

Pb age of 1187 ± 11 Ma whereas another has a 
207

Pb/
206

Pb age of 2104 ± 7 Ma but is 

strongly discordant (> 30%). Twenty analyses were done on seventeen zircon crystals from the 

wall zone of the Norabees I pegmatite and have 
207

Pb/
206

Pb ages from 167 ± 40 to 1890 ± 10 Ma. 

The twenty analyses are concordant to strongly discordant and tend to align along a same 

discordia line that defines lower and upper intercept ages of 148 ± 13 and 1866 ± 23 Ma, 

respectively (MSWD = 8.5). Four out of these twenty analyses yield a concordia age of 1862 ± 

21 Ma (MSWD = 2.6) which is identical within uncertainty to the upper intercept age. The 

207
Pb/

206
Pb zircon ages for all studied pegmatites (n = 17), excluding age results with discordance 

>5 % (n = 36), are shown as a histogram and kernel density estimate (Fig. 18b). Fifteen analyses 

form one main population with a weighted average age of 1871 ± 8 Ma (MSWD = 4.5). Two 

crystals fall outside this main population with ages of 1187 ± 11 and 1789 ± 15 Ma. 

4.5.2. Monazite Sm-Nd isotope analyses 

Seventeen monazite crystals from the aplite border of the Kokerboomrand I pegmatite were 

analyzed for Sm-Nd isotopes by LA-MC-ICP-MS (Supplementary File 12). These spot analyses 

were performed close to the previously conducted U-Pb spot analyses (Supplementary File 5, Fig. 

S5.4). The 
147

Sm/
144

Nd and 
143

Nd/
144

Nd compositions, ranging from 0.071 to 0.102 and 0.510956 



to 0.511370, respectively, correspond to initial εNd(t) values of -17.3 to -11.7, recalculated at the 

age of 986 Ma (see Section 4.6.1). The average initial εNd(t) value of -14.2 ± 3.3 (2σ) is reported 

in a εNd(t) versus age diagram (Fig. 18c). 

5.  Discussion 

5.1. Ages, source(s) and emplacement of the Orange River pegmatites 

Monazite from the Li-Ta-Be Kokerboomrand I pegmatite yields a concordia age of 985.9 ± 

4.2 Ma that is significantly younger than the mean 
207

Pb/
206

Pb age of 1871 ± 8 Ma obtained from 

the most concordant zircon crystals of the Li-Ta-Be-(Bi) pegmatites, including Kokerboomrand I 

(Figs. 18a and 18b). The mean 
207

Pb/
206

Pb zircon age is identical within error to a zircon U-Pb 

concordia age of 1879 ± 7 Ma obtained by Macey et al. (2017) for the Gaarseep granodiorite of 

the Vioolsdrif Suite, which represents the country rock of these pegmatites. Therefore, zircon 

crystals from the pegmatites are likely inherited and the monazite age of 985.9 ± 4.2 Ma is 

interpreted here as the emplacement age of the Kokerboomrand I pegmatite. This new U-Pb 

monazite age is in agreement with previously obtained unpublished U-Pb monazite ages for other 

pegmatites from the Orange River belt, ranging from 960 to 1040 Ma (Lambert, 2013; Doggart, 

2019). These younger emplacement ages also conform with the fact that most pegmatites in the 

study area crosscut the foliation of their metagranodioritic host rocks. In the western part of the 

belt, most pegmatites strike subvertically at 120 to 140° (Schutte, 1972) (Fig. 3) suggesting a 

strong tectonic control on their emplacement. On a regional scale, pegmatite emplacement is 

synchronous with D4 dextral deformation that occurred between 1005 and 960 Ma along 

subvertical faults such as the ~120° striking Pofadder Shear Zone (Lambert, 2013) (PSZ, Fig. 1). 

Along this fault, pegmatites were emplaced into ductile to brittle structural sites such as foliation 

planes, Riedel shears, dilatant jogs, extensional fractures and fold axial planes that developed 



over 45 million years of PSZ evolution (Lambert, 2013). In the western part of the Orange River 

belt, 120-140° striking pegmatites were potentially emplaced in Riedel shears of D4-related strike 

slip faults. However, a detailed structural analysis is needed to better understand the geological 

conditions that controlled pegmatite magma emplacement.  

As the U-Pb systematic of monazite is sensitive to interactions with fluids (e.g. 

Grand’Homme et al., 2016) or melts (Weinberg et al., in press), it is possible that monazite 

crystals from the Kokerboomrand I pegmatite are, similar to zircon, inherited but that their U-Pb 

ages are reset and reflect the crystallization of the pegmatite melt. If true, then the Sm-Nd system 

of monazite might have remained closed and could be inherited from the source or country rock. 

However, the Sm-Nd isotopic composition of monazite from the Li-Ta-Be Kokerboomrand I 

pegmatite is very similar to monazite from other LCT pegmatites of the western part of the 

Orange River pegmatite belt (Doggart, 2019) (Fig. 18c). Such homogeneity on a regional scale 

suggests that the composition of monazite is indeed representative of the pegmatite melts and that 

monazite was not inherited from the source or the country rocks.  

The monazite Sm-Nd mantle extraction age of LCT pegmatites overlaps with that of ca. 1.9 

Ga old igneous rocks from the Richtersveld magmatic arc, such as the plutonic Vioolsdrif Suite 

and the volcanic Orange River Group (Reid, 1997; Macey et al., 2017), which represent the host 

rocks of these pegmatites (Figs. 1, 3 and 18c). This suggests that the LCT pegmatites may have 

ultimately formed by partial melting of these Paleoproterozoic arc-related rocks. However, the 

average rare metal contents of the Orange River Group (Li = 20, Nb = 12, Ta = 1.0, Cs = 9.9 

ppm) and Vioolsdrif Suite (Li = 22, Nb = 12, Ta = 1.0, Cs = 8.4 ppm), including the Gaarseep 

granodiorite hosting the pegmatites (Li = 27, Nb = 11, Ta = 1.2, Cs = 9.9 ppm, Macey et al., 

2017), are similar to the mean values of the upper continental crust (Li = 24, Nb = 12, Ta = 0.9 



ppm, Table 2, Rudnick and Gao, 2003), with the exception of Cs (4.9 ppm). In general, highly 

peraluminous rare metal granites and pegmatites are typically derived from crustal lithologies 

that are pre-enriched in rare metals (e.g. Romer and Kroner, 2016; Gourcerol et al., 2019). 

Therefore, an additional source material may be involved in the genesis of LCT pegmatites from 

the western part of the Orange River belt. We note  that the amphibolite-grade metasedimentary 

rocks of the Bushmanland Group (Fig. 2), which were deposited to the north of the Bushmanland 

Subprovince between 1.6 and 1.1 Ga (Cornell et al., 2009), also have similar mantle extraction 

ages than monazite from the LCT pegmatites (Bailie et al., 2007) (Fig. 18c), which could provide 

a genetic link. In the study area, equivalents of these sedimentary rocks may have been 

underthrust beneath the Richtersveld magmatic arc during the main period of D2 accretion that is 

recorded in the Namaqualand Sector between 1.2 and 1.1 Ga (e.g. Macey et al., 2018). Partial 

melting of these metasedimentary rocks during D4 regional strike-slip deformation at ca. 1 Ga 

may also have led to pegmatite formation (Fig. 2). The U-Pb zircon data obtained for the 

pegmatites (Fig. 18b) are in good agreement with a contribution from a source that is younger 

than the Richtersveld magmatic arc. Indeed, most inherited zircon crystals found in the 

pegmatites are ca. 1.9 Ga old and may therefore be interpreted as either granodioritic country 

rock assimilation or inheritance from a Richtersveld igneous source. However, one zircon grain 

with a concordant 
207

Pb/
206

Pb age of 1187 ± 11 Ma may reflect the contribution of equivalents of 

the Bushmanland Group sediments, for which a detrital zircon age range from 1154 to 2865 Ma 

has been reported (Cornell et al., 2009). Lithium- and B-rich sedimentary successions are 

commonly proposed as fertile sources for LCT pegmatites (e.g. Simmons and Webber, 2008; 

Gourcerol et al., 2019). Unfortunately, rare element concentrations are generally lacking for the 

Bushmanland Group sedimentary rocks hampering an assessment of their fertility. The only 

exception is Nb for which an average concentration of 17 ppm (Bailie et al., 2007), slightly 



higher than the mean upper crust value of 12 ppm (Table 2, Rudnick and Gao, 2003), is recorded. 

Importantly, tourmaline-, kornerupine- and werdingite-bearing metasediments, commonly 

interpreted as B-rich meta-evaporites, are described locally from the Bushmanland Subprovince, 

including the Bushmanland Group (Waters and Moore, 1985; Moore, 1986; Moore et al., 1990; 

Cornell et al., 2006). This suggests that Bushmanland-derived sediments may represent a fertile 

source for the Orange River belt LCT pegmatites. In general, the Nd isotopic compositions of 

granitoids from the northern Bushmanland Subprovince (Clifford et al., 1995; Pettersson et al., 

2009) do not overlap with those of monazite from the LCT pegmatites. Thus, these igneous rocks 

are unlikely to represent a significant source of the pegmatite magmas (Fig. 18c). This leads us to 

conclude that the LCT pegmatites from the western part of the Orange River belt may have been 

derived from two possible sources: (1) the Paleoproterozoic igneous rocks of the Richtersveld 

magmatic arc and/or (2) Bushmanland-derived Mesoproterozoic sediments that possibly 

contained evaporite units. 

Pegmatite magma emplacement in Namaqualand from 1040 to 960 Ma (Lambert, 2013; 

Doggart, 2017) overlaps in age with the final stages of mainly A-type granitoid magmatism of the 

Spektakel Suite between 1100 and 1030 Ma, as well as with mafic magmatism of the Koperberg 

Suite between 1060 and 1010 Ma (Macey et al., 2018, and references therein) (Fig. 2). A crustal 

source with significant mantle input was suggested for the Spektakel Suite, whereas both lower 

crustal (Duchesne et al., 2007) and mantle (Maier et al., 2012) sources were proposed for the 

origin of the Koperberg Suite. Contemporaneous mafic and felsic magmatism from 1100 to 1010 

Ma in the Namaqualand Sector was suggested to be the expression of mafic under- and intra-

plating in a back-arc setting (Macey et al., 2018). This mechanism of efficient heat transfer into 



the crust could have also triggered melting within the Richtersveld magmatic arc and the 

underthrust Bushmanland sedimentary rocks to form regionally widespread pegmatite magmas.  

LCT pegmatites are commonly seen as residual liquids produced during the extreme 

differentiation of large peraluminous granitic intrusions (e.g. Černý et al., 2005; Černý and Ercit, 

2005; London, 2018). Alternatively, they are interpreted as liquids formed during low degrees of 

partial melting of fluxing element- and rare metal-rich crustal lithologies that experienced limited 

differentiation during ascent in the crust (e.g. Černý et al., 2005 and references therein; Gourcerol 

et al., 2019). In the western part of the Orange River belt, pegmatite magma emplacement was 

contemporaneous with the ca. 1 Ga old peraluminous Warmbad Suite of granites (Macey et al., 

2015) (Fig. 2) so that a residual pegmatite origin cannot be excluded. 

5.2. Pegmatite fertility indicators and early-stage differentiation 

Differentiation markers based on mineral compositions, such as high Rb, Cs, Li, Ta contents 

and low K/Rb, K/Cs, Na/Li, Fe/Mn and Nb/Ta values of mica, K-feldspar, garnet, tourmaline, 

beryl or columbite group minerals are known to be useful exploration tools when searching for 

pegmatite-related rare metal deposits (e.g. Gordiyenko, 1971; Černý et al., 1985; Černý, 1989a; 

Černý, 1989b; Selway et al., 2005). During this study of LCT pegmatites from the western part of 

the Orange River belt, we use the major and trace element compositions of mica to document the 

petrogenesis of these intrusions, because the heterogeneous texture and coarse crystal size of the 

pegmatites would render whole-rock analyses meaningless. Mica represents a powerful 

petrogenetic recorder considering its large capacity for element substitutions and its widespread 

occurrence in almost all pegmatite zones and the granitoid country rocks. In contrast to feldspar 

and quartz, mica can incorporate much more significant amounts of Li, Ta, Nb and Cs, which are 

among the main elements of economic interest in these pegmatites. 



 In the study area, large dioctahedral mica cores from weakly mineralized pegmatites are 

generally characterized by higher Nb/Ta (>14) and Nb but lower Ta, Li and Cs compared to the 

aplite borders and wall zones of mineralized pegmatites (Fig. 13). Similarly, the K/Rb values of 

dioctahedral mica crystals from the aplite borders and wall zones of the Li-Ta-Be pegmatites are 

also low relative to mica from weakly mineralized pegmatites and wall zones of Nb-Ta-Be 

pegmatites, with a threshold at around 40 (Supplementary File 5, Fig. S5.2). Assuming 

progressive crystallization of heterogeneous pegmatites from the aplite border toward the 

pegmatite core (e.g. London, 2014), the effect of internal evolution on mica cores from the aplite 

borders and wall zones likely remained limited and their composition can be used as a proxy for 

the evolution of the parental melt. In Figure 13, the negative correlation between Nb/Ta, K/Rb 

and the Li, Cs and Ta contents of dioctahedral mica of weakly and strongly mineralized 

pegmatites may reflect the concomitant crystallization of mica, feldspar and oxide minerals from 

the parental melts. In particular, the decrease of mica Nb/Ta ratios, reflecting an enrichment in Ta 

and a depletion in Nb (Fig. 13), may be attributed to the extraction of muscovite (Stepanov et al., 

2014) and columbite (Linnen and Keppler, 1997). Accordingly, CGM from weakly mineralized 

pegmatites are also characterized by low Ta* [Ta/(Ta+Nb)] and Mn* [Mn/(Mn+Fe)] compared to 

the aplite borders and wall zones of mineralized pegmatites (Fig. 16a). In contrast, the Ab 

contents of plagioclase (Fig. 9) and K/Rb ratios of microcline (Supplementary File 5, Fig. S5.1) 

are similar for the weakly and strongly mineralized pegmatites. Overall, the compositional 

evolution of dioctahedral mica and CGM from weakly to strongly mineralized pegmatites 

potentially reflects a variable degree of fractional crystallization either in a granitic pluton 

belonging to the Warmbad Suite (Macey et al., 2015) or in dykes during magma ascent toward 

the surface (Yamato et al., 2015). However, it must be noted that the nature of the magma source 



or the conditions of partial melting including melt extraction (Wolf et al., 2018) may lead to 

similar compositional differences. 

5.3. Internal evolution of the pegmatites 

5.3.1. Previous work 

The parental melts of LCT pegmatites are commonly regarded as undercooled liquids 

crystallizing down to 250°C below the wet granite solidus of ~650°C (London, 2014, 2018). 

Under these conditions, the decrease of crystal nucleation rate and increase of ionic diffusion can 

lead to the formation of large crystals. Moreover, the differences in chemical potential between 

different solid solutions in an undercooled melt can explain some of the typical zonation trends 

observed in pegmatites with sequential crystallization of plagioclase, K-feldspar and quartz from 

the borders to the core of the pegmatites. Undercooling and fast crystallization may also lead to 

the formation of a boundary layer at the crystallization front by constitutional zone refining, a 

process by which elements that are incompatible in feldspar and quartz become enriched in the 

residual liquid. Boundary pile-up of fluxing elements, such as F, H, Li, P and B at the crystal 

growth front can explain the giant size of crystals and the pronounced enrichment in rare metals 

in the intermediate zones of pegmatites (London, 2014, 2018). 

Fluid and melt inclusion studies suggest that at least three immiscible phases can coexist 

during the crystallization of pegmatite magmas. This may include a highly viscous, silicate-rich, 

water- and flux-poor peraluminous melt (type-A), a low viscosity, water-and flux-rich, silicate-

poor, peralkaline melt (type-B), and a lower salinity aqueous fluid (type-C) (e.g. Thomas et al., 

2012). Melt-melt immiscibility can occur below the critical temperature of ~720°C and the 

proportion of hydrothermal fluids in the system increases during cooling. Such interpretation of 

melt and fluid inclusion data was challenged by London (2014, 2015) who suggested that type-B 



melts may represent the formation of boundary layer liquids. However, boundary pile-up cannot, 

for example, explain the coexistence of type-A and type-B melt inclusions along a single solvus 

in a temperature versus water content diagram (Thomas and Davidson, 2015). The compositions 

of melt inclusions suggest that Li, F and Be will strongly partition into water-rich melts (type-B), 

whereas the behavior of Rb, Cs, Nb and Ta is unclear, because these elements do not appear to 

preferentially partition into any particular type of melt (Rickers et al., 2006; Thomas et al., 

2011b, 2019; Thomas and Davidson, 2016). Moreover, the metal concentrations in the melts are 

correlated with temperature, where the highest contents are reached near the critical temperature 

of ~720 °C and water contents of around 25 wt.% before melt-melt-immiscibility. Based on 

detailed mapping of trace elements in muscovite and CGM in a LCT pegmatite from Ireland, 

Kaeter et al. (2018) proposed a three-stage model for the magmatic-hydrothermal transition. 

Their stage I marks the end of purely magmatic crystallization from a peraluminous melt. During 

stage II, a hydrosaline melt coexists as an immiscible phase with a silicic melt, whereas stage III 

involves significant melt and crystal interaction with a hydrothermal fluid. Lithium, Cs, Rb and 

Be are generally considered as fluid-mobile elements (e.g. Förster et al., 1999) and partitioning 

experiments with granitic melts and aqueous fluids as well as fluid inclusion studies suggest that 

these elements can partition significantly into Cl-rich fluid phases (e.g. Webster et al., 1989; 

Harlaux et al., 2017; Iveson et al., 2019). Although Nb and Ta are generally poorly soluble in 

aqueous fluids, both elements can be mobilized at low temperature (<100°C) as polyoxometalates 

(Friis and Casey, 2018). Their solubility also increases at high temperatures (>100°C) in F-rich 

aqueous solutions and experimental studies suggest that Nb is more mobile than Ta under most 

conditions relevant to pegmatite formation (Zaraisky et al., 2010; Timofeev et al., 2015, 2017). 

However, experiments with F-rich fluids and aluminosilicate melts suggest that both Nb and Ta 

preferentially partition into the melt phase (Chevychelov et al., 2005).  



5.3.2. Paragenetic sequence of pegmatites 

Our petrographic observations of pegmatites and their metasomatized country rocks from the 

Orange River belt are summarized in the paragenetic sequence of Figure 19. As several episodes 

of replacement were identified, the relative timing of mineral crystallization in pegmatites is 

subdivided into a primary stage I, early metasomatic stage II and late metasomatic stage III 

(quartz crystallization potentially occurred during all stages but is not discussed here): 

 Stage I: crystallization of K-feldspar, prismatic to sugary oligoclase and albite, 

spodumene, garnet, beryl, (Li-Fe-) muscovite, tourmaline, CGM, rutile, apatite, 

zircon and monazite. 

 Stage II: replacement of early K-feldspar, primary plagioclase and spodumene by 

sugary to lamellar albite (cleavelandite variety) and Li-mica with a Li-muscovite to 

zinnwaldite composition (Figs. 6a-c and 8a-c, Table 1, R5-6); replacement of CGM, 

rutile and albite by a first generation of PGM (Figs. 15h, j, k).  

 Stage III.1: overgrowth of mica cores by zinnwaldite and lepidolite (Figs. 11c, 11f 

and 11g); strong localized greisenization characterized by the replacement of 

spodumene, K-feldspar, albite and PGM by (Fe-) muscovite and zinnwaldite in the 

intermediate zones (Figs. 5d, 6c-d, 8d-e, 11d, Table 1, R1-3); crystallization of PGM 

along cleavage planes of metasomatic mica (Supplementary File 5, Fig. S5.3). 

 Stage III.2: emplacement of garnet-mica-rich replacement bodies mineralized in Bi 

(±U and Th) in the wall zones (Figs. 5c and 15f); late mica overgrowth (Fig. 11a) and 

crystallization of small mica crystals in feldspar throughout the pegmatites; 

replacement of CGM and PGM by native Bi or Bi oxide minerals (Fig. 15i) and a 

second generation of spongy PGM (Figs. 15b-c, 15l and S5.3); emplacement of Mn 



oxide mineral veinlets in lamellar albite and replacement of spodumene by fluorite 

and pollucite (Fig. S5.3); alteration of spodumene rims (Fig. 10). 

5.3.3. Stage I: supersaturation, isothermal fractional crystallization and constitutional 

zone refining  

In the western part of the Orange River belt, the typical internal zonation of pegmatites, with 

plagioclase-rich aplite borders, wall zones, intermediates zones and a K-feldspar-quartz core (Fig. 

4), is in agreement with isothermal fractional crystallization (Fig. 20a). Boundary pile-up 

combined with fractional crystallization can explain the concentration of spodumene in the 

intermediate zone of the Noumas I and Kokerboomrand I pegmatites (Fig. 4, Fig. 5d) as well as 

the decrease of Fe from green spodumene of the wall zone to pink spodumene of the intermediate 

zone of the Norabees I pegmatite (Figs. 5e-f, 10 and 20a). Evidence for supersaturation processes 

is provided, for example, in the Noumas I pegmatite by the presence of garnet and apatite 

layering in the aplite border. This may reflect magma undercooling as also recorded by the 

graphic textures observed in the weakly mineralized and Nb-Ta-Be pegmatites (e.g. London, 

2014).  

Columbite group minerals found in mineralized pegmatites are either homogeneous (Fig. 

15b) or show different types of compositional zoning, such as normal zoning (with increasing of 

Ta content from core to rim, Fig. 15c), inverse zoning, oscillatory zoning (Fig. 15d) or complex 

patchy zoning (Fig. 15e). Normal zoning is commonly interpreted as reflecting the lower 

solubility of columbite over tantalite in peraluminous melts and therefore progressive enrichment 

of Ta in the melt during CGM crystallization (Linnen and Keppler, 1997). Van Lichtervelde et al. 

(2007; 2018) interpreted oscillatory zoning in CGM as the result of fast disequilibrium 

crystallization in a supersaturated melt, with the lowest and highest Ta* zones recording the 



highest degrees of disequilibrium. Crystallization experiments also suggest that concomitant 

crystallization of tantalite and tapiolite reflects supersaturation-induced disequilibrium 

crystallization (Van Lichtervelde et al., 2018). Therefore, oscillatory zoning of CGM together 

with the coexistence of tapiolite and tantalite (Figs. 15e and 16a) in the studied mineralized 

pegmatites may record disequilibrium crystallization in a supersaturated melt. In the Noumas I 

and Kokerboomrand I pegmatites, the Ta* and Mn* values of CGM are higher in the wall zones 

compared to the aplite borders, which is in agreement with migration of a boundary layer liquid 

during progressive crystallization of the intrusion (Fig. 20a). Crystallization of Nb-Ta-rutile in 

the Kokerboomrand I and Norabees I pegmatites may suggest high fO2 conditions in the 

supersaturated melt (Van Lichtervelde et al., 2018). Indeed, melting and crystallization 

experiments indicate that the crystallization of complete solid solutions between a rutile-

structured component and tantalite can be triggered by increasing the Fe
3+

/Fe
2+

 ratio of the melt 

(Van Lichtervelde et al., 2018). 

Evidence for constitutional zone refining is lacking from the evolution of the rare metal 

content of dioctahedral mica from the aplite border to the wall zone of the Noumas I and 

Kokerboomrand I pegmatites. If constitutional zone refining had been operational during mica 

crystallization, an increase of the mica rare metal content toward the pegmatite cores should be 

expected. However, mica crystals from the aplite border are enriched in Ta compared to those 

from the wall zone. Cesium is either enriched or depleted in the aplite border, and the Li contents 

are either similar in these two zones or higher in the aplite border (Figs. 14b-c). We therefore 

suggest that the dioctahedral mica compositions were affected by metasomatic processes during 

stage II or stage III. 

5.3.4. Stage II: melt-melt immiscibility and melt-dominated metasomatism 



The impact of metasomatism on plagioclase composition is well expressed in the Witkop I 

pegmatite. Here, lamellar albite (cleavelandite) that replaces microcline in the greisenized 

intermediate zone is characterized by higher Ab content (Ab97-99) than prismatic oligoclase and 

albite from the wall and intermediate zones (Ab85-98; Fig. 9a). Similarly, lamellar plagioclase 

replacing K-feldspar in the wall zone of the Kokerboomrand II pegmatite also has a very high Ab 

content (Ab97-99, Fig. 9a). In the Kokerboomrand I pegmatite, cleavelandite replacing spodumene 

in the intermediate zone (Figs. 6a, 8b, 9c) is also characterized by almost pure albite composition 

(Ab >98) and the same is true for lamellar plagioclase replacing spodumene in the greisenized 

intermediate zone (Figs. 6c and 9c). However, sugary or prismatic albite from the aplite border 

(Ab92-93) and wall zone (Ab92-98), respectively, show lower Ab contents and the composition of 

albite from the wall zone is variable and transitional between the aplite border and intermediate 

zone (Fig. 9c). Sugary and lamellar albite replacing K-feldspar in the aplite border and wall zone 

of the Noumas I pegmatite, respectively, as well as albite veinlets in spodumene have also a very 

high Ab content (Ab97-100, Fig. 9b). In the Norabees I pegmatite, the composition of regular to 

lamellar plagioclase from the wall zone varies (Ab0.93-0.99) and lamellar albite from the 

intermediate zone (Ab0.98-0.99) plots at the end of this trend (Fig. 9d). Lamellar albite or 

cleavelandite is interpreted here as metasomatic in origin and generally has higher albite content 

than the earlier prismatic and sugary plagioclase also affected by a variable degree of albitization. 

As suggested by the relatively wide range of Ab values of prismatic plagioclase in the wall zones 

of pegmatites and the wide spatial distribution of lamellar albite, albitization was likely pervasive 

with a particularly strong impact on the intermediate zones. As lamellar albite is commonly 

replaced by mica in greisens (Figs. 8d-e), Na metasomatism probably preceded greisenization.  



The replacement of CGM (Figs. 15j-k) and rutile (Fig. 15h) by PGM, with a high A-site 

occupancy and a dominant (fluor)calciomicrolite composition (Figs. 16b), which are themselves 

replaced by mica in greisens (Fig. 15i), likely occurred during or soon after albitization. This 

interpretation is also supported by the intimate association between albite and CGM occurring as 

resorbed inclusions in (fluor)calciomicrolite (Fig. 15k). Calcium may have been provided by the 

albitization of plagioclase while Na, F and Ta may have come from the metasomatic medium. 

Some of the Ta may have been provided by the breakdown of CGM and rutile. Significant Ta 

enrichment must have occurred during this early magmatic-hydrothermal phase, because stage II 

PGM from the mineralized pegmatites are enriched in Ta compared to the stage I simply zoned 

CGM (Fig. 21). However, rare complexly zoned CGM locally reach higher Ta contents than 

(fluor)calciomicrolite. 

In the intermediate zones of the Kokerboomrand I and Norabees I pegmatites, purple Li-mica 

with a Li-muscovite to zinnwaldite core replaces spodumene (Figs. 6a and 8b) or locally forms 

mm-wide veinlets cutting albite. In Figure 6a, purple Li-mica can be observed to concentrate 

along the corroded rim of spodumene and, as seen in thin section (Fig. 8b), Li mica appears to 

partially replace lamellar albite. Thus, the Li-mica cores have crystallized after spodumene and 

during or soon after lamellar albite. The Li source may have been spodumene upon its 

breakdown, or the metasomatic medium, whereas a significant portion of the required K may 

have originated from K-feldspar breakdown. In addition to their high Li2O contents (up to 4 

wt.%), the mica cores from the intermediate pegmatite zones are strongly enriched in Cs and Ta 

reaching up to 6000 and 230 ppm, respectively (Fig. 14c-d). Such Ta enrichment is in agreement 

with the concomitant crystallization of (fluor)calciomicrolite.  



Albitites are typically spatially associated with greisens in the cupola of highly evolved 

granites. Two stages of albitization, i.e. preceding and postdating greisenization, are commonly 

described (e.g. Štemprok, 1987; Schwartz and Surjono, 1990; Pirajno, 2013; Launay et al., 2019). 

The first stage of alkali-metasomatism is commonly ascribed to the circulation of a Na- (or K-) 

rich aqueous solution formed at the end of the crystallization of highly evolved Na-rich granitic 

melt. Albitization reactions typically lead to a decrease of the alkali/H
+
 ratio of the system and 

this can in return induce the destabilization of K-feldspar, plagioclase and biotite and the 

replacement of these minerals by muscovite and quartz (i.e. greisenization). By liberating Na-K 

and re-increasing the alkali/H
+
 ratio of the fluid, the greisenization reactions (Table 1) may 

induce a second stage of alkali-metasomatism including albitization. Albitization and especially 

greisenization induce an increase of porosity that will enhance the sustainability of such a 

magmatic-hydrothermal system (Launay et al., 2019). In the mineralized LCT pegmatites from 

the Orange River belt, albitization is much more widespread than greisenization and metasomatic 

lamellar albite (cleavelandite) is replaced by muscovite or Li-mica in greisen (Figs. 8d-e). 

Provided that the opposite textural relationship was not observed, it appears reasonable to 

conclude that albitization occurred early during the magmatic-hydrothermal evolution of the 

pegmatites. A similar paragenetic sequence was described for LCT pegmatites from the Gatumba 

area in Rwanda where albitization related to cleavelandite crystallization preceded greisenization 

(Dewaele et al., 2011). The metasomatic agent causing albitization in LCT pegmatites from the 

Orange River belt, and likely elsewhere, might be a Na-rich aqueous fluid or hydrosaline melt 

(described as type-B melt in Thomas et al., 2012). This second hypothesis is supported by the 

study of Müller et al. (2018) on albite zones of evolved NYF pegmatites from Evje-Iveland in 

Norway where hydrosaline melts with water contents ≥34 wt.% are found as primary inclusions 

in cleavelandite along with primary fluid inclusions. These authors argued that the formation of 



albite-rich zones and cleavelandite is the result of melt-melt and additional melt-fluid 

immiscibility. Similar to LCT pegmatites from the Orange River belt, cleavelandite from the 

Evje-Iveland pegmatites also occurs outside albite zones suggesting that the highly mobile Na-

rich melts and fluids migrated through the almost completely crystallized intrusion (Müller et al., 

2018). In the Orange River pegmatite belt and Evje-Iveland area, the Na-metasomatic agents 

were probably strongly enriched in Ta (and Nb), which are elements that are generally considered 

as poorly mobile in aqueous fluids (e.g. Timofeev et al., 2017) with low fluid-melt partition 

coefficients (Chevychelov et al., 2005). Such Nb-Ta enrichment and mobility would be in 

agreement with the contribution of an alkali hydrosaline melt where high F concentrations also 

increase HFSE solubility (e.g. Linnen and Cuney, 2005; Zaraisky et al., 2010). In conclusion, we 

suggest that stage II marks the immiscibility and pervasive circulation of a highly mobile Na-F 

and Li-Cs-Ta-rich hydrosaline melt with potential contribution from an early aqueous fluid (Fig. 

20b). 

5.3.5. Stage III.1: melt-fluid immiscibility and aqueous fluid-dominated metasomatism 

Strong and localized greisenization affected the intermediate zones of the Kokerboomrand I 

(Figs. 5d and 6c) and Witkop I (Fig. 6d) pegmatites. (Li-) Fe-muscovite to zinnwaldite (mica 1) 

replace spodumene, albite and (fluor)calciomicrolite in the Kokerboomrand I pegmatite (Figs. 8d, 

11d, 12c) whereas muscovite replaces microcline and albite in the Witkop I pegmatite (Figs. 8e, 

11a, 12a). Stage III.1 mica from the Kokerboomrand I pegmatite is strongly enriched in Cs 

containing up to 7000 ppm. The Ta and Li2O contents are variable, and can reach high contents 

of up to 150 ppm and 2 wt.%, respectively (Fig. 14a). The Ta and Cs contents of these 

metasomatic mica crystals, together with stage II mica from the intermediate zone, are some of 

the highest detected among micas from the pegmatite. Muscovite cores from the greisenized 



intermediate zone of the Witkop I pegmatite are strongly enriched in Cs and Ta but depleted in 

Li2O compared to (Fe-) muscovite cores from the wall zone and intermediate zone. Therefore, the 

metasomatic agent involved in greisenization was generally enriched in K, Cs and Ta, but Li 

concentrations were low at the Witkop I pegmatite and high at the Kokerboomrand I pegmatite. 

As suggested for the Li-mica of stage II, part of the K component of the metasomatic agent may 

have originated from the breakdown of K-feldspar whereas Li may have been derived from the 

breakdown of spodumene. In the Kokerboomrand I pegmatite, a portion of the Ta may have 

originated from microlite breakdown. The transformation of feldspar to muscovite during 

greisenization is commonly interpreted as the result of interaction with acidic magmatic aqueous 

fluids (i.e. low alkali/H
+
 ratio) over a wide range of temperatures (250–450°C; Launay et al., 

2019 and references therein) and salinities (10 to >40 wt.% NaCl equivalent; e.g. Pirajno, 2013). 

By progressively decreasing the alkali/H
+ 

ratio of the system, stage I albitization might have 

triggered greisenization, i.e. the destabilization of plagioclase and K-feldspar and their 

replacement by muscovite or Li-mica (Table 1, R1-3). Stage III.1 may represent the progressive 

transition from a magmatic-hydrothermal system dominated by a Na-rich hydrosaline melt with 

relatively high alkali/H
+
 ratio toward a system involving an acidic aqueous fluid characterized by 

low alkali/H
+
 ratios. This aqueous fluid phase might have exsolved from the hydrosaline melt and 

both media likely mobilized a significant amount of Cs and Ta (Fig. 20c). Additional evidence of 

Ta mobility immediately after greisenization comes from the presence of small 

(fluor)calciomicrolite crystals along the cleavage planes of muscovite in the Witkop I pegmatite 

(Fig. S5.3). 

In the wall zone of the Norabees I pegmatite, muscovite to Li-Fe-muscovite cores are 

partially resorbed and/or overgrown by Li-Fe-muscovite to zinnwaldite (Figs. 11f and 12d). 



Similarly, at Norabees I and Kokerboomrand I, heterogeneous Li-muscovite to zinnwaldite cores 

from the intermediate pegmatite zones are overgrown by zinnwaldite and lepidolite (Figs. 11c, 

11g, 12c-d). In all of these cases, strong enrichment in Li and Cs occurs from the cores to the 

rims of mica crystals, and the highest contents are found in the mica rims within the intermediate 

pegmatite zones reaching up to 6 wt.% LiO2 and 1 wt.% of Cs (Figs. 14c-d). However, the mica 

rims are strongly depleted in Ta compared to the cores, with contents not exceeding 50 ppm in 

the intermediate zone of the Kokerboomrand I pegmatite. The mica crystallization experiments 

performed on a pegmatitic melt by Pichavant et al. (2016) indicate that an increase of oxygen 

fugacity in the melt may lead to the formation of muscovite overgrowing trioctahedral micas of 

siderophyllite composition. By analogy, the opposite textural relationship for micas of the 

Kokerboomrand I and Norabees I pegmatites (i.e. a dioctahedral mica core followed by a 

trioctahedral mica rim) may reflect a decrease of the oxygen fugacity. The sharp decrease in Ta 

concentration between mica cores and rims, however, suggests that these zones did not crystallize 

from the same medium. Indeed, this contrasting behavior between Li-Cs and Ta may suggest that 

zinnwaldite and lepidolite rims crystallized dominantly from an aqueous fluid in which Ta is 

expected to be less soluble than Li and Cs. 

5.3.6. Stage III.2: late hydrothermal phase 

Garnet-mica-rich replacement bodies occur as fracture filling in the wall zone of the Noumas 

I pegmatite close to the contact with the intermediate zone (Fig. 5c). These replacement bodies 

commonly contain native Bi rimed by Bi oxide minerals (Fig. 15f) along with scarce U (± Th, Pb, 

Cu)-rich phosphates, such as torbernite and plumbogummite (Fig. S5.3). Bismuth oxide minerals 

replace stage II (fluor)calciomicrolite and also occur in the cleavage planes of stage III.1 Li-mica 

in the greisenized intermediate zone of the Kokerboomrand I pegmatite (Fig. 15i). This suggests 



that Bi-rich hydrothermal activity occurred after the metasomatic stages II and III.1. Large Fe-

muscovite cores from the garnet-mica-rich replacement bodies are enriched in Cs (~1000 ppm) 

and depleted in Li2O (< 0.1) and Ta (~50 ppm) compared to mica from the aplite border and wall 

zone of the Noumas I pegmatites. In all pegmatites, stage I, II and III.1 mica crystals are 

commonly overgrown or replaced along their rims by thin zones of muscovite and Fe-muscovite 

(Figs. 11a and 12), and such late dioctahedral micas also occur as small crystals in feldspar. 

However, due to their small crystal size, it was impossible to analyze their rare metal 

compositions, with the exception of four small crystals found inside feldspar in the wall zone of 

the Kokerboomrand II pegmatite (Fig. 14a) and two small crystals occurring inside feldspar in the 

aplite border and wall zone of the Noumas I pegmatite (Fig. 14b). Except for the mica rim from 

the Noumas I wall zone, which is strongly enriched in Ta (~190 ppm), the late mica crystals are 

enriched in Cs and depleted in Li and Ta compared to the larger mica cores from the same 

pegmatite. Therefore, these late mica rims and small crystals may have a similar origin as Fe-

muscovite from the garnet-mica-rich replacement bodies of the Noumas I pegmatite. The 

alteration of pink spodumene rims with K-Cs enrichment in the intermediate zone of the 

Norabees I pegmatite potentially occurred during this stage. 

Stage I CGM and stage II homogeneous PGM are commonly replaced by spongy PGM (Figs. 

15a-c, 15l and S5.3) that are characterized by high A-site vacancies and relatively low Ta* values 

(Fig. 16b). The (fluor)calciomicrolite that was replaced by stage III.1 Li-mica in the 

Kokerboomrand I pegmatite does not show significant alteration to spongy PGM (Fig. 15i), 

which suggests that the formation of zero-valence-dominant PGM probably occurred later.  

Cation vacancies in the A-site of PGM may reflect either actual site vacancies, or the presence of 

structurally bound water (Atencio et al., 2010). The later would be in agreement with the 



formation of zero-valence-dominant PGM in a water-rich environment and therefore the increase 

of A-site vacancies in PGM during the interaction with an aqueous fluid phase. This leads us to 

suggest that zero-valence dominant pyrochlore and microlite have a late hydrothermal origin. 

Zero-valence-dominant PGM from the wall zone and aplite border of the Noumas I pegmatite are 

locally enriched in Bi with up to ~0.5 apfu (~30 wt.% Bi2O3, Supplementary File 9), suggesting 

that Bi minerals may have formed from the same hydrothermal fluid as the zero-valence-

dominant PGM. Zero-valence-dominant PGM are generally characterized by lower Ta contents 

and higher Nb and Nb/Ta than PGM with a high A-site occupancy, but are depleted in both Nb 

and Ta compared to the CGM they replaced (Figs. 16b, 21 and S5.6).  

In short, we suggest that stage III.2 marks the final stage of the magmatic-hydrothermal 

evolution of the pegmatites and involves an aqueous fluid that was enriched in Bi, Cs (and U) 

along with K to form muscovite, and perhaps Al to form garnet, but was relatively depleted in Li-

Ta-Nb (Fig. 20d). This fluid might have been sourced partly from zones where stage III.1 

greisenization occurred because breakdown of K-feldspar is the most obvious source of K (Table 

1, R1).  

5.4. Interactions between pegmatites and country rocks 

Strong, pervasive and multi-pulse metasomatism of the granodioritic country rocks of 

mineralized pegmatites (Fig. 19) is expressed as: 

 Stage A: transformation of Mg-biotite to Fe-biotite, siderophyllite and Fe-muscovite.  

 Stage B.1: replacement or overgrowth of early metasomatic trioctahedral and 

dioctahedral mica by Fe-muscovite (Figs. 11e and 11h); formation of the Black 

greisen in the country rock of the Noumas I pegmatite (Figs. 7a-c). 



 Stage B.2: replacement of early metasomatic by late metasomatic dioctahedral mica in 

the Black greisen of the Noumas I pegmatite (Fig. 11b); formation of the apatite-rich 

zone and Green greisen in the country rock of the Noumas I pegmatite and 

crystallization of PGM and Nb-Ta-rutile (Figs 7a-c and 15g).  

Stages A and B must have been also associated with the destabilization of plagioclase and K-

feldspar (Table 1, R1-3, R5-6). The relative timing of fluorite and tourmaline crystallization was 

not constrained due to the absence of clear textural criteria. Better textural and geochemical 

evidence allows the timing of albitization to be discussed below. 

5.4.1. Stage A: early magmatic-hydrothermal alteration 

Early magmatic-hydrothermal alteration of the granodioritic country rocks of the mineralized 

pegmatites is expressed by the transformation of primary Mg-biotite to Fe-biotite, siderophyllite 

and Fe-muscovite (Figs. 12b-d). In the strongly metasomatized country rocks of the 

Kokerboomrand I and Norabees I pegmatites, the early metasomatic mica crystals are strongly 

enriched in rare metals with up to 2 wt.% Li2O, 2 wt.% Cs and 150 ppm Ta (Figs. 14c-d). Based 

on the magmatic-hydrothermal evolution defined in the mineralized pegmatites, stage A of 

country rock alteration was likely contemporaneous with the metasomatic stage II recorded in the 

pegmatites. Accordingly, early metasomatism/alteration of the pegmatites and their country rocks 

is characterized by high Li, Cs and Ta mobility. The metasomatic agent could be a hydrosaline 

melt or a related aqueous fluid phase that would be sufficiently mobile to percolate through the 

country rock (Fig. 20b). Albitization of the country rock, as implied for the Kokerboomrand I 

pegmatite based on whole-rock (Fig. 17) and plagioclase compositions (Fig. 9c), may have partly 

occurred at this stage, resulting from the interaction with a Na-rich aqueous medium exsolved 

from the pegmatite.  



5.4.2. Stage B.1: late magmatic-hydrothermal alteration 

Stage B.1 is marked by the replacement or overgrowth of early metasomatic (stage A) Fe-

biotite, siderophyllite and Fe-muscovite by a new generation of Fe-muscovite (Figs. 11e, 11h, 

12c and 12d, Table 1, R4). Formation of the Black greisens associated with the crystallization of 

Fe-muscovite cores (Fe-Ms 1) in the country rock rafts of the Noumas I pegmatite likely also 

occurred during this stage (Figs. 7a-c, 11b and 12b). In the strongly metasomatized granodiorite 

of the Kokerboomrand I pegmatite, Fe-muscovite from stage B.1 is depleted in Ta (1-60 ppm) but 

significantly enriched in Cs and Li2O with contents up to 2500 ppm and 1.5 wt.%, respectively. 

This greisenization event may correspond to the metasomatic stage III.1 recorded in the 

pegmatites that is characterized by important Li and Cs mobility but only moderate mobilization 

of Ta. Additional albitization may have occurred during stage B.1 as the breakdown of 

plagioclase during greisenization (Table 1, R2) likely produced Na-rich aqueous fluids (Fig. 20c).  

Interestingly, primary Mg-biotite from the weakly metasomatized country rocks of the 

Noumas I (Fig. 14b) and Norabees I (Fig. 14c) pegmatites is depleted in Ta (< 4 ppm) and 

significantly enriched in Li2O (0.5-0.9 wt.%) and Cs (300-1200 ppm). This indicates that Mg-

biotite underwent significant alteration caused by a metasomatic agent interpreted either as a 

stage III.1 or stage II hydrothermal fluid. These fluids appear to have interacted with the country 

rocks at distances several meters away from the pegmatite bodies. 

5.4.3. Stage B.2: late hydrothermal alteration 

Stage B.2 processes were identified only in the greisenized granodioritic rafts from the 

Noumas I pegmatite. This stage is characterized by the replacement and overgrowth of Fe-

muscovite (Fe-Ms 1) by a second generation of Fe-muscovite (Fe-Ms 2, Fig. 11b) as well as the 



formation of an apatite-rich transition zone and the Green greisen at the contact with the 

pegmatite (Figs. 7a-c and 12b). Fe-muscovite rims from the Black greisen are enriched in Ta but 

depleted in Li and Cs compared to the core (Fig. 14b). Muscovite from the Green greisen is even 

more depleted in Li (Li2O ~0.2 wt.%) and more enriched in Ta (130-170 ppm) compared to Fe-

muscovite rims from the Black greisen (Li2O 0.6-0.7 wt.%, Ta ~20 ppm). Strong metasomatic 

enrichment in Ta (and Nb) is evidenced by the presence of (fluor)calciomicrolite and Nb-Ta-

rutile, with local oscillatory zoning showing a relative enrichment of Ta over Nb from core to rim 

(Figs. 15g, 16b-c). Such Ta enrichment of the country rocks potentially occurred in relation with 

the late hydrothermal stage III.2 recorded in the pegmatites (Fig. 20d). Indeed, stage III.2 is 

characterized by the replacement of CGM and (fluor)calciomicrolite by zero-valence-dominant 

pyrochlore, and such process is associated with a depletion in Ta (and Nb). Therefore, Ta (and 

Nb) must have been moved elsewhere, and a transfer into the country rocks is most likely. During 

this stage, Bi- and Mn oxide minerals crystallized probably within the country rocks of the 

pegmatites. 

5.5. Metasomatism, rare metal mineralization and Nb-Ta geochemical fractionation 

This study of the western part of the Orange River belt demonstrates that strong but variable 

rare metal mobilization occurred during the multi-stage magmatic-hydrothermal evolution of 

LCT pegmatites. The rare metal compositions of mica formed during the various stages of 

pegmatite evolution are compared with metasomatic mica from the country rocks in term of their 

Nb/Ta versus Ta, Nb, Li and Cs systematics (Fig. 22).  The mica crystals with the highest rare 

metal contents are unequivocally metasomatic in origin. Maximum Li and Cs contents are 

reached during stage II and III.1, which are interpreted as progressive transitions from a 

magmatic-hydrothermal system dominated by a hydrosaline melt toward a system dominated by 



an aqueous fluid. Mica with the highest Ta contents also formed during stage II, while the Ta 

contents of stage III.1 mica are highly variable. However, mica crystals that formed during the 

late hydrothermal stage III.2 are overall depleted in rare metals. Interestingly, all metasomatic 

mica crystals from the pegmatites are characterized by very low Nb contents (< 200 ppm) and 

generally low Nb/Ta values < 2, falling at the end of the evolutionary trend displayed by stage I 

magmatic mica in a Nb/Ta versus Nb diagram. The impact of metasomatism on Ta concentration 

and Nb-Ta geochemical fractionation is also shown in Figure 21, where it becomes clear that 

magmatic-hydrothermal stage II and III.1 (fluor)calciomicrolite with high A-site occupancy is 

generally enriched in Ta with lower Nb/Ta compared to stage I CGM, which are mostly simply 

zoned.  

An ongoing debate exists regarding the role of magmatic-hydrothermal processes in the 

formation of Ta deposits and the geochemical fractionation of Nb and Ta, which are generally 

considered as geochemical “twins” (e.g. Ballouard et al., 2016a, 2016b; Stepanov et al., 2016; 

Van Lichtervelde et al., 2018). The evolution trend of highly peraluminous granites and 

pegmatites is marked by a more pronounced increase of Ta relative to Nb and, thus, a decrease of 

the Nb/Ta ratio (Linnen and Cuney, 2005; Stepanov et al., 2014; Ballouard et al., 2016a) (Fig. 

23). Some studies have shown that fractional crystallization of Nb-Ta oxide minerals (Linnen and 

Keppler, 1997; Linnen and Cuney, 2005) and mica (Raimbault and Burnol, 1998; Stepanov et al., 

2014; López-Moro et al., 2017) induces a decrease of the Nb/Ta ratio in the residual melt. 

However, an extreme degree of differentiation (>> 90 %) is required to significantly fractionate 

Nb from Ta, and to reach economic concentrations of Ta (Ballouard et al., 2016a). Van 

Lichtervelde et al. (2018) argued that such extreme enrichment and “twin” element geochemical 

decoupling must reflect supersaturation-induced disequilibrium crystallization in an undercooled 



melt. However, rare metal-enriched MPG and LCT pegmatites associated with rare metal 

deposits, and generally characterized by whole-rock Nb/Ta ratios < 5 (Ballouard et al., 2016a), 

commonly show strong evidence of metasomatism, such as greisenization and albitization. 

Several authors have argued that magmatic-hydrothermal processes do not contribute to the high 

Ta enrichment relative to Nb of these intrusions (e.g. Raimbault et al., 1995; Linnen and Cuney, 

2005; Van Lichtervelde et al., 2008, 2007; 2018; Anderson et al., 2013; Harlaux et al., 2017; 

Llorens González et al., 2017; López-moro et al., 2017). Nevertheless, numerous studies, 

including the new evidence presented here, have provided geochemical and textural constraints 

supporting the idea that Ta is being enriched over Nb to economic quantities during magmatic-

hydrothermal processes (e.g. Ohnenstetter and Piantone, 1992; Dostal and Chatterjee, 2000; 

Thomas et al., 2011a, 2009; Badanina et al., 2010, 2015; Dostal et al., 2015; Zhu et al., 2015; Xie 

et al., 2016; Breiter et al., 2017; Wu et al., 2017, 2018; Alfonso et al., 2018; Fosso Tchunte et al., 

2018; Kaeter et al., 2018).  

The skepticism regarding a significant role of magmatic-hydrothermal processes for the 

transport and geochemical fractionation of Nb and Ta comes particularly from the fact that Ta- 

and Nb-rich haloes appear to be absent in the country rocks of rare metal granites and pegmatites 

such as the Beauvoir granite in France and the Tanco pegmatite in Canada (Cuney et al., 1992; 

Linnen and Cuney, 2005). However, whole-rock analyses of the country rocks of mineralized 

LCT pegmatites from the Orange River belt indicate strong Nb-Ta enrichment in the strongly 

metasomatized granodiorites with contents of up to ~120 and 160 ppm (Nb/Ta = 0.7-1), 

respectively, in a Green greisen from the Noumas I pegmatite (Fig. 23). Moreover, the 

greisenized granodiorites from the Noumas I and Norabees I pegmatites are characterized by 

Nb/Ta <5, supporting the suggestion of Ballouard et al. (2016a) that this ‘cut-off’ value can be 



used as a marker to identify granites that experienced significant magmatic-hydrothermal 

alteration. Overall, our metasomatized granodioritic country rock samples follow a similar 

evolution trend to highly peraluminous granites with an anticorrelation between Nb/Ta values 

and Ta, Nb, Li and Cs contents (Fig. 23). The rare metal content of the strongly greisenized 

granodiorites is two orders of magnitude higher than the pristine granodiorites (Gaarseep 

granodiorite, Macey et al., 2017). These observed enrichment levels are comparable to those of 

the bulk Tanco pegmatite (Stilling et al., 2006), which represents one of the world’s largest Li-

Cs-Ta deposits. A similar Ta enrichment of up to 250 ppm was measured in metasomatized 

schists occurring at the contact with LCT pegmatites in the Cape Cross–Uis belt of Namibia 

(Fuchsloch et al., 2019). These recent studies from several large pegmatite belts show that 

metasomatic enrichment of country rocks to LCT pegmatites is more common than previously 

thought. However, the Li and Cs contents of weakly to moderately metasomatized granodiorites 

from the Orange River belt are also high compared to unaltered equivalents, which may indicate 

that Li-Cs were more mobile than Nb-Ta (Figure 23). The metasomatized country rock 

geochemical compositions are in agreement with mica compositions, as metasomatic micas from 

the country rocks are commonly characterized by low Nb/Ta values, low Nb contents and high 

concentrations of Li-Cs-Ta, comparable to that of mica from the pegmatites (Fig. 22). The 

observed Ta-Nb enrichment of the country rocks is also associated with crystallization of Nb-Ta-

rutile, PGM and CGM (Fig. 21).  

In summary, this comprehensive geochronological-petrological-geochemical study of LCT 

pegmatites from the Orange River belt indicates that although magmatic processes, such as 

fractional crystallization, constitutional zone refining and disequilibrium crystallization, play a 

major role in the formation of pegmatite- and granite-related rare metal deposits, magmatic-



hydrothermal processes including melt-melt and melt-fluid immiscibility and subsequent 

metasomatism may just be as important for ore genesis. Metasomatic rocks such as greisens and 

albitites occurring in the pegmatites and their immediate country rocks have to be considered as 

favorable targets during the research of Li-Cs-Ta-Nb deposits. As suggested by Kaeter et al. 

(2018), the magmatic-hydrothermal transition is a complex multi-stage process where aqueous 

fluids become progressively dominant over hydrosaline melts, and the various aqueous media 

involved may have very different capacities for metal transport. The strong and pervasive 

metasomatism of mineralized LCT pegmatites from the Orange River belt and their country rocks 

is in agreement with Thomas and Davidson (2016) who suggested that the parental media of 

pegmatites could be interpreted as critical melt or fluid containing several tens wt.% of dissolved 

water. 

6.  Conclusions 

 Low Nb/Ta (<14) and K/Rb (<40) values of mica appear as good geochemical tools 

for the research of Li-Ta-(Nb)-Be deposits in the Orange River pegmatite belt. 

Compositional differences of (Fe-) muscovite between weakly and strongly 

mineralized pegmatites may reflect either a variable degree of fractional 

crystallization of the parental melts or variation in partial melting conditions including 

source composition. 

 The Li-Ta-Be mineralized Kokerboomrand I pegmatite was emplaced at ca. 985 Ma 

contemporaneously with the emplacement of other pegmatites in the Orange River 

belt and regional strike-slip deformation. The Kokerboomrand I pegmatite formed by 

the partial melting of either Paleoproterozoic igneous rocks from the Richtersveld 



magmatic arc or Mesoproterozoic sedimentary rocks from the Bushmanland 

Subprovince that were underthrust beneath the Richtersveld magmatic arc.  

 Spodumene and CGM crystallized during the magmatic-dominated stage of the 

internal evolution of mineralized pegmatites in potential relation with undercooling 

and constitutional zone refining. 

 Lamellar albite (cleavelandite variety) and (fluor)calciomicrolite crystallized from an 

immiscible hydrosaline melt at the beginning of the magmatic-hydrothermal 

transition. In the pegmatite intermediate zones, the compositional evolution of mica 

from Li-muscovite to lepidolite marks the transition from a system dominated by a 

hydrosaline melt toward a system progressively involving an aqueous fluid. Greisens 

and Bi mineralization mostly formed from a hydrothermal fluid. 

 Magmatic-hydrothermal alteration of the immediate granodioritic country rocks of the 

mineralized pegmatites leaded to strong Li-Cs-Ta enrichment close to economic grade 

and induced significant decrease of the whole-rock Nb/Ta ratios. 

The fact that the most strongly rare metal enriched mica crystals and Nb-Ta oxide minerals in 

the pegmatites and immediate country rocks are metasomatic in origin points to a strong impact 

of magmatic-hydrothermal processes on the formation of rare metal deposits. Greisens and 

albitites have to be considered as favorable exploration targets for Li-Cs-Ta mineralization. The 

formation of pegmatite-related mineral deposits in the Orange River belt, and probably 

elsewhere, is the result of a complex interplay between various magmatic and magmatic-

hydrothermal processes. 
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Captions 

 

Fig. 1. Tectonostratigraphic map of the Namaqua Sector of the Namaqua-Natal metamorphic province of 

southern Africa, modified after Macey et al. (2018), showing the locations of rare element pegmatites. 

Pegmatite typology after Hugo (1970) and Schutte (1972). SZ: shear zone. 

 

Fig. 2. Summary of geologic events in the Namaqua Sector from 1900 to 950 Ma. The Aus region, 

Namibia (Diener et al. 2013), located at the north-western extremity of the Kakamas terrane, is not shown 

in Fig. 1. LFROT: Lower Fish-River Onseepkans Thrust Zone. Data sources: 1, Robb et al. (1999); 2, 

Clifford et al. (2004); 3, Cornell et al. (2009); 4, Lambert (2013); 5, Doggart (2019); 6, Macey et al. 

(2018) and references therein; 7, Macey et al. (2017); 8, Raith et al. (2003); 9, Cornell and Pettersson 

(2007a); 10, Bial et al. (2015b); 11, Cornell and Pettersson (2007b); 12, Diener et al. (2013); 13, Bial et al. 

(2015a); 14, Pettersson et al. (2007); 15, Bailie et al. (2017); 16, Bailie et al. (2011); 17, Bachmann et al. 

(2015); 18, Cornell et al. (1992); 19, Waters (1989); 20, Moen and Armstrong (2008); 21, Pettersson 

(2008); 22, Macey et al. (2015); 23, Van Niekerk (2006); 24, Van Schijndel et al. (in press); 25, Bailie et 

al. (2019); 26, Bial et al. (2016). greens.: greenschist facies, amp.: amphibolite facies, gran.: granulite 

facies, gr: granite, D.: deformation. 

 

Fig. 3. Simplified geological map of the western part of the Orange River pegmatite belt (Macey et al., 

2017) showing the different types of LCT pegmatites and indicating the locations of pegmatites sampled 

during this study. Pegmatite locations, typology and associated mineralization after Schutte (1972).  

 

Fig. 4. Simplified geological map of the heterogeneous-Li-Ta-Be Kokerboomrand I pegmatite modified 

after Schutte (1972). 



 

Fig. 5. Selected field photographs of mineralized LCT pegmatites. Contact zone of the Noumas I 

pegmatite showing the transition from the aplite border toward the wall zone. (b) skeletal beryl from the 

wall zone of the Noumas I pegmatite. (c) Garnet-mica-rich replacement body occurring in the wall zone, 

close to the contact with the intermediate zone, of the Noumas I pegmatite. (d) Li-mica greisen replacing 

spodumene from the intermediate zone of the Kokerboomrand I pegmatite. (e) Green spodumene (G Spd)-

bearing wall zone of the Norabees I pegmatite. (f) Pink spodumene (P Spd)-bearing intermediate zone of 

the Norabees I pegmatite. Mineral abbreviations following Whitney and Evans (2010). 

 

Fig. 6. Selected hand sample photographs of metasomatized pegmatites. (a) Intermediate zone of the 

Kokerboomrand I pegmatite with pink spodumene partially replaced by albite and purple Li-mica. The 

three minerals are crosscut by quartz. (b) Albitized intermediate zone of the Kokerboomrand I pegmatite 

where pink spodumene is partially replaced by albite (Mic: microlite). (c) Greisenized intermediate zone 

of the Kokerboomrand I pegmatite where white spodumene is partially replaced by green Li-mica and 

albite. (d) Greisen consisting of muscovite, garnet and albite that occurs at the contact between 

intermediate zone and quartz core of the Witkop pegmatite. Mineral abbreviations following Whitney and 

Evans (2010). 

 

Fig. 7. Representative field and hand sample photographs of the metasomatized granodioritic country 

rocks of the mineralized pegmatites. (a-b-c) Greisenized rafts of country rock occurring in the Noumas I 

pegmatite. In (c), the white arrow indicates the direction of the contact with the pegmatite (Peg.). A 1 to 4 

mm thick white zone consisting of apatite and Ta-Nb-rich rutile occurs at the transition between the Green 

greisen, consisting of Fe-muscovite and muscovite, and Black greisen, consisting of Fe-muscovite. (d) 

Partially albitized granodiorite occurring close to the contact with the Kokerboomrand I pegmatite. In the 

main text, this sample (KOK-17-12) is referred to as moderately metasomatized granodiorite. (e) Strongly 



metasomatized granodiorite, consisting of Fe-biotite, siderophyllite (Sid), Fe-muscovite, albite and quartz, 

partially assimilated in the wall zone of the Kokerboomrand I pegmatite. (f) Tourmalinized and 

greisenized raft of metagranodiorite occurring in the wall zone of the Norabees I pegmatite. The foliation 

(S) is indicated. Mineral abbreviations follow Whitney and Evans (2010). 

 

Fig. 8. Images showing the textural relationship between plagioclase, microcline, spodumene and mica in 

mineralized LCT pegmatites. (a) Photomicrograph [crossed polars (XPL)] of a relic of microcline inside 

lamellar albite (cleavelandite) in the wall zone of the Noumas I pegmatite. (b) XPL image of lamellar 

albite and Li-mica replacing pink spodumene in the intermediate zone of the Kokerboomrand I pegmatite. 

Albite is also corroded by Li-mica. (c) XPL image of spodumene partially replaced by lamellar albite in 

the albitized intermediate zone of the Kokerboomrand I pegmatite. Both minerals are also partially 

replaced by very fine-grained mica. (d) Backscattered electron (BSE) image of lamellar albite partially 

replaced by Li-mica in the greisenized intermediate zone of the Kokerboomrand I pegmatite. (e) XPL 

image of anhedral microcline partially replaced by lamellar albite and muscovite in the greisenized 

intermediate zone of the Witkop pegmatite. Mineral abbreviations from Whitney and Evans (2010). 

 

Fig. 9. Composition of plagioclase from (a) weakly mineralized and Nb-Ta-Be pegmatites as well as (b-d) 

Li-Ta-Be-(Bi) mineralized pegmatites and associated granodioritic country rock in an orthoclase-

anorthite-albite ternary diagram. The dominant shape of plagioclase (prismatic, sugary, lamellar - 

cleavelandite) is indicated. 

 

Fig. 10. Composition of spodumene (Spd) from mineralized LCT pegmatites in an Al versus Fe diagram 

(apfu). The slope a = -1 is indicated. 

 



Fig. 11. Selected backscattered electron (BSE) images (a, b, c, e, g) and chemical maps of F and 

calculated Li2O (d,f) of mica from LCT pegmatites and their country rocks. (a) Mica from the greisenized 

intermediate zone of the Witkop pegmatite. Dark muscovite cores are overgrown by light rims with a 

muscovite to Fe-muscovite composition. (b) Mica from the metasomatized granodioritic country rock 

(Black greisen) of the Noumas I pegmatite. A first generation of light colored and Li-rich Fe-muscovite 

(Fe-Ms1) with numerous inclusions of ilmenite is partially replaced by a second generation of dark 

colored and Ta-rich Fe-muscovite (Fe-Ms2). (c) Li-mica from the intermediate zone of the 

Kokerboomrand I pegmatite. A heterogeneous core, constituted by skeletal zones with a Li-muscovite to 

zinnwaldite composition (core 1) and zinnwaldite infill (core 2), is overgrown by two different rims of 

lepidolite. (d) Spodumene and albite partially replaced by Li-mica (Mica 1: Fe-muscovite – Li-Fe-

muscovite - zinnwaldite) in the greisenized intermediate zone of the Kokerboomrand I pegmatite. Li-mica 

is locally replaced by muscovite (Mica 2: dark color). (e) Mica from the strongly metasomatized 

granodioritic country rock of the Kokerboomrand I pegmatite. Trioctahedral mica (Fe-biotite and 

siderophyllite-Sid) is partially replaced by dioctahedral mica (Fe-Ms). (f) Mica from the wall zone of the 

Norabees I pegmatite. A mica core with a muscovite to Li-Fe-muscovite composition is overgrown by 

zinnwaldite (rim 1). The rim of zinnwaldite is locally replaced or overgrown by Fe-muscovite (rim 2). (g) 

Li-mica from the intermediate zone of the Norabees I pegmatite. A heterogeneous core with a muscovite, 

Li-muscovite to zinnwaldite composition is overgrown by zinnwaldite and lepidolite. (h) Mica from the 

metasomatized granodioritic country rock of the Norabees I pegmatite. Fe-biotite is partially replaced by 

Fe-muscovite. Mineral abbreviations from Whitney and Evans (2010). 

 

Fig. 12.  Fetot + Mn + Ti – AlVI versus Mg – Li (atom per formula unit) classification (Tischendorf et al., 

1997, 2001) showing the composition of mica from the Orange River LCT pegmatites and associated 

granodioritic country rocks.  The Li composition was measured by LA-ICP-MS or calculated using the F 

contents measured by EPMA and equations of Supplementary File 3, Figure S3.2. Other elements were 

measured by EPMA. 



 

Fig. 12.  (ctd.) 

 

Fig. 13.  Nb/Ta versus (a) Ta, (b) Nb, (c) Li2O and (d) Cs diagrams comparing the composition of large 

dioctahedral mica cores from homogeneous weakly mineralized pegmatites with that from aplite borders 

and wall zones of heterogeneous and strongly mineralized pegmatites. 

 

Fig. 14. Nb/Ta versus Li2O, Cs and Ta diagrams for mica from the (a) Noumas I, (b) Kokerboomrand I, 

(c) Norabees I and (d) Witkop mineralized pegmatites and associated granodioritic country rocks. 

Metasom.: metasomatized. 

 

Fig. 14. (ctd.) 

 

Fig. 15. Selected BSE images of Nb-Ta and Bi oxide minerals from pegmatites and their country rocks 

(CGM: columbite group mineral; Mic: microlite; Bi ox: Bi oxide mineral). (a) Columbite-Fe from a 

weakly mineralized pegmatite of the area of Kokerboomrand. The rim of the crystal is replaced by spongy 

zero-valence-dominant pyrochlore. (b) Homogeneous columbite-Mn from the wall zone of the Noumas I 

pegmatite partially replaced by spongy calciomicrolite along a crack. (c) Normally zoned columbite-Fe 

from the aplite border of the Li-Ta-Be-Bi Noumas I pegmatite, with increase of Ta content from core 

(medium grey) to rim (light grey), replaced along the rim by spongy zero-valence-dominant PGM (dark 

grey). (d) Oscillatory zoned columbite-tantalite-Mn from the wall zone of the Noumas I pegmatite. (e) 

complex columbite group mineral from the wall zone of the Noumas I pegmatite. The white zones 

(tantalite-Mn to tapiolite) are enriched in Ta compared to grey zones (tantalite-Mn). (f) Native Bi rimmed 

by Bi oxide minerals in a garnet-mica-rich replacement body of the Noumas I pegmatite. (g) Ta-(Nb-) 

rutile from the metasomatized granodioritic country rock of the Noumas I pegmatite. The Ta (and Nb) 



content of the rutile increases significantly from core to rim. (h) Ta-Nb-rutile from the aplite border of the 

Li-Ta-Be Kokerboomrand I pegmatite. Along the bottom left edge, rutile 1 (medium grey) is replaced by 

rutile 2 (dark grey) and fluorcalciomicrolite (white). (i) Fluorcalciomicrolite from the greisenized 

intermediate zone of the Kokerboomrand I pegmatite. The crystal is corroded by Li-mica and brecciated 

by Bi oxide minerals (white phase) that also occur in the cleavage planes of Li-mica. (j) Columbite-Mn 

(light and dark grey zones) from the wall zone of the Li-Ta-Be Norabees I pegmatite partially replaced by 

calciomicrolite (white zone). A reaction zone depleted in Ta and enriched in Nb (CGM 2, dark grey) 

occurs at the contact between primary columbite-Mn (CGM1, light grey) and calciomicrolite. (k) 

Calciomicrolite from the wall zone of the Norabees I pegmatite with inclusions of resorbed columbite-Mn 

and albite. (l) (Fluor)calciomicrolite from the intermediate zone of the Norabees I pegmatite. Alteration 

along the rims (dark color and strong spongy texture) is associated with an increase of the A-site vacancy 

and a decrease of the F content. 

 

Fig. 16. Chemical composition of Nb-Ta oxide minerals from LCT pegmatites and metasomatized 

granodioritic country rocks. (a) Ta / (Ta + Nb) versus Mn / (Mn + Fe) diagram (apfu) showing the 

composition of columbite group minerals. The dashed lines join the analyses made on one crystal 

containing tapiolite (Fig. 15e). The tantalite-tapiolite miscibility gap is from Van Lichtervelde et al. 

(2018). (b) Ta / (Ta + Nb) versus A-site vacancy diagram (apfu) for pyrochlore group minerals. (c) Ti-Nb-

Ta ternary diagram (apfu) showing the composition of Nb-Ta-rutile. The texture of CGM (simply or 

complexly zoned) and PGM (homogeneous or spongy) is indicated. Simply zoned CGM included crystals 

with homogeneous textures as well as normal, inverse and oscillatory zoning. 

 

Fig. 17. Log-log isocon diagram (Grant, 1986; Baumgartner and Olsen, 1995) evaluating the chemical 

change during metasomatism of the granodiorite country rock of the Noumas I (a-b), Norabees I (c) and 

Kokerboomrand I (d) pegmatites. In (a-b) the Green greisen (b) is located just at the contact with the 



pegmatites whereas the Black greisen (a) is located ~20-30 cm away from the contact. In (d), the average 

composition of weakly metasomatized granodioritic country rocks from the Noumas I and Norabees I 

pegmatites is used as an initial composition due to poor outcropping conditions near the Kokerboomrand I 

pegmatite. Major elements are plotted in wt.% and trace elements in ppm. The grey dashed line (C=C0) 

represents the zero-mass-change isocon and the black isocon is based on constant alumina.  

 

Fig. 18. Isotopic data on monazite and zircon from mineralized LCT pegmatites. (a) Tera-Wasserburg 

diagram for monazite from the aplite border of the Kokerboomrand I pegmatite (KOK-17-8). Ellipses 

shown with dashed outlines represent common Pb affected analyses that were not used for the calculation 

of the concordia age (2σ). Error ellipses are reported at 2σ. (b) Histogram and kernel density estimates for 

207Pb/206Pb ages of inherited zircon crystals (discordance < 5%) from the aplite borders and wall zones of 

Kokerboomrand I, Norabees I and Noumas I mineralized LCT pegmatites. (c) initial εNd(t) versus age 

diagram reporting the average composition (2σ) of monazite from the aplite border of the Kokerboomrand 

I pegmatite (KOK-17-8) calculated at 986 Ma. The average monazite Nd isotopic composition of other 

LCT pegmatites emplaced in the Richtersveld magmatic arc (Doggart, 2019) is indicated for comparison 

along with whole-rock Nd isotopic compositions of igneous rocks from the Richtersveld magmatic arc 

(Reid, 1997; Macey et al., 2017) as well as granitoids (Clifford et al., 1995; Geringer et al., 1998; 

Pettersson et al., 2009) and sedimentary rocks (Bailie et al., 2007a) from the northern part of 

Bushmanland Subprovince. The 147Sm/144Nd value of 0.09 corresponds to the average value of monazite 

from the sample KOK-17-8. Present day 147Sm/144Nd and 143Nd/144Nd values of 0.2135 and 0.513151, 

respectively, were used for Depleted Mantle (Blichert-Toft and Puchtel, 2010). Present day 147Sm/144Nd 

and 143Nd/144Nd values of 0.196 and 0.51263, respectively, were used for CHUR (Bouvier et al., 2008). 

 

Fig. 19. Paragenetic sequence for LCT pegmatites and metasomatized granodioritic country-rocks. CGM: 

columbite group mineral. Li-mica includes Li- (Fe-) muscovite, zinnwaldite and lepidolite. 



 

Fig. 20. Schematic illustration of the magmatic-hydrothermal evolution of mineralized LCT pegmatites 

from the Orange River belt. (a) Stage I represents the magmatic-dominated crystallization of the pegmatite 

for border to core. Fractional crystallization and migration of a boundary layer liquid is suggested by the 

increase of Ta* values of columbite group mineral (CGM) from the aplite border to wall zone as well as 

decrease of Fe contents of spodumene getting closer to the core. (b) stage II marks the immiscibility 

between a highly viscous silicic melt and low viscosity hydrosaline melt along with additional melt-fluid 

immiscibility. The alkaline aqueous media induced the pervasive albitization of the pegmatite and its 

country rock, crystallization of (fluor)calciomicrolite and Li-mica (i.e. Li-Ms and Znw) in the pegmatite 

and replacement of Mg-biotite by Fe-biotite in the granodiorite. (c) A silicic melt, alkaline hydrosaline 

melt and mainly acidic aqueous fluid were coexisting during stage III.1 that is expressed by crystallization 

of lepidolite in the pegmatite and localized greisenization of both the pegmatite and granodiorite. 

Greisenization of the pegmatite might have been triggered by a decrease of pH during albitization while 

plagioclase breakdown during greisenization of the granodiorite potentially led to albitization elsewhere in 

the country rock (albitite II). (d) During stage III.2, a late hydrothermal fluid induced the formation of Bi-

mineralization, crystallization of (Fe-) muscovite as well as alteration of CGM and (fluor)calciomicrolite 

to zero-valence-dominant pyrochlore. Greisenization perdured in the granodiorite where a significant 

amount of Ta was transferred from the pegmatite. 

 

Fig. 21. Comparison of the chemical composition of columbite group minerals (CGM), pyrochlore group 

minerals (PGM) and Nb-Ta-rutile in a Nb/Ta versus Ta2O5 (wt.%) diagram. 

 

Fig. 22. Nb/Ta versus (a) Ta, (b) Nb, (c) Li2O and (d) Cs diagrams comparing the composition of mica 

characteristic of the different evolutional stages of the pegmatites as well as metasomatic mica from the 

metasomatized country rocks.  



 

Fig. 23. Nb/Ta versus (a) Ta, (b) Nb, (c) Li and (d) Cs content diagrams showing the whole-rock 

composition of strongly metasomatized granodioritic country rocks of the LCT pegmatites from the 

western part of Orange River belt as well as less, moderately and non-metasomatized equivalents 

(Gaarseep granodiorite). The composition of highly peraluminous granites (Ballouard et al., 2016a), the 

Tanco LCT pegmatite (Stilling et al., 2006) and the upper continental crust (Rudnick and Gao, 2003) is 

shown for comparison. The composition of the unaltered Gaarseep granodiorite (Vioolsdrif Suite) is from 

Macey et al. (2017). 

 

Table 1. Summary of the main replacement reactions related to greisenization and albitization as observed 

in the Orange River pegmatite belt, southern Africa. 

 

 Table 2. Li, Nb, Ta and Cs compositions of the main potential sources for LCT pegmatites of the western 

part of the Orange River belt, including igneous rocks from the Richtersveld magmatic arc (Vioolsdrif 

Suite and Orange River Group, Macey et al. 2017 and reference therein) as well as sedimentary rocks 

(Bushmanland Group, Bailie et al., 2007) and granitoids (Little Namaqualand Suite, Spektakel Suite, 

Concordia granite, Raith, 1995; Andreoli et al., 2006; Bailie et al., 2007b; Duchesne et al., 2007; Macey et 

al., 2018) from the Bushmanland Subprovince compared to the mean upper crust (Rudnick and Gao, 

2003). The Gaarseep granodiorite belongs to the Vioolsdrif Suite and represents the main country rock of 

studied LCT pegmatites. 
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Highlights 

 Orange River LCT pegmatites formed at 1 Ga during regional strike-slip tectonics 

 Pegmatites formed by melting of Richtersveld magmatic arc or Bushmanland sediments 

 Spodumene and coltan are magmatic. Lepidolite and microlite are metasomatic 

 Metasomatism led to strong Ta enrichment and low Nb/Ta in country rocks 

 Magmatic-hydrothermal processes are crucial for rare metal deposit formation 

 

 

Greisenization 

(R1) 3KAlSi3O8 + 2H+
aq = KAl3Si3O10(OH)2 + 6SiO2 + 2K+

aq 

 

K-feldspar + acidic aqueous phase = muscovite + quartz + K-rich aqueous phase 

(R2) 3NaAlSi3O8 + 2H+
aq + K+

aq = KAl3Si3O10(OH)2 + 6SiO2 + 3Na+
aq 

 

Albite + acidic and K-rich aqueous phase = muscovite + quartz + Na-rich aqueous phase 

(R3) 3CaAl2Si2O8 + 2K+
aq + 4H+

aq = 2KAl2Si3O10(OH)2 + 3Ca2+
aq 

 

Anorthite + acidic and K-rich aqueous phase = muscovite + Ca-rich aqueous phase 

(R4) 3KFe3AlSi3O10OH2 + 2H+
aq = KAl3Si3O10(OH)2 + 6SiO2 + 3 Fe3O4 + 2K+

aq + 3H2 aq 

 

Biotite + acidic aqueous phase = muscovite + quartz + Fe oxide mineral + K-rich aqueous phase 

 



Albitization 

(R5) KAlSi3O8 + Na+
aq = NaAlSi3O8 + K+

aq 

 

K-feldspar + Na-rich aqueous phase = albite + K-rich aqueous phase 

(R6) CaAl2Si2O8 + 4SiO2 + 2Na+
aq = 2NaAlSi3O8 + Ca2+

aq 

 

Anorthite + quartz + Na-rich aqueous phase = albite + Ca-rich aqueous phase 

 

aq: aqueous 

 

 

 

  
Li (ppm) Nb (ppm) Ta (ppm) Cs (ppm) 

Min Max Average n Min Max Average n Min Max Average n Min Max Average n 

Richterveld arc                 

Vioolsdrif Suite 1 71 22 55 0.7 44.0 10.5 308 0.1 5.4 1.0 55 0.1 5.4 8.4 61 

Gaarseep 

granodiorite 
19 41 27 5 2.2 44.0 11.2 86 0.8 1.4 1.2 5 5.2 13.0 7.7 20 

Orange River Group 6 43 20 17 2.6 98.0 11.6 288 0.5 1.8 1.0 24 0.5 1.8 9.9 9 

Bushmanland 

Subprovince     
  

    
  

  
  

    

Bushmanland Group  
   

  1.8 40.0 15.7 35   
  

  
    

Little Namaqualand 

Suite 
    6..0 24.0 16.8 34 0.5 1.1 0.8 2     

Concordia granite  
   

  4.0 27 11.2 15  0.5 0.9 0.7 4  1.2 2.7 2.0 4 

Spektakel Suite     5.0 95.9 25.7 8 0.3 3.9 1.7 9 0.7 3.9 2.4 7 

                 

Upper crust 
  

24   
  

12 
 

  
 

0.9   
  

4.9 
 







































 



 


