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Abstract
The systematic mineralogy of niobium (Nb) is complex, with more than one hundred species domi-

nated by multicomponent oxides of similar chemistry. The determination of Nb speciation in solids (i.e., 
the distribution between the phases and the crystal-chemical environment of Nb) is thus a challenge 
in geological contexts. Here, we present the first Nb L2,3-edges X-ray absorption near-edge structure 
(XANES) measurements on various Nb minerals and synthetic oxides with geological relevance. The 
interpretation of Nb L2,3-edges XANES spectra in the light of crystal-field theory shows the sensitivity 
of spectra to local site symmetry and electronic environment around Nb atoms. Crystal-field multiplet 
simulations give estimates of the 10Dq crystal-field parameter values for Nb5+, which range from 2.8 
to 3.9 eV depending on Nb coordination and Nb‒O distances. Rather than a 10Dq vs. R–5 relationship 
(where R represents the average Nb‒O bond distance) expected in a point-charge model, we find a R–3 
dependence with the crystal-field splitting for reference materials with octahedrally coordinated Nb. 
Complementary ligand-field multiplet simulations provide evidence of charge transfer between Nb and 
O. The contribution of the ionic and covalent characters to the Nb‒O bonds is equivalent, unlike more 
ionic 3d metal‒O bonds. This systematic characterization of the L2,3-edges XANES spectral proper-
ties of Nb provides information on the mechanisms by which Nb5+ substitutes for Fe3+, Ti4+, or Ce4+ 
in oxides common in geological contexts. Whereas the substitution of Nb5+ for Ce4+ does not modify 
the local structure of the cation site in cerianite, the substitution of Nb5+ for Ti4+ in rutile and anatase 
results in an increase of the cation-ligand distance and a decrease in the symmetry of the cation site. 
Conversely, the substitution of Nb5+ for Fe3+ in hematite and goethite results in a smaller cation site 
distortion. Our study demonstrates the usefulness of L2,3-edges XANES spectroscopy to determine Nb 
speciation in minerals to understand the processes of enrichment of this critical metal.
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Introduction
Niobium (Nb) is a quintessential critical element (Euro-

pean Commission 2020) used to manufacture superalloys, 
superconducting magnets, and catalysts (Schulz et al. 2017). 
Niobium-based materials are also valued for the implementation 
of low-carbon technologies thanks to the unusual properties that 
arise from defects in their crystal structures (Ismael 2020; Ma 
et al. 2020). An increasing range of applications is expected to 
drive the future demand for Nb. This economic importance is 
exacerbated by the scarcity of Nb deposits. The incorporation 
of Nb into most common rock-forming minerals is limited by its 
low concentration on Earth (ca. 12 ppm in the upper continental 
crust; Rudnick and Gao 2003) and its geochemical properties. 
Only Nb5+ occurs under oxygen fugacities relevant to litho-

spheric and surficial environments (Cartier et al. 2015), with the 
electronic configuration [Kr] 4d 0. This high valence and small 
ionic radius (0.64 Å in octahedral coordination; Shannon 1976) 
makes Nb a high field strength elements (HFSE) along with Zr, 
Sn, Hf, Ta, Th, and U.

Niobium concentrates in silicic melts during partial melting 
and fractional crystallization until the precipitation of Nb min-
erals of the pyrochlore and columbite supergroups, which are 
among the last phases to form in most crystallization sequences 
(Linnen and Cuney 2005). When such rocks are exposed to 
weathering, the resistance of primary Nb minerals to alteration 
limits Nb leaching, making it one of the most immobile elements 
(Hill et al. 2000). Thus, it is used as a reference element for 
mass-balance calculations during weathering processes (Kurtz 
et al. 2000) or in environmental studies (Nabi et al. 2021). The 
formation of the largest Nb deposits is a consequence of this 
geochemical behavior, which leads to a significant residual 
enrichment during lateritic weathering of primary deposits, 

American Mineralogist, Volume 108, pages 595–605, 2023

0003-004X/23/0003–595$05.00/DOI: https://doi.org/10.2138/am-2022-8293       595 

* E-mail: quentin.bollaert@sorbonne-universite.fr
† Orcid 0000-0001-5244-5851
‡ Orcid 0000-0003-0525-5734

mailto:quentin.bollaert@sorbonne-universite.fr
https://orcid.org/0000-0001-5244-5851
https://orcid.org/0000-0003-0525-5734



