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Abstract  

Despite Nb and Ta being considered as ‘geochemical twins’, most Ta mineral deposits are 

associated with muscovite-bearing peraluminous granites and related pegmatites (MPG), whereas 

significant Nb deposits are related to peralkaline to metaluminous A1-type granites and syenites 

as well as nepheline syenites. Metaluminous to peraluminous A2-type granites and syenites have 

a lower potential for rare-metal mineralization. The Nb/Ta ratios are highly variable within each 

type of rare-metal-enriched felsic igneous suite and causes of the Nb-Ta geochemical 

fractionation remain poorly understood. Our compilation of whole-rock geochemical data 

indicates that Nb/Ta ratios generally anticorrelate with Ta, and at given Ta contents the Nb/Ta 
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ratios increase from MPG through A2-type to A1-type igneous suites. However, the Nb-Ta 

compositions of A1-type and silica-undersaturated felsic magmatic rocks are indistinguishable. 

New regression models to estimate the mineral/melt partition coefficients DNb and DTa indicate 

that fractional crystallization of biotite and ilmenite significantly decreases Nb/Ta, but an extreme 

degree of fractional crystallization is needed to explain the observed range of Nb-Ta variations in 

rare-metal-enriched igneous suites. Importantly, metasomatic rocks formed by the alteration of 

igneous suites and their country-rocks are commonly highly enriched in Ta and Nb. Their low 

Nb/Ta ratios suggest that magmatic-hydrothermal processes involving fluids and hydrosaline 

melts also play a critical role in Nb-Ta geochemical fractionation and HFSE enrichment in 

general. We show that the Nb-Ta compositions of the primitive end-members of rare-metal-

enriched felsic igneous suites fingerprint the nature and evolution of their sources including 

metasomatic processes in the Earth’s crust and upper mantle. 

Keywords A-type and peraluminous granites; peralkaline complexes; niobium and tantalum; 

fractional crystallization; magmatic-hydrothermal transition; mineral/melt partition coefficients 

1. Introduction 

Rare-elements or rare-metals include high field strength elements (HFSE), such as Nb, Ta, W, 

Zr; the rare earth elements (REE) and Y; large elements, such as Cs and Sn; and also small and 

low-valence elements, such as Li and Be. Many of these elements represent strategic metals, 

which are essential in the high-tech industry and for the transition to sustainable energy sources 

(Linnen and Cuney, 2005; Linnen et al., 2012; Gunn, 2014). Rare-metals are mostly lithophile, 

and incompatible in the structure of most common rock-forming minerals. Therefore, these 

elements are concentrated in the upper continental crust and become enriched in silicate melts 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



during low-degree partial melting and fractional crystallization. Moreover, rare-metals have the 

capacity to form chemical complexes with, for example, F and Cl, which are typically mobile in 

magmatic-hydrothermal systems (e.g. Salvi et al., 2000; Veksler, 2004; Salvi and Williams-

Jones, 2005; Thomas et al., 2009, 2011; Zaraisky et al., 2010; Williams-Jones et al., 2012; 

Veksler et al., 2012; Timofeev et al., 2015; Harlaux et al., 2017). 

Among these strategic rare-metals, Ta and Nb are two geochemical “twins” characterized by 

the same charge (z = 5
+
) and a similar ionic radius (r = 0.64 Å; Shannon, 1976). Therefore, they 

are not expected to fractionate significantly during most geological processes. Paradoxically, 

economic deposits of Ta and Nb are not associated with the same type of igneous rocks. Ta (± Li, 

Cs, Sn, W) deposits are generally associated with highly evolved muscovite-bearing 

peraluminous granites (MPG, Barbarin, 1996) including peraluminous rare element granites and 

Li-Cs-Ta  pegmatites (Černý and Ercit, 2005; Černý et al., 2005; Linnen and Cuney, 2005; 

Linnen et al., 2012). In contrast, most economically significant Nb (± Zr, REE, Y) deposits are 

associated with either carbonatites or felsic, peralkaline to metaluminous, ferroan igneous rocks; 

the latter including A-type granites and syenites and nepheline syenites (e.g. Collins et al., 1982; 

Whalen et al., 1987; Eby, 1990; Bonin, 2007), and related Nb-Y-F (NYF, Černý and Ercit, 2005) 

pegmatites (Linnen and Cuney, 2005; Salvi and Williams-Jones, 2005; Chakhmouradian and 

Zaitsev, 2012). 

 MPG typically form by partial melting of clay-rich sediments and biotite- and muscovite-

bearing igneous rocks in the continental crust in collisional to late collisional settings (e.g. 

Bernard-Griffiths et al., 1985; Le Fort et al., 1987; Vielzeuf and Holloway, 1988; Barbarin, 1996;  

Patiño-Douce, 1999; Gao et al., 2016; Shaw et al., 2016; Ballouard et al., 2018; Villaros et al., 

2018), whereas carbonatites (e.g. Woolley and Church, 2005; Jones et al., 2013; Tappe et al., 
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2017) and nepheline syenites (e.g. Kramm and Kogarko, 1994; Sørensen, 1997; Eby et al., 1998; 

Marks et al., 2003, 2004; Salvi and Williams-Jones, 2005; Estrade et al., 2014a; Marks and 

Markle, 2015; Möller and Williams-Jones, 2016; Elburg and Cawthorn, 2017) form generally by 

low-degree partial melting of the upper mantle in extensional settings. A-type granitoids, 

including granites, syenites and their extrusive equivalents (i.e. rhyolites and trachytes), have 

been divided into two types mostly based on their geodynamic setting and whole-rock Y/Nb 

ratios (Eby, 1990, 1992). A1-type granitoids, having the higher potential for HFSE exploration 

(e.g. Linnen and Cuney, 2005), are characterized by Y/Nb < ~1.2 and are commonly interpreted 

to originate from the differentiation and crustal contamination of mafic magmas similar to 

oceanic island basalts (OIB) in an intracontinental rift setting  (Eby, 1990, 1992). In contrast, A2-

type granitoids have Y/Nb > ~1.2 and are considered to form predominantly in late orogenic 

settings (Eby, 1990, 1992). These granitoids are commonly interpreted as the product of partial 

melting of a residual crust or calc-alkaline granitoids, and variable degrees of hybridization may 

have occurred with mantle-derived magmas triggering the partial melting of the deep crust (e.g. 

Collins et al., 1982; Clemens et al., 1986; Whalen et al., 1987; Eby, 1990, 1992; Skjerlie and 

Johnston, 1993, 1992;  Patiño Douce, 1997; Gao et al., 2016; Finch and Tomkins, 2017). 

Alternatively, some studies have suggested that nepheline syenites and A-type granitoids may 

form by partial melting of a lower crust that was fenitized during the interaction with mantle-

derived fluids enriched in alkalis and rare-metals in an extensional setting (e.g. Martin, 2006; 

Harris et al., 2018). Moreover, low-degree partial melting of an enriched lithospheric mantle 

source has also been proposed (e.g. Downes et al., 2005; Estrade et al., 2014; Dostal and 

Shellnutt, 2016; Elburg and Cawthorn, 2017).  
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The Earth’s mantle (Nb/Ta ~16; Pfänder et al., 2007; Arevalo and McDonough, 2010) is 

characterized by higher Nb/Ta ratios than the continental crust (Nb/Ta ~11.4; Rudnick and Gao, 

2003) (Fig. 1). Therefore, the relative enrichment or depletion of Nb compared to Ta in mantle- 

and crust-derived metallogenic systems, including the association of Nb deposits with 

carbonatites, nepheline syenites and A-type granitoids, but Ta deposits with MPG, can be partly 

explained by source differences. However, the whole-rock Nb/Ta ratio of magmatic rocks 

originating from these reservoirs is also highly variable with, for example, Nb/Ta values between 

9 to 19 in oceanic basalts (Pfänder et al., 2007; Arevalo and McDonough, 2010) and 0.1 to 16 in 

crust-derived highly peraluminous granites (Ballouard et al., 2016a) (Fig. 1), including, for the 

latter, muscovite-bearing peraluminous granites (MPG) and cordierite-bearing peraluminous 

granites (CPG, Barbarin, 1996). In highly peraluminous granites, the fractional crystallization of 

mica with a mineral/melt partition coefficient for Nb higher than that for Ta (i.e. DNb/DTa >1) can 

lead to a significant decrease of the Nb/Ta ratio with enrichment in Ta relative to Nb in the 

residual melts (e.g.  Raimbault and Burnol, 1998; Stepanov et al., 2014). However, an extreme 

degree of fractional crystallization of an assemblage comprising feldspar and mica (over 90%) is 

needed to enrich the melt toward economic concentrations of Ta (Ballouard et al., 2016a). The 

solubility of tantalite (Ta2O5) is higher than that of columbite (Nb2O5) in peraluminous melts so 

that the crystallization of columbite-group minerals [CGM, (Mn, Fe)(Nb, Ta)2O6] will also lead 

to a decrease of the Nb/Ta ratio of the magma (Linnen and Keppler, 1997; Linnen and Cuney, 

2005; Van Lichtervelde et al., 2018), but also rapidly deplete the residual melt in Nb-Ta. On the 

other hand, MPG (and LCT pegmatites) associated with rare-metal deposits, generally 

characterized by low Nb/Ta whole-rock values below ~5 (Ballouard et al., 2016a) (Fig. 1), 

commonly show evidence of important metasomatism such as albitization and greisenization. To 

date, the role of magmatic-hydrothermal processes in Nb-Ta geochemical fractionation and for 
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Ta concentration is debated (e.g. Ballouard et al., 2016a, 2016b; Stepanov et al., 2016; Van 

Lichtervelde et al., 2018) particularly because Ta-rich haloes were not observed in the country-

rocks of rare-metal-enriched MPG and LCT pegmatites such as in the Beauvoir rare-metal 

granite, France (Cuney et al., 1992; Linnen and Cuney, 2005a). However, several authors have 

provided geochemical and textural evidences that magmatic-hydrothermal processes (i.e. 

magmatic brine- or hydrosaline melt-induced metasomatism or exsolution) may play a significant 

role in the Ta enrichment of these intrusions (e.g. Dostal and Chatterjee, 2000; Badanina et al., 

2010, 2015; Thomas et al., 2011; Zhu et al., 2015; Dostal et al., 2015; Ballouard et al., 2016a, 

2020; Xie et al., 2016; Wu et al., 2017, 2018; Fosso Tchunte et al., 2018; Kaeter et al., 2018; 

Fuchsloch et al., 2019). To our knowledge, only few studies have focused on the geochemical 

fractionation of Nb-Ta in nepheline syenites or A-type granitoids. However, recently published 

whole-rock geochemical data on nepheline syenites from the Nechalacho layered suite in Canada 

(Möller and Williams-Jones, 2016) show highly variable Nb/Ta ratios ranging from 7 to 50 and, 

as in highly peraluminous granites, Nb/Ta  appears to anticorrelate with both Nb and Ta contents 

(Fig. 1). Despite the fact that most Nb- and Ta-rich minerals from the suite, such as fergusonite 

and CGM, generally have a metasomatic origin (Timofeev and Williams-Jones, 2015), Möller 

and Williams-Jones (2016) suggested that the behavior of Nb-Ta in this intrusion principally 

reflects fractional crystallization of biotite and accumulation of eudialyte-group minerals (EGM). 

However, the experimental work of Linnen and Keppler (1997) indicates that, in contrast to 

peraluminous melts, Nb and Ta should have a similar solubility in peralkaline melts, so the 

reasons behind Nb-Ta geochemical fractionation in peralkaline suites remain unclear.  

In this contribution, we focus on the behavior of Nb and Ta in MPG, nepheline syenite and A-

type granitoid suites by using a compilation of natural whole-rock geochemical data and 
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experimental mineral/melt partition coefficients. We do not consider carbonatites here due to 

their different chemical and physical properties relative to silicate melts. The aim is to better 

understand the processes responsible for Nb-Ta geochemical fractionation in rare-metal-enriched 

felsic igneous rocks and to discriminate between the role of source, magmatic evolution and 

magmatic-hydrothermal processes. We also develop an efficient method to discriminate between 

A1- and A2-type granitoid suites by considering new types of geochemical diagrams. Our results 

suggest that Nb-Ta systematics are sensitive indicators of the origin of rare-metal-enriched felsic 

igneous rocks as well as their magmatic and magmatic-hydrothermal histories. 

2. Background 

2.1. Classification of rare-metal-enriched felsic igneous rocks 

In this study, we define four main groups of rare-metal-enriched felsic igneous rocks: 1. 

MPG; 2. A1-type granites and syenites; 3. A2-type granites and syenites; 4. silica-undersaturated 

felsic igneous rocks (i.e. nepheline syenites), including for all four groups the extrusive 

equivalents. The principal mineralogical and geochemical characteristics of these igneous rock 

suites are summarized in Tables 1 and 2. 

MPG are characterized by a high abundance of muscovite as well as molar A/CNK [Al2O3 / 

(CaO + Na2O + K2O)] ratios >1.1 and commonly contain biotite and minor ilmenite as mafic 

mineral phases (Barbarin, 1996, 1999). MPG include as their most evolved members the 

peraluminous, high to low P, rare element granites (Linnen and Cuney, 2005; Černý et al., 2005) 

and LCT pegmatites (Černý and Ercit, 2005). In contrast to most common MPG, peraluminous 

rare element granites and LCT pegmatites host disseminated Ta-Nb mineralization that 

commonly occurs as CGM and more rarely as pyrochlore-group minerals [PGM, 
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(Ca,Na)2(Nb,Ta)2O6(O,OH,F)] or wodginite (MnSnTa2O8), along with Li-mica such as lepidolite 

(Linnen and Cuney, 2005; Černý et al., 2005).  

A-type granites and syenites, here referred to as A-type granitoids, were originally defined by 

Loiselle and Wones (1979). They are peralkaline, metaluminous to peraluminous and have high 

whole-rock Fe/Mg, Ga/Al, Zr, Nb, Y, Ce, F, Cl and low Ca and Sr (e.g. Whalen et al., 1987). A-

type granitoids were subdivided by Eby (1990, 1992) based on their geodynamic setting as well 

as their whole-rock Y/Nb values in relationship with other trace element ratios, such as Rb/Nb 

and Sc/Nb. The author defined A1-type granitoids that are characteristic of intracontinental rift 

settings and have Y/Nb values <1.2, and A2-type granitoids with Y/Nb ratios >1.2 that mainly 

occur in late orogenic settings. A1-type granitoids can contain variable amounts of mafic 

minerals such as calcic- and sodic amphibole and clinopyroxene. Although ferroan biotite is also 

known for A1-type granitoids, it dominates the mafic mineralogy of A2-type granitoids together 

with calcic amphibole. Magnetite, ilmenite and titanite are common Fe-Ti-bearing accessory 

phases in A-type granitoids. A1-type granitoids include the peralkaline rare element granites 

defined by Linnen and Cuney (2005) that host a Nb-Ta mineralization mostly consisting of PGM 

whereas metaluminous to slightly peraluminous rare element granites (Linnen and Cuney, 2005) 

are A2-type granitoids and commonly contain CGM. NYF pegmatites are also affiliated to A-

type granitoids (Černý and Ercit, 2005).  

Silica-undersaturated felsic igneous rocks can be spatially associated with silica-saturated A1-

type granitoids in alkaline complexes and share some geochemical properties such as a 

significant enrichment in HFSE, F and Cl (e.g. Bailey et al., 2001; Salvi and Williams-Jones, 

2005). Similarly to A1-type granitoids, nepheline syenites commonly contain sodic amphibole 

and pyroxene along with ferroan biotite, accessory ilmenite, magnetite and titanite. If levels of 
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alkalis are suitably high, then these “agpaitic” nepheline syenites can host, in addition to PGM 

and rare CGM, a large variety of complex REE-Nb-Zr-Ti-bearing minerals such as eudialyte-

group minerals [EGM, Na4(Ca,Ce)2(Fe
2+

,Mn,Y)ZrSi8O22(OH,Cl)2], fergusonite [(Y,REE)NbO4] 

and astrophyllite [(K,Na)3(Fe
2+

,Mn)7Ti2Si8O24(O,OH)7]. 

2.2. Nb-Ta compositions of the main geochemical reservoirs 

Most geochemical reservoirs in the silicate Earth have a subchondritic Nb/Ta ratio (i.e. < 

19.9, Münker et al., 2003) (Fig. 1), and this peculiarity is called the “missing Nb paradox” 

(Rudnick et al., 2000; Wade and Wood, 2001). In order to balance this apparently missing Nb, 

hidden reservoirs with superchondritic Nb/Ta have been proposed to exist in the Earth’s core 

(Wade and Wood, 2001; Cartier et al., 2014), the lower mantle as refractory eclogites derived 

from subducted oceanic crust (Rudnick et al., 2000), the continental lithospheric mantle in 

heavily metasomatized domains (Aulbach et al., 2008; Pfänder et al., 2012), or arc cumulates (i.e. 

arclogite, Tang et al., 2019), as well as the residual lower-middle crust (Stepanov and Hermann, 

2013). Among the main igneous rock types (Fig. 1), crust-derived highly peraluminous granites 

show the lowest Nb/Ta values (0.1-16), and Nb/Ta is anticorrelated with both Ta (0.5–500 ppm) 

and Nb (4-100 ppm) (Ballouard et al., 2016a). Mid-oceanic ridge basalts (MORB, Nb/Ta ~9-19, 

Arevalo and McDonough, 2010), island arc volcanic rocks (IAV, Nb/Ta ~10-33, Stolz et al., 

1996; König and Schuth, 2011; Münker et al., 2004), OIB (Nb/Ta ~14-18, Pfänder et al., 2007) 

and intraplate continental basalts (Nb/Ta ~15-19, Pfänder et al., 2012) are characterized by Nb/Ta 

ratios higher than those of highly peraluminous granites, with even superchondritic values for 

some IAV. However, IAV and MORB are depleted in Nb (IAV ~ 0.2–5 ppm; MORB ~ 0.2–20 

ppm) and Ta (IAV ~ 0.01–1 ppm; MORB ~ 0.02–3 ppm) compared to OIB (Nb ~ 14–180 ppm 

and Ta ~ 1-10 ppm) and intraplate continental basalts (Nb ~ 25–112 ppm and Ta ~ 1-7 ppm). 
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Overall, the composition of oceanic basalts with mostly Nb/Ta >14 differs from the compositions 

of the continental crust and crust-derived granites that generally have Nb/Ta <14. The low Nb/Ta 

of the continental crust compared to basalts was recently suggested to reflect the delamination of 

arc-derived cumulates (i.e. arclogite) with Nb/Ta of 14-25 from the roots of thick and evolved 

magmatic arcs (Tang et al., 2019) (Fig. 1). 

2.3. Magmatic behavior of Nb-Ta 

The behavior of Nb and Ta in igneous processes is mainly controlled by mineral/melt 

partition coefficients (i.e. DNb and DTa) and literature data are summarized in Table 3. The 

primary hosts of Nb and Ta in common igneous rocks are Ti (± Fe)-bearing accessory minerals 

with DNb and DTa >10 such as ilmenite, rutile and titanite, as well as major rock-forming mineral 

groups such as the amphiboles (0.07< DNb and DTa <0.7) and micas (0.02< DNb and DTa <4). In 

contrast, K-feldspar (0.01< DNb and DTa <0.2), clinopyroxene (0.01< DNb and DTa <0.2) and 

garnet (0.01< DNb and DTa <0.2) can only incorporate a limited quantity of Nb-Ta, and the 

incompatibility of both elements is even higher in quartz, plagioclase, orthopyroxene and olivine, 

which are characterized by DNb and DTa <0.1. Similarly, magnetite and zircon, which have DNb 

and DTa <0.5 and only occur in accessory proportion in common igneous rocks generally do not 

contribute significantly to the Nb-Ta budget. The same is true for phosphate minerals such as 

monazite and apatite with DNb and DTa <0.1. The mineral/melt partition coefficient of Nb is 

higher than that of Ta for mica, with DNb/DTa >1, leading to a decrease in the Nb/Ta ratio of the 

melt through mica fractionation (Stepanov et al., 2014). Titanite and rutile, in contrast, have 

DNb/DTa <1 or ≤ 1, respectively, so fractionation of these minerals will either not affect or lead to 

an increase of the melt Nb/Ta ratio (Tiepolo et al., 2002; Schmidt et al., 2004; Prowatke and 

Klemme, 2005; Xiong et al., 2011). For amphibole, the DNb/DTa can be below or above unity 
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depending on the mineral and equilibrium melt structures and compositions (Tiepolo et al., 2000; 

Li et al., 2017). The previously mentioned studies observed that, in general, the DNb, DTa and 

DNb/DTa ratio of these minerals increase with decreasing temperature and melt H2O content, and 

with increasing melt polymerization such as higher SiO2 contents (in other words, by decreasing 

the number of non-bridging oxygens per tetrahedron, NBO/T, of the melt). 

Columbite-group minerals represent the main ore minerals of Nb-Ta and are highly soluble in 

granitic melts. The solubility of CGM increases with temperature, melt peralkalinity as well as 

with increasing concentrations of fluxing elements such as B and Li in the melt (Linnen and 

Keppler, 1997; Linnen, 1998; Linnen and Cuney, 2005; Bartels et al., 2010; Fiege et al., 2018). In 

contrast, pressure and F content of granitic melts have relatively small effects (Linnen and 

Keppler, 1997; Aseri et al., 2015). Melt H2O content does not appear to affect the solubility of 

CGM in granitic systems containing >4 wt.% H2O (Linnen, 2005; Bartels et al., 2010). Linnen 

and Keppler (1997) observed that the DNb/DTa of CGM increases with the melt aluminum 

saturation index (i.e. melt polymerization). Therefore, crystallization of CGM, especially in 

peraluminous granites, will decrease the Nb/Ta ratio of the residual melt but likely deplete melt 

Nb-Ta concentrations. Supersaturation and disequilibrium crystallization of CGM caused by 

strong undercooling or other processes, may also lead to a strong geochemical fractionation 

between Nb and Ta in rare-metal granites and pegmatites (Van Lichtervelde et al., 2018). 

2.4. Nb-Ta behavior in magmatic-hydrothermal systems 

The parental magma of highly evolved granites and pegmatites is commonly highly 

enriched in fluxing components such as F, Cl, Li, P, B and carbonate, having the effect to reduce 

the viscosity and solidus of the melt, and increase H2O solubility up to 30 wt.% (e.g. Thomas et 

al., 2005, 2012; Thomas and Davidson, 2012). Based on melt and fluid inclusion studies, these 
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authors demonstrated that, during crystallization of these intrusions in the upper crust, at least 

three phases can coexist, including a high viscosity, H2O-poor, silicate-rich melt (type A), a low 

viscosity, H2O (± carbonate)-rich, silicate-poor melt (type B), and a lower salinity aqueous (± 

carbonate-rich) fluid. This interpretation of melt inclusion analyses was challenged by London 

(2014) who suggested that H2O-rich type-B inclusions may represent flux-enriched boundary 

layers, typically forming during the crystallization of undercooled pegmatite melts from the 

borders to the cores of the intrusions. However, such a process cannot explain, for example, the 

repartition of type A and B melt inclusions along a single solvus in a temperature versus H2O 

content diagram (Thomas and Davidson, 2015). Regardless of the origins of these H2O- and flux-

rich melts (i.e. melt-melt immiscibility versus constitutional zone refining), their formation likely 

marks the transition from a magmatic toward a magmatic-hydrothermal system. 

Experiments reproducing fluoride-silicate melt immiscibility suggest that Nb partitions 

preferentially into the fluoride melt compared to Ta (Veksler et al., 2012). However, Ta and Nb 

do not appear to preferentially partition into silicate- (type-A) or H2O-rich (type-B) melts 

(Rickers et al., 2006; Thomas and Davidson, 2016). Despite the fact that Nb and Ta are relatively 

immobile in aqueous fluids, both elements can be mobilized at near-surface conditions and low 

temperature (<100°C) as polyoxometalates (Friis and Casey, 2018). Moreover, the solubility of 

both elements increases in F-rich aqueous solutions at elevated temperature (>100°C), and 

experimental studies suggest that Nb is more mobile than Ta under most conditions (Zaraisky et 

al., 2010; Timofeev et al., 2015, 2017). Experiments with aqueous F-rich fluids and 

aluminosilicate melts indicate that Nb and Ta preferentially partition into the melt (Chevychelov 

et al., 2005) (Table 3) and analyses of fluid inclusions hosted in quartz and topaz from the 
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Beauvoir rare-metal granite and its country-rock indicate that trapped magmatic-hydrothermal 

fluids are enriched in Nb relative to Ta (Harlaux et al., 2017).  

Accordingly, in the Moose II pegmatite, Canada, fine-grained secondary muscovite is 

enriched in Nb relative to Ta compared to early muscovite and Nb-rich replacements are 

observed on CGM, suggesting an interaction with a Nb-rich and Ta-poor fluid phase (Anderson 

et al., 2013). A fluid metasomatic origin was also suggested for a fine-grained Ta-poor muscovite 

from the Tanco pegmatite, Canada (Van Lichtervelde et al., 2008). Similarly, some Nb-Ta-poor 

PGM and muscovite crystals from LCT pegmatites of the Orange River belt in South Africa were 

interpreted as late hydrothermal in origin (Ballouard et al., 2020).  

On the other hand, a significant body of evidence exists for metasomatic enrichment of Ta 

relative to Nb in rare-metal granites and pegmatites. For example, in a LCT pegmatite from SE 

Ireland, Kaeter et al. (2018) demonstrated, based on detailed element mapping of coeval CGM 

and muscovite crystals, that the most Ta-enriched oxides formed during a late hydrothermal 

phase. In rare-metal MPG and LCT pegmatites from South China, numerous studies (e.g. Zhu et 

al., 2015; Xie et al. 2016; Wu et al. 2017, 2018) report textural evidence of replacement or 

overgrowth of Ta-poor CGM by Ta-rich CGM  and wodginite. Wu et al. (2017, 2018) suggested 

that such metasomatism reflects an interaction with hydrosilicate liquids. The presence of 

metasomatic Ta-mineralization consisting of PGM with Ta>>Nb (i.e. microlite) or wodginite that 

replaced early magmatic minerals including CGM is a common feature of peraluminous rare-

metal granites and LCT pegmatites such as the Beauvoir granite in France (Ohnenstetter and 

Piantone, 1992), the Greenbushes pegmatite in Australia (Partington et al., 1995), the Tanco 

Pegmatite in Canada (Van Lichtervelde et al., 2007; Linnen et al., 2012), and the Orange River 

pegmatite belt in South Africa (Ballouard et al., 2020). The first two examples suggested a 
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hydrothermal origin for the PGM mineralization, whereas the latter studies argued for flux-rich 

melt-dominated metasomatism. In the Orange River pegmatite belt (Ballouard et al., 2020) and 

the Cape Cross-Uis belt of Namibia (Fuchsloch et al., 2019), the tourmalinized, greisenized or 

albitized country-rocks of LCT pegmatites can reach economic concentrations of Ta up to 160 

and 250 ppm, respectively, which is an important argument for significant hydrothermal transport 

of Ta. Finally, beryl-hosted H2O- and CO2-rich aqueous primary fluid inclusions with about 6500 

ppm Ta were found in a LCT pegmatite from Transbaikalia, Russia (Thomas et al., 2009), and 

the coexistence of primary H2O-, alkaline- and carbonate-rich melt and fluid inclusions in 

tantalite crystals from a LCT pegmatite from NE Brazil suggests that the transport and 

concentration of Ta is promoted by aqueous media (Thomas et al., 2011).  

3. Whole-rock geochemical data 

3.1. Geochemical characterization 

We compiled whole-rock data for MPG (n = 410), A-type granitoids (n A1-type = 452; n A2-type 

= 312), silica-undersaturated felsic igneous rocks (n = 813) as well as limited extrusive 

equivalents (~2% for MPG, ~12 % for A1-type rocks, ~ 3% for A2-type rocks, ~14% for silica-

undersaturated rocks). Metasomatic rocks (e.g. greisens, albitites, tourmalinites, skarns) related to 

these igneous rocks were also added to the compilation. The location, age, rock types, 

mineralogy, associated ore deposits, trace element analytical techniques and data sources are 

provided in Supplementary Material 1, and a complete whole-rock geochemical database with 

major and trace element, O, Sr, Nd isotope analyses along with mineralogy is provided in 

Supplementary Material 2. The different suites of igneous rocks were discriminated based on 

their mineralogy and the geochemical diagrams presented in Figure 2. In particular, A1-type and 

A2-type granitoids were differentiated based on the ternary Ce-Y-Nb (Supplementary Material 3) 
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and Rb/Nb versus Y/Nb (Fig. 2e) diagrams of Eby (1990, 1992). The distinction between A1- 

and A2-type granitoids was not performed on a sample-by-sample basis. Instead, we preferred to 

assign entire igneous suites or intrusions to either the A1- or A2-type granitoids. This explains 

why a few A-type granitoid samples (~5% in Fig. 2e) fall outside their respective field.    

The main geochemical characteristics of compiled rare-metal-enriched igneous rocks are 

summarized below and in Table 2. In the total alkalis versus SiO2 diagram (Fig. 2a), about 85% 

of silica-undersaturated felsic igneous rocks are classified as nepheline syenites with the 

remainder ranging between syenite and syenodiorite. Related extrusive rocks have a comparable 

composition ranging from phonolite, phonolitic tephrite to trachybasalt (Supplementary Material 

3). A1-type granitoids plot in the field of granites (~10%), alkali granites (~60%) and syenites 

(~30%), and extrusive equivalents are mostly alkali rhyolites and trachytes. A2-type granitoids 

include alkali granites (~60%), granites (~20%) and syenites (~20%) with few syenodiorites, and 

extrusive rocks are rhyolites or alkali rhyolites. About 75 % of MPG plot in the field of alkali 

granites whereas the other rocks plot in the field of granites and the rare samples of extrusive 

rocks are rhyolites. Silica-undersaturated igneous rocks are predominantly peralkaline (~70%) 

and metaluminous (~30%) in composition, and the same is true for A1-type granitoids, for which 

peralkaline (~45%) and metaluminous (~35%) samples dominate over slightly (~15%) and highly 

(~5%) peraluminous samples (Fig. 2b). In contrast, A2-type granitoids are mostly metaluminous 

(~40%) to slightly peraluminous (~45%) with about 5% and 10% of peralkaline and highly 

peraluminous rocks, respectively. By definition, MPG are mostly highly peraluminous (~95%) 

with few slightly peraluminous granites (~5%). Around 90% and 95% of silica-undersaturated 

and A1-type granitoids are ferroan in composition, respectively, and A2-type granitoids tend to 

be magnesian (~25%) at low SiO2 contents (Fig. 2c). MPG can be either magnesian (~45%) or 
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ferroan (~55%). In the agpaitic index [molar (Na+K)/Al] versus Zr + Ce + Nb + Y diagram 

(Whalen et al., 1987) (Fig. 2d), MPG mostly plot in the field of I and S type granites whereas A-

type granitoids and silica-undersaturated igneous rocks that are enriched in alkalis and HFSE 

dominantly plot in the field of A-type granites. Paradoxically, the Ga/Al ratio (Whalen et al., 

1987) does not differentiate between A-type granitoids and MPG (Supplementary Material 3). As 

demonstrated by Eby (1992), the Rb/Nb versus Y/Nb diagram is useful in discriminating A1- and 

A2-type granitoids (Fig. 2e). In this diagram, silica-undersaturated igneous rocks have a similar 

composition to A1-type granitoids, whereas MPG tend to have high Rb/Nb ratios (> ~10) with 

lower Y/Nb at similar Rb/Nb than other rocks and can be readily distinguished.  

3.2. The Nb and Ta inventory of felsic igneous rocks 

The Nb-Ta compositions of whole-rock samples compiled form literature sources in this 

study were originally acquired by various methods including X-ray fluorescence (XRF), 

instrumental neutron activation analysis (INAA), and inductively coupled plasma mass 

spectrometry (ICP-MS). The relative analytical bias induced by the use of “old” (i.e. XRF and 

INAA) and “modern” (i.e. ICP-MS) methods is assessed in Supplementary Material 4, where we 

show that the compositions of samples analyzed by INAA or XRF clearly overlap with those of 

samples analyzed by ICP-MS. Therefore, it is safe to conclude that for the purpose of this study 

the Nb-Ta systematics obtained by these different methods can be compared and contrasted 

without a significant risk of an analytical bias. 

In the Nb/Ta versus Ta and Nb (Fig. 3) diagrams, super-chondritic Nb/Ta values (> 19.9) are 

restricted to A1-type granitoids (Ta ~0.8-300; Nb ~20-4500; Nb/Ta ~6-60) and silica-

undersaturated igneous rocks (Ta ~1-150; Nb ~20-2000; Nb/Ta ~10-60); these two rock types are 

indistinguishable with respect to their Nb-Ta composition. On a global scale, A1-type and silica-
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undersaturated rocks do not define clear evolution trends. At given Nb and Ta contents, A2-type 

granites and syenites (Ta ~0.5-30; Nb ~7-80; Nb/Ta ~1-20) are characterized by lower Nb/Ta 

values than A1-type and silica-undersaturated rocks while MPG (Ta ~0.5-500; Nb ~4-200; Nb/Ta 

~0.1-10) are characterized by even lower ratios than A2-type igneous rocks. The Nb/Ta ratio 

tends to anticorrelate with Nb and Ta contents for MPG and A2-type suites. Lines delimiting the 

fields of silica-undersaturated + A1-type rocks, A2-type rocks and MPG are defined in the Nb/Ta 

versus Nb and Ta diagrams and discrimination between these rock types is effective at more than 

90%.   

3.3. Nb-Ta systematic of individual suites of felsic igneous rocks 

As shown in Figure 3, whole-rock Ta and Nb contents anticorrelate with Nb/Ta ratios for 

MPG and, to a lesser degree, A2-type granitoids, suggesting a comparable 

differentiation/evolution history. In contrast, no clearly defined evolution trends appear, at a 

global scale, for A1-type granitoids as well as silica-undersaturated felsic igneous rocks. To 

better assess the behavior of Nb-Ta in rare-metal-enriched felsic igneous suites, we have selected 

specific magmatic suites of silica-undersaturated, A1-type and A2-type granitoids as well as 

MPG, showing a well-defined correlation between whole-rock Ta and Nb contents and Nb/Ta 

ratios. Details and references about selected suites are summarized in Supplementary Material 1 

while the variation of the whole-rock Nb/Ta ratio of these suites as a function of different trace 

and major elements is shown in the geochemical diagrams of Figures 4 to 8 and Supplementary 

Material 3.  

3.3.1. Silica-undersaturated felsic igneous rocks 
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Because of the large set of whole-rock analyses available (n=661) and well-documented 

petro-geochemistry, nepheline syenites of the Nechalacho layered suite  in Canada (Timofeev and 

Williams-Jones, 2015; Möller and Williams-Jones, 2016) were selected as representative of 

silica-undersaturated igneous rocks.  The hydrothermally altered upper part of the Nechalacho 

layered suite hosts one the world’s largest REE and Nb deposits. In terms of Nb-Ta bearing 

minerals, the peralkaline unaltered nepheline syenites from the lower part of the Nechalacho 

layered suite contain sodic pyroxene ± biotite as major mafic minerals, with accessory PGM and 

EGM. In contrast, the mostly peralkaline to metaluminous altered and mineralized upper part of 

the suite contains sodic pyroxene with PGM, EGM and CGM.  

The lowest Nb/Ta values (6-45) and Al2O3 contents as well as the highest Ta (1-1000 

ppm), Nb (30-6500 ppm), Zr, Y, Ce and Rb concentrations of the Nechalacho layered suite are 

characteristic of the altered nepheline syenites (Fig. 4 and Supplementary Material 3). In these 

rocks, the rare-metal content tends to increase with decreasing Nb/Ta. However, the unaltered 

part of the intrusion, with Nb/Ta of 10-50, has lower and less variable concentrations of rare-

metals including Nb (40-500 ppm) and Ta (1-40 ppm). At relatively high TiO2 contents between 

~0.03 and 0.5 wt.%, the Nb/Ta ratio (~13-35) of unaltered nepheline syenites correlates with 

TiO2 but no correlation is observed for the altered facies. 

3.3.2. A1-type granitoids 

The igneous suites selected for A1-type granitoids include granites from the Baerzhe 

pluton in NE China (Jahn et al., 2001), granites from the Boziguo’er pluton in NW China (Huang 

et al., 2018), granites, granitic pegmatites, syenites and trachytes from the Ambohimirahavavy 

complex in Madagascar (Estrade et al. 2014a, b) as well as trachytes and rhyolites from the 

Olkaria volcanic complex in Kenya (Macdonald et al., 1987, 2008). The peralkaline Baerzhe 
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pluton is associated with a supergiant REE-Nb-Be-Zr deposit and this granite commonly contains 

sodic pyroxene and amphibole with PGM and CGM as Nb-Ta-bearing phases. Peralkaline to 

metaluminous granites from the Boziguo’er pluton host a Nb deposit and contain biotite, calcic 

and sodic amphibole and sodic pyroxene as the major mafic minerals; accessory phases include 

mostly PGM and less commonly astrophyllite and Fe-Ti oxides. In the Ambohimirahavavy 

complex, peralkaline granites and pegmatites are associated with an economically significant Zr-

Nb-REE mineralization and contain sodic pyroxene and amphibole, calcic amphibole as well as 

titanite, PGM and EGM. The associated metaluminous to peralkaline trachytes have sodic 

amphibole, calcic pyroxene and biotite as the main mafic phases with Fe-Ti oxides and rare 

chevkinite as accessory minerals. Biotite, sodic amphibole, calcic pyroxene as well as ilmenite, 

magnetite and aenigmatite can occur as phenocrysts in the peralkaline rhyolites from the Olkaria 

Volcanic complex and metaluminous to peralkaline trachytes contain sodic amphibole, calcic 

pyroxene with Fe-Ti oxides and minor chevkinite.  

In all selected A1-type igneous suites, the Nb/Ta ratio anticorrelates with Ta contents but 

superchondritic Nb/Ta values (>19.9) are mostly restrained to the Baerzhe (Nb/Ta ~14-49; Ta~2-

20 ppm; Nb ~110-1560 ppm) and Boziguo’er (Nb/Ta ~54-14; Ta ~3-120 ppm; Nb ~90-330 ppm) 

plutons (Fig. 5a). In the Olkaria (Ta ~5-50 ppm; Nb ~90-590 ppm) and Ambohimirahavavy (Ta 

~2.5-480 ppm; Nb ~40-3800 ppm) complexes, the Nb/Ta ratio ranges from 12 to 18 and 7 to 42, 

respectively. Similarly, to Ta, the Nb/Ta ratio decreases with increasing Nb, Zr, Y, Rb (±Ce) 

contents in all igneous suites except the Boziguo’er granite (Fig. 5b-e, Supplementary Material 

3). With respect to TiO2, SiO2 and Al2O3 contents, the behavior of the Nb/Ta ratio is variable 

(Fig. 5f-h). For the Olkaria volcanic complex, the Nb/Ta values tend to decrease with increasing 

SiO2 and increase with Al2O3, MgO, Mg# (Supplementary Material 3) and, to a lesser degree, 
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TiO2. In the Baerzhe granite, Nb/Ta tends to anticorrelate with TiO2 and correlate with SiO2. 

Finally, no clear correlation exits between the Nb/Ta ratio and any element, except Ta, for the 

Boziguo’er granite.  

3.3.3. Transitional A-type granitoids 

 Some A-type granitoid suites plot in the field of both A1-type and A2-type granitoids 

either in the Rb/Nb versus Y/Nb diagram, the ternary Ce-Y-Nb diagram (Eby, 1992) 

(Supplementary Material 3) or the Nb/Ta versus Ta and Nb diagrams (Fig. 6). This is the case for 

the metaluminous granites and trachydacites from the Brandberg complex (Schmitt et al., 2000) 

as well as metaluminous to peraluminous granites and rhyolites from the Gross and Klein 

Spitzkoppe stocks occurring in Namibia (Frindt et al., 2004; Frindt and Haapala, 2004; Haapala 

et al., 2007). The Brandberg granitoids contain biotite with variable amounts of calcic amphibole 

and pyroxene as well as ilmenite, magnetite, titanite and chevkinite. Biotite is the main mafic 

mineral phase in the Spitzkoppe granitoids, whereas muscovite, magnetite, CGM, ilmenite and 

rare fergusonite are accessory phases.  

Ta anticorrelates with the Nb/Ta ratio in both the Brandberg (Nb/Ta ~5-17; Ta ~2.5-11 

ppm) and Spitzkoppe (Nb/Ta~1-47; Ta ~2-45 ppm) igneous suites (Fig. 6a). In contrast, the Nb 

content is relatively constant for the Brandberg granitoids (Nb~42-53 ppm) and correlates with 

the Nb/Ta ratio for the Spitzkoppe stocks (Nb~41-266 ppm, Fig. 6b). In both suites, the Nb/Ta 

values increase with the Zr (Fig. 6c), Ce (Supplementary Material 3) and TiO2 (Fig. 6f) contents 

whereas the opposite is true for Rb (Fig. 6e) and SiO2 (Fig. 6g). The Nb/Ta values correlate with 

MgO and, to a lesser degree, the Mg#, (Supplementary Material 3) of the Brandberg suite. 

3.3.4. A2-type granitoids 
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 Igneous rocks selected as representative of A2-type granitoids include metaluminous to 

peraluminous granites, syenites, monzonites and quartz monzonites from the Topcam pluton in 

Turkey (Karsli et al., 2018), granites, tuffs and ignimbrites from the Krušné hory / Erzgebirge in 

Central Europe (Breiter, 2012), peraluminous granites from the Lachlan Fold Belt in Australia 

(Collins et al., 1982) as well as metaluminous to peraluminous granites from the Qianlishan 

complex associated with a giant Sn-W-Mo-Bi deposit (Chen et al., 2016; Guo et al., 2015). 

Potential Nb-Ta-bearing phases in the Topcam granitoids include biotite, calcic amphibole and 

pyroxene as well as magnetite whereas magmatic rocks from the Krušné hory / Erzgebirge host 

biotite and, less commonly, Li-mica and PGM. Granites from the Lachlan Fold Belt contain 

biotite along with calcic and sodic amphibole, ilmenite and magnetite. Biotite, Li-mica as well as 

ilmenite, titanite and CGM were described in the Qianlishan complex. 

 Nb/Ta anticorrelates with Ta in the Topcam (Nb/Ta~11-18;Ta~0.5-2 ppm; Nb~8-16 

ppm), Krušné hory / Erzgebirge (Nb/Ta~2-15;Ta~0.8-30 ppm; Nb~16-80 ppm) and Qianlishan 

(Nb/Ta~1-9;Ta~2-28 ppm; Nb~16-77 ppm) igneous rocks whereas Ta is nearly constant in the 

granites from the Lachlan Fold Belt (Nb/Ta~6-9;Ta~3 ppm; Nb~17-28 ppm) (Fig. 7a). In 

contrast, although the Nb contents of igneous rocks from Krušné hory / Erzgebirge increase with 

decreasing Nb/Ta values, the opposite behavior is displayed by granites from the Lachlan Fold 

Belt and Qianlishan complex, while no correlations appear between Nb/Ta and Nb in the Topcam 

pluton (Fig. 7b). In general, the Nb/Ta ratio anticorrelates with Y (Fig. 7d), Rb (Fig. 7e) and SiO2 

(Fig. 7g) whereas the opposite is true for Zr (Fig. 7c), TiO2 (Fig. 7f), MgO and Mg# 

(Supplementary Material 3). 

3.3.5. MPG 
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MPG suites include granites and some LCT pegmatites from the European Variscan belt 

(Armorican Massif, Beauvoir-Massif Central, Iberian Massif and Erzgebirge / Fichtelgebirge, see 

Supplementary Material 1 for references), granites from the South Mountain batholith 

(MacDonald et al., 1992; Dostal and Chatterjee, 1995) in Canada and microgranites (ongonites) 

from Ongon Khairkhan in Mongolia (Dostal et al., 2015). Evolved MPG from the European 

Variscan belt are commonly associated with Sn, W, Ta, Li or U mineralization, whereas 

economically significant deposits of Sn and W occur in the South Moutain batholith and at 

Ongon Khairkhan, respectively. In contrast to other igneous suites with rare-metal potential, 

MPG tend to contain a less variable Nb-Ta-bearing mineral assemblage, mostly including 

muscovite, biotite along with ilmenite for the primitive granites, and muscovite, Li-mica and 

CGM for the most evolved members, including peraluminous rare element granites and LCT 

pegmatites.  

 In MPG from the European Variscan belt (Nb/Ta~0.3-13; Ta~0.5-190 ppm; Nb~4-160 

ppm), South Moutain batholith (Nb/Ta~2-7; Ta~2-13 ppm; Nb~11-28 ppm) and Ongon 

Khairkhan (Nb/Ta~0.2-3; Ta~8-460 ppm; Nb~70-110 ppm), Ta generally anticorrelates with 

Nb/Ta while Nb can either be constant or increases with Nb/Ta (Fig. 8a-b). Rb generally 

anticorrelates with Nb/Ta (Fig. 8e). In contrast, Zr (Fig. 8c), Y (Fig. 8d), Ce (Supplementary 

Material 3), TiO2 (Fig. 8f) and MgO (Supplementary Material 3) contents commonly increase 

with Nb/Ta values. Finally, the SiO2 content of MPG displays a poorly defined negative 

correlation with Nb/Ta at high Nb/Ta values from 2 to 11 and shows the opposite behavior at low 

Nb/Ta values below ~2.  

3.3.6. The Nb-Ta systematics of metasomatic rocks 
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In order to assess the evolution of Nb and Ta during magmatic-hydrothermal alteration, 

we have compiled whole-rock data on metasomatic rocks associated with A1-type granites and 

MPG (Supplementary Materials 1 and 2). These rocks include endoskarns (n=4), exoskarns (n=3) 

and hydrothermal veinlets (n=4) associated with A1-type granitic dikes from the 

Ambohimirahavavy complex in Madagascar (Estrade et al., 2014b; 2015), numerous greisens and 

some albitites associated with MPG (n=33) as well as the greisenized, albitized or tourmalinized 

country-rocks of LCT pegmatites from Cape Cross-Uis in Namibia (n=4; Fuchsloch et al., 2019; 

Fuchsloch, 2018) and the Orange River pegmatite belt in South Africa (n= 6; Ballouard et al., 

2020).  

Endoskarns, exoskarns and veins from the Ambohimirahavavy complex contain REE 

fluorcarbonates, PGM, titanite and fergusonite as the main HFSE-rich hydrothermal phases. 

Endoskarns (Ta~158-343 ppm; Nb~1015-3461 ppm) and exoskarns (Ta~56-180 ppm; Nb~1251-

5234 ppm; Nb/Ta~11-39) are enriched in Nb (and Ta) toward economic grades (Fig. 5). 

Endoskarns, characterized by low Nb/Ta values, from ~6 to 13, have also extremely high 

contents of Zr, Ce and Y and plot at the end of the evolution trends for A1-type igneous suites in 

the diagrams of Figure 5 (and Supplementary Material 3). Exoskarns have variable Nb/Ta values 

from ~11 to 39 and are also significantly enriched in Zr, Ce and Y. Hydrothermal veinlets 

emplaced in the country-rock show Nb/Ta values from ~11 to 21 and one vein with a Nb/Ta 

value of 11 is significantly enriched in both Nb (417 ppm) and Ta (37 ppm, see Supplementary 

Material 1). 

Greisens, albitites and tourmalinites are formed by the secondary muscovitization, 

albitization and tourmalinization, respectively, of MPG and their immediate country-rocks during 

magmatic-hydrothermal alteration (e.g. Schwartz and Surjono 1990; Pirajno, 2013; Launay et al., 
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2019; Ballouard et al., 2020). These metasomatic rocks commonly host a rare-metal 

mineralization including wolframite, cassiterite, CGM, Nb-Ta rutile and PGM (Supplementary 

Material 1). Albitized and greisenized MPG are characterized by low Nb/Ta values from ~7 to 

0.2 and mostly plot in the magmatic-hydrothermal domain defined by Ballouard et al. (2016a) 

(Fig. 8) with Nb/Ta < 5. These metasomatic rocks, with Ta and Nb contents ranging from 1 to 

650 ppm and 2 to 140 ppm, respectively, are commonly enriched in Ta up to economic values 

and tend to follow the same evolutionary trends as MPG in the diagrams of Figure 8 (and 

Supplementary Material 3). Similarly, in the metasomatized country-rocks, Nb/Ta (0.7-5.7) 

anticorrelates with both Ta (3-252 ppm) and Nb (15-163 ppm) and the samples with the highest 

Ta content plot at the end of the evolution trends of MPG (Figs. 8a-b).  

4. Mineral/melt partition coefficients 

One of the main purposes of this study is to distinguish between the effects of source, mineral 

fractionation and magmatic-hydrothermal processes to explain the variability of Nb and Ta 

contents observed in felsic igneous rocks with rare-metal potential. Common hosts of Nb and Ta 

that potentially fractionate from the parental melts of felsic igneous systems include biotite, 

amphibole, ilmenite, titanite, and to a lesser extent magnetite and clinopyroxene. In order to 

evaluate the contributions of these minerals to the geochemical fractionation of Nb and Ta within 

each type of igneous rocks studied here, we compiled mineral/melt partitioning data from 

experimental studies and analyses performed on natural samples (Supplementary Material 5).  

Information about pressure, temperature, major element melt composition, Nb and Ta 

contents of melts and coexisting minerals, as well as their respective partition coefficients DNb 

and DTa (i.e., DNb
mineral/melt

 and DTa
mineral/melt

, respectively) are reported in Supplementary Material 
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5. Pressure (P) and temperature (T) range from 0.0001 to 10 GPa and 750 to 1600°C, 

respectively. Most experiments performed at >2.5 GPa and >1400°C relate to clinopyroxene-melt 

partitioning, whereas experiments conducted at 0.0001 GPa (i.e. 1 atm) involve titanite and 

magnetite. The database also includes some partitioning data for biotite-melt, ilmenite-melt and 

magnetite-melt pairs from natural rocks (Nash and Crecraft, 1985; Acosta-Vigil et al., 2010; 

Fedele et al., 2015), in order to improve the representativity of these partitioning systems. In 

terms of melt composition, the complete database covers a large range of SiO2 contents, from 

about 32 to 76 wt.%, although not every mineral/melt partitioning system covers the entire melt 

SiO2 spectrum.  

The partition coefficients DNb and DTa positively correlate with melt SiO2 and/or Al2O3 

contents for biotite, ilmenite, titanite and, to a lesser degree, amphibole, clinopyroxene and 

magnetite (Fig. 9). Similarly, DNb and DTa positively correlate with the A/CNK and Xnf/X (Xnf: 

sum of the molar fractions of network-forming cations, i.e. Si and Al; X: sum of all cations on a 

molar basis) melt values for most of the mineral/melt partitioning systems investigated, whereas 

the opposite is true for melt temperature (Supplementary Material 6). All these trends indicate 

that the partition coefficients of Nb and Ta increase during melt polymerization. DNb and DTa 

values are generally lower than 1 for clinopyroxene-melt (DNb ~0.001-0.2; DTa ~0.002-0.5), 

amphibole-melt (DNb ~0.02-1.6; DTa ~0.02-1.6) and magnetite-melt (DNb ~0.03-0.4; DTa ~0.03-

0.4), whereas both elements are always compatible in titanite (DNb ~1.3-7.3; DTa ~4.5-87). 

Experimental data suggest that Nb and Ta become compatible in ilmenite (DNb ~0.4-74; DTa ~0.6-

47) and biotite (DNb ~0.02-9; DTa ~0.06-4) for coexisting melts with SiO2 contents higher than 

~40-45 wt.% and ~60-65 wt.%, respectively. The DNb/DTa ratio shows a variable degree of 

positive correlation with SiO2 and/or Al2O3 (Fig. 9), Xnf/X and A/CNK (Supplementary Material 
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6) for biotite, ilmenite, amphibole, clinopyroxene and magnetite whereas the opposite is true for 

titanite. DNb/DTa values are generally below 1 for clinopyroxene (0.03-2), titanite (0.07-0.6) and 

magnetite (0.03-2.7), whereas biotite (0.2-4.7) and ilmenite (0.6-1.5) incorporate more Nb than 

Ta in melts with a SiO2 content higher than 50 and 55 wt.%, respectively. 

In order to predict the effects of fractional crystallization on the Nb/Ta evolution of magmas, 

linear models were fitted to calculate the partition coefficients (transformed with log10) as a 

function of the melt Si and Al molar contents, i.e. the two main network-forming cations (Table 

4). The calibration is based on the compiled database (Supplementary Material 5) and the method 

used is described in Supplementary Material 7. Multivariate regressions taking into account Al 

and Si are used for amphibole (DNb, r² = 0.65; DTa, r² = 0.63), clinopyroxene (DNb, r² = 0.35; DTa, 

r² = 0.37) and titanite (DNb, r² = 0.62; DTa, r² = 0.91). For ilmenite, we only considered Si due to 

the strong correlation between Al and Si  (r² > 0.9) and because the determination coefficients 

between Si and DNb (r² = 0.95), DTa (r² = 0.98) and DNb/ DTa (r² = 0.57) are higher than those of 

Al (DNb, r² = 0.80; DTa, r² = 0.87; DNb/ DTa, r² = 0.35, Fig. 9). Similarly, a multivariate regression 

using both Al and Si does not acceptably model the behavior of DNb, DTa and DNb/DTa in biotite, 

possibly due to the poor correlation between Al and DNb/DTa (r² = 0.02) compared to Si (r² = 0.70, 

Fig. 9). Therefore, only Si was used for the calibration of DNb (r² = 0.88) and DTa (r² = 0.77). 

However, no statically acceptable linear model can be fitted for magnetite based on melt Si and 

Al contents. The derived equations for biotite, amphibole, clinopyroxene, ilmenite and titanite are 

provided in Table 4 along with the number of analyses, uncertainties of regression coefficients, 

coefficients of determination, and the compositional range of preferred application to natural rock 

suites. It must be noted that these regressions may be possibly improved by taking into account 

the contents of melt network-modifier elements (e.g. K, Na, Ca, Mg, Fe) along with parameters 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



such as temperature and pressure. Moreover, the mineral compositions may also influence the 

geochemical fractionation of Nb and Ta as shown for amphibole by Nandedkar et al. (2016). 

Nevertheless, our empirical models are based on the evolution of the melt network formers (i.e., 

Si and Al), which are good proxies of the evolution of global melt and mineral compositions with 

pressure and temperature.  Moreover, more complex models (e.g., thermodynamic lattice-strain 

modeling, Blundy and Wood, 1994) are beyond the scope of this paper and it would require a 

specific study dedicated to each mineral/melt system. Lastly, the use of fluid-sensitive network-

modifier elements such as K, Ca, Na and estimates of temperature or pressure as well as the 

necessity to more precisely define the mineral compositions would strongly limit any potential 

application to geochemical datasets for rocks. As shown in Section 5, the equations given in 

Table 2 represent first-order geochemical tools that can be applied to natural felsic igneous suites 

to predict the impact of fractional crystallization on the behavior of Nb and Ta. 

5. Discussion 

5.1. Nb-Ta geochemical fractionation as a proxy for magmatic differentiation  

In the compiled whole-rock datasets for rare-metal-enriched igneous suites, the Nb/Ta ratios 

do not positively correlate with Ta or Rb (Figs. 4 to 8). Although Rb is more fluid-sensitive than 

Ta, both elements generally show incompatible behavior in magmatic systems (e.g. Linnen and 

Cuney, 2005), and this may suggest a link between magmatic differentiation and decrease of the 

Nb/Ta ratio. In contrast to Rb, Nb/Ta shows a different behavior with Zr and Ce (Supplementary 

material 3) depending on the type of igneous suite. In transitional A-type granitoids, A2-type 

granitoids and MPG, the Nb/Ta ratio generally increases with Zr and Ce contents, likely 

reflecting the low solubility and early crystallization of specific minerals, such as zircon and 

monazite in metaluminous to peraluminous melts (Montel, 1993; Watson and Harrison, 1983). 
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However, with the exception of the Boziguo’er granites, the Nb/Ta ratio decreases with 

increasing Zr, Y, and Ce contents in A1-type granitoids and the Nechalacho nepheline syenites, 

reflecting the incompatible behavior and high solubility of these elements in peralkaline to 

metaluminous melts. Previous studies have shown that fractional crystallization of mica such as 

muscovite and biotite will result in a significant decrease in the Nb/Ta ratio of granitic melts (e.g. 

Stepanov et al., 2014). However, as mica is not necessarily present in A1-type igneous suites 

(Supplementary Material 1), a significant contribution from other minerals may be also 

important. Moreover, the capacity of mica to geochemically fractionate Nb and Ta was not 

evaluated for silica-undersaturated felsic igneous suites. In this section, we first evaluate semi-

quantitatively the impact of fractional crystallization and accumulation of various minerals on 

theoretical magma compositions. Then, we attempt to reproduce the behavior of Nb-Ta in some 

rare-metal-enriched felsic igneous suites as described in Section 3.3 and shown in Figures 4 to 8. 

5.1.1. Fractional crystallization and mineral accumulation modeling 

In Figures 10a to 10d, we use the Rayleigh fractionation law and our regression for 

partitioning (Table 4) to evaluate the effects of fractional crystallization of different mineral 

phases on two theoretical parental melts: (1) similar to Nb-Ta-poor silica-undersaturated felsic 

igneous rocks (SiO2 =55 wt.%, Al2O3=18 wt.%; Nb = 80 ppm, Ta = 5 ppm, Nb/Ta = 16, Figs. 

10a-b), and (2) similar to Nb-Ta-poor MPG (SiO2 =72 wt.%, Al2O3=15 wt.%; Nb = 14 ppm, Ta = 

2 ppm, Nb/Ta = 7, Figs. 10c-d). For each model of crystallization, the fractionated assemblage 

consists of mainly feldspar, feldspathoid or quartz, for which a DTa and DNb of 0 was attributed, 

and a minor amount of one Nb-Ta-bearing mineral phase. The proportion of the Nb-Ta-bearing 

phase is either 15% for major phases such as amphibole, clinopyroxene, biotite and muscovite or 

1% for accessory phases such as ilmenite, titanite and magnetite. The DTa and DNb of most 
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minerals are calculated using the melt SiO2 and Al2O3 contents. However, no statistically robust 

equations could be derived for the extrapolation of magnetite DNb and DTa so we are using the 

average values of our compiled dataset (Supplementary Material 4) and the muscovite/melt 

partition coefficients are from Raimbault and Burnol (1998). Although quartz (DTa <0.01) and 

plagioclase (DNb and DTa <0.1) can only incorporate negligible amounts of Nb-Ta (Table 3), K-

feldspar may reach DNb and DTa of 0.15 (e.g. White et al., 2003) in highly polymerized melts, 

which suggests that it could slightly affect the Nb-Ta budget of granitic melts during fractional 

crystallization. However, there is a dearth of K-feldspar/melt partitioning data, for both Nb and 

Ta, prohibiting the choice of representative values for the exercise performed in this study. Also, 

no mineral/melt partition coefficients for Nb and Ta are available for feldspathoids. Therefore, in 

these calculations, we consider the DNb and DTa of feldspar, feldspathoid and quartz to be equal to 

zero. This is considered a reasonable approach for our first-order modeling, and further 

refinements will have to await improvement of mineral/melt partitioning data. 

 At low-degrees of polymerization (Figs. 10a-b), biotite fractionation tends to slightly 

decrease the Nb/Ta ratio of the residual melt, but the Nb/Ta ratio of the melt stays relatively 

constant during the fractionation of amphibole, clinopyroxene and ilmenite. At a high-degree of 

polymerization (Figs. 10c-d), the fractionation of biotite, ilmenite, and to a lesser extent, 

amphibole, leads to a significant decrease of the melt Nb/Ta ratio, whereas this ratio stays 

constant during clinopyroxene fractionation. Similarly, magnetite fractionation does not affect the 

Nb/Ta ratio of the melt. In contrast, the fractionation of titanite always causes a significant 

increase in the melt Nb/Ta ratio, and the magnitude of the increase is even greater for melts with 

a high-degree of polymerization. Muscovite/melt partition coefficients suggest that fractional 

crystallization of this phase will decrease Nb/Ta.  
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Common Nb-Ta-rich mineral phases in rare-metal-mineralized felsic igneous rocks include 

CGM, PGM and, for peralkaline silica-undersaturated igneous suites, EGM. Unfortunately, 

mineral/melt partition coefficients are not available for these exotic mineral phases. In Figures 

10a-d we attempt to model the effect of crystallization of these minerals using mass balance 

calculations and published mineral compositions (Table 5). In Figures 10a-b, the compositions of 

CGM, PGM and EGM correspond to the mean composition of minerals from nepheline syenites 

of the Nechalacho layered suite. The CGM is a columbite-Fe with Nb/Ta = 28 that was 

interpreted as magmatic in origin by Timofeev and Williams-Jones (2015), the EGM is a 

kentbrooksite (Nb/Ta=13, Johnsen et al., 2003; Möller and Williams-Jones, 2016) and the PGM 

is a fluornatropyrochlore (Nb/Ta=14, Atencio et al., 2010; Möller and Williams-Jones, 2016). In 

Figure 10c-d, the CGM is a columbite-Fe (Nb/Ta=9) from weakly mineralized LCT pegmatites 

of the Orange River belt (Ballouard et al., 2020). We predict that the crystallization of only 

0.02% of PGM and CGM and 0.25% of EGM will strongly deplete the melts in Nb-Ta. However, 

the impact on the Nb/Ta ratio of the residual melt is variable depending on the relative Nb/Ta 

ratio of the fractionating mineral assemblage. If the Nb/Ta ratio of the minerals is above that of 

the parental melt (i.e. CGM), then crystallization of the minerals decreases the Nb/Ta of the 

residual melt and we predict the opposite behavior if Nb/Ta mineral < Nb/Ta melt (i.e. PGM and 

EGM). Columbite and tantalite solubility experiments performed in granitic melts predict that the 

DNb/DTa of CGM is above unity and this value increases with melt polymerization (Linnen and 

Keppler, 1997) so Nb/Ta CGM > Nb/Ta melt and, as shown in Figure 10, CGM crystallization 

should decrease the Nb/Ta value of the residual melt. The solubility experiment performed on 

PGM by McNeil et al. (2020) is not as conclusive as for CGM, but pyrochlore sensu stricto, the 

Nb-rich end-member of PGM, appears to be slightly more soluble in granitic melt than microlite 

(i.e. the Ta-rich end-member). Therefore, PGM crystallization should generally increase the 
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Nb/Ta value of the residual melt. Accordingly, the average Nb/Ta value of PGM in the 

Nechalacho layered suite is systematically lower than the corresponding whole-rock sample 

(Möller and Williams-Jones, 2016). This indicates that PGM incorporate preferentially Ta over 

Nb. Similarly, the mean Nb/Ta value of EGM (13) is below the mean value of whole-rock 

samples from the Nechalacho layered suite (14) suggesting that EGM may also preferentially 

incorporate Ta over Nb and therefore induce an increase of the Nb/Ta ratio of the melt upon 

crystallization. However, representative mineral/melt partitioning data are required to test this 

hypothesis. Overall, during fractional crystallization, only the presence of mica, ilmenite and, to a 

lesser extent, amphibole in the fractionating mineral assemblage, may cause a significant 

decrease of Nb/Ta in the melt with increasing Ta contents, thus reproducing the main 

evolutionary trends displayed by rare-metal-enriched felsic igneous suites.  

 Due to their low viscosity, the parental magmas of silica-undersaturated felsic intrusive rocks 

may be subject to gravitational crystal settling and this process of crystal accumulation may 

impact significantly the whole-rock Nb-Ta composition of these intrusions by inducing relative 

enrichments in heavy minerals (e.g. Marks and Markl, 2015). For example, cumulate layers of 

EGM and biotite with gravitational settling textures are common in the Nechalacho layered suite 

(Möller and Williams-Jones, 2016). In Figures 10e-f, we use mass balance calculations to model 

the evolution of the Nb and Ta contents of a relatively primitive nepheline syenite magma with 

80 ppm Nb, 5 ppm Ta and a Nb/Ta ratio of 16 that underwent accumulation of minerals with a 

composition typical of silica-undersaturated peralkaline suites. Our model reproduces the mixing 

between two phases, i.e. melts and crystals, and is similar to a model of crystal assimilation. In 

our model, the degree of accumulation reaches up 25% for major rock-forming mineral phases 

(i.e. biotite, clinopyroxene and amphibole) and 2.5% for accessory minerals (i.e. ilmenite, 
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titanite, EGM and PGM). Average mineral compositions are taken from the Nechalacho layered 

suite for biotite, clinopyroxene, EGM and PGM (Möller and Williams-Jones, 2016), the 

Pilanesberg complex of South Africa for clinopyroxene, titanite and amphibole (Giles, 2018), and 

alkaline complexes from the Ukrainian shield for ilmenite (Kryvdik, 2014) (see Table 5 for 

details). The accumulation of clinopyroxene (Nb/Ta = 10) that can only incorporate a limited 

amount of Nb-Ta does not have a significant effect on the Nb and Ta contents and Nb/Ta ratio of 

the magma. The accumulation of Nb-Ta-richer minerals with DNb/DTa >1 in nepheline-syenite 

magmas such as biotite (Nb/Ta = 48) and, to a lesser extent, ilmenite (Nb/Ta = 25) and 

amphibole (Nb/Ta = 27), significantly increases the Nb/Ta ratio of the magma and may slightly 

increase the magma Nb-Ta content. In contrast, titanite (Nb/Ta = 7) and, probably, PGM (Nb/Ta 

= 14) and EGM (Nb/Ta = 14) preferentially incorporate Ta over Nb and accumulation of these 

exotic minerals may significantly decrease the Nb/Ta of the magma while inducing variable 

degrees of Nb-Ta enrichment. 

5.1.2. Application to individual felsic igneous rock suites 

In Figure 11, we attempt to reproduce the behavior of Nb and Ta in some silica-

undersaturated felsic igneous rocks, A-type granitoids and MPG by modeling the fractional 

crystallization of the mineral assemblages described in the respective igneous suites 

(Supplementary Material 1). For simplification, the mineral/melt partition coefficients of 

minerals such as quartz, feldspar, feldspathoid, clinopyroxene and magnetite that cannot 

incorporate a significant amount of Nb-Ta (i.e. DNb and DTa <~0.2) and influence the Nb-Ta 

budget of the melt during fractional crystallization are fixed to zero. The DNb and DTa of 

amphibole, biotite and ilmenite were estimated using the range of SiO2 (and Al2O3) contents of 

selected igneous suites (see Figs. 4 to 8) with the equations of Table 4 and the DTa and DNb of 
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muscovite are from Raimbault and Burnol (1998). We would like to highlight that the 

composition of the parental melt and the mineral assemblages used in the crystallization models 

of Figure 11 are optimistic and chosen to fit the evolution trends of specific magmatic suites in 

the Nb/Ta versus Ta and Nb diagrams. To assess in detail their viability, these modeling would 

need to take into account the behavior of other elements as well as the thermodynamics of phase 

equilibrium but this would necessitate a dedicated study for each magmatic suite. 

In unaltered nepheline syenites from the Nechalacho layered suite, the positive correlation 

between Nb/Ta and TiO2 at high TiO2 concentrations is in agreement with the crystallization of a 

Ti-rich phase with high Nb/Ta values such as biotite (Fig. 4f). The modeling of Figure 11a 

indicates that 99% of fractional crystallization of a mineral assemblage composed of 15% biotite 

and 85% feldspar, feldspathoid or clinopyroxene at high SiO2 content of 65 wt.% can reproduce 

the behavior of Nb and Ta, but the modeling fails to reproduce the trend displayed by the suite at 

low SiO2 content of 55 wt.%. Therefore, fractional crystallization alone is not sufficient to 

explain the Nb/Ta variation of the Nechalacho layered suite. As suggested by Möller and 

Williams-Jones (2016), additional Nb-Ta enrichment accompanied with a decrease of the Nb/Ta 

ratio might have been caused by the accumulation of Nb-Ta-rich minerals with low Nb/Ta values 

such as EGM that commonly occur as cumulate layers in the mineralized part of the intrusion. 

For example, 10% of EGM accumulation with the average composition of kentbrooksite 

(Nb/Ta=13) from the Nechalacho layered suite would increase the magma Nb-Ta content by 

more than one order of magnitude (Fig. 11a). However, the accumulation of an EGM with lower 

Nb/Ta values is needed to decrease the Nb/Ta ratio of the magma below 10. Such scenario cannot 

be excluded as EGM reach an average Nb/Ta value of ~8 in one nepheline syenite sample 

(Möller and Williams-Jones, 2016) but more analyses are needed to better assess the range of Nb-
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Ta composition of this mineral in the Nechalacho layered suite. Alternatively, and as further 

discussed in the next section, whole-rock samples with the lowest Nb/Ta and highest Nb-Ta 

concentrations are characteristic of the hydrothermally altered portions of the intrusion, so 

magmatic-hydrothermal processes might also have played a significant role in whole-rock Nb-Ta 

enrichment and decrease of the Nb/Ta ratio. Inversely, our mass balance calculations indicate that 

the superchondritic Nb/Ta values of some samples up to ~25 can be explained by the 

accumulation of 25% of biotite, which averages a Nb/Ta value of 48 and commonly occurs as 

cumulate layers in the Nechalacho layered suite (Fig. 11a, Table 5). Additionally, a low-degree of 

crystallization of Nb-Ta-rich minerals with low Nb/Ta ratios such as PGM and EGM that have a 

mean Nb/Ta of 14 and 13, respectively, and occur as accessory mineral phases mostly all across 

the intrusion (Möller and Williams-Jones, 2016) may also induce significant Nb/Ta increase with 

Nb-Ta depletion in the residual melt. For example, 0.5% of EGM and 0.035% of PGM 

crystallization may increase the Nb/Ta ratio of the residual melt up to ~40 and 25, respectively, 

before completely depleting the melt in Ta (and Nb) (Fig. 11a).  

In the Olkaria volcanic complex, the decrease of the Nb/Ta ratio with decreasing MgO, Mg# 

(Supplementary Material 3) and, to a lesser degree, TiO2 (Fig. 5f) contents may reflect the 

fractionation of mafic phases such as ilmenite, amphibole and biotite. Similar mafic phases were 

described in the Ambohimirahavavy complex in Madagascar but no clear correlations are 

observed between MgO, Mg# and TiO2 and Nb/Ta.  In the model of Figure 11b, the behavior of 

Nb and Ta in both igneous suites can be reproduced by the fractional crystallization of 5% 

amphibole + 5% biotite + 0.04% ilmenite + ~90 % feldspar, quartz or clinopyroxene with SiO2 

and Al2O3 varying from 65 to 75 wt.% and 5 to 18 wt.%, respectively. The evolution trend of the 
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Olkaria volcanic rocks involves less than 80% of fractional crystallization whereas for the 

Ambohimirahavavy complex, the model indicates more than 90%.  

It is worth specifying that in many A1-type granitoid suites and silica-undersaturated 

felsic suites, the behavior of Nb-Ta is difficult to explain by fractional crystallization only. In 

some cases, no correlations are observed between Nb/Ta, Ta or Nb as suggested by the data 

scatter observed for A1-type and silica-undersaturated samples in Figure 3. In some other cases 

such as in the Ambohimirahavavy complex granitoids, Boziguo’er granite and Baerzhe granite, 

no correlations appear between the Nb/Ta ratio and indicators of mafic phase crystallization such 

as TiO2, Mg# or MgO. This may be due to the variability of Nb-Ta-rich mineral phases that may 

crystallize (or accumulate) in peralkaline magmas, source heterogeneities or magmatic-

hydrothermal processes (see Section 5.2). 

The common positive correlation between TiO2, MgO and Nb/Ta observed in transitional 

A-type granitoids from the Spitzkoppe stocks (Fig. 6f), A2-type granitoids from Krušné hory / 

Erzgebirge and the Qianlishan complex (Fig. 7f) as well as MPG from the European Variscan 

belt (Fig. 8f) is in agreement with the fractionation of mafic phases such as mica and ilmenite. 

The evolution of igneous rocks from the Spitzkoppe stocks (average SiO2 ~75 wt.%), showing a 

decrease of the Nb/Ta ratio with a decrease of Nb and an increase of Ta can be reproduced by 

99% of fractional crystallization of an assemblage composed of 10% biotite + 0.15% ilmenite + 

~90% feldspar or quartz (Fig. 11c). The behavior of Nb and Ta in selected A2-type igneous rocks 

(Fig. 11d) and MPG (Fig. 11e) can also be easily reproduced by varying this fractionated mineral 

assemblage. However, an extreme degree of fractional crystallization, that even exceeds 99% for 

MPG, is needed to reproduce the range of variation of the Nb/Ta ratios and enrichment in Ta.  
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Overall, our modeling suggests that the fractional crystallization of mica, ilmenite and, to 

a lesser extent, amphibole may explain the anticorrelation between the Nb/Ta ratio and Ta 

content observed in many MPG and A-type granitoid suites but commonly involves an extreme 

degree of mineral fractionation above 90%. Fractional crystallization is likely to occur in 

magmatic bodies (Dufek and Bachmann, 2010) or during the ascent of magmas in dikes (Yamato 

et al., 2015), and the degree of mineral/melt segregation might be enhanced by deformation (e.g. 

Brown, 1994) and high concentration of fluxing components such as B, P, Li, F and H2O which 

have the effect to reduce the viscosity and solidus of the magma (e.g. Černý et al., 2005; Linnen 

and Cuney, 2005; Thomas and Davidson, 2012). Alternatively, the extreme degree of fractional 

crystallization estimated based on our optimistic modeling may suggest that additional processes 

are requested to explain the behavior of Nb-Ta in rare-metal-enriched felsic igneous rocks. This 

hypothesis is supported by the absence of any obvious relation between fractional crystallization 

and Nb/Ta decrease in many A1-type granitoid suites (see above). Similarly, in the Nechalacho 

layered suite, the behavior of Nb-Ta is difficult to explain by fractional crystallization or crystal 

accumulation only. Alternative processes of Nb-Ta enrichment and geochemical fractionation 

may include the re-melting or assimilation of a previous batch or evolved igneous rocks. This 

was, for example, proposed to explain the particular U-enrichment of some MPG from the 

Variscan belt (Ballouard et al., 2018). Disequilibrium crystallization occurring due to a strong 

undercooling may also lead to significant geochemical fractionation between Nb and Ta (Van 

Lichtervelde et al., 2018). Additionally, fluid- and melt-induced immiscibility and metasomatism 

may play a significant role that will be evaluated in the following section. 

5.2. Nb-Ta geochemical fractionation as a marker of the magmatic-hydrothermal 

transition 
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The magmatic-hydrothermal transition in felsic igneous systems separates a system 

dominated by interactions between crystals and silicate melts toward a system involving complex 

interactions between crystals, silicate melts and immiscible aqueous media including 

hydrothermal fluids or hydrosaline melts (Halter and Webster, 2004). In addition to the 

arguments provided in Section 2.4, below we review existing whole-rock and mineral 

compositional evidence for Nb-Ta geochemical fractionation and mobility in magmatic-

hydrothermal systems related to peralkaline and peraluminous felsic systems. 

5.2.1. Whole-rock geochemical markers 

A good whole-rock geochemical proxy of magmatic-hydrothermal evolution is represented 

by the lanthanide tetrad effect that corresponds to a particular type of REE patterns in curved 

segments that is commonly observed in highly evolved granites and associated metasomatic 

rocks (Fig. 12a). Such REE fractionation was also observed in minerals such as zircon (Yang et 

al., 2014) and CGM (Badanina et al., 2015) as well as melt inclusions (Peretyazhko and Savina, 

2010). Although Duc-Tin and Keppler (2015) suggested that the tetrad effect can be explained by 

monazite or xenotime fractionation, this effect was observed in granites, such as the Baerzhe 

pluton, where evidence of monazite and xenotime fractionation is lacking and where REE 

behaved incompatibly (see the anticorrelation between Ce, Y and Nb/Ta in Supplementary 

Material 3 and Fig. 5). Moreover, most authors have argued that such REE patterns reflect 

selective complexation of REE by F or Cl during metasomatism or fluid and melt exsolution (e.g. 

Bau, 1996; Irber, 1999; Jahn et al., 2001; Veksler et al., 2005; Monecke et al., 2007; Peretyazhko 

and Savina, 2010). Irber (1999) quantified the degree of tetrad effect (TE1-3) by determining the 

deviation of the first and third tetrad of REE patterns from a theoretical tetrad effect-free pattern 

and suggests that the tetrad effect becomes significant when TE1-3
 
> 1.1 (see caption of Fig. 12 
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for TE1-3 formula). In Figure 12, the Nb/Ta ratio tends to correlate negatively with TE1-3 for 

numerous magmatic suites including the A1-type Baerzhe granite, the transitional A-type 

Spitzkoppe granitoids as well as A2-type granitoids and MPG. Such behavior suggests a link 

between magmatic-hydrothermal activity and Nb-Ta geochemical fractionation.  

Pervasive magmatic-hydrothermal activity in evolved felsic igneous rocks and their country-

rocks is typically reflected by the partial or total replacement of primary mineral assemblages by 

secondary minerals such as muscovite (greisen), albite (albitite), tourmaline (tourmalinite) or 

calc-silicate minerals (skarn). In Figures 5 and 8, endoskarns associated with A1-type granitoids 

of the Ambohimirahavavy complex and greisens and albitites formed by the alteration of MPG 

commonly have high Nb-Ta contents, low Nb/Ta ratios, and commonly plot at the end of the 

evolution trends of their respective rare-metal-enriched igneous suites suggesting that magmatic-

hydrothermal processes may lead to a decrease of the Nb/Ta ratio and induce significant HFSE 

enrichment. An important observation is that the metasomatized country-rocks of these intrusions 

can also reach similarly low Nb/Ta values and economic concentrations of Nb-Ta, indicating that 

this geochemical signature is not necessarily a reflection of prior magmatic evolution. In the 

Ambohimirahavavy complex, the unaltered limestone country-rocks have Nb contents between 3 

and 6 ppm and Ta contents below the detection limit. In contrast, the exoskarns located at the 

immediate contact with A1-type granitoid dykes have Nb and Ta contents ranging from 1015 to 

3461 ppm and 158 to 343 ppm, respectively, with Nb/Ta values from 11 to 39 and contain PGM 

and Nb-rich titanite (Estrade et al., 2015) (Supplementary Material 1).  Similarly, in the Orange 

River pegmatite belt, the non- or weakly altered granodiorite country-rocks of LCT pegmatites 

(8< Nb/Ta <9) have Nb = 9-14 ppm and Ta = 1.0-1.4 ppm whereas the albitized or greisenized 

equivalents located at the immediate contact with pegmatites (0.7< Nb/Ta <5.7) have whole-rock 
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Nb and Ta concentrations from 16 to 116 ppm and 4 to 164 ppm, respectively and host Ta-Nb-

rich rutile and PGM (Ballouard et al., 2020) (Supplementary Material 1). Additionally, a similar 

Ta enrichment 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). In these 

three cases, concerning either peralkaline or peraluminous systems, an increase by two orders of 

magnitude of whole-rock Ta (and Nb) concentration cannot be wholly explained by the volume 

decrease that commonly occurs during metasomatic processes such as albitization and 

greisenization (Launay et al., 2019); instead, it reflects important hydrothermal HFSE 

enrichment. 

5.2.2. Mineral composition markers 

In Figure 13, the composition of rare-metal-rich crystals that have formed at different stages 

of the magmatic-hydrothermal transition in a highly peraluminous (Fig. 13a) and peralkaline 

granitic system (Fig. 13b) are reported in Nb/Ta versus Ta concentration diagrams. These include 

Nb-Ta oxide minerals from (Li)-Ta-Nb-Be mineralized LCT pegmatites from the Orange River 

belt (Ballouard et al., 2020) and zircon crystals from the REE-Zr-Nb mineralized A1-type 

Baerzhe granite (Yang et al., 2014). In LCT pegmatites from the Orange River belt, magmatic 

CGM are commonly replaced by PGM with a (fluor)calciomicrolite composition (Atencio et al., 

2010) and the metasomatic agent was interpreted as a hydrosaline melt that was exsolved at the 

beginning of the magmatic-hydrothermal transition (Ballouard et al., 2020). 

(Fluor)calciomicrolite (Nb/Ta average = 0.1, Ta2O5 average = 60 wt.%) is generally enriched in Ta and 

has lower Nb/Ta values than CGM (Nb/Ta average = 1.5, Ta2O5 average = 34 wt.%) suggesting that 

the hydrosaline melt transported an important amount of Ta. Both CGM and 

(fluor)calciomicrolite were locally altered along the rim into a second generation of PGM with 
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high A-site vacancy and depleted in Ta (Nb/Ta average = 1.1, Ta2O5 average = 34 wt.%). This 

replacement reaction was interpreted to reflect the circulation of a Ta-poor aqueous fluid 

exsolved at the end of the magmatic-hydrothermal transition. These data indicate that magmatic-

hydrothermal alteration may cause an increase or decrease of the Nb/Ta ratio depending on the 

nature of the metasomatic medium. However, the oxide minerals with the highest Ta content 

generally have a magmatic-hydrothermal origin. Similarly, in the Baerzhe granites, prismatic and 

pristine magmatic zircon crystals are strongly depleted in Nb (average = 15 ppm) and Ta (average 

= 2 ppm) and have a high mean Nb/Ta value (11) compared to prismatic and porous metamict 

zircon crystals formed by the magmatic-hydrothermal alteration of magmatic zircon (Nb average = 

637 ppm, Ta average = 102 ppm, Nb/Ta average = 6). Although neoformed dypyramidal zircon 

crystals interpreted as hydrothermal in origin have similar Nb/Ta values (average = 11) as 

magmatic zircon, these crystals are also characterized by very high concentrations of Nb and Ta 

(Nb average = 1797 ppm, Ta average = 272 ppm). Regarding silica-undersaturated systems, in 

nepheline syenites from the Nechalacho layered suite, the lowest whole-rock Nb/Ta values occur 

in the hydrothermally altered upper part of the intrusion (Fig. 4) and despite the fact that 

Timofeev and Williams-Jones (2015) suggest that Nb and Ta mobility only occurs at the micron 

scale, most Nb- and Ta-rich minerals from the mineralized upper part, such as PGM and CGM, 

have a secondary origin. Interestingly, hydrothermal CGM (Ta2O5 average = 3.8 wt.%) from the 

mineralized portion of the intrusion are enriched in Ta compared to the rare magmatic CGM 

(Ta2O5 average = 0.6 wt.%, Timofeev and Williams-Jones, 2015; their Fig. 10).  

Overall, we suggest that the decrease of the Nb/Ta ratio and enrichment of HFSE in rare-

metal-enriched felsic igneous rocks is the result of both magmatic (i.e. fractional crystallization 

and disequilibrium crystallization) and magmatic-hydrothermal processes (i.e. aqueous fluid and 
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hydrosaline melt immiscibility and metasomatism). To date, experiments fail to reproduce the 

specific magmatic-hydrothermal conditions in which Ta is more mobile than Nb (see Section 

2.4.). This paradox could relate to the various compositions and physical proprieties of H2O-rich 

media, ranging from hydrosaline melts to exsolved brines, which can coexist at the end of the 

crystallization of highly evolved felsic igneous rocks. Such systems are likely challenging to 

reproduce experimentally but might be a good target for future research. 

5.3. The origins of rare-metal-enriched felsic igneous suites inferred from Nb-Ta 

Above, we have evaluated how magmatic and magmatic-hydrothermal processes may affect 

the whole-rock Nb-Ta systematics of rare-metal-enriched felsic igneous suites. In this section, we 

use the Nb-Ta composition of the “primitive” members of these suites, characterized by low 

whole-rock Ta (and Nb) concentrations and high Nb/Ta values, to discuss the nature of and 

melting conditions in their sources.  

5.3.1. Muscovite-bearing peraluminous granites 

Muscovite-bearing peraluminous granites are typically interpreted as crustal magmas 

formed by the partial melting of clay-rich sediments or two mica-bearing igneous rocks in syn- to 

late-collisional settings (e.g. Bernard-Griffiths et al., 1985; Le Fort et al., 1987; Vielzeuf and 

Holloway, 1988; Barbarin, 1996; Patiño-Douce, 1999; Gao et al., 2016; Villaros et al., 2018). 

MPG, including primitive members with low whole-rock Ta and Nb concentrations, are 

characterized by low Nb/Ta ratios <10 below the average value of the bulk (11.4) and upper 

continental crust (13.3, Rudnick and Gao, 2003) (Fig. 3). At a global scale, this indicates that the 

parental melts of MPG have lower Nb/Ta ratios than their source, and that the partial melting 

reactions leading to the formation of MPG likely involve residual mineral phases with DNb/DTa 
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>1 at the conditions relevant to crustal melting such as biotite or ilmenite (Fig. 9). Therefore, in 

agreement with melting experiments (Patiño-Douce and Harris, 1998; Patiño-Douce, 1999) and 

thermodynamic modeling (Villaros et al., 2018), the Nb/Ta composition of primitive MPG may 

be explained by relatively low-temperature melting reactions of mica-bearing crustal rocks from 

muscovite-dehydration to incipient biotite-dehydration conditions. 

5.3.2. A2-type granitoids 

A2-type granitoids are commonly interpreted as having formed by either partial melting 

of biotite- and amphibole-bearing calc-alkaline granitoids (Skjerlie and Johnston, 1992, 1993; 

Patiño-Douce, 1997), or by partial melting of a residual deep crust (e.g. Clemens et al., 1986; 

Whalen et al., 1987) with variable additions of mantle-derived melts from a source similar to 

island arc volcanic rocks, i.e., a lithospheric mantle that was affected by the subduction of an 

oceanic slab (Eby, 1990, 1992). Primitive A2-type granitoids with the lowest Ta and Nb 

concentrations have Nb/Ta values (15-18) that are higher than the bulk continental crust and a 

composition comparable to Ta- and Nb-rich IAV (Fig. 3). However, primitive A2-type granitoids 

are depleted in Nb and Ta compared to OIB or intraplate continental basalts. Because Nb is more 

compatible than Ta in biotite (Fig. 9), Stepanov and Hermann (2013) suggested that incipient 

melting (i.e. around muscovite-breakdown conditions) of mica-rich crustal rocks produces a 

biotite-rich residue with elevated Nb/Ta. The presence of residual ilmenite with DNb/DTa >1 will 

also increase the Nb/Ta of the residue but no significant effect is expected due to the presence of 

residual rutile as this mineral has a DNb/DTa close or slightly below unity in granitic melts 

(Schmidt et al., 2004). Therefore, in a late- or post-collisional setting, the high-temperature 

partial melting of a residual crust (i.e. a second melting event following, for example, the 

extraction of MPG melts) by biotite-dehydration reactions and potentially ilmenite destabilization 
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can form melts with relatively high Nb/Ta values possibly similar to those of A2-type granitoid 

suites. Accordingly, high-temperature metamorphism produces F-rich biotite (Finch and 

Tomkins, 2017) and the solubility of HFSE- and REE-rich mineral phases, such as zircon 

(Watson and Harrison, 1983), monazite (Montel, 1993) and Fe-Ti oxide minerals (e.g. Gaetani et 

al., 2008), increases with temperature in silicate melts. Consequently, high-temperature melting 

of biotite-rich residual material containing ilmenite, zircon and monazite can theoretically 

produce a melt enriched in F, HFSE and REE i.e. with the trace element compositional 

characteristic of A-type granitoids (e.g. Whalen et al., 1987). 

However, the partial melting of a rock with only mica as a hydrous mineral phase 

produces a melt with a peraluminous composition (e.g. Gao et al., 2016) and A2-type granitoids 

are metaluminous to peraluminous (Fig. 2b). This suggests that some A2-type granitoids are not 

purely crustal melts and that they may represent the hybridization product between a felsic melt 

formed by the partial melting of a residual pelitic or mica-bearing igneous protolith and a mantle-

derived mafic melt. As the more primitive A2-type granitoids have Nb-Ta compositions 

comparable to HFSE-rich IAV (Fig. 3), a likely candidate for this mafic end member would be a 

basaltic melt derived from the partial melting of the lithosphere. High-temperature crustal melting 

and hybridization may have been triggered by the emplacement of these hot mafic melts in the 

deep crust in a late orogenic setting. Alternatively, metaluminous to peraluminous melts with a 

composition similar to A2-type granitoids may be produced by the partial melting of amphibole- 

and biotite-bearing calc-alkaline tonalites or granodiorites typically formed in subduction setting 

(Skjerlie and Johnston, 1992, 1993; Patiño-Douce, 1997). However, silica-rich continental arc 

magmas are generally characterized by low Nb/Ta values close to the bulk continental crust 

(Tang et al., 2019, their Fig. 1a) so the presence of residual biotite and ilmenite (i.e. formed 
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during a first event of melt extraction) is likely necessary to significantly enriched the Nb/Ta ratio 

of these potential calc-alkaline igneous sources, and increase F content (Clemens et al., 1986; 

Finch and Tomkins, 2017). Overall, we suggest based on the lines of evidence described above 

that A2-type granitoids mostly form by the high-temperature partial melting of biotite- (and 

ilmenite-) rich residual crustal rocks with intermediate to felsic compositions, and variable degree 

of hybridization may have occurred with hot lithospheric mantle-derived melts possibly 

triggering melting events in the deep crust.  

Present estimate of the lower continental crust composition (Nb/Ta = 8.3, Rudnick and 

Gao, 2003) does not support the presence of a high Nb/Ta reservoir in the deepest crust. 

However, the average middle crust consisting of amphibolite to lower granulite-facies rocks (i.e. 

with peak P-T conditions roughly around muscovite-breakdown) has a high Nb/Ta ratio of 16.7 

(Rudnick and Gao, 2003) that is comparable to primitive A2-type granitoids (see blue arrows in 

Fig. 3). This may suggest that the source of A2-type granitoids may be located in the deepest 

portion of the middle crust that underwent incipient partial melting but additional evidence is 

needed to confirm this hypothesis. 

5.3.3. A1-type granitoids and silica-undersaturated felsic igneous rocks 

A1-type silica-saturated and silica-undersaturated alkaline felsic igneous rocks are 

generally considered to form by low-degree mantle melting (e.g. Eby, 1992, 1998; Kramm and 

Kogarko, 1994; Sørensen, 1997), whereas the SiO2-rich nature of A1-type granitoids is 

commonly interpreted, based on isotope data, to be the result of crustal contamination (e.g. 

Stevenson et al., 1997; Marks et al., 2003, 2004; Estrade et al., 2014a). Such rocks with rare-

metal potential have been proposed to be either derived from an OIB-like source (e.g. Eby, 1992, 

1998; Möller and Williams-Jones, 2016) or metasomatized lithospheric mantle (e.g. Downes et 
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al., 2005; Estrade et al., 2014a; Elburg and Cawthorn, 2017). Martin (2006) also suggested that 

partial melting of an alkali-metasomatized lower crust can lead to the formation of A-type 

granitoids. Despite the fact that, in contrast to nepheline syenite magmas, the parental melts of 

A1-type granitoids likely underwent significant crustal contamination following extraction from 

the mantle, the compositions of these two types of felsic igneous rocks are indistinguishable in 

the Nb/Ta versus Ta and Nb diagrams (Fig. 3). This is because crustal lithologies are generally 

depleted in Nb-Ta compared to silica-undersaturated igneous rocks and we predict that even an 

unrealistic amount of bulk crust assimilation (Rudnick and Gao, 2003, Nb = 8 ppm, Ta = 0.7 

ppm, Nb/Ta = 11) up to 50% by a relatively Ta- and Nb-poor nepheline syenite melt (Nb = 80 

ppm, Ta = 5 ppm, Nb/Ta = 16) will have no significant effect on its Nb-Ta composition (see red 

arrows in Figs. 10e-f). Assuming a basaltic parental melt for A1-type granitoids and nepheline 

syenites (e.g. Estrade et al., 2014a; Marks and Markle, 2015; Möller and Williams-Jones, 2016), 

we do not expect important geochemical fractionation of Nb-Ta during peridotite partial melting 

or basaltic melt evolutions. Indeed, the major rock-forming minerals of peridotite or basalts such 

as olivine, clinopyroxene, orthopyroxene, plagioclase and garnet are not able to incorporate a 

significant amount of Nb and Ta (Table 3) and rutile is highly soluble in basaltic melts (Gaetani 

et al., 2008). Similarly, amphibole and trioctahedral mica that commonly occur in metasomatized 

peridotites (e.g. Conceição and Green, 2004; Condamine and Médard, 2014) have a DNb/DTa 

close to unity in low-SiO2 basaltic melts (Fig. 9). Therefore, the Nb/Ta ratio of primitive A1-type 

granitoids and nepheline syenites should be comparable to their basaltic parents and ultimate 

mantle sources. 

 In Figure 3, the Nb-Ta composition of a significant proportion of Nb- and Ta-poor A1-type 

granitoids and nepheline syenites overlaps with modern OIB suites (Nb/Ta ~14-18) suggesting 
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that, at least, part of these felsic rocks may have formed by partial melting of a similar 

asthenospheric source. Accordingly, the similarity in terms of radiogenic isotope signature 

between nepheline syenites of the Kola Peninsula, Baltic shield, and modern OIB, led Kogarko et 

al. (2010) to suggest that the origin of these alkaline intrusions is connected to a deep-seated 

mantle plume. Spatial and temporal relationships between plume-related magmatism and the 

emplacement of alkaline complexes exist, for example, in Namibia where the Late Cretaceous 

Damaraland intrusive Suite hosting peralkaline granites and nepheline syenites is 

contemporaneous with the flood basalts of the Paraná-Etendeka large igneous Province that was 

linked to the Tristan plume (e.g. Schmitt et al., 2000; Trumbull et al., 2004; Miller, 2008; Owen-

Smith et al., 2017). However, the Nb-Ta composition of numerous Nb- and Ta-poor A1-type 

granitoids and nepheline syenites also overlap with that of intraplate continental basalts from 

Central Europe that inherited their Nb-Ta signature by the partial melting of a metasomatized 

lithospheric mantle (Nb/Ta = 15-19, Pfänder et al., 2012) (Fig. 3). This indicates that the Nb-Ta 

composition of relatively primitive nepheline syenites and A1-type granitoids does not 

necessarily originate from the asthenosphere. Numerous silica-undersaturated and A1-type felsic 

rocks display superchondritic Nb/Ta ratios of up to ~60 at relatively low Nb and Ta contents. 

Such superchondritic values can be reached by different processes including biotite accumulation 

as well as fractional crystallization of titanite and exotic mineral phases such as EGM and PGM 

(Figs. 10 and 11a). Eby et al. (1998) proposed that in the North Nyasa alkaline province of 

Malawi the superchondritic values of some nepheline syenites resulted from interaction with Nb-

rich and Ta-poor hydrothermal fluids. Here we argue that in the absence of evidence for such 

hydrothermal overprint, such as in the Baerzhe and Boziguo’er A1-type granites (Fig. 5) as well 

as the transitional A-type Spitzkoppe granitoid suites (Fig. 6), the superchondritic Nb/Ta ratios of 

their Nb-Ta-poor end-members are likely a signature from their sources. It is possible that the 
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superchondritic Nb/Ta values of some samples from these intrusions (i.e. Baerzhe and 

Spitzkoppe granitoids) may represent an analytical artefact. However, considering the maximum 

analytical uncertainty of 15% on trace element concentrations specified by Jahn et al. (2001) for 

the Baerzhe granite, the three high Nb/Ta samples remain superchondritic (Fig. 5a). 

Unfortunately, this maximum analytical uncertainty was not specified for the Spitzkoppe 

granitoids (Frindt and Haapala, 2004; Haapala et al., 2007) but, if we take into account a 

maximum analytical uncertainty of 15%, the three samples with high Nb/Ta values would also 

remain superchondritic (Fig. 6a).  

Metasomatism of the lithospheric mantle can be induced by variable agents including 

aqueous fluids and melts derived from the dehydration reactions or partial melting of a subducted 

oceanic slab as well as CO2-rich melts such as carbonatites derived from the asthenosphere (e.g. 

Bebout, 2013; O’Reilly and Griffin, 2013). Aqueous fluids released at relatively low pressure 

during oceanic slab dehydration in the mantle wedge are generally Nb-Ta-poor and this has been 

used to explain the relative LILE and light REE enrichment compared to HFSE observed in most 

IAV (McCulloch and Gamble, 1991; Brenan et al., 1995). Consequently, lithospheric mantle 

metasomatized by such aqueous fluids does not represent a likely source for nepheline syenites 

and A1-type granitoids that are characterized by high HFSE concentration. Rutile is a common 

accessory phase of basaltic eclogite and its solubility in silicate melt decreases with pressure 

(Gaetani et al., 2008). Therefore, silicic melts formed by the partial melting of a subduction slab 

at high pressure in the presence of residual rutile with DNb/DTa <1 can potentially reach 

superchondritic Nb/Ta values, and the mantle wedge metasomatized by these silicic melts is 

interpreted as the source of typically potassic arc volcanic rocks characterized by superchondritic 

values up to ~30 (Stolz et al., 1996; Gómez-Tuena et al., 2011). Nevertheless, potassic arc 
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volcanic rocks with high Nb/Ta values are characterized by absolute Nb and Ta contents below 

20 and 1 ppm, respectively, and are not significantly enriched in Nb or Ta compared to typical 

IAV (Fig. 3). We, therefore, argue that a lithospheric mantle metasomatized by slab-derived 

silicic melts or aqueous fluids cannot represent a fertile source for A1-type granitoids or 

nepheline syenites. Alternatively, Pfänder et al. (2012) suggested that the high Nb/Ta ratios of 

intraplate alkaline basalts from Central Europe compared to OIB reflect metasomatism of the 

underlying continental lithospheric mantle by carbonatite melts (Fig. 3). Tappe et al. (2016) 

argued that primitive nephelinites from the Baltic Shield in Sweden scavenged Nb-rich pargasitic 

amphibole from the mantle lithosphere at <100 km depths, and these amphiboles may have been 

introduced to the mantle lithosphere during either carbonate or silicate melt metasomatism. 

Carbonatites at the Earth’s surface are characterized by highly variable Nb and Ta contents (Nb 

~0.1-1000 ppm; Ta ~0.1-100 ppm; Nb/Ta ~0.3-1000; Chakhmouradian, 2006), but their average 

Nb/Ta value (n = 203) is highly superchondritic (Nb/Ta average ~124; Ta average ~11 ppm; Nb average 

~330 ppm). However, Tappe et al. (2017) urged caution in using the trace element systematics of 

highly evolved melts such as carbonatites to infer their potential metasomatic impact on mantle 

lithosphere at >80 km depth. Interestingly, evidence of significant increase of whole-rock Nb/Ta 

ratios toward highly superchondritic values caused by fenitization with evolved carbonatite-

related fluids exists, such as in the Lofdal intrusive suite in Namibia (Bodeving et al., 2017) (Fig. 

14). In this intrusion, the Nb/Ta ratios of “unaltered” nepheline syenites are characterized by 

much lower Nb/Ta values (~ 18-60) than nepheline syenites fenitized at the contact with 

carbonatite (~ 25-230). The fenitization process is associated with a stronger increase in Nb 

contents relative to Ta from “unaltered” nepheline syenites (Nb ~ 110-1400 ppm, Ta ~2.5-30 

ppm) toward metasomatized nepheline syenites (Nb ~ 164-4292 ppm, Ta ~2.3-43 ppm). Such 

metasomatic processes may also occur at greater depths within the lower crust and shallow 
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lithospheric mantle, where chemically overprinted lithologies provide alternative sources for 

silica-undersaturated and A1-type silica-saturated magmatic suites.  

6. Conclusion 

Silica-saturated and -undersaturated felsic igneous suites with rare-metal potential can be 

readily distinguished using the Nb/Ta versus Ta and Nb diagrams presented here. At given Nb 

and Ta contents, the Nb/Ta ratios of muscovite-bearing peraluminous granites (MPG) are lower 

compared to those of A-type granitoids. Generally, Nb/Ta ratios increase from A2-type to A1-

type granitoid suites. The Nb-Ta compositions of A1-type granitoids are indistinguishable from 

those of nepheline syenites, and both igneous suites are locally characterized by superchondritic 

Nb/Ta (> 19.9), which is rare among magmatic rocks.  

 Despite a higher degree of data scatter in A1-type granitoids and nepheline syenites, the 

Nb/Ta ratios of rare-metal-enriched felsic igneous rocks commonly decrease with increasing Ta 

contents and increasing degree of differentiation. The mineral/melt partition coefficients for Nb 

and Ta (i.e., DTa and DNb) of biotite, amphibole, clinopyroxene, ilmenite and titanite increase with 

melt Si and/or Al contents (i.e. the degree of melt polymerization) so that first-order regressions 

can be used to estimate the DNb and DTa
 
of these minerals as a function of the Si and Al content of 

a melt. Our modeling suggests that fractional crystallization of mica, ilmenite, and to a lesser 

degree amphibole plays a major role in the decrease of the Nb/Ta ratios. However, more than 

90% of fractional crystallization is generally needed to explain the full range of Nb and Ta 

content variations of rare-metal-enriched igneous suites. In addition, metasomatic rocks formed 

by magmatic-hydrothermal alteration of igneous precursor rocks and their country-rocks, such as 

greisens, albitites and skarns, are also commonly enriched in both Nb and Ta. These metasomatic 

rocks are characterized by low Nb/Ta and they fall at the end of the evolution trends for rare-
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metal-enriched felsic igneous suites. We therefore suggest that magmatic-hydrothermal processes 

involving hydrothermal fluids or hydrosaline melts participate in the decrease of the Nb/Ta ratio 

and the enrichment of HFSE leading to rare-metal deposits.  

 The Nb-Ta compositions of relatively primitive end-members of rare-metal-enriched 

felsic igneous rocks reflect the nature of their sources. MPG generally formed by a first event of 

partial melting of meta-sediments and mica-rich igneous rocks in the lower-middle crust during 

collisional to late-collisional tectonic events. A first event of incipient partial melting of mica-

rich crustal rocks until muscovite-breakdown conditions will leave a residue that is enriched in 

biotite and ilmenite, and therefore characterized by high Nb/Ta. Subsequent high temperature 

partial melting of this residual crust in a late collisional setting can explain the Nb-Ta signature of 

A2-type granitoids. However, partial melting of a residual amphibole- and biotite-bearing source 

or hybridization between felsic melts that originated from a residual mica-bearing source and 

mafic melts derived from the lithospheric mantle is necessary to explain the metaluminous 

composition of some A2-type granitoids. The Nb-Ta compositions of A1-type granitoids as well 

as nepheline syenites overlap with OIB as well as intraplate continental basalts largely derived by 

partial melting of lithospheric mantle that has been metasomatized by carbonate-rich melts. This 

indicates that these alkaline felsic igneous rocks may have formed by partial melting of the 

asthenosphere or an alkali-metasomatized lithosphere in rift-related intraplate tectonic settings. 

Rare superchondritic Nb/Ta can be explained by numerous magmatic and hydrothermal processes 

but, in some cases, it may also be a source signature exerted by low-volume carbonate-rich melts 

that percolate through the shallow continental lithospheric mantle and lower crust. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Nb-Ta geochemistry provides a powerful tool to classify rare-metal-enriched felsic igneous 

rocks, and to decipher their distinct origins and evolutionary paths including the processes that 

are critical in the formation of HFSE and REE mineral deposits.  
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Captions 

 

Fig. 1. Nb/Ta versus a Ta and b Nb diagrams reporting the average composition of Earth’s main 

geochemical reservoirs (chondrite and bulk silicate Earth [BSE]: Münker et al., 2003; continental crust: 

Rudnick and Gao, 2003) as well as the whole-rock compositional fields of oceanic island basalts (OIB: 

Pfänder et al., 2007), island arc volcanic rocks (IAV: Stolz et al., 1996; Münker et al., 2004; König and 

Schuth, 2011), mid-ocean ridge basalts (MORB: Arevalo and McDonough, 2010), intraplate continental 

basalts from Central Germany (ICB: Pfänder et al., 2012), highly peraluminous granites (Ballouard et al., 

2016a), the peralkaline Nechalacho layered suite, Canada (Möller and Williams-Jones, 2016) and evolved 

deep arc cumulates (arclogite, Mg#<0.6) from central Arizona, USA (Tang et al., 2019). The orange arrow 

represents the typical differentiation trend of highly peraluminous granites characterized by molar A/CNK 

[Al2O3 / (CaO + Na2O + K2O)] ratios > 1.1. The grey dashed line at Nb/Ta = 5 delimits the magmatic-

hydrothermal domain defined by Ballouard et al. (2016a).   
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Fig. 2. Geochemical composition of compiled MPG, A1-type and A2-type, and silica-undersaturated 

felsic igneous rocks. a Total alkalis (Na2O + K2O) versus SiO2 diagram with rock type fields from Cox et 

al. (1979) and Wilson (1989). Granod.: granodiorite; Ton.: tonalite. The fields of alkaline (A) and 

subalkaline (SA) series are from Irvine and Baragar (1971). b A/NK [Al2O3 / (Na2O + K2O)] versus 

A/CNK [Al2O3 / (CaO + Na2O + K2O)] diagram (molar proportions). c FeO* / (MgO + FeO*) versus SiO2 

diagram (Frost and Frost, 2008). d Molar (Na + K)/Al (agpaitic index) versus Zr + Ce + Nb + Y  diagram 

with the fields of A-type as well as I- and S-type granites indicated (Whalen et al., 1987). e Rb/Nb versus 

Y/Nb diagram with the field of A1- and A2-type granites indicated (Eby, 1992). Unaltered nepheline 

syenites from the Nechalacho layered suite (Möller and Williams-Jones, 2016) are shown separately to 

compensate the effect of oversampling (n = 132).  
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Fig. 3. Nb/Ta versus a Ta and b Nb content diagrams showing the whole-rock composition of MPG, A-

type granitoids and silica-undersaturated felsic igneous rocks. The whole-rock compositional fields of OIB 

(Pfänder et al., 2007), intraplate continental basalts from Central Germany (ICB: Pfänder et al., 2012) and 

IAV (König and Schuth, 2011; Münker et al., 2004), including potassic (K-rich) arc magmas (Stolz et al., 

1996), are indicated . The chondritic Nb/Ta value is from Münker et al. (2003) and the average 

composition of the bulk continental crust is from Rudnick and Gao (2003). The blue arrow points toward 

the composition of the middle crust (Rudnick and Gao, 2003) and indicates the theoretical internal 

differentiation trend of a continental crust that underwent incipient partial melting by muscovite- to 

biotite-breakdown conditions followed by melt extraction (i.e. enrichment in residual biotite and ilmenite 

in the lower-middle crust; see text for detail). Oblique dashed lines delimit the common fields of silica-

undersaturated + A1-type igneous rocks and A2-type igneous rocks (a x = 0.3, 20; y = 20, 6.5; b x = 8, 

100; y = 22, 8) as well as A2-type igneous rocks and MPG (a x = 0.2, 9; y = 15.5, 3; b x = 3, 40; y = 16, 

3]. Unaltered nepheline syenites from the Nechalacho layered suite (Möller and Williams-Jones, 2016) are 
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shown separately to compensate the effect of oversampling (n = 132). The value of Nb/Ta = 5 delimits the 

magmatic-hydrothermal domain defined for MPG by Ballouard et al. (2016a).
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Fig. 4. Evolution of the Nb/Ta ratio as a function of a Ta, b Nb, c Zr, d Y, e Rb, f TiO2, g SiO2 and h Al2O3 contents for unaltered and 

altered/mineralized nepheline syenites from the Nechalacho layered suite (Canada). See Supplementary Table 1 for information about the 

intrusions. The determination coefficients r² and trendlines are indicated in dark blue for unaltered samples and in light blue for hydrothermally 

altered and mineralized samples. Trend lines were calculated using a power law (y = a . x
b
). 
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Fig. 5. Evolution of the Nb/Ta ratio as a function of a Ta, b Nb, c Zr, d Y, e Rb, f TiO2, g SiO2 and h Al2O3 contents for selected A1-type granitoid 

suites. These suites include granites (± pegmatites), syenites and trachytes from the Ambohimirahavavy complex (Madagascar), rhyolites and 

trachytes from the Olkaria volcanic complex (Kenya), granites from the Baerzhe pluton (NE China) and granites from Boziguo’er pluton (NW 

China). Fields in color represent the composition of endoskarns and exoskarns from the Ambohimirahavavy complex. See Supplementary Table 1 
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for information about the different suites. The determination coefficients r² and trendlines of each suite are indicated with the same color as the 

corresponding symbols. The trends were calculated using a power law (y = a . x
b
) except in f for the Olkaria volcanic complex where a linear law 

(y = ax + b) is used.  In a, the error bars take into account the maximum analytical uncertainty of 15% estimated for the measurement of the trace 

element composition of samples from the Baerzhe pluton (Jahn et al., 2001).  
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Fig. 6. Evolution of the Nb/Ta ratio as a function of a Ta, b Nb, c Zr, d Y, e Rb, f TiO2, g SiO2 and h Al2O3 contents for selected transitional A-

type (A1-A2) granitoid suites from Namibia. These suites include the metaluminous granites and rhyodacites from the Brandberg complex and 

granites (± aplites) and rhyolites from Gross and Klein Spitzkoppe stocks. See Supplementary Table 1 for information about the different suites. 

The common fields of A1-type and A2-type granitoids are indicated for comparison along with coefficients r² and trendlines calculated using a 

power law (y = a . x
b
). Errors bars taking into account an analytical uncertainty of 15% for the measurement of Ta and Nb contents are shown as an 

example in a for the Gross and Klein Spitzkoppe stocks. 
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Fig. 7. Evolution of the Nb/Ta ratio as a function of a Ta, b Nb, c Zr, d Y, e Rb, f TiO2, g SiO2 and h Al2O3 contents for selected A2-type granitoid 

suites. These suites include granites from the Lachlan Fold Belt (SE Australia), granites from the Qianlishan complex (SE China), granites, tuffs 

and ignimbrites from the Krušné hory / Erzgebirge (Central Europe) and granites from the Topcam pluton (Turkey). See Supplementary Table 1 

for information about the different suites. The determination coefficients r² and trendlines of each suite calculated using a power law (y = a . x
b
) are 

Jo
urnal P

re-proof

Journal Pre-proof



indicated with the same color as the corresponding symbols. Errors bars taking into account an analytical uncertainty of 15% for the measurement 

of Ta and Nb contents are shown as an example in a for igneous rocks of the Krušné hory / Erzgebirge. 
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Fig. 8. Evolution of the Nb/Ta ratio as a function of a Ta, b Nb, c Zr, d Y, e Rb, f TiO2, g SiO2 and h Al2O3 contents for selected MPG suites. 

These suites include granites from the European Variscan belt (Erzgebirge-Fichtelgebirge, Iberian Massif, Armorican Massif, Massif Central-

Beauvoir), South Mountain Batholith (Canada) as well as ongonites (microgranites) from Ongon Khairkhan (Mongolia). Fields in color represent 

the composition of metasomatized granites and pegmatites associated with MPG suites as well as the metasomatized country-rocks of LCT 

pegmatites from Cape Cross-Uis (Namibia) and the Orange River belt (South Africa). See Supplementary Table 1 for information and references 

of the different suites. The determination coefficients r² and trendlines of each suite calculated using a power law (y = a . x
b
) are indicated with the 

same color as the corresponding symbols. 
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Fig. 9. Partition coefficients DNb, DTa and DNb/DTa as a function of the melt a-c Si and c-d Al contents (on a volatile-bearing basis) for different 

minerals typical for rare-metal-enriched felsic igneous rocks. The experimental database used in these diagrams is provided in Supplementary 

Material 4.  The molar proportion of Si and Al is calculated using Si molar = SiO2 wt.% / (molecular weight of SiO2 = 60.084 g.mol
-1

) and Al molar = 2. 

[Al2O3 wt.% / (molecular weight of Al2O3 = 101.961 g.mol
-1

)]. 
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Fig. 10. Fractional crystallization and mineral accumulation modeling. a-d Nb/Ta versus Ta and Nb 

diagrams showing the compositional evolution of melts with a-b SiO2 = 55 wt.% and Al2O3 = 18 wt.%, 

corresponding to the average whole-rock composition of silica-undersaturated felsic igneous rocks, and c-

d SiO2 = 72 wt.% and Al2O3 = 18 wt.%, corresponding to the average whole-rock composition of MPG, 

experiencing 10 to 99% of fractional crystallization of various minerals by increments of 10%. For each 

fractional crystallization model, the extracted mineral assemblage consists of mostly feldspar, to which a 

theoretical mineral/melt partition coefficient of 0 was attributed, along with a minor fraction of one 

specific Nb-Ta-bearing mineral phase. The mineral fraction used is 15% for major rock-forming minerals 

(squares: amphibole, pyroxene, biotite, muscovite) and 1% for titanite, magnetite and ilmenite (circles). 

Mineral/melt partition coefficients (DNb and DTa) are calculated based on the equations given in Table 4 

except for muscovite (DNb = 3.5, DTa = 0.4, Table 1) and magnetite (DNb = 0.11, DTa = 0.13, mean value 

from Supplementary Material 5). The dashed arrows in a-d show the evolution of a melt experiencing a 

variable degree of crystallization of CGM (grey), PGM (orange) and EGM (pink, see Table 5 for mineral 

compositions). e-f Nb/Ta versus Ta and Nb diagrams showing the compositional evolution of a melt 

experiencing 5 to 25% biotite, amphibole and clinopyroxene accumulation, in increments of 5% (squares), 

as well as 0.5 to 2.5% ilmenite, titanite, EGM and PGM accumulation in increments of 0.5% (circles); see 

Table 5 for mineral compositions. The red arrow indicates the evolution of a melt experiencing 50% of 

bulk continental crust assimilation (Rudnick and Gao, 2003). The parental liquid compositions used for 

modeling are Nb = 80 ppm, Ta = 5 ppm in a-b and e-f and Nb = 14 ppm, Ta = 2 ppm in c-d. Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

Fig. 11. Example of fractional crystallization modeling in Nb/Ta versus Ta and Nb diagrams for a silica-

undersaturated, b A1-type, c transitional A-type, d A2-type and e MPG suites. The colored symbols 

represent the evolution of several theoretical melts (L0) experiencing 10 to 99% of fractional 

crystallization in 10% increments and by considering variable melt SiO2 and Al2O3 contents. The 

respective proportions of the fractionated mineral assemblages are listed in the figure legend together with 

the Nb and Ta contents of the parental melts (Ta0 and Nb0) that were fixed to match the composition of the 
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primitive samples of each magmatic suite (i.e. characterized by low Ta concentrations). The DNb and DTa 

of the segregated mineral assemblages are indicated in the diagrams with the same color as the 

corresponding symbols. The mineral/melt partition coefficients (D) of Nb and Ta for biotite (Bt), 

amphibole (Amp) and ilmenite (Ilm) are calculated at variable melt SiO2 and Al2O3 contents based on the 

equations in Table 4 and muscovite (Ms)-melt partition coefficients (DNb = 3.5, DTa = 0.4) are from 

Raimbault and Burnol (1998). For simplification, the DNb and DTa of other minerals that cannot 

incorporate a significant amount of Nb and Ta including feldspar, feldspathoid, clinopyroxene or 

magnetite are fixed at 0. In a-b, the blue and purple arrows represent the chemical evolution of a melt L0 

experiencing the crystallization of 0.5% of EGM and 0.035% of PGM whereas the green and red arrows 

show the evolution of a magma experiencing 25% of biotite and 10% of EGM accumulation (acc.). See 

Table 5 for the composition of respective minerals used for modeling. 
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Fig. 11. (ctd.) 
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Fig. 12. Relationship between whole-rock Nb/Ta ratios and the tetrad effect in rare-metal-enriched felsic 

igneous suites and related metasomatic rocks a Comparison between chondrite-normalized REE patterns 
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of two MPG from the European Variscan belt (Erzgebirge, Förster et al., 1999). Normalization values 

from Palme and O’Neill (2014). The poorly evolved two-mica granite is characterized by an insignificant 

tetrad effect (TE1-3 = 1.02) and high Nb/Ta values of 8.4 whereas the highly evolved Li-mica MPG shows 

an important tetrad effect (TE1-3 = 1.34) and low Nb/Ta values of 2.9. The degree of the tetrad effect (TE1-

3) is significant only above 1.1 and was calculated following Irber (1999) with: TE1-3 = (t1 x t3)
0.5

; t1 = 

(Ce/Ce
t
 x Pr/Pr

t
)

0.5
; t3 = (Tb/Tb

t
 x Dy/Dy

t
)

0.5
; Ce/Ce

t
 = Cecn/(Lacn

2/3
 x Ndcn

2/3
); Pr/Pr

t
 = Prcn/(Lacn

1/3 
x 

Ndcn
2/3

); Tb/Tb
t
 = Tbcn/(Gdcn

2/3 
x Hocn

1/3
); Dy/Dy

t
 = Dycn/(Gdcn

1/3 
x Hocn

2/3
); Lncn: chondrite-normalized 

lanthanide concentration. b-f Nb/Ta versus TE1-3 for selected b silica-undersaturated rocks, c A1-type 

igneous rocks, d transitional A-type (A1-A2) igneous rocks, e A2-type igneous rocks and f MPG. The 

trendlines and determination coefficient r² of each suite calculated using a power law (y = a . xb) are 

indicated with the same color as the corresponding symbols. Note that in d, the three samples with Nb/Ta 

>25 were not taken into account for the calculation of the trendline.  
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Fig. 13. Nb/Ta versus Ta content diagrams comparing the composition of magmatic to hydrothermal a 

Nb-Ta oxide minerals from (Li)-Ta-Nb-Be mineralized LCT pegmatites from the Orange River pegmatite 

belt, South Africa (Ballouard et al., 2020) and b zircon crystals from the Zr-REE-Nb mineralized A1-type 

Baerzhe granite, China (Yang et al., 2014). Pyrochlore-group mineral (PGM) classification from Atencio 

et al. (2010). 
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Fig. 14. Nb/Ta versus a Ta and b Nb content diagrams showing the whole-rock compositions of 

carbonatites, “unaltered” nepheline syenites and nepheline syenites fenitized at the contact with 

carbonatites in the Lofdal intrusive suite, Namibia (data from Bodeving et al., 2017). 
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Minerals  MPG 
A2-type 

granitoids 

A1-type 

granitoids 

Nepheline 

syenites 

Quartz XXX XX XX 0 

Feldspar  XXX XXX XXX XXX 

Feldspathoid 0 0 0 XXX 

Biotite XX XXX XX XX 

Muscovite XXX X 0 0 

Cordierite X 0 0 0 

Garnet XX 0 0 0 

Tourmaline XX XX X X 

Ca pyroxene 0 X XX XX 

Na pyroxene 0 X XXX XXX 

Ca amphibole 0 XX XX XX 

Na amphibole 0 X XXX XXX 

Orthopyroxene 0 X 0 0 

Olivine 0 0 0 X 

Ilmenite X X X X 

Magnetite 0 X X X 

Titanite 0 X X X 

Zircon X XX XX XX 

Monazite X X X 0 

Xenotime 0 X X X 

Allanite 0 XX X X 

Apatite XX XX XX XX 

Fluorite X XX XX XX 

R
a
re

-m
et

a
l 

-

m
in

er
a
li

ze
d

 i
g
n

eo
u

s 

ro
ck

s 

Topaz XX XX 0 0 

Li-mica/spodumene XX X X 0 

CGM XXX XXX (Nb>Ta) XX (Nb>Ta) X (Nb>Ta) 

PGM XX (Ta>Nb) X XXX (Nb>Ta) XXX (Nb>Ta) 

EGM 0 0 X XXX 

Wodginite XX 0 0 0 

Cassiterite XX XX 0 0 

 

Table 1. Principal mineral assemblage of rare-metal-enriched felsic igneous rocks including rare-metal-

mineralized equivalents. 0: absent; X: rare; XX: common (i.e. can be absent); XXX: abundant. CGM: 

columbite-group mineral, PGM: pyrochlore-group mineral, EGM: eudialyte-group mineral. 
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Chemistry MPG A2-type granitoids A1-type granitoids Nepheline syenites 

Alumina saturation index  
Highly 

peraluminous 
(A/CNK > 1.1) 

Metaluminous to 
peraluminous   

(rarely peralkaline) 

Peralkaline to 
metaluminous 

(rarely 
peraluminous) 

Peralkaline to 
metaluminous 

Agpaitic index - (Na + K)/Al 0.6-0.9 0.6-1.1 0.9-1.5 

MALI vs. SiO2  

Frost et al. (2001) 
Alkali-calcic to 

calc-alkalic 
Alkalic, alkalic-calcic to calc-alkalic Alkalic 

FeO* / (FeO* + MgO) vs. SiO2 

Frost and Frost (2008) 
Magnesian to ferroan Ferroan 

Nb vs. Y (ppm) 
Pearce et al. (1984) 

Syn-collisional  
Syn-collisional to 

within plate 
Within plate 

Ga/Al  
Whalen et al. (1987) 

> 2.6 < 2.6 to > 2.6 > 2.6 < 2.6 to > 2.6 

Zr + Ce + Nb + Y (ppm)  
Whalen et al. (1987) 

< 350 350-1000 350-10000 

Y/Nb  
(Eby, 1990, 1992) 

< 1.2 to > 1.2 > 1.2 < 1.2 

Rb/Nb 
 (Eby, 1990, 1992) 

10-60 4-60 < 10 

Nb/Ta  0.1-10 1-18 10-50 

Associated rare-metal 
mineralization 

Li-Cs-Ta-(Nb)-Sn-
W 

Sn-W-Nb-REE Nb-REE-Zr 

 

Table 2. Principal geochemical characteristics of rare-metal-enriched felsic igneous rocks.  
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SiO2  

range (wt.%) 

DNb 

 

DTa 

 

DNb/DTa 

 
References 

  

 

Min Max Mean Min Max Mean Min Max Mean 

Quartz (n=4) 72 – 75   
 

  0.007 0.008 0.008   
 

  1 

K-feldspar (n=3) 61 – 68       0.01 0.13 0.07 2-3 

K-feldspar (n=14) 61 - 76 0.001 0.14 0.03       2-4, 49 

K-feldspar (n=7) 61 - 76    0.001 0.16 0.04    1-3 

Plagioclase (n=4) 61 – 68 0.001 0.04 0.03 0.01 0.08 0.04 0.13 1.69 0.73 2-3 

Clinopyroxene (n=44)* 36 - 58 0.002 0.009 0.03 0.005 0.18 0.06 0.20 0.81 0.49 4-19 

Orthopyroxene (n=16) 39 - 59 0.001 0.03 0.003 0.001 0.03 0.004 0.22 1.9 0.88 5, 8, 18-22 

Amphibole (n=110)* 36 – 67 0.07 0.69 0.35 0.07 0.64 0.32 0.77 1.38 1.08 8, 17, 21, 23-31 

Garnet (n=48)* 32 – 68 0.001 0.06 0.03 0.001 0.11 0.05 0.25 1.20 0.70 2, 4-8, 10, 12, 14, 32-36  

Biotite (n=14) 38 - 76 0.02 9.2 3.2 0.05 3.8 1.2 0.19 4.67 2.0 1, 2-3, 5, 8, 16, 37 

Muscovite (n=1) 70 
3.5 

 
0.4 

 
8.8 

 38 

Olivine (n=1) 48 0.0001 0.0006 0.17 19 

Olivine (n=4) 45 - 48 0.0001 0.004 0.001     19, 51-52 

Olivine (n=2) 43 - 48  0.0004 0.0006 0.005  8, 19 

Magnetite (n=25) 56 – 72 0.03 0.37 0.11 0.03 0.37 0.13 0.51 2.71 0.83 3, 39-40 

Rutile (n=47)* 48 - 72 28.1 193.5 89.9 42.1 212.8 121 0.52 0.97 0.71 41-44 

Ilmenite (n=11) 32 - 68 0.40 73.6 17.6 0.62 47.3 12.8 0.33 1.56 0.86 2, 22, 40, 45 

Titanite (n=12) 55 - 67 1.34 7.25 4.01 4.45 87.4 33.1 0.07 0.55 0.23 46-47 

Zircon (n=1) 68 
0.46 

 

0.64 

 0.72 2 

Monazite (n=1) 66 
0.03 

 

0.06 

 0.50 2 

Apatite (n=1) 66 
<0.01 

 

0.01 

 0.45 2 

      

Fluorine-bearing aqueous 

fluid (n=19) 
65-71 0.002-0.08 0.005-0.08 0.6-4.7 48 

 

Table 3. Summary of mineral/melt and fluid/melt partition coefficients available in the literature for Nb and Ta. 1: Nash and Crecraft (1985); 2: 

Acosta-Vigil et al. (2010); 3 : Fedele et al. (2015) ; 4: Sweeney et al. (1995); 5: Green et al. (2000); 6: Klemme et al. (2002); 7: Bennett et al. 

(2004); 8: Adam and Green (2006); 9: Skulski et al. (1994); 10: Pertermann et al. (2004); 11: Wood and Trigila (2001); 12: Green et al. (1989); 13: 
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Elkins et al. (2008); 14: Spandler et al. (2017); 15: Blundy et al. (1998); 16: Adam et al. (1993); 17: Adam and Green (1994); 18: McDade et al. 

(2003a); 19: McDade et al. (2003b); 20: Frei et al. (2009); 21: Qian and Hermann (2013); 22: van Kan Parker et al. (2011); 23: Brenan et al. 

(1995); 24: Tiepolo et al. (2000); 25: Dalpé and Baker (2000); 26: Adam et al. (1993); 27: Hilyard et al. (2000); 28: Li et al. (2017); 29: Nandedkar 

et al. (2016); 30: Tiepolo et al. (2003); 31: Adam et al. (2007); 32: Corgne et al. (2012); 33: Qian and Hermann (2013); 34: Van Westrenen et al. 

(1999); 35: Van Westrenen et al. (2000); 36: Fulmer et al. (2010); 37: Stepanov and Hermann (2013); 38: Raimbault and Burnol (1998); 39: 

Nielsen and Beard (2000); 40: Sievwright et al. (2017); 41: Xiong et al. (2011); 42: Xiong et al. (2005); 43: Schmidt et al. (2004); 44: Klimm et al. 

(2008); 45: Dygert et al. (2013); 46: Prowatke and Klemme (2005); 47: Tiepolo et al. (2002); 48: Chevychelov et al. (2005); 49: White et al. 

(2003); 50: Mallmann and O’Neill (2009); 51: Salters et al. (2002). Note that expect for quartz, K-feldspar and olivine, only mineral/melt partition 

coefficient data where both Nb and Ta were provided are reported. *For the minerals with an important dataset (>40) including amphibole, 

clinopyroxene, garnet and rutile, the min and max value corresponds to the 10
th
 and 90

th
 percentiles. 
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Di = 10 
(a . Si molar + b . Al molar + c)

 

 
a b c r

2
 n 

Experimental data range 

SiO2 (wt.%) Al2O3 (wt.%) 

DNb 

Amphibole 1.46 ± 0.18*** 3.37 ± 0.33*** -2.91 ± 0.18*** 0.648 110 36 - 68 4-21 

Clinopyroxene -0.91 ± 1.07 7.7 ± 1.81*** -3.6 ± 0.68*** 0.354 44 36 – 58 9-20 

Titanite 0.25 ± 1.05 1.43 ± 0.52* -0.0093 ± 0.97 0.617 12 55 - 67 4-21 

Biotite 3.65 ± 0.39*** - -3.58 ± 0.38*** 0.891 14 38 - 76 - 

Ilmenite 4.17 ± 0.33*** - -2.91 ± 0.27*** 0.948 11 32 - 68 - 

DTa 

Amphibole 1.11 ± 0.18*** 3.54 ± 0.32*** -2.68 ± 0.17*** 0.633 110 36 - 68 4-21 

Clinopyroxene -2 ± 0.89* 7.18 ± 1.5*** -2.18 ± 0.57*** 0.365 44 36 – 58 9-20 

Titanite 2.37 ± 1.03* 2.91 ± 0.51*** -1.69 ± 0.95 0.913 12 55 - 67 4-21 

Biotite 2.47 ± 0.39*** - -2.67 ± 0.38*** 0.773 14 38 - 76 - 

Ilmenite 3.48 ± 0.19*** - -2.27 ± 0.15*** 0.975 11 32 - 68 - 

 

Table 4. Equations and respective coefficients a, b and c used in the calculation of mineral/melt partition 

coefficient for Nb (DNb) and Ta (DTa). Experimental melt SiO2 and Al2O3 contents for which the equations 

were calibrated indicate their best accuracy and thus the compositional range for preferred application to 

natural rock suites. The determination coefficient r² is indicated along with the strength of calculated 

probability (p.value): * 0.01< p.value <0.05, ** 0.001< p.value <0.01, *** p.value <0.001. The lower the 

p.value, the higher is the statistical link between log(Di) and the terms Si, Al or intercept “c”. The method 

used to calculate the coefficients is described in Supplementary Material 7.  The molar proportion of Si 

and Al is calculated using Si molar = SiO2 wt.% / (molecular weight of SiO2 = 60.084 g.mol
-1

) and Al molar = 2. 

[Al2O3 wt.% / (molecular weight of Al2O3 = 101.961 g.mol
-1

)].   
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Table 5. composition of minerals used for the crystallization and accumulation modeling shown in 

Figures 10 and 11. The composition corresponds to the average contents of minerals from the Nechalacho 

layered suite (biotite, clinopyroxene, EGM, PGM, CGM1; Timofeev and Williams-Jones, 2015; Möller 

and Williams-Jones, 2016), Pilanesberg alkaline complex (amphibole, clinopyroxene, titanite; Giles, 

2018), Ukrainian shield intrusions (ilmenite from foyaite; Kryvdik, 2014) and Orange River pegmatite belt 

(CGM2, weakly mineralized LCT pegmatites; Ballouard et al., 2020). 

  

Mineral 
Nb 

(ppm) 

Ta 

(ppm) 
Nb/Ta 

Biotite 462 10 46 

Amphibole 200 8 25 

Clinopyroxene 14 2 7 

Ilmenite 5825 266 22 

Titanite 4980 732 7 

PGM 388840 26875 14 

CGM1 526384 31203 17 

CGM2 487936 52414 9 

EGM 22147 1700 13 
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Highlights 

 

- Rare metal-enriched felsic igneous suites can be classified using Nb/Ta ratios 

- The Nb/Ta ratio generally anticorrelates with Ta contents 

- Equations are provided for the extrapolation of DNb and DTa in various minerals 

- Decrease of the Nb/Ta ratio reflects magmatic and magmatic-hydrothermal evolution  

- The Nb/Ta ratio fingerprints the nature and evolution of the source of igneous rocks 
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