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low solubility of niobium in aqueous fluids at elevated temperature precludes significant 29 

mobilization and, thus, enrichment of the metal. However, weathering of carbonatite-hosted 30 

niobium deposits leads to supergene enrichment (due largely to the dissolution of the carbonate 31 

minerals) that can double the niobium grade and make subeconomic deposits economic. 32 

Pyrochlore is the principal niobium mineral in these laterite-hosted deposits, although its 33 

composition differs considerably from that in the primary mineralization. This paper evaluates the 34 

processes that appear to be responsible for the genesis of niobium ores and provides a framework 35 

that we hope will guide future in-depth studies of niobium deposits and lead to more effective 36 

strategies for their successful exploration and exploitation. 37 

INTRODUCTION 38 

Niobium is a critical metal because it is an essential component in many high-strength corrosion-39 

resistant low-alloy (HSLA) steels and superalloys, and because of its high supply risk; a single 40 

country, Brazil, is responsible for over 90 % of global niobium production. Indeed, it has the 41 

highest combination of supply risk and economic importance indices of any element except, 42 

magnesium (Rachidi et al., 2021). Currently, approximately 75 % of niobium is consumed as 43 

ferroniobium HSLA steels for use in pipelines and transportation, and for structural applications 44 

(Schulz et al., 2017). A significant proportion of the niobium supply is used in nickel-, cobalt-, and 45 

iron-based superalloys for high temperature applications, including gas turbines and heat-resisting 46 

combustion equipment. In the longer term, other applications, notably in superconducting 47 

magnetic coils for MRIs and magnetic levitation rail transport systems, are expected to produce an 48 

even greater demand for niobium. During the next five years, demand for this metal is predicted 49 

to increase at a compounded annual rate of 6 % (https://www.businesswire.com). This demand 50 

and the fact that three deposits control the supply chain have led a number of countries to rank 51 

niobium near the top of their lists of critical materials, and this is fuelling exploration for new 52 

niobium resources.  53 

The supply of niobium is dominated by a single deposit, the Araxá carbonatite-hosted niobium 54 

deposit in Brazil. This deposit contains 26.5x106 metric tonnes of Nb2O5, of which 11.5x106 metric 55 

tonnes is lateritic ore grading 2.48 wt.% Nb2O5 and 15x106 metric tonnes is in the unweathered 56 

carbonatite and has a grade of 1.6 wt.% Nb2O5 (Cordeiro et al., 2011). The second largest deposit 57 

currently being exploited is hosted by the St Honoré carbonatite, Canada, with a reserve of 2.6x106 58 
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metric tonnes of Nb2O5 in ores grading 0.42 wt.% Nb2O5 (Vallieres et al., 2013), followed by the 59 

carbonatite-hosted Catalão I deposit in Brazil, containing 559x103 metric tonnes of Nb2O5 in ores 60 

grading 1.17 wt.% (Cordeiro et al., 2011). These three deposits are responsible for 99 % of annual 61 

global niobium production, i.e., ~63,000 metric tonnes of niobium (Schulz et al., 2017). 62 

Significantly, the carbonatite-associated Bayan Obo deposit (China), which is the World’s largest 63 

supplier of REE, has reserves of 1.0x106 metric tonnes of Nb2O5 that could be exploited (Berger 64 

et al., 2009). In addition to carbonatites, alkaline igneous rocks are a potentially important source 65 

of niobium. Indeed, niobium is currently being mined from the Lovozero layered alkaline igneous 66 

complex (Russia) at an annual rate of ~2400 metric tonnes of Nb2O5 as a by-product of the mining 67 

of the REE (Schulz et al., 2017). Other layered complexes that contain significant resources of 68 

niobium include the Motzfeldt layered complex (Greenland) with 1.6x106 metric tonnes of Nb2O5 69 

in ores grading 0.46 wt.% Nb2O5 and the Nechalacho layered intrusive suite (Canada) with an 70 

indicated and inferred reserve of 1.1x106 metric tonnes of Nb2O5 in ores grading 0.36 wt.% (Schulz 71 

et al., 2017). Niobium is also present in significant proportions in the pegmatites associated with 72 

peralkaline granites. For example, the Strange Lake (Canada), Khaldzan Buregtey (Mongolia) and 73 

Baerzhe (China) granites host resources of 500x103, 560x103 and 260x103 metric tonnes of Nb2O5 74 

in ores with grades of 0.34, 0.14 and 0.26 wt.% Nb2O5, respectively (Kovalenko et al., 1995, Yang 75 

et al., 2014, Vasyukova and Williams-Jones, 2018).  76 

In this paper, we review the discovery of niobium, its chemical behavior, its mineralogy, the nature 77 

of representative niobium deposits and the processes that concentrate niobium to economic and 78 

potentially economic levels. Our evaluation of the latter starts by considering the origin of 79 

carbonatites and alkaline igneous rocks and the processes that control the evolution of the 80 

corresponding magmas. In so doing, we trace the path of niobium through this igneous evolution, 81 

and then continue our evaluation by examining the subsolidus processes (including weathering) 82 

that conspire to form economic deposits.  83 

DISCOVERY OF NIOBIUM 84 

Niobium was discovered in 1801 by Charles Hatchet, an English mineralogist and chemist. He had 85 

been examining minerals in the British Museum and came across a specimen of an unnamed heavy 86 

black mineral that resembled “Siberian chromate of iron” on which he had been conducting 87 

experiments (Hatchett, 1802). Hatchett expanded his experiments to include this specimen, which 88 
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had been part of the collection of John Winthrop, the first governor of Connecticut, an avid mineral 89 

collector. After discovering that, except for the dissolution of some iron, the mineral was largely 90 

insoluble in hydrochloric, nitric and sulfuric acids, Hatchett fused a small proportion of the mineral 91 

repeatedly in potassium carbonate, dissolved the latter in boiling water and produced a white 92 

precipitate by mixing the solution with nitric acid. After trying unsuccessfully to dissolve the white 93 

precipitate in a variety of acids and conducting a number of other tests, Hatchett concluded that he 94 

had discovered a new metallic “earth” (Hatchett, 1802). He named the new earth (element) 95 

“Columbium” because of its country of origin; the mineral was named columbite. Whether 96 

columbium refers to Columbia, the female personification of the United States, or Christopher 97 

Columbus is unknown.  98 

A year after Hatchett discovered columbium, Anders Ekeberg, a Swedish chemist, discovered a 99 

metal with very similar properties in a mineral from Ytterby, which he named “Tantalum” after 100 

the Greek demi-god Tantalus (Ekeberg, 1803). There was considerable debate over whether 101 

columbium and tantalum were the same metal (Wollaston, 1809) until the matter was resolved by 102 

the German chemist Heinrich Rose, who showed that the earth discovered by Hatchett 103 

(columbium) was a mixture of tantalum and a new earth that he named “Niobium” after Niobe, a 104 

daughter of Tantalus (Rose, 1844). Niobium metal was first extracted in 1864 by Christian 105 

Blomstrand, a Swedish chemist and mineralogist (Kauffman, 1975). This metal was referred to as 106 

columbium (Cb) in North America and niobium (Nb) in Europe until 1949, when the International 107 

Union of Pure and Applied Chemistry (IUPAC) formally adopted the name niobium in a quid pro 108 

quo involving tungsten and wolfram. 109 

PROPERTIES OF NIOBIUM  110 

Niobium is a transition metal in Group 5 of the Periodic table with the electronic configuration 111 

[Kr] 5s¹ 4d⁴ . In nature, it occurs almost exclusively as the stable isotope 93Nb. It also has two 112 

radioisotopes, 92Nb with a half-life of 3.47×107 and 94Nb with a half-life of 2.03×104. It is 113 

paramagnetic, and has a melting temperature of 2,477 °C, a boiling point of 4,744 °C, a Vickers 114 

hardness of 1320 MPa and a density of 8.57 g/cm3. Although niobium may occur in several 115 

oxidation states, in nature it is present exclusively in the +5 state. In minerals, it occurs dominantly 116 

in octahedral coordination with an ionic radius of 0.64 Å. Niobium has an electronegativity of 1.6, 117 

and the second and third ionization energies are 1,351 and 2,415 kJ/mol, respectively. Potentially 118 
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one of the most interesting properties of niobium is that it is a superconductor at temperatures up 119 

to 9.25 K. Indeed, its upper temperature limit of superconductivity is higher than that of any other 120 

metal, making it a key component of MRIs and particle accelerators. It will also be essential for 121 

the future implementation of magnetic levitation rail transport. 122 

MINERALOGY 123 

Niobium is a lithophile element and, thus, has a strong affinity for oxygen, with which it bonds to 124 

form oxyanions, notably, NbO3
- and NbO4

3-. Two common niobium-bearing minerals containing 125 

these anions are columbite-(Fe) and fergusonite-Y (Table 1). The oxyanion NbO3
- is also an 126 

essential component of the main niobium ore mineral, pyrochlore, which has the generalized 127 

formula A2–mB2X6–wY1–n (m, w and n refer to vacancies). The A-site of this mineral contains 128 

cations in 8-fold coordination, most commonly Ca and Na, but also Ba, Sr, Pb, Fe2+, Mn, the REE, 129 

U4+ and Th, and may include a vacancy, or H2O (Atencio et al., 2010). The B-site has 6-fold 130 

coordination and is mainly occupied by Nb (it can also contain Ta, Zr, Hf, Ti, W, Si and Fe3+). The 131 

X-site is typically occupied by O but can also contain OH and F, and the Y-site may be occupied 132 

by an anion (e.g., OH-, F- or Cl-), H2O, a vacancy, or a large cation, such as K+ and Rb+ (Atencio 133 

et al., 2010). Other niobium minerals include aeschynite, biotite, betafite, euxenite-(Y), fersmite, 134 

ixiolite, loparite, lueshite, niobian rutile, niobian brookite, niocalite, samarskite-(Yb), tapiolite and 135 

wodginite (Table 1). Among these other minerals only loparite is being mined for niobium, but 136 

aeschynite is potentially a major source of niobium at Bayan Obo. The only other significant 137 

niobium ore minerals are niobian rutile and niobian brookite, which occur as supergene phases, 138 

notably, in the Seis Lagos deposit in Brazil, where they are the principal potential source of 139 

niobium in a laterite resource (Giovannini, 2013) and niocalite, which is the principal ore mineral 140 

in the Bond Zone  of the Oka carbonatite (Gold, 1963).  141 

The main ore mineral for niobium in the three deposits that are responsible for most of the World’s 142 

niobium production is pyrochlore the composition of which varies considerably amongst the 143 

deposits. Thus, at Araxá (Brazil), the main primary pyrochlore variety is barium-bearing 144 

calciopyrochlore, whereas the supergene pyrochlore (the ore mineral currently being mined) is 145 

bariopyrochlore (Issa Filho et al., 2002b). The same is true of the primary and supergene ores of 146 

Catalão 1, Brazil (Cordeiro et al., 2011). In contrast, at St Honoré (Canada), the primary pyrochlore 147 

evolved from an early U-Ta-Zr-Th-bearing calciopyrochlore to a late fluorcalciopyrochlore 148 
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(unpublished data). Furthermore, in parts of the deposit, the pyrochlore was altered hydrothermally 149 

to columbite-(Fe) in volumes sufficient to make it an important subordinate niobium ore mineral 150 

(Tremblay et al., 2017).  151 

NIOBIUM DEPOSITS 152 

Because of its high charge, niobium is a highly incompatible element and, during partial melting 153 

of the mantle, it partitions strongly into the first liquids that form. Consequently, it reaches its 154 

highest concentration in carbonatites and alkaline igneous rocks. These are the hosts to all 155 

economic or potentially economic primary niobium deposits. 156 

Carbonatite-hosted niobium deposits 157 

As mentioned in the introduction, global niobium production is dominated by three carbonatite-158 

hosted deposits, namely, Araxá, Catalão and St Honoré. In each of these deposits, pyrochlore is 159 

the main ore mineral. However, whereas the niobium mined at St Honoré is hypogene, at both 160 

Catalão and Araxá, all the current production is from laterites that overlie carbonatites.  161 

Araxá 162 

Despite the importance of the Araxa deposit and the fact that it has been mined for several decades, 163 

there is relatively little published information on the geology of the deposit; the most 164 

comprehensive paper on it is that of Traversa et al. (2001). The Araxá complex is a member of the 165 

80-90 Ma Alto Paranaiba Alkaline Igneous Province in south-eastern Brazil, which is interpreted 166 

to have formed as a result of the partial melting of the Trindade mantle plume (Gibson et al., 1995). 167 

The complex is 4.5 km wide, roughly circular in plan, and was emplaced in a group of Proterozoic 168 

quartzites and schists of the Araxá group (Fig. 1a). It has been described by Traversa et al. (2001) 169 

as comprising a large mass of glimmerite containing domains in which there are swarms of 170 

concentric and radial dykes of dolomite carbonatite, much less commonly calcite carbonatite and 171 

minor phoscorite (Traversa et al., 2001). The term “glimmerite”, however, is misleading. These 172 

rocks would be better described as ultramafic rocks (clinopyroxenites and peridotites) that have 173 

been variably altered to phlogopite and tetraferriphlogopite. Indeed, Traversa et al. (2001) 174 

subdivided them into mica-rich (phlogopitized) rocks with relicts of clinopyroxene and olivine and 175 

mica-olivine pyroxenites. They also note that olivine is much more important in the mica-rich 176 

rocks and that clinopyroxene is the dominant ferromagnesian mineral in the second group of rocks, 177 
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in which the mica is a primary mineral. We, therefore, infer that the mica-rich rocks comprise 178 

highly phlogopitized peridotite and that the second group of rocks consists mainly of relatively 179 

unaltered clinopyroxenite. The calcite carbonatite dykes are relatively coarse-grained, and contain 180 

some dolomite in addition to calcite, and variable proportions of phlogopite, arfvedsonite, 181 

magnetite, apatite and minor pyrochlore. In contrast, the dolomite carbonatite dykes are fine-182 

grained and contain minor calcite. They also contain phlogopite, which is locally abundant, 183 

magnetite, apatite and significant pyrochlore. An unusual feature of the dolomite carbonatite is 184 

that the Ba-carbonate mineral, norsethite (BaMg(CO3)2), is commonly present and locally 185 

abundant. The phoscorite dykes are mainly associated with calcite carbonatite and are dominated 186 

by the mineral assemblage apatite-phlogopite-magnetite. The complex is surrounded by a 2.5 km 187 

wide aureole, in which the host quartzites and schists were fenitized (alkali feldspar and sodic 188 

amphibole).  189 

The pyrochlore occurs dominantly in the dolomite carbonatite and glimmerite (Traversa et al., 190 

2001). Unfortunately, there is almost no published information on the composition of pyrochlore 191 

in the carbonatite. However, scanning electron microscope images and energy dispersive spectra 192 

of laterite-hosted pyrochlore in Issa Filho et al. (2002a) showing calciopyrochlore with minor Ba 193 

and Th partly replaced by bariopyrochlore suggest that the primary pyrochlore was 194 

calciopyrochlore. The secondary bariopyrochlore, which is the principal ore mineral in the laterite 195 

and contains ~15 wt.% BaO, was interpreted by Issa Filho et al. (2002a) to be the product of 196 

weathering.  197 

Catalão I  198 

The Catalão I deposit is hosted by a phoscorite-carbonatite complex and overlying laterite located 199 

at the northern end of the Alto Paranaiba Igneous Province (Cordeiro et al., 2011, Oliveira et al., 200 

2017). The complex is 6 km wide and comprises a core of phoscorites and subordinate dolomite 201 

carbonatites surrounded by variably phlogopitized ultramafic rocks (glimmerites) and lesser 202 

proportions of phoscorites/carbonatites that were emplaced in schists and quartzites of the Araxá 203 

Group (Fig. 1b). The earliest phoscorites are olivine-bearing and occur as small plugs and dykes. 204 

They were intruded by phlogopite phoscorites, referred to by Cordeiro et al. (2010) as nelsonites, 205 

and dolomite carbonatites that also occur as small plugs and dykes. These two rock types are 206 

intimately related, as shown by the fact that the nelsonite contains small pockets of dolomite 207 
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carbonatite and small pockets of nelsonite are present in the dolomite carbonatites. The 208 

surrounding ultramafic rocks comprise dunite and perovskite-rich clinopyroxenite (bebedourite). 209 

An aureole of fenite up to several hundred meters wide surrounds the complex.  210 

The primary niobium mineralization is concentrated mainly in the nelsonites, but some dolomite 211 

carbonatite intrusions also contain significant niobium. It occurs primarily as Na-bearing 212 

calciopyrochlore and much less commonly as natropyrochlore (Cordeiro et al., 2011, Guarino et 213 

al., 2017). Some crystals of calciopyrochlore and natropyrochlore have rims of Ba- and vacancy-214 

rich pyrochlore. They may also be enriched in the light REE (Guarino et al., 2017). Although the 215 

overall grade of primary mineralization is ~1 wt.% Nb2O5, individual nelsonite dykes may contain 216 

as much as 50 vol.% pyrochlore, i.e., ~40 wt.% Nb2O5. As is the case at Araxá, the supergene 217 

mineralization is dominated by bariopyrochlore (Cordeiro et al., 2011).  218 

St Honoré  219 

The St Honoré carbonatite was emplaced at 571 ± 5 Ma (McCausland et al., 2009) in the ~1 Ga 220 

Grenville Metamorphic Province of Québec, Canada (Tremblay et al., 2017)). In contrast to the 221 

Araxá and Catalão I carbonatite complexes, ultramafic rocks and phoscorites are absent at St 222 

Honoré, and the phlogopitites are the products of the alteration of syenite. The St Honoré complex 223 

is roughly elliptical in plan (2x3 km) and comprises a core of ferrocarbonatite, which contains a 224 

potential REE resource, a mantle consisting dominantly of dolomite and calcite carbonatites and 225 

an incomplete rim of calcite carbonatite (Fig. 2a). These units are surrounded by syenite. The 226 

textural relationships among the various carbonatite units are complex, largely because the 227 

carbonatites are not single intrusions. Instead, each of them is a composite of a large number of 228 

dykes and plugs ranging in width from a few centimeters to several meters (Vasyukova and 229 

Williams-Jones, 2022). A conspicuous feature of the complex is that the contact between the 230 

carbonatite and the syenite is commonly separated by a zone of variably phlogopitized syenite 231 

reaching tens of meters in thickness, which is locally magnetite-rich. Significantly, fragments of 232 

variably phlogopitized syenite (Fig. 3) are present in the carbonatite for considerable distances 233 

from this contact and locally may comprise > 50% of the carbonatite.  234 

The niobium mineralization is concentrated in dolomite and calcite carbonatites in the southwest 235 

part of the complex, particularly, where they comprise high proportions of phlogopitized syenite 236 
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fragments or are close to the contact with phlogopitite; some of the highest concentrations of 237 

niobium occur at the contact between this unit and carbonatite. The description that follows is 238 

based on ongoing research of the niobium mineralized units by the authors. The mineralization 239 

takes the form of pyrochlore and subordinate columbite-(Fe) that occur as pseudomorphs after 240 

pyrochlore (Fig. 4). These minerals occur in carbonatites that display distinct millimetric to 241 

centimetric subvertical layering (Fig. 3c and d). The pyrochlore and columbite-(Fe) are 242 

concentrated in apatite-rich layers that contain variable proportions of magnetite and phlogopite. 243 

Minor pyrochlore is also present in the intervening carbonate-rich layers. Many of the pyrochlore 244 

crystals contain a calciopyrochlore core, which is enriched in U, Ta, Zr and Th, and an overgrowth 245 

of oscillatory zoned calciopyrochlore with a large natropyrochlore component (Fig. 4). The 246 

remaining crystals are compositionally the same as the overgrowths. Pyrochlore is also abundant 247 

in the magnetite-rich phlogopitites. Compositionally, this pyrochlore is very similar to the 248 

calciopyrochlore rims in the carbonatite (Fig. 4). In the north-eastern part of the mineralized 249 

carbonatite, there are large domains in which the pyrochlore has been altered to columbite-(Fe) 250 

that generally preserves the shape of the precursor pyrochlore (Fig. 4f).  251 

Other carbonatite-hosted niobium deposits 252 

Among the other carbonatite complexes that have been mined for niobium, the Lower Cretaceous 253 

Oka carbonatite complex (Canada) is the best known. This deposit (A and D zones), which was 254 

mined from 1961 to 1977, had a measured and indicated reserve of 57 Mt of ore grading 0.38 wt.% 255 

Nb2O5 (https://gq.mines.gouv.qc.ca/documents/examine/GM12938/GM12938.pdf). The Oka 256 

carbonatite (7.2x2.4 km) consists dominantly of two lobes of calcite carbonatite and subordinate 257 

arcuate bodies of ultramafic and ultrabasic rocks that are concentrated towards the margins of the 258 

lobes (Fig. 2b). There is also a small proportion of dolomite carbonatite in the northernmost part 259 

of the northern lobe. The silicate rocks have been subdivided by Gold (1963) into three main units, 260 

namely, ijolite (melteigite-urtite), okaite-jacupirangite and alnöite. The ijolite is the most important 261 

of these units, making up over 85 % of the silicate rocks, and was locally phlogopitized. Okaite-262 

jacupirangite is the next most important unit and is concentrated in the outer part of the northern 263 

lobe. Compositionally, this unit varies from melilite-rich okaite to titanaugite-rich jacupirangite 264 

with minor proportions of nepheline, magnetite, apatite, calcite and perovskite. The final unit, 265 

alnöite, is restricted to the western margins of the southern lobe. It consists of phenocrysts of 266 
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olivine, augite and phlogopite in a calcite-rich matrix comprising these minerals plus melilite, 267 

apatite, nepheline and perovskite.  268 

Economic niobium mineralization occurs in three zones near the eastern (A and D zones), western 269 

(Bond Zone) and northern (Manny Zone) margins of the northern lobe of the complex. Only the 270 

A and D zones, however, were mined. The main niobium minerals are pyrochlore, niobian 271 

perovskite and niocalite. However, pyrochlore was the only niobium mineral recovered during 272 

mining operations. The occurrence of niocalite is restricted to the Bond Zone, where it reaches 273 

concentrations of 10 vol. % (Gold, 1963). Carbonatites containing the highest concentrations of 274 

the three niobium minerals are characterized by thin layers alternately rich in calcite and in apatite-275 

magnetite-biotite. The latter layers host most of the pyrochlore and perovskite. Niocalite, which, 276 

as noted above, is restricted to the Bond Zone, is concentrated mainly in the calcite-rich layers. 277 

Close to ijolite and particularly phlogopitized ijolite, the proportions of apatite and magnetite in 278 

the coarse-grained carbonatite increase considerably, as do the proportions of pyrochlore and 279 

perovskite. Indeed, these rocks have the highest concentration of Nb2O5 in the mineralized zones. 280 

The pyrochlore varies considerably in composition and includes Ca-, Ce-, Th-, U-, Ti- and Zr-rich 281 

varieties that Zurevinski and Mitchell (2004) have interpreted to reflect variable A-site substitution 282 

of Ca and Na by Ce, Th and U and B-site substitution of Nb and Ti by Zr. The perovskite varies 283 

in composition from near end member perovskite to a mineral with a composition close to that of 284 

latrappite (Ca2NbFe3+O6). As a result, it may contain over 40 wt.% Nb2O5 and as little as 10 wt.% 285 

TiO2 (Gold, 1963).  286 

The only other carbonatite that, to our knowledge, has been an important source of niobium is the 287 

Lueshe carbonatite in the Democratic Republic of Congo (DRC). This deposit contained a 288 

resource of 30 Mt grading 1.34 wt.% Nb2O5 and was mined intermittently between 1984 and 2004. 289 

In contrast to the two preceding deposits, the niobium ore is contained entirely in laterite developed 290 

above calcite carbonatite in a carbonatite-syenite complex. The 516 Ma complex is ~3 km x 1.5 291 

km in plan and comprises cancrinite syenite (~40 % of the plan area), calcite carbonatite (~40 % 292 

of the plan area) and dolomite carbonatite (~20 % of the plan area). These units are interpreted to 293 

have been intruded in the order listed here (Maravic et al., 1989). There are also small bodies of 294 

sodic pyroxenite along the contacts between calcite carbonatite and cancrinite syenite. The host 295 

rocks, which comprise quartzites and quartz mica schists, have been altered to sodic pyroxene-296 
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sodic amphibole-albite-bearing fenite adjacent to the calcite carbonatite and dolomite carbonatite. 297 

Primary niobium mineralization occurs as calciopyrochlore that is concentrated in a fine-grained 298 

laminated facies of the calcite carbonatite at its contact with the cancrinite syenite (Maravic et al., 299 

1989).  300 

The laterite-hosted niobium ores reach their highest grade in the upper, crandallite-rich (crandallite 301 

is a weathering product of apatite) part of the 30-150 m thick laterite profile and decrease in Nb 302 

grade to the base of the profile where residual apatite and K-feldspar overlie the fresh carbonatite. 303 

The main laterite minerals are goethite and montmorillonite. Pyrochlore is the dominant ore 304 

mineral; there is also minor lueshite and niobian rutile. At the top of the profile, pyrochlore has 305 

the composition of bariopyrochlore, and A-site vacancies are at a minimum (Fig. 5). With 306 

increasing depth in the profile, the proportion of A-site vacancies in the pyrochlore increases 307 

significantly and reaches a maximum in the middle of the profile. This pyrochlore corresponds to 308 

kaliopyrochlore, a variety of pyrochlore unique to the Lueshe deposit. With further increase in 309 

depth, the proportion of K in the pyrochlore decreases and the proportion of Sr increases, leading 310 

to strontiopyrochlore being the main pyrochlore variety near the base of the laterite. These changes 311 

in pyrochlore composition with depth are interpreted by Wall et al. (1996) to represent progressive 312 

leaching of the A-site of the mineral by acidic weathering fluids and the uptake of Ba and 313 

subsequently K, both due to the breakdown of alkali feldspar present in unaltered carbonatite. The 314 

concentration of Ba in the pyrochlore at the top of the profile and K lower down is interpreted by 315 

them to be a result of the greater mobility of K. As Sr is likely to have been released by weathering 316 

of the carbonatite, its concentration in pyrochlore is highest at the base of the profile, i.e., closest 317 

to the least weathered carbonatite. 318 

Among carbonatites with significant niobium mineralization that have not been mined, the most 319 

important is the Seis Lagos carbonatite, Brazil, with reserves of 2898 Mt at 2.81 wt% Nb2O5. 320 

Other potentially important carbonatites include the Mt Weld carbonatite, Australia (273 Mt at 321 

0.9 wt% Nb2O5) and the Aley carbonatite, Canada (285.8 Mt at 0.3 wt% Nb2O5).  322 

The Mesozoic Seis Lagos deposit is the largest niobium deposit in the World. Unlike the Araxá 323 

and Catalão laterite-hosted ores, however, the laterite at Seis Lagos is largely devoid of pyrochlore 324 

and, instead, most of the niobium is in the form of secondary niobian rutile and niobian brookite. 325 
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The Seis Lagos carbonatite is an isolated intrusion located in the 1.8 Ga Guyana Shield in North-326 

Eastern Brazil. The intrusion is not exposed and has only been intersected in a single drillhole. 327 

Based on examination of the drill core from this intersection, the intrusion was interpreted by 328 

Giovannini et al. (2017) to be a siderite carbonatite containing subordinate barite and gorceixite 329 

[BaAl3(PO4)(PO3OH)(OH)6] plus minor monazite and pyrochlore. Assays of the core yielded 330 

niobium concentrations between 646 and 7667 ppm Nb2O5. The overlying laterite is over 100 m 331 

in thickness and has been subdivided into eight units (Fig. 6). The main minerals making up the 332 

laterite are hematite and goethite, which decrease and increase in proportions downwards, 333 

respectively. The only other mineral reported to be present in appreciable proportions is hollandite 334 

(BaMn8O16), which forms a roughly 10 m thick manganiferous laterite half-way down the profile. 335 

Niobium concentrations are highest in the goethite-rich laterite (brown laterite) at the base of the 336 

profile, where they reach values in excess of 8 wt% Nb2O5, and are lowest in the manganiferous 337 

laterite. In the upper part of the profile, concentrations of niobium parallel those of titanium, 338 

consistent with the observation that niobium is concentrated almost exclusively as niobian rutile 339 

and niobian brookite. In the basal, Nb-rich, goethite laterite, however, niobium concentration is 340 

decoupled from that of titanium, which is considerably lower and niobian rutile is accompanied 341 

by ceriopyrochlore. An interesting feature of the profile is that there is a progressive increase in 342 

niobium content from the base of the manganiferous laterite through the lower purple laterite to a 343 

maximum a third of the way into the brown laterite (Fig. 6). Given that this build-up in niobium 344 

concentration is near the bottom of the profile and the source of the niobium was the underlying 345 

carbonatite, it is attractive to propose that the weathering occurred in two stages. In the first stage, 346 

the carbonatite was leached, leaving behind a residue that was greatly enriched in pyrochlore (the 347 

primary niobium mineral in the carbonatite), silicate (e.g., biotite, amphibole and olivine), oxide 348 

(e.g., magnetite) and phosphate (e.g., apatite) minerals. During the second stage, these residual 349 

minerals became the “source rock” for the development of a laterite in which the breakdown of 350 

Ti-bearing magnetite and pyrochlore led to the formation of niobian rutile and niobian brookite. 351 

The Mt Weld deposit (Australia) contains its potentially exploitable niobium resource in a laterite 352 

that overlies a Proterozoic carbonatite in the central part of the Eastern Goldfields Alkaline Igneous 353 

Province of the Yilgarn craton (Middlemost, 1990). The intrusion is pipe-like (~12 km2 in plan) 354 

with a ~0.5 km wide rim of glimmerite and was emplaced in mafic to ultramafic volcanic rocks 355 

(greenstones). Calcite carbonatite containing significant proportions of olivine, apatite, magnetite 356 
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and biotite was intruded first, followed by dolomite carbonatite containing apatite, magnetite, 357 

phlogopite and pyrochlore. The proportions of non-carbonate minerals in the latter are highly 358 

variable and these minerals generally occur as layers and lenses. Biotite is concentrated mainly in 359 

the glimmerite zone that surrounds the intrusion. The primary carbonatite is overlain by a 40-60 360 

m thick layer of laterite and, in turn, a 15-60 m layer of lacustrine sediments and alluvium 361 

(Lottermoser, 1990). The laterite has been subdivided into a discontinuous apatite-rich zone up to 362 

20 m thick at the base and an alumino-phosphate-rich zone characterized by the presence of 363 

crandallite and goyazite-gorceixite group minerals. Niobium contents are highest in the alumino-364 

phosphate zone, reaching up to 4 wt.% Nb2O5 vs. 0.7 wt.% Nb2O5 in the apatite-rich zone. The 365 

bulk of the niobium occurs as pyrochlore, although there are small proportions of niobian rutile 366 

and niobian ilmenite.  367 

In most primary pyrochlore crystals, the A-site is filled largely by roughly equal proportions of Ca 368 

and Na, and vacancies are rare (Lottermoser, 1990). Some crystals, however, are characterized by 369 

an A-site that contains up to 10 wt.% of U and ~40 % vacancies. The B-site is generally occupied 370 

entirely by Nb, although in some cases it may contain >5 wt.% of Ta. In contrast to the primary 371 

pyrochlore, the laterite-hosted pyrochlore is strongly enriched in Sr throughout the laterite profile 372 

reaching a maximum of 18 wt.% SrO at the interface between the alumino-phosphate- and apatite-373 

rich layers (Fig. 7). The laterite-hosted pyrochlore is also enriched in Ce (Ce4+), which reaches its 374 

highest concentration in the upper part of the alumino-phosphate-rich layer (> 20 wt.% CeO2). All 375 

the laterite-hosted pyrochlore is characterized by A-site vacancies (20-60 %), and although there 376 

is no obvious correlation of A-site vacancy with pyrochlore composition, it may be significant that 377 

the highest proportion of vacancies is for the most Sr-rich (and Ce-poor) pyrochlore (Lottermoser 378 

and England, 1988). 379 

The Aley carbonatite is of Devonian age, i.e., ~370 Ma (Chakhmouradian et al., 2015), and was 380 

intruded into Cambro-Ordovician carbonate and siliciclastic metasedimentary rocks during a 381 

period of extension and rifting in the development of the Foreland fold-and-thrust margin of 382 

Western Canada. The intrusion is roughly triangular in shape (~7 km2) and consists dominantly of 383 

calcite carbonatite that, according to Chakhmouradian et al. (2015), was altered to dolomite 384 

carbonatite, except at the edge of the intrusion (minor primary dolomite carbonatite is also 385 

observed). The carbonatite contains up to 10 % apatite and variable proportions of phlogopite and 386 
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magnetite (Yelland, 2016). Mineral layering is common and is distinguished mainly by planar 387 

aggregates of apatite, magnetite and, locally, niobium minerals. Although the minerals in the 388 

aggregates are interpreted to be cumulates, the layering has been attributed to post-emplacement 389 

deformation (Chakhmouradian et al., 2015). The carbonatite is surrounded by an aureole up to 390 

several hundred meters in width, in which the host rocks have been metasomatically altered to 391 

amphibole- or biotite-rich (phlogopitite) fenites. The niobium mineralization comprises 392 

pyrochlore, columbite-(Fe) and fersmite (Yelland, 2016). Two zones of mineralization (layers of 393 

magnetite, apatite and niobium minerals), the Central and Saddle Zones, have been identified, 394 

although the resource referred to above is entirely in the Central Zone, where fersmite is the 395 

principal ore mineral and is accompanied by subordinate columbite-(Fe) and minor pyrochlore. 396 

The fersmite is interpreted to have replaced pyrochlore and/or columbite-(Fe) during 397 

dolomitization (Chakhmouradian et al., 2015) and is concentrated in layers together with 398 

magnetite, apatite and phlogopite (Yelland, 2016).  399 

A potentially important niobium deposit associated with carbonatite is the Bayan Obo deposit in 400 

China, which is hosted by magnetite-aegirine-rich rocks considered to have formed as a result of 401 

the interaction of carbonatite-derived hydrothermal fluids with carbonate rocks of disputed origin 402 

(magmatic or sedimentary; Smith et al., 2015). Although this deposit was mined initially for iron 403 

and is currently the World’s largest REE deposit, it also contains a niobium resource of ~1690 Mt 404 

of ore grading 0.16 Nb2O5 (Smith and Spratt, 2012). The niobium takes the form of aeschynite and 405 

subordinate pyrochlore, which occur in the REE mineralized fluorite-bearing aegirine-magnetite 406 

rocks. The aeschynite and pyrochlore, however, post-date the main REE minerals, bastnäsite-(Ce) 407 

and monazite-(Ce), and occur in spatial/temporal association with riebeckite, fluorite, barite and 408 

quartz. Compositionally, the aeschynite is a Ce- and Nd-rich variety, containing similar amounts 409 

of both elements (~12 wt.% REE2O3). These minerals were subsequently altered to baotite and 410 

bafertisite (Ba2Fe2+
4Ti2(Si2O7)2O2(OH)2F2). Based on an earlier study of fluid inclusions (Smith 411 

and Henderson, 2000), Smith and Spratt (2012) concluded that the niobium mineralization took 412 

place at a temperature of 250-300 oC and a pressure ~1 kbar from carbonatite-related fluids 413 

containing between 20 to 30 wt.% NaCl eq. 414 

Niobium deposits hosted by alkaline igneous rocks 415 
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Niobium occurs in significant concentrations in a number of silica-saturated and silica-416 

undersaturated alkaline igneous complexes, notably, Lovozero, Khibiny, Ilímaussaq, Motzvelt, 417 

Nechalacho, Khaldzan Buregtey, Baerzhe and Strange Lake. In all cases, the concentration of 418 

niobium is subordinate to those of the REE. Here, we describe the Lovozero (the only alkaline 419 

igneous complex currently being mined for niobium) and Nechalacho complexes as 420 

representatives of the silica-undersaturated group of intrusions enriched in niobium and Strange 421 

Lake as a representative of the silica-saturated (peralkaline granite) class.  422 

Lovozero 423 

The 362 Ma Lovozero complex hosts the largest niobium resource in Russia (29.2 Mt of ore 424 

grading 0.15 wt.% Nb2O5) and has been mined for this metal and the REE since the early 1940s 425 

(Féménias et al., 2005, Pakhomovsky et al., 2014, Kalashnikov et al., 2016, Mikhailova et al., 426 

2019). The complex is the second largest alkaline igneous layered suite in the World after its 427 

neighbor, Khibiny, and intrudes Archean gneiss and Devonian basalt. It has been subdivided into 428 

two major units, the 2.5 km thick Differentiated Suite and an overlying Eudialyte Suite up to 800 429 

m thick. These units are referred to as Macro Units II and III, respectively (Féménias et al., 2005). 430 

There is also a potentially earlier unit (Macro Unit I) comprising tabular bodies in the lower part 431 

of the complex that may represent macro-xenoliths or may be part of the Differentiated Suite 432 

(Féménias et al., 2005). The Differentiated Suite comprises Lower and Upper zones containing 5-433 

30 m thick rhythmic sequences that grade upwards from urtite (nearly monomineralic nepheline), 434 

through foyaite (alkali feldspar-rich nepheline syenite) to lujavrite (aegrine- and alkali feldspar-435 

rich nepheline syenite); urtite is commonly missing in the lower zone (Fig. 8). The Middle zone is 436 

composed of lujavrite. Based on textural relationships, alkali feldspar and nepheline are interpreted 437 

to have crystallised first, followed by the ferromagnesian minerals, which occur interstitially to 438 

them (Féménias et al., 2005, Mikhailova et al., 2019). The overlying Eudialyte Suite cuts the 439 

layering of the Differentiated Suite and differs from the latter in containing abundant eudialyte (~ 440 

6 vol.% versus < 1 vol.% in the Differentiated Suite), a much higher proportion of alkali feldspar 441 

and thicker layering (up to 100 m thick). The niobium is concentrated in the Differentiated Suite, 442 

as the late-crystallizing mineral loparite-(Ce). It occurs mainly in 10-150 cm thick horizons 443 

distributed over a vertical interval of ~1100 m, each of which is located in lujavrite immediately 444 

below its contact with the overlying urtite in the rhythmic cycles referred to above (Upper and 445 
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Lower zones); there is also a horizon in lujavrite in the Middle Zone (Fig. 8). Four of the loparite-446 

rich horizons have been mined historically, but only the two uppermost horizons are currently 447 

being exploited.  448 

Nechalacho 449 

The Nechalacho deposit (Canada) is hosted by a recently explored alkaline layered igneous suite 450 

> 1 km thick located in a large 2185 Ma alkaline igneous complex comprising plutons ranging in 451 

composition from alkaline gabbro to alkaline granite (the Blachford Igneous Complex; Fig. 9a). 452 

The Nechalacho deposit, which was explored mainly for the REE (1.5 wt.% REE2O3), contains a 453 

resource of 109 Mt of ore grading 0.39 wt.% Nb2O5. Although two zones of economic 454 

mineralization have been recognized (the Upper Zone and the Basal Zone), both of which are in 455 

the upper part of the layered suite, the bulk of the mineralization occurs in the higher-grade Basal 456 

Zone (Fig. 9b). Lithologically, the layered sequence comprises nepheline syenites with variable 457 

proportions of aegirine and sodalite, and, locally, shows evidence of rhythmic layering. In the 458 

upper part of the suite, this evidence is obscured by intense hydrothermal alteration that destroyed 459 

much of the primary mineralogy, e.g., aegirine was replaced by biotite and magnetite and the 460 

principal ore mineral (eudialyte) in the Basal Zone was pseudomorphed by calcite, fluorite, quartz, 461 

biotite, zircon, fergusonite-(Y) and other REE minerals (Fig. 10a). Much of the niobium in the 462 

Upper Zone is hosted in zircon and in the Basal Zone initially by eudialyte. During hydrothermal 463 

alteration, niobium and yttrium were released from zircon and eudialyte to form fergusonite-(Y) 464 

(Fig. 10b). Some of the niobium combined with iron to form columbite-(Fe).  465 

Strange Lake  466 

Strange Lake is a NYF pegmatite-hosted deposit that exemplifies a class of deposits associated 467 

with peralkaline granitic plutons, in which N, Y and F refer to niobium, yttrium and fluorine, 468 

respectively. The pluton is the youngest member of the Nain Plutonic Suite (1240-1460 Ma) of 469 

anorthosites, charnockites, and granites that intruded late Archean to early Proterozoic gneisses, 470 

and comprises hypersolvus granite, transsolvus granite and a swarm of apical flat-lying pegmatite 471 

sheets and subordinate subvertical dykes (Fig. 11b). Evidence of hydrothermal alteration is 472 

widespread and is most intense in the pegmatites and the highly evolved transsolvus granite. The 473 

pluton was explored recently for its REE potential and a resource containing 20 Mt of ore grading 474 

1.44 wt% REE2O3 (50% heavy rare-earth oxides) and 0.34 wt% Nb2O5 was identified in the 475 
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pegmatites and the adjacent granite (Vasyukova and Williams-Jones, 2018). Niobium 476 

concentrations are elevated in all facies of the pluton, ranging from ~450-500 ppm Nb2O5 in the 477 

hypersolvus and transsolvus granites to over 5,000 ppm Nb2O5 in the pegmatites (Vasyukova and 478 

Williams-Jones, 2014). Although the pegmatites are highly altered and, thus, the initial magmatic 479 

concentration of niobium may have been modified by hydrothermal processes, analyses of melt 480 

inclusions indicate that the magma producing the pegmatites contained ~4,000 ppm Nb2O5 481 

(Vasyukova and Williams-Jones, 2019). Thus, the bulk rock concentrations of niobium referred to 482 

above were not affected significantly by hydrothermal alteration. In all facies of the intrusion, the 483 

niobium is present almost exclusively as pyrochlore, although in many cases the pyrochlore is a 484 

product of the alteration of elpidite and/or narsarsukite to gittinsite and titanite, respectively (Fig. 485 

12); unaltered elpidite and narsarsukite can contain in excess of 5,000 ppm Nb. The only other 486 

mineral that contains significant niobium is arfvedsonite with up to ~500 ppm Nb (Siegel et al., 487 

2017b). The primary pyrochlore is a REE-rich variety (ceriopyrochlore), containing ~17 wt.% 488 

REE2O3, whereas the secondary pyrochlore is variably enriched in Pb (up to 27 wt.%).  489 

NIOBIUM RESERVOIRS 490 

The concentration of niobium increases from 0.2 and 0.6 ppm in the depleted and primitive mantle, 491 

respectively (Palme and O'Neill, 2014), to 6 ppm in the oceanic crust (Klein, 2003) and 5, 10 and 492 

12 ppm in the lower, middle and upper continental crust, respectively (Rudnick and Gao, 2014). 493 

Thus, niobium is strongly fractionated into the oceanic and continental crust. Nonetheless, as 494 

discussed below, the mantle is the major reservoir for this metal.  495 

PROCESSES CONCENTRATING NIOBIUM  496 

Magmatic processes  497 

Partial melting  498 

From the preceding deposit descriptions, it is evident that all economic or potentially economic 499 

deposits are hosted by carbonatites or alkaline igneous rocks. The corresponding magmas for both 500 

these suites of rocks originate in the mantle, indicating that the latter is the main reservoir for 501 

niobium. As primary carbonatitic magmas are considered to represent ~0.5 % melting of a 502 

carbonated mantle (Dalton and Presnall, 1998), a primitive mantle containing 0.6 ppm Nb would 503 

yield a carbonatitic magma with a Nb concentration of 120 ppm (Table 2). In contrast, the same 504 
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mantle would yield an alkaline silicate magma containing a much lower concentration, e.g., 30 505 

ppm of niobium if it were the product of 2 % of partial melting. Carbonatitic and alkaline magmas, 506 

however, are widely considered to be the products of the partial melting of a carbonated mantle, 507 

metasomatically enriched in lithophile and high field strength elements (including niobium) and 508 

fluxes such as fluorine and H2O. Although we do not have estimates of the niobium content of this 509 

mantle, the niobium content of the carbonatitic magmas produced by its melting can be roughly 510 

estimated from the data compiled by Chakhmouradian (2006) for carbonatites interpreted by him 511 

to have been derived directly from the mantle. The average niobium content of these primary 512 

carbonatites is ~300 ppm, i.e., nearly three times higher than calculated above for a primitive 513 

mantle source. Similarly, the niobium content of the alkaline silicate magmas produced by partial 514 

melting of a carbonated mantle can be estimated from the niobium content of the most primitive 515 

alkaline silicate rocks, the nature of which varies with the pressure (olivine nephelinite at < 3 GPa 516 

and olivine melilitite at > 3 GPa). We have estimated the average niobium content of these two 517 

rock-types from the GEOROC database (https://georoc.eu/) to be 119 ppm and 94 ppm, 518 

respectively, and assume that the average niobium contents for alkaline silicate magmas derived 519 

from the partial melting of a HFSE-enriched carbonated mantle is ~100 ppm. From the above 520 

estimates of the niobium contents of the carbonatite and average alkaline silicate magma produced 521 

by 0.5 and 2 % partial melting of a carbonated HFSE-enriched mantle, respectively, this mantle is 522 

predicted to have a niobium content between 1.6 ppm and 2.1 ppm, i.e., roughly three times higher 523 

than primitive mantle (Table 2). 524 

Fractional crystallization and liquid immiscibility 525 

As discussed above, partial melting of a metasomatically enriched mantle plays a major role in the 526 

concentration of niobium, producing primary carbonatitic magmas containing ~300 ppm Nb and 527 

alkaline magmas with ~100 ppm Nb. The magmatic concentration of niobium in the ore deposits, 528 

however, is more than an order of magnitude higher, i.e., up to ~1 wt.% Nb for carbonatite-hosted 529 

deposits and up to ~0.2 wt.% Nb for deposits hosted by alkaline silicate rocks. This clearly 530 

demonstrates that other processes play a major role in the further concentration of niobium. The 531 

most important magmatic process for alkaline silicate magmas is fractional crystallization in 532 

magma chambers enroute to the site of final magma emplacement. This, however, cannot explain 533 

the enrichment of niobium in primary carbonatitic magmas because they do not need to accumulate 534 
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in magma chambers (a prerequisite for processes like the gravity settling of minerals) as their low 535 

viscosity allows them to move easily through the crust along narrow fractures to their final site of 536 

emplacement. Thus, any significant enrichment of carbonatitic magmas in niobium prior to 537 

emplacement is unlikely to be due to fractional crystallization. 538 

Fractional crystallization of alkaline silicate magmas 539 

The role of fractional crystallization in concentrating metals like niobium in alkaline igneous 540 

systems can be evaluated using the examples of the Nechalacho and Strange Lake REE-Nb 541 

deposits. As discussed above, the silicate magmas derived from the partial melting of 542 

metasomatically HFSE-enriched mantle have a Nb concentration of ~100 ppm. These magmas 543 

evolve by fractional crystallization to produce the magmas that crystallize the intrusions hosting 544 

REE-Nb deposits. In the case of Nechalacho, the intrusion is a layered igneous complex composed 545 

mainly of aegirine-nepheline syenite. Although the niobium content of the magma at the time of 546 

emplacement is not known, it can be roughly estimated from the weighted average niobium content 547 

of the different units in the complex, which we have calculated for a 1.1 km vertical hole drilled 548 

from the top to near the bottom of the layered suite to be ~350 ppm. Significantly, this 549 

concentration is very similar to that of dykes intersected in the complex (by drilling), which are 550 

compositionally similar to it. These dykes have an average niobium content of 344 ppm. The 551 

Strange Lake deposit is hosted by a peralkaline granite comprising hypersolvus granites, 552 

transsolvus granite and pegmatites. The least evolved of these units, which has been interpreted to 553 

represent the parental magma, is a hypersolvus granite containing ~300 ppm Nb.  554 

The niobium concentrations estimated for the parental magmas to the Nechalacho and Strange 555 

Lake complexes are roughly three times higher than those of the magmas initially produced by 556 

partial melting of a metasomatically HFSE-enriched mantle. We interpret this to indicate that these 557 

initial magmas underwent fractional crystallization prior to their emplacement in the middle 558 

(Nechalacho; Möller and Williams-Jones, 2016) and upper (Strange Lake; Vasyukova et al., 2016) 559 

crust. To estimate the degree of this fractional crystallization we employed the fractional 560 

crystallization equation of Neumann et al. (1954): 561 

Cl/Co=F(D-1)            (1) 562 
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in which Co is the initial concentration of the element of interest (Nb) in the magma, Cl is its 563 

concentration in the residual liquid after fractionation, F is the fraction of melt remaining after 564 

crystallization and D is the mineral/melt partition coefficient. In modeling the fractionation of the 565 

initial magma prior to the crystallization of the Nechalacho layered complex, we assumed that the 566 

main fractionating phases were olivine and clinopyroxene, that the initial Nb content was 100 ppm 567 

and that the value of D for olivine and clinopyroxene is 0.01 (the D value is from Bedard (2005, 568 

2014)). Based on these assumptions, the percentage of fractional crystallization needed to produce 569 

the Nechalacho parental magma is 72 % (Table 2). The fractional crystallization path that yielded 570 

the parental magma for the Strange Lake pluton is more complex. As discussed by Vasyukova and 571 

Williams-Jones (2020), the initial magma evolved by a combination of fractional crystallization 572 

and assimilation of lower crustal material to produce a monzonitic magma. This latter magma 573 

evolved by further fractional crystallization to produce an A-type granitic magma. Because of the 574 

very low concentration of niobium in the lower crust (6 ppm) and the modest degree of assimilation 575 

(10 to 15 %; Siegel et al., 2017a), the impact of assimilation was negligible. Using the fractional 576 

crystallization model presented above (the fractionating minerals are the same, except for 577 

plagioclase for which the D value is even lower), the degree of fractional crystallization would 578 

have been 67 % (Table 2). 579 

The REE-Nb ore in the Nechalacho deposit has a concentration of 0.39 wt.% Nb2O5, i.e., nearly 580 

an order of magnitude higher than that of the putative parental magma. This mineralization is 581 

interpreted to represent the end stage of fractional crystallization of the layered suite that proceeded 582 

from the bottom up, and less so from the top down, leaving a very small proportion of liquid that 583 

crystallized eudialyte, zircon, aegirine and nepheline (Sheard et al., 2012, Möller and Williams-584 

Jones, 2016). Using Equation 1, we modeled this fractional crystallization, assuming a weighted 585 

niobium concentration for the Upper Zone, the Basal Zone and intervening nepheline syenite of 586 

~2,200 ppm Nb and a D value for the fractionating minerals (aegirine and nepheline) of 0.01. The 587 

estimated degree of fractional crystallization is 84 % (Table 2). Although, as mentioned above, the 588 

Upper Zone and Basal Zone experienced intense hydrothermal alteration, a detailed investigation 589 

of the ores has shown that there was negligible subsolidus remobilization of the niobium 590 

(Timofeev and Williams-Jones, 2015). 591 
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The potentially economic niobium (and REE) mineralization of the Strange Lake pluton has a 592 

similar grade to the Nechalacho deposit, i.e., 0.3 wt.% Nb2O5, and is concentrated in subhorizontal 593 

pegmatite pegmatites sheets in the apical parts of the pluton (significantly, melt inclusions in the 594 

pegmatites contain roughly the same concentration Nb2O5). These pegmatites represent the end 595 

stage of fractional crystallization of a parental magma containing ~300 ppm Nb that evolved 596 

through hypersolvus and then transsolvus facies of granite. An important feature of the Strange 597 

Lake deposit is that a fluoride liquid segregated from the main silicate liquid (Vasyukova and 598 

Williams-Jones, 2014, 2016) and thus, in principle, could have complemented fractional 599 

crystallization in concentrating the niobium, as was the case for the REE. The concentration of 600 

niobium in fluoride melt inclusions, however, is below the detection limit. These findings are 601 

consistent with the experimentally determined fluoride-silicate melt partition coefficients reported 602 

by Veksler et al. (2012), showing that niobium prefers the silicate melt. Assuming a D value for 603 

the fractionating minerals of ≤0.01 (Veksler et al., 2012), the pegmatites hosting the Strange Lake 604 

niobium mineralization formed after 86 % fractional crystallization of the corresponding magma 605 

(Table 2).  606 

Fractional crystallization of carbonatitic magmas (post-emplacement) 607 

In principle, fractional crystallization could be an important process in concentrating niobium after 608 

carbonatitic magma emplacement. The problem, however, is that pyrochlore occurs almost 609 

invariably as euhedra to subhedra in carbonatites, suggesting that it is an early formed mineral. 610 

Experimental studies, however, have shown that, except for magmas with elevated concentrations 611 

of sodium, the solubility of niobium in carbonatitic magmas is extremely high. Indeed, the 612 

concentrations of dissolved niobium can reach percentage levels (Jago and Gittins, 1993, Mitchell 613 

and Kjarsgaard, 2002a, Mitchell and Kjarsgaard, 2002b). An extremely high degree of fractional 614 

crystallization would, therefore, be required to saturate the magma in pyrochlore, for example, 615 

assuming an initial niobium content of the magma of 300 ppm and a saturation niobium 616 

concentration of 1 wt.%, the degree of fractional crystallization would be ~97 wt.%. If this were 617 

the case, pyrochlore would form interstitially to the earlier crystallizing minerals, i.e., it would not 618 

occur as euhedra or subhedra. Theoretically, pyrochlore could crystallize early from a sodium-rich 619 

carbonatitic magma, accumulate and then be mechanically transported by another carbonatitic 620 

magma to the site of emplacement to form an economic deposit. We consider this highly unlikely 621 
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for the following reasons: 1) early crystallization of pyrochlore would require its saturation at a 622 

concentration of no more than a few hundred ppm of Nb and, thus, the pyrochlore would have to 623 

crystallize from a large volume of magma; 2) the pyrochlore would need to accumulate in a magma 624 

chamber, the development of which is precluded by the low viscosity of carbonatitic magmas 625 

(Vasyukova and Williams-Jones, 2022); and 3) the carbonatitic magma transporting the pyrochlore 626 

would be sodium-poor (niobium deposits are hosted by calcite and dolomite carbonatites, see 627 

above), and the pyrochlore would dissolve during transport. For the reasons given above, we 628 

conclude that fractional crystallization does not play a role in concentrating the niobium of 629 

carbonatitic magmas. 630 

The assumption underlying the above discussion of the role of fractional crystallization in 631 

concentrating niobium is that carbonatitic magmas are the primary products of partial melting of 632 

the mantle. It is possible, however, that carbonatitic magmas form in the crust from extreme  633 

fractional crystallization of carbonate-rich alkaline silicate magmas. In principle, this could lead 634 

to a secondary carbonate magma enriched in niobium. As the degree of fractional crystallization 635 

of the silicate magma required to produce a carbonatitic magma varies inversely with the degree 636 

of partial melting, the combined effect of the two processes would lead to a carbonatitic magma 637 

with the same niobium content as a primary carbonatitic magma, i.e., ~300 ppm Nb. Thus, 638 

irrespective of whether the carbonatitic magma is primary or secondary, fractional crystallization 639 

cannot explain the concentration of niobium observed in carbonatite-hosted niobium deposits.  640 

Carbonate-silicate liquid immiscibility 641 

An alternative to fractional crystallization for producing secondary carbonatitic magmas is 642 

carbonate-silicate liquid immiscibility. This process, however, is restricted to carbonatitic magmas 643 

enriched in Na2O (Brooker and Kjarsgaard, 2011), whereas we consider the magmas that produce 644 

niobium-rich carbonatites to be sodium-poor. Moreover, the partitioning of niobium between such 645 

Na2O-rich magmas and silicate magmas favours the silicate liquid (Veksler et al., 2012). Thus, 646 

even if liquid immiscibility were to occur, the resulting carbonatitic magma would be relatively 647 

depleted in niobium. We, therefore, conclude that carbonate-silicate liquid immiscibility does not 648 

play a role in the formation of carbonatite-hosted niobium deposits.  649 

Carbonatitic magma-mediated metasomatism 650 
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In the preceding paragraphs, we have shown that fractional crystallization and liquid immiscibility 651 

cannot explain the enrichment of niobium required to form carbonatite-hosted niobium deposits. 652 

One of the lines of evidence for this is the euhedral nature of the pyrochlore and its common 653 

occurrence as inclusions in other phases, including carbonates, which suggest that it is an early 654 

liquidus mineral and is, thus, relatively insoluble in carbonatitic magmas. As discussed above, 655 

however, experimental studies have demonstrated that the latter cannot be the case, except for 656 

magmas with elevated sodium concentrations. In the paragraphs below, we present a hypothesis 657 

involving the interaction of carbonatitic magmas with their host rocks that we believe reconciles 658 

the apparent contradiction between textural observations and the results of experiments relating to 659 

the solubility of niobium in carbonatitic magmas. 660 

Owing to their extremely low viscosity (similar to that of water), carbonatitic magmas are able to 661 

interact with their host rocks in a manner similar to that of hydrothermal fluids, i.e., they are able 662 

to penetrate along micro fractures and grain boundaries, and pervasively alter the rocks. Based on 663 

this observation, Vasyukova and Williams-Jones (2022) proposed that carbonatitic magmas could 664 

alter their host rocks metasomatically and used the hypothesis to explain the various features of 665 

carbonatite-phoscorite complexes, including the spatial and temporal association of carbonatites 666 

with ultramafic rocks. Here, we employ this hypothesis to resolve the contradictory observations 667 

on the solubility of niobium in carbonatitic magmas and explain the formation of economic 668 

carbonatite-hosted niobium deposits using the example of the St Honoré carbonatite.  669 

A feature of the St Honoré deposit is the close spatial association of high grade niobium 670 

mineralization with phlogopitites that we interpret to be the products of the interaction of a 671 

magnesio-carbonatitic magma with K-feldspar-dominated syenites. The interaction led to the 672 

metasomatic alteration of the K-feldspar to phlogopite via the reaction: 673 

KAlSi3O8 (K-feldspar) + 3CaMg(CO3)2 (magma) + H2O = KMg3(Si3Al)O10(OH)2 (phlogopite) + 674 

3CO2 + 3CaCO3 (magma)         (2) 675 

This reaction decreased the volume of carbonatitic magma and enriched it in Ca, leading to the 676 

crystallization of calcite, because of the displacement of the magma composition to the calcite 677 

liquidus (Fig 13). The result was a further reduction in the proportion of residual liquid and a 678 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Williams-Jones, A. E., and  Vasyukova, O. V., 2022, 
 Niobium, Critical Metal and Progeny of the Mantle: Economic Geology, v. doi:10.5382/econgeo.4994.

 © 2022. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0/



24 
 

progressive increase in the concentration of non-carbonate components. Eventually, this 679 

concentration was sufficient to saturate the magma in pyrochlore and minerals such as apatite, 680 

magnetite and phlogopite, leading to the crystallization of a rock with the composition of 681 

phoscorite (nelsonite). Pyrochlore was the first of these minerals on the liquidus, as shown by its 682 

euhedral habit and occurrence as inclusions in the other phases. As this phoscoritic magma was 683 

the product of carbonatitic magma/syenite interaction (phlogopitization), it commonly 684 

accumulated adjacent to the phlogopitized syenite, thereby explaining the association of the 685 

phlogopitites with high concentrations of niobium. Much of the phoscoritic magma (liquid or 686 

partially crystallised), however, was swept up by subsequent batches of carbonatitic magma to 687 

form the apatite-phlogopite-magnetite-pyrochlore lenses and layers that characterize the niobium 688 

mineralized “banded” carbonatites of the St Honoré complex. The processes described above are 689 

illustrated in Figure 14. 690 

Although the model presented here is based on observations made at St Honoré, it is applicable to 691 

many other carbonatite complexes. For example, the phlogopitized ijolites in the Oka carbonatite 692 

are noticeably enriched in pyrochlore and, within the carbonatite, the pyrochlore is concentrated 693 

in apatite-magnetite-phlogopite-rich layers and lenses. The latter is also true for the Aley and Mt 694 

Weld carbonatites. An important feature of both the Araxá and Catalão I complexes is the 695 

abundance of phlogopitite and phoscorite (nelsonite). Moreover, at Araxá, the highest 696 

concentrations of primary niobium mineralization are associated with phlogopitite and at Catalão 697 

I, the bulk of the primary niobium ore is hosted by nelsonite dykes located in a sea of phlogopitic 698 

rocks. In summary, the association of the niobium mineralization with phlogopitites and apatite-699 

magnetite-phlogopite-rich rocks (phoscorite/nelsonite) in the World’s major niobium deposits 700 

provides strong support for the hypothesis that this mineralization owes its origin to carbonatitic 701 

magma-host rock metasomatic reactions.  702 

Hydrothermal processes 703 

In many of the complexes hosting niobium deposits there is evidence of widespread hydrothermal 704 

alteration and, commonly, the primary Nb-bearing minerals have been altered. For example, the 705 

ore zones in the Nechalacho deposits have been so intensely altered by hydrothermal fluids that 706 

the primary mineralogy and many of the primary igneous textures have been obliterated (primary 707 

aegirine and nepheline were altered to biotite, magnetite and albite; Sheard et al., 2012). In the 708 
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Basal Zone, the main niobium-bearing mineral, eudialyte, was pseudomorphed by a variety of 709 

minerals including fergusonite-(Y), the principal niobium ore mineral. The restriction of 710 

fergusonite to the confines of pseudomorphs after primary eudialyte (Fig. 10a) indicates that 711 

niobium was largely immobile during alteration of this mineral. In the Upper Zone, the main 712 

primary niobium-bearing mineral, zircon, was replaced by fergusonite-(Y) (Fig. 10b). However, 713 

fergusonite-(Y) also occurs separately from but invariably within microns of zircon crystals, 714 

indicating that niobium was mobile, albeit on a very small scale (Timofeev and Williams-Jones, 715 

2015). At Strange Lake, two of the main primary Nb-bearing minerals, elpidite and narsarsukite, 716 

were pseudomorphed to gittinsite and titanite, respectively, releasing their niobium to form 717 

pyrochlore in and adjacent to the pseudomorphs (Fig. 12). This demonstrates that, as in the 718 

Nechalacho deposit, niobium was only mobile on a scale of microns. Further support for the 719 

relative immobility of niobium is provided by the St Honoré carbonatite, where primary pyrochlore 720 

was pseudomorphed by columbite-(Fe) (Fig. 3e and f). A similar observation can be made for the 721 

Aley carbonatite, where primary pyrochlore was pseudomorphed by columbite-(Fe) and fersmite 722 

(Chakhmouradian et al., 2015). These observations clearly indicate that in most niobium deposits 723 

hydrothermal alteration produces secondary niobium minerals but does not mobilize niobium, 724 

consistent with experimental and theoretical studies showing that niobium mineral solubility is 725 

extremely low (Timofeev et al., 2015), except at conditions rarely present during the hydrothermal 726 

alteration of niobium deposits in nature, e.g., very high fluoride activity, very low Ca activity and 727 

unusually high temperature (Akinfiev et al., 2020).  728 

Supergene enrichment 729 

To our knowledge, the only niobium deposits that have yielded supergene ores or potential ores 730 

are carbonatite-associated. This section, therefore, will be restricted to supergene processes 731 

affecting carbonatite-hosted niobium mineralization. The major carbonatite deposits described 732 

above, which contain abundant laterite-hosted niobium mineralization, are all characterized by 733 

supergene enrichment, except for the Catalão I deposit. Most, and probably all of this enrichment 734 

can be attributed to the loss of carbonate during weathering, which would have left a residue of 735 

hydrated iron oxides and altered silicate minerals. In the case of Catalão I, however, the primary 736 

mineralization is hosted by nelsonites (phoscorites) and, consequently, carbonate loss would have 737 
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been minor and would likely have been largely compensated by the formation of hydrous 738 

secondary minerals, such as goethite and smectite.  739 

Except for the Seis Lagos deposit, the principal niobium ore mineral in the laterites is pyrochlore. 740 

This pyrochlore differs considerably from the primary pyrochlore by containing a high proportion 741 

of vacancies and high concentrations of Ba and/or Sr and/or Ce and/or K. In some deposits, this 742 

secondary pyrochlore comprises a single compositional variety, for example, at Araxá and Catalão 743 

I, the laterite-hosted pyrochlore is bariopyrochlore, in the case of Araxá, reflecting the fact that the 744 

carbonatites typically contain 2 to 3 wt.% BaO (Traversa et al., 2001); at Catalão I, the primary 745 

pyrochlore evolved to bariopyrochlore. In other deposits, there are two or more secondary 746 

pyrochlore varieties. For example, in the Lueshe deposit, the laterite-hosted pyrochlore may be 747 

Ba-, Sr-, Ce- and K-rich, depending on location in the laterite profile (Fig. 5). The same is also 748 

true for the Mt Weld laterite, except that the K-rich variety is absent. At Seis Lagos, the main ore 749 

mineral is niobian rutile. It may also be significant that the Seis Lagos deposit has the highest grade 750 

(2.81 wt.% Nb2O5, corresponding to an enrichment factor of >3) of any of the deposits considered 751 

in this study. 752 

The enrichment of the laterite-hosted pyrochlore in elements like Ba, Sr, Ce and K partly reflects 753 

their relative abundance in the primary carbonatite. Mainly, however, it reflects the replacement 754 

of the A-site elements, Na and Ca, in the primary pyrochlore during weathering of the carbonatite 755 

by meteoric waters, acidified through their interaction with organic matter and neutralized by 756 

carbonate minerals (Fig. 15). This replacement is controlled by the pyrochlore structure, which 757 

can be envisaged as comprising B-site cations bonded to X-site anions (O2-) to form the B2O6
2- 758 

component (mainly Nb2O6
2-), and A-site cations bonded to Y-site anions to form the A2Y2+ 759 

component (commonly, [Ca2+Na+F-]2+). These two components are bonded electrostatically to 760 

neutralize charge (ionic bonding). Because of the high charge of the cations occupying the B-site, 761 

the B2O6
2- component is very strongly bonded (dominantly, covalent) and therefore, resists 762 

alteration, whereas the lower charge of the ions in the A2Y2+ component and the resulting weaker 763 

bonding make it much more susceptible to alteration. In the case of a pyrochlore containing the 764 

component [Ca2+Na+F-]2+, replacement of the cations by K+, Ba2+ or Ce4+ would proceed via the 765 

reactions:  766 
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[Ca2+Na+F-]2+ + 2K+ = [2K+Y ]2+ + Ca2+ + Na+ + F-       (3) 767 

[Ca2+Na+F-]2+ + Ba2+ = [Ba2+A Y ]2+ + Ca2+ + Na+ + F-      (4) 768 

[Ca2+Na+F-]2+ + Ce4+ = [Ce4+ A O2-]2+ + Ca2+ + Na+ + F-      (5) 769 

These replacement reactions are consistent with hard/soft acid/base theory (Pearson, 1963, 770 

Williams-Jones and Migdisov, 2014), in which a hard acid bonds preferentially with a hard base 771 

and a soft acid with a soft base (HSAB). According to this theory, the Nb2O6
2- component of the 772 

pyrochlore would be a soft base and would, therefore, prefer soft acids. The replacement of the 773 

component [Ca2+Na+F-]2+ by the components [2K+ , Y ]2+ or  [Ba2+, A, Y ]2+ conforms with HSAB 774 

theory in that K+ and Ba2+ have smaller charge to radius ratios and, therefore, are softer than Na+ 775 

and Ca2+, respectively. This, taken in conjunction with their vacancies, makes the [2K+, Y ]2+ or 776 

[Ba2+, A, Y]2+ components softer than the [Ca2+Na+F-]2+ component. More generally, an A2Y2+ 777 

component containing Ca2+ and/or Na+ will be harder than an A2Y2+ component containing Ba2+, 778 

Sr2+, K+ and Ce4+, thereby explaining the enrichment of elements like Ba, Sr, K and Ce and 779 

depletion of Na, Ca and F in the laterite-hosted pyrochlore.  780 

At the onset of laterite development, the acidified meteoric water is rapidly neutralized by the 781 

carbonatite and pyrochlore composition evolves mainly by replacement (Stage I, Fig. 15a). With 782 

thickening of the laterite, the proportion of carbonate minerals decreases sharply, the neutralization 783 

is, therefore, slower and leaching takes over from replacement as the dominant control on 784 

pyrochlore composition. In the extreme, with a very thick laterite developed in an equatorial 785 

setting, the ongoing weathering may lead to complete leaching of the A- and Y-sites in pyrochlore, 786 

leaving behind a Nb2O5 skeleton (Stage II, Fig. 15b) produced by the reaction: 787 

Nb2O6
2- +2H+ = Nb2O5 + H2O        (6) 788 

In summary, during early stages of laterite development, neutralization of the weathering fluid 789 

dominates and facilitates the replacement of Na and Ca in the primary pyrochlore by various 790 

combinations of Ba, Sr, Ce and K supplied by the dissolution of the carbonatite. If, however, the 791 

availability of acidic fluids is prolonged, the continued leaching of the pyrochlore will leave behind 792 

nothing more than a skeleton of Nb2O5 (Fig. 15).  793 
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We attribute the presence of niobian rutile in many laterite ores and its occurrence as the principal 794 

ore mineral at Seis Lagos to prolonged intense weathering, the breakdown of titanomagnetite to 795 

ferric oxide minerals and rutile, and the reaction of rutile with an aqueous niobium species. 796 

According to this hypothesis, the precursor to the aqueous niobium hydroxide species is the Nb2O5 797 

skeleton left behind after complete leaching of pyrochlore by the weathering fluids. We propose 798 

that the Nb2O5 skeleton was relatively unstable (a mineral with the composition of Nb2O5 has not 799 

been reported) and, therefore, was amenable to hydration and dissolution, forming Nb(OH)4
+ (the 800 

dominant niobium hydroxide species at ambient temperature; Peiffert et al., 2010), thereby 801 

facilitating reaction of the niobium with rutile to form niobian rutile. Thus, we envisage the 802 

formation of niobian rutile to occur in two steps. In the first step, the exsolved ilmenite (or 803 

ulvospinel) component of the titanomagnetite breaks down to ferric hydroxides and rutile via the 804 

reaction: 805 

FeTiO3 + 0.5H2O + 0.25O2 = FeO(OH) + TiO2       (7) 806 

and in the second step, the niobium hydroxide species reacts with the rutile and ferric hydroxide 807 

to form niobian rutile via the reaction: 808 

0.8TiO2 + 0.1FeO(OH) + 0.1Nb(OH)4
+ = Fe0.1Ti0.8Nb0.1O2 + 0.1H+ + 0.2H2O   (8) 809 

The composition of the niobian rutile was selected to be within the range of niobian rutile 810 

compositions reported by Giovannini et al. (2017) for the Seis Lagos laterite. Because of its very 811 

low solubility (~9 ppb at 25 oC and a pH 5.5; calculated from Peiffert et al., 2010), niobium is 812 

relatively immobile during weathering and, thus, Reaction 8 depends on the availability of rutile 813 

proximal to the decomposed pyrochlore (the ferric hydroxide is ubiquitous).  814 

To summarize, weathering of pyrochlore, the principal ore mineral in carbonatite-hosted niobium 815 

deposits, proceeds via replacement and leaching of components in the A-site to form laterite ores 816 

characterized by pyrochlore with high concentrations of elements like Ba (the case for Araxá and 817 

Catalão I). However, in the extreme case exemplified by Seis Lagos, the pyrochlore A-site and Y-818 

site are completely leached, leaving behind a Nb2O5 skeleton that reacts locally with the 819 

breakdown products of titanomagnetite to form the niobium ore mineral, niobian rutile.  820 

CONCLUSIONS 821 
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Niobium is an incompatible element that is present in very small amounts in the mantle. 822 

Consequently, the key to its concentration in the Earth’s crust and the formation of economic 823 

deposits is the very low degree of partial melting of an enriched carbonated mantle. Thus, 824 

carbonatites are the main hosts of niobium ore deposits. Some economic and potentially economic 825 

deposits, however, are hosted by alkaline silicate rocks, although the grade of the niobium is 826 

considerably lower than that of carbonatite-hosted deposits. Whereas fractional crystallization is 827 

the most important process in concentrating metals in silicate magmas, this is not true of 828 

carbonatitic magmas, in which niobium is extremely soluble. Instead, we conclude that niobium 829 

deposits hosted by carbonatite complexes owe their origin to a metasomatic interaction between 830 

the carbonatitic magma and its host rocks that alters the latter and consumes a sufficient proportion 831 

of the carbonate component to saturate the residual phoscoritic magma in pyrochlore. This explains 832 

the close spatial association of the niobium mineralization with rocks like phlogopitites and its 833 

concentration in phoscorites (nelsonites) or the apatite-magnetite-phlogopite-rich layers that 834 

characterize the mineralized carbonatites. Hydrothermal processes do not concentrate niobium, 835 

although they may change the niobium mineralogy, e.g., alter pyrochlore to columbite-(Fe). 836 

Weathering, however, may lead to supergene enrichment due to the considerable loss of mass that 837 

accompanies the dissolution of the host carbonatite. As a result, high grade laterite-hosted niobium 838 

deposits may be generated from lower grade and even uneconomic niobium mineralization. The 839 

overarching conclusion of the study is that niobium is the progeny of the mantle, it is concentrated 840 

to economic levels by fractional crystallization and high temperature metasomatic magma-rock 841 

interaction and, at ambient temperature, it may be further concentrated by laterite-forming 842 

supergene processes.  843 
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Figure captions 849 

Figure 1. Geological maps of (a) the Araxa carbonatite complex and (b) the Catalao I carbonatite 850 

complex modified from Traversa et al. (2001) and Oliveira et al. (2017), respectively. 851 
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Figure 2. Geological maps of (a) the St Honore carbonatite complex and (b) the Oka carbonatite 852 

complex modified from an unpublished map provided by NiobecNb and Gold (1972), respectively. 853 

Figure 3. Drill core photographs the St Honoré carbonatite showing (a) – fractured syenite that has 854 

been partly altered to phlogopite, (b) – brecciated syenite that has been altered to phlogopitite and 855 

(c) – carbonatite with alternating dolomite-rich and apatite-magnetite-phlogopite-pyrochlore-rich 856 

layers.    857 

Figure 4. Transmitted light photomicrographs and a backscattered electron (BSE) microscope 858 

image showing: (a) – pyrochlore crystals in an aggregate of apatite hosted by dolomite carbonatite; 859 

(b) – pyrochlore crystals in an aggregate of apatite hosted by calcite carbonatite; (c) – an early 860 

zoned U-Ta-Zr-Th enriched pyrochlore crystal overgrown by a rim of calciopyrochlore within an 861 

apatite aggregate in dolomite carbonatite; (d) – calciopyrochlore in coarse-grained phlogopitite; 862 

(e) and (f) – transmitted light and BSE images of a pyrochlore crystal largely replaced by 863 

columbite-(Fe) associated with apatite in a dolomite carbonatite. 864 

Figure 5. Histograms displaying the relative proportions of ceriopyrochlore, natropyrochlore, 865 

kaliopyrochlore, strontiopyrochlore, bariopyrochlore and calciopyrochlore as a function of depth 866 

and A-site occupancy in laterite from the Lueshe carbonatite modified after Wall et al. (1996). 867 

Figure 6. A vertical cross-section through the Seis Lagos laterite illustrating the different units and 868 

the variations in Nb2O5 and TiO2 contents with depth. Modified after Giovannini et al. (2017). 869 

Figure 7. A schematic cross-section through the Mt Weld laterite and overlying sediments showing 870 

the concentrations of Na2O, SrO, CaO and CeO2 (in wt.%) in pyrochlore at different depths 871 

indicated by the letters A to E. The mineralogy of the alumino-silicate (upper) and apatite (lower) 872 

is also reported. Based on Lottermoser and England (1988). 873 

Figure 8. (a) – A schematic cross-section through the Lovozero layered complex showing the 874 

distribution of the major units, sub-units and loparite horizons; (b) – A schematic cross-section 875 

through a cyclic unit of the Upper Differentiated Suite of the Lovozero complex illustrating 876 

variations in the distribution of the principal rock-forming minerals, nepheline, K-feldspar and 877 

aegirine-augite and rock types. Also shown is the location of a loparite horizon. Adapted from 878 

Kalashnikov et al. (2016) and Mikhailova et al. (2019). 879 
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Figure 9. (a) – a geological map showing the location of the Nechalacho Layered Suite in the 880 

Blatchford Lake complex; 1 – Grace Lake Granite, 2 – Rim Syenite, 3 – Thor Lake Syenite, 4 – 881 

Nechalacho Layered Suite, 5 – Caribou Lake Gabbro, 6 – Archean Granite, HM – Hearne Channel 882 

and Mad Lake Granite, WL – Whiteman Lake Quartz Syenite. (b) – a vertical cross-section through 883 

the Nechalacho Layered Suite showing the locations of the two ore zones (Upper Zone and Basal 884 

Zone) and the principal rock units; 1 – Roof Sodalite Syenite, 2 – Pegmatitic Leucosyenite, 3 – 885 

Subporphyritic Leucosyenite, 4 – Foyaite, 5 – Upper Zone, 6 –Basal Zone, 6 – Sodalite Foyaite, 7 886 

– Microlayered Aegirine-Nepheline Syenite. Modified from Möller and Williams-Jones (2016). 887 

Figure 10. (a) – pseudomorphs of eudialyte containing fergusonite-(Y) and zircon in the Basal 888 

Zone; (b) – a crystal of zircon partially replaced by fergusonite-(Y) in the Upper Zone. Fg – 889 

fergusonite-(Y), Zc – zircon. Modified from Möller and Williams-Jones (2017). 890 

Figure 11. (a) – a geological map of the Strange Lake pluton modified from Vasyukova and 891 

Williams-Jones (2018) and (b) – a cross-section through the B-Zone pegmatites (indicated by the 892 

line A-B in (a)) modified from Gysi et al. (2016).  893 

Figure 12. (a) - pseudomorphs of gittinsite (medium grey) and quartz (dark grey) after elpidite 894 

accompanied by crystals of pyrochlore (white) in a matrix of quartz. (b) - a pseudomorph of 895 

gittinsite and quartz with two associated crystals of pyrochlore and a pseudomorph (outlined by 896 

the green dashes) of titanite (medium grey) and quartz after narsarsukite containing several crystals 897 

of pyrochlore. 898 

Figure 13. A schematic phase diagram showing relationships among liquid, calcite, dolomite and 899 

periclase in the system CaO-MgO-CO2 as a function of temperature and the mole fraction of 900 

MgCO3. The blue arrow indicates the displacement of the liquid composition to the calcite 901 

liquidus. See the main text for further detail. L – liquid, Cc – calcite, Dol – dolomite, Per – periclase 902 

and S – solid. 903 

Figure 14. A cartoon illustrating the progressive interaction of a carbonatitic magma (dolomitic) 904 

with a syenite. (a) – the emplacement of the carbonatitic magma along fractures in K-feldspar-rich 905 

syenite; (b) – the alteration of K-feldspar by the carbonatitic magma to phlogopite (green),  calcio-906 

carbonatitic magma (medium blue) and CO2 (bubbles); (c) – crystallization of calcite (dark grey) 907 
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from the calcio-carbonatitic magma leaving a residual phoscoritic magma (dark blue) and (d) – 908 

incorporation of the residual phoscoritic magma as layers (dark blue) in a later batch of carbonatitic 909 

magma (light blue). See the main text for further detail. 910 

Figure 15. A two-stage cartoon showing the alteration of pyrochlore during weathering of 911 

carbonatite by mildly acidic meteoric water. (a) – Stage I, illustrating the dissolution of the 912 

carbonatite by early aliquots of the meteoric water, the release of Ba2+, K+, Sr2+ and Ce4+ to the 913 

neutralized water and the replacement of Na+ and Ca2+ in the pyrochlore by these cations; (b) – 914 

Stage II, illustrating that in the absence of carbonatite (dissolved), further aliquots of meteoric 915 

water remain acidic and leach the A-site cations to yield a skeleton of Nb2O5. See the main text 916 

for further detail. 917 
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Figure 1	 Geological maps of (a) the Araxa carbonatite complex and (b) the Catalao I carbonatite 
complex modified from Traversa et al. (2001) and Oliveira et al. (2017), respectively.
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Figure 2	 Geological maps of (a) the St Honore carbonatite complex and (b) the Oka carbonatite 
complex modified from an unpublished map provided by NiobecNb and Gold (1972), respectively.
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Figure 3	 Drill core photographs the St Honoré carbonatite showing (a) – fractured 
syenite that has been partly altered to phlogopite, (b) – brecciated syenite that has been altered to 
phlogopitite and (c) – carbonatite with alternating dolomite-rich and apatite-magnetite-phlogopite-
pyrochlore-rich layers.   
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Figure 4	 Transmitted light photomicrographs and a backscattered electron (BSE) microscope 
image showing: (a) – pyrochlore crystals in an aggregate of apatite hosted by dolomite carbonatite; (b) 
– pyrochlore crystals in an aggregate of apatite hosted by calcite carbonatite; (c) – an early zoned U-Ta-
Zr-Th enriched pyrochlore crystal overgrown by a rim of calciopyrochlore within an apatite aggregate in 
dolomite carbonatite; (d) – calciopyrochlore in coarse-grained phlogopitite; (e) and (f) – transmitted light 
and BSE images of a pyrochlore crystal largely replaced by columbite-(Fe) associated with apatite in a 
dolomite carbonatite.
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Figure 5	 Histograms displaying the relative proportions of ceriopyrochlore, natropyrochlore, 
kaliopyrochlore, strontiopyrochlore, bariopyrochlore and calciopyrochlore as a function of depth and A-site 
occupancy in laterite from the Lueshe carbonatite modified after Wall et al. (1996)
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Figure 6	 A vertical cross-section through the Seis Lagos laterite illustrating the different units and the 
variations in Nb2O5 and TiO2 contents with depth. Modified after Giovannini et al. (2017).
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Figure 7	 A schematic cross-section through the Mt Weld laterite and overlying sediments showing 
the concentrations of Na2O, SrO, CaO and CeO2 (in wt.%) in pyrochlore at different depths indicated by the 
letters A to E. The mineralogy of the alumino-silicate (upper) and apatite (lower) is also reported. Based on 
Lottermoser and England (1988).
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Figure 8	 (a) – A schematic cross-
section through the Lovozero layered complex 
showing the distribution of the major units, 
sub-units and loparite horizons; (b) – A 
schematic cross-section through a cyclic 
unit of the Upper Differentiated Suite of the 
Lovozero complex illustrating variations in 
the distribution of the principal rock-forming 
minerals, nepheline, K-feldspar and aegirine-
augite and rock types. Also shown is the 
location of a loparite horizon. Adapted from 
Kalashnikov et al. (2016) and Mikhailova et 
al. (2019).
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Figure 9	 (a) – a geological map showing the 
location of the Nechalacho Layered Suite in the Blatchford 
Lake complex; 1 – Grace Lake Granite, 2 – Rim Syenite, 
3 – Thor Lake Syenite, 4 – Nechalacho Layered Suite, 
5 – Caribou Lake Gabbro, 6 – Archean Granite, HM – 
Hearne Channel and Mad Lake Granite, WL – Whiteman 
Lake Quartz Syenite. (b) – a vertical cross-section through 
the Nechalacho Layered Suite showing the locations 
of the two ore zones (Upper Zone and Basal Zone) and 
the principal rock units; 1 – Roof Sodalite Syenite, 2 – 
Pegmatitic Leucosyenite, 3 – Subporphyritic Leucosyenite, 
4 – Foyaite, 5 – Upper Zone, 6 –Basal Zone, 6 – Sodalite 
Foyaite, 7 – Microlayered Aegirine-Nepheline Syenite.
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Figure 10	 (a) – pseudomorphs of eudialyte containing fergusonite-(Y) and zircon in the Basal Zone; 
(b) – a crystal of zircon partially replaced by fergusonite-(Y) in the Upper Zone. Fg – fergusonite-(Y), Zc – 
zircon. Modified from Möller and Williams-Jones (2017).
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Figure 11	 (a) – a geological map of the Strange Lake 
pluton modified from Vasyukova and Williams-Jones (2018) 
and (b) – a cross-section through the B-Zone pegmatites 
(indicated by the line A-B in (a)) modified from Gysi et al. 
(2016). 
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Figure 12	 (a) - pseudomorphs of gittinsite (medium grey) and quartz (dark grey) after elpidite accompanied 
by crystals of pyrochlore (white) in a matrix of quartz. (b) - a pseudomorph of gittinsite and quartz with two 
associated crystals of pyrochlore and a pseudomorph (outlined by the green dashes) of titanite (medium grey) 
and quartz after narsarsukite containing several crystals of pyrochlore.
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Figure 13	 A schematic phase diagram showing 
relationships among liquid, calcite, dolomite and 
periclase in the system CaO-MgO-CO2 as a function 
of temperature and the mole fraction of MgCO3. The 
blue arrow indicates the displacement of the liquid 
composition to the calcite liquidus. See the main text for 
further detail. L – liquid, Cc – calcite, Dol – dolomite, 
Per – periclase and S – solid.
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1 765432Figure 14	 A cartoon illustrating the progressive 
interaction of a carbonatitic magma (dolomitic) with a 
syenite. (a) – the emplacement of the carbonatitic magma 
along fractures in K-feldspar-rich syenite; (b) – the alteration 
of K-feldspar by the carbonatitic magma to phlogopite 
(green),  calcio-carbonatitic magma (medium blue) and 
CO2 (bubbles); (c) – crystallization of calcite (dark grey) 
from the calcio-carbonatitic magma leaving a residual 
phoscoritic magma (dark blue) and (d) – incorporation of 
the residual phoscoritic magma as layers (dark blue) in a 
later batch of carbonatitic magma (light blue). See the main 
text for further detail.
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Figure 15	 A two-stage cartoon showing 
the alteration of pyrochlore during weathering 
of carbonatite by mildly acidic meteoric water. 
(a) – Stage I, illustrating the dissolution of the 
carbonatite by early aliquots of the meteoric 
water, the release of Ba2+, K+, Sr2+ and Ce4+ to the 
neutralized water and the replacement of Na+ and 
Ca2+ in the pyrochlore by these cations; (b) – Stage 
II, illustrating that in the absence of carbonatite 
(dissolved), further aliquots of meteoric water 
remain acidic and leach the A-site cations to yield 
a skeleton of Nb2O5. See the main text for further 
detail.
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Table 1.  Commonly reported niobium minerals and their chemical formulae. 

Aeschynite-(Ce) (Ce,Ca,Fe,Th)(Ti,Nb)2(O,OH)6 
Baotite Ba4(Ti,Nb)8Si4O28Cl 
Charleshatchettite CaNb4O10(OH)2.8H2O 
Columbite-(Fe) Ee2+Nb2O6 
Euxenite-(Y) (Y,Ca,Ce,U,Th)(Nb,Ta,Ti)2O6 
Fergusonite-(Y) YNbO4 
Fersmite (Ca,Ce,Na)(Nb,Ta,Ti)2(O,OH,F)6 
Ixiolite (Ta,Nb,Sn,Fe,Mn)4O8 
Loparite-(Ce) (Na,Ce,Ca)(Ti,Nb)O3 
Lueshite NaNbO3 
Ilmenorutile** (Ti,Nb)O2 
Niobian Brookite (Ti,Nb)O2 
Niocalite Ca7Nb(Si2O7)2O3F 
Pyrochlore* (Ca,Na)2O6F 
Samarskite-(Yb) (Yb,Y,U,Th,Ca,Fe)(Nb,Ta)O4 
Tapiolite (Fe,Mn)(Ta,Nb)2O6 
Wodginite (Ta,Nb,Sn,Fe)16O32 

*Pyrochlore is a group of minerals with a complex chemistry described by the formula A2-mB2X6-

wY1-n, The A and B sites can accommodate a large number of elements and a vacancy, the X sites 

is typically occupied by O but can also contain OH- and F-, and the Y site can contain OH-, F-, Cl, 

H2O, a large cation and be vacant. The formula listed here is for fluorcalciopyrochlore, which in 

the rest of the paper, we refer to as calcio-pyrochlore (see main text for further information).  

** Ilmenorutile is referred to in the manuscript as niobian rutile. 
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Table 2. The evolution of the niobium concentration of carbonatitic and alkaline silicate magmas 
after partial melting of primitive and enriched mantles, initially containing 0. 6 and ~ 2 ppm Nb, 
respectively. 

 

Process Carbonatitic magma Silica-undersaturated 
alkaline silicate magma 

Silica-saturated alkaline 
silicate magma 

 Percent 
process 

Niobium 
(ppm) 

Percent 
process 

Niobium 
(ppm) 

Percent 
process 

Niobium 
(ppm) 

Partial melting (primitive 
mantle) 0.5 120 2 30 2 30 

Partial melting (enriched 
mantle) 0.5 300 2 100 2 100 

Fractional crystallization 
(parental magma) 

  72 350 67 300 

Fractional crystallization 
(to ore grade) 

  84 2,200 86 2,100 
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