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Abstract. The mineralogy of niobium (Nb) is characterized by multicomponent oxides such as AB,Og,
A3B707, ABOy4, and ABOj3 in which Nb is incorporated in the B site. Such complex crystal-chemistry pre-
vents their unambiguous identification in ore deposits such as hydrothermal rocks and laterites which exhibit
complex and fine-grained textures. The understanding of the processes controlling Nb ore deposit formation in
various geological settings is therefore limited, although Nb is a critical element. In this study, we use X-ray
absorption spectroscopy (XAS) at the Nb K-edge to investigate the local atomic-scale structure around Nb in
a large set of natural and synthetic minerals of geological and technological importance. Our X-ray absorption
near-edge structure (XANES) data at the Nb K-edge show three major features of variable position and intensity
and then can be related to the local distortion and coordination number of the Nb site. Shell-by-shell fits of the
extended X-ray absorption fine structure (EXAFS) data reveal that the NbOg octahedra are distorted in a variety
of pyrochlore species. At least two distinct first shells of O atoms are present while reported crystallographic
data yield regular octahedra in the same minerals. Next-nearest Nb—Nb distances in pyrochlore and Nb-bearing
perovskite mirror a corner-sharing NbOg network, whereas the two Nb—Nb distances in columbite are typical
of edge- and corner-sharing NbOg octahedra. Such a resolution on the Nb site geometry and the intersite rela-
tionships between the next-nearest NbOg octahedra is made possible by collecting EXAFS data under optimal
conditions at 20 K and up to 16 A~!. The local structure around substituted Nb>* in Fe3*, Ti*t, and Ce** oxides
suffers major changes relative to the unsubstituted structures. The substitution of Nb>* for Ti** in anatase leads
to the increase in the interatomic distances between Nb and its first and second Ti** neighbors. The substitution
of Nb>* for Ce** in cerianite reduces the coordination number of the cation from eight to four, and the Nb—-O
bonds are shortened compared to Ce—O ones. In hematite, Nb>*+ occupies a regular site, whereas the Fe3* site
is strongly distorted suggesting major site relaxation due to charge mismatch. The sensitivity of XANES and
EXAFS spectroscopies at the Nb K-edge to the local site geometry and next-nearest neighbors demonstrated in
this study would help decipher Nb speciation and investigate mineralogical reactions of Nb minerals in deposit-
related contexts such as hydrothermal and lateritic deposits.
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1 Introduction

Niobium (Nb) is an uncommon 4d transition element mod-
erately enriched in the upper continental crust relative to
the solar system abundances (ca. 12 ppm vs. 1.44 ppm in CI
chondrites; Rudnick and Gao, 2014). Niobium enrichment
is associated with the formation of carbonatitic or alkaline—
peralkaline granitic melt with bulk contents typically reach-
ing 300-400 ppm and leading to the crystallization of Nb
minerals (Chakhmouradian, 2006). Such unusual melts result
from the combination of multiple fluid-related events includ-
ing partial melting, fractional crystallization, liquid immis-
cibility, or hydrothermal remobilization (Yong et al., 2022).
Deciphering the existence and relative contribution of each
of these processes to Nb enrichment remains challenging
(Williams-Jones and Vasyukova, 2022).

Minerals from the pyrochlore supergroup (A;B2XsY)
are the most abundant ore minerals used for Nb pro-
duction. This critical metal is essential to the manufac-
ture of high-strength low-alloy steel (HSLA) and vacuum-
graded superalloy (Silveira and Resende, 2020). Weathering-
resistant pyrochlore concentrated in Brazilian laterites rep-
resents 91 % of the global Nb production with only two
active mines. As the demand is expected to increase by
6%yr_l until 2030 (Alves and Coutinho, 2015), diver-
sification of Nb sources is needed to ensure its sup-
ply (Omar and Veiga, 2021). Current exploration projects
focus on pyrochlore ores from carbonatite (Elk Creek,
Mrima Hill, Panda Hill) and alkaline granitic (Kanyika)
complexes. Other minerals such as metasomatic fersmite
[(Ca,Ce,Na)(Nb,Ta,Ti)>(0,0H,F)s] may be economically vi-
able in the Aley carbonatite (Chakhmouradian et al., 2015).
Small strategic deposits, such as the columbite placers in
French Guiana, could also secure a country’s national sup-
ply (Gourcerol et al., 2020). Additional Nb sourcing could
arise from by-products of active mines including columbite-
group minerals [(Fe,Mn)Nb,Og] (Bastos Neto et al., 2009),
aeschynite-group minerals [(Ce,Ca,Th)(Nb,Ti)206] (Smith
et al,, 2015), and loparite—lueshite solid solution series
[(Na,REE)(Ti,Nb)>,0s—NaNbO3] (Kogarko et al., 2002). All
these phases exhibit complex crystal chemistries with cation
vacancies, anion substitutions (hydroxyl groups, chlorine,
fluorine), and water incorporation leading to a wide range
of compositions (Mitchell, 2015). These minerals may be
differentiated based on chemical characterization techniques
only in pegmatites (Ercit, 2005), but identification remains
equivocal in hydrothermal and supergene deposits because
the typical grain size of Nb minerals is often smaller than
the probe of microscopic conventional techniques (Bollaert
et al., 2023a, b). The use of diffraction techniques is also
complicated by frequent metamictization (Ewing, 1975). Yet,
unequivocal determination of Nb mineral species is required
to track the geological and geochemical genesis of Nb de-
posits (Liu et al., 2020) and estimate the economic viability
of potential Nb deposits (Mitchell, 2015).
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Due to their interesting physico-chemical properties, Nb-
bearing phases are also of interest to the industry, in particu-
lar to implement low-carbon technologies. Ideal pyrochlore-
type materials are considered as a superstructure of flu-
orite with eight atoms in the unit cell with a structure
similar to natural pyrochlore (Subramanian et al., 1983).
The high ionic and electric conductivity of pyrochlore re-
sult from their high flexibility and anion mobility, which
are useful for solid oxide fuel cells, hydrogen production,
and catalytic application (Anantharaman and Dasari, 2021).
Perovskite-related phases, including Nb-bearing perovskite
[(Na,REE,Ca,Sr,Th)(Ti,Nb)O3], which consist of a cubic
close-packed structure with corner-shared oxygen octahe-
dra linked in three dimensions, have major applications in
electroceramics (Bhalla et al., 2000). High oxide conduc-
tion in these structures is achieved by the formation of oxy-
gen vacancies created through the partial substitution of low-
valent cation for the sixfold-coordinated B site cation (Nb,
Ti) (Gouget et al., 2019). Sodium niobate (NaNbQO3) remains
one of the most enigmatic perovskite-like structure with sev-
eral temperature-dependent polymorphs, and the structure of
its natural analogue (lueshite) remains debated (Mitchell et
al., 2018). Materials such as CeO;, TiO,, and Fe,O3 have a
wide range of applications including electrode for solid oxide
fuel cells (Heinzmann et al., 2016; Ma et al., 2020), photocat-
alysts (Chong et al., 2010), and water splitting for hydrogen
production (Ashraf et al., 2020), respectively. The doping of
such materials with cations such as Nb>* can enhance their
physico-chemical properties with respect to their undoped
counterparts (Batoo et al., 2021; Siriya et al., 2022). Since the
improved properties of these oxides arise from charge unbal-
ancing, interstitial oxygen, or vacancies induced by the incor-
poration of Nb>* in the crystal lattice, the determination of
the local environment of Nb in these materials would help ra-
tionalize the origin of their enhanced physico-chemical prop-
erties.

So far, Nb K-edge X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EX-
AFS) spectroscopies have been used to determine the local
structure of Nb in synthetic oxides (Yoshida et al., 1992;
Froideval et al., 2008; Haverkamp et al., 2022) and to deter-
mine the redox state of Nb in reducing conditions (Cartier et
al., 2015). Only a few studies used this technique to decipher
the local structure around the Nb>T ion in crystalline (Piilo-
nen et al., 2006) and metamict minerals (Nakai et al., 1987,
Greegor et al., 1988). Here, we report a systematic analy-
sis of the Nb K-edge XANES and EXAFS spectra in order to
decipher the local atomic environment around Nb in ore min-
erals and in Nb-doped compounds where Nb local structure
is unknown.
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2 Materials

A set of 18 Nb compounds (Table 1), representative of Nb
mineralization types, mineral groups, and industrial materi-
als, was selected in order to study the local structural envi-
ronment of this element at the atomic-scale using X-ray ab-
sorption spectroscopy at the Nb K-edge.

2.1 Natural niobium reference minerals

The selected natural compounds are oxides and silicates
in which Nb>* occurs in sixfold coordination except for
fergusonite-(Y) and Nb-doped cerianite, in which Nb>* is
expected to occur in fourfold and eightfold coordination, re-
spectively. The names given to pyrochlore samples follow
IMA nomenclature scheme based on the dominant valence
rule (Atencio, 2021). The prefixes “U-rich” and “Ba-rich”
were added to characterize oxynatropyrochlore and kenopy-
rochlore samples, respectively, for petrogenetic purposes
(Bhattacharjee et al., 2022). The possibilities of names for
zero-valent-dominant pyrochlore (dominated by vacancies or
H,0 at both A and Y sites) such as that from Lueshe (Congo)
are multiple in IMA’s classification. In this study, Lueshe’s
pyrochlore is named ‘“hydropyrochlore”. Nonetheless, due
to the uncertainties concerning the dominance of H,O/OH
over vacancies, it could also be hydrokenopyrochlore or hy-
droxykenopyrochlore. Structural details from available crys-
tal structure data are given in Table 1.

2.2 Synthetic niobium-doped reference minerals

Since anatase, rutile, hematite, goethite, and cerianite can
concentrate Nb, but macroscopic individual Nb-bearing crys-
tals are rarely found in natural contexts, these minerals
were synthesized with Nb concentrations representative of
natural enrichment, i.e., within the 1wt% to 10wt % Nb
range. In these minerals, Nb* is expected to substitute for
cations such as Ti** (rutile and anatase), Fe3* (hematite and
goethite), and Ce*t (cerianite). These cations are sixfold co-
ordinated except for Ce**, which is eightfold-coordinated in
cerianite. The procedures of these syntheses are described
in detail in Bollaert et al. (2023c¢). X-ray diffraction patterns
of the synthetic samples do not show the presence of min-
eral impurities (Fig. S1 in the Supplement), suggesting that
Nb was incorporated in the structure of the targeted mineral
phases. The local structure around Nb was further studied by
EXAFS spectroscopy as detailed hereafter.
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3 Data collection and analysis
3.1 X-ray absorption spectroscopy (XAS)
3.1.1 Data collection

Nb K-edge XAS scans were collected over the 18700 to
20000 eV energy range on the SAMBA beamline at SOLEIL
(Orsay, France) (Fonda et al., 2012) and BM23 beamline
(Mathon et al., 2015) at European Synchrotron Radiation Fa-
cility (ESRF; Grenoble, France). The XANES region corre-
sponds to about the first 50 eV above the energy of the edge
(ca. 18990-19040eV). A Nb foil was used to calibrate the
data in energy.

Seventeen of the 18 selected samples were analyzed on the
SAMBA beamline. It is equipped with a Si(220) monochro-
mator providing a 2 x 0.5 mm (H x V) monochromatic beam
with an energy resolution of ca. 2.5eV at 19000 ¢V, i.e., bet-
ter than the large core-hole lifetime of 4.14eV (Krause and
Oliver, 1979). The samples were analyzed at 20 K in a liquid
He cryostat to limit thermal dampening of EXAFS oscilla-
tions. Each scan was obtained in 170 s and featured 1625 data
points with a ca. 0.8 eV step. The spectrum of fergusonite-
(Y) was collected in transmission mode on the BM23 beam-
line at room temperature. Scans of 430 data points with a ca.
4.8 eV step were acquired.

Multiple scans were collected for each sample until no
significant improvement in the signal-to-noise ratio was ob-
served. Two to six scans were collected in transmission mode
for the natural Nb-rich samples (> 5 wt %). Spectra were col-
lected on cellulose-diluted pellets in order to optimize the ab-
sorption length to ca. 2 and the edge jump to ca 1.5. Up to 30
scans were collected in fluorescence mode for the Nb-doped
synthetic reference compounds containing 1 wt % Nb.

3.1.2 Data analysis

Data were merged, normalized, and background subtracted
using the Larch package (Newville and Ravel, 2020). The
E( value was fixed to 18993 eV, which corresponds to the
maximum of the first derivative of u (E) of the Nb K-edge
XANES spectra. EXAFS data were background subtracted
using a cubic spline function with rbkg parameter set to
the default value of 1. The normalized EXAFS oscillations
were k3-weighted and fast-Fourier-transformed (FFT) from
k space to R space to obtain a radial distribution function
(RDF) around central Nb atoms. Before FFT calculation, a
Kaiser—Bessel window with a Bessel weight (dk) of 2 was
applied over the 2.5-16 A~! k range for most natural Nb-rich
compounds. FFT was calculated over the 2.5-12 A~! range
for the Th-bearing natural compounds because of the Th L3-
edge at ca. 19690 eV. A range of 2.5-13 A1 was applied on
the Nb-doped hematite due to low Nb content (ca. 1 wt %).
In order to examine the local environment around the cen-
tral absorber (Nb) and the interatomic distances to its next-
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Table 1. Structural and chemical information on the studied Nb compounds. The M—-O distances A) correspond to Nb—O bonds except for
aeschynite (Ti—O distances) and for Nb-doped Ti, Fe and Ce oxides (Ti—O, Fe—O and Ce-O distances). The distortion index (DI) is calcu-
lated as defined by Baur (1974). Lueshite, Nb perovskite, wohlerite, columbite-(Mn), niocalite samples were provided by Ecole Nationale
Supérieure des Mines de Paris (ENSMP). Fergusonite-(Y), fluorcalciopyrochlore, hydropyrochlore, Ba-rich kenopyrochlore, and aeschynite-
(Y) were provided by the mineral collection of Sorbonne Université (SU). Uranium-rich oxynatropyrochlore sample is a fragment of sample
number 214 (HU 1024503) studied in Lumpkin and Ewing (1995).

Minerals Location of the Ideal formula

Expected structure from

Reported M-O

Reported Reference

studied sample previous studies range (A) DI (%)
[4INb-bearing references
Fergusonite- Malaysia YNbOy4 Isolated NbOy tetrahedra 1.802-1.813 0.3 Guastoni et al.
(Y) sharing edges with YOg (2010)
polyhedra
(6] Nb-bearing references
U-rich oxynat- ~ Woodcox mine, (Na, Ca, Completely metamict - - Lumpkin and
ropyrochlore USA U)>,Nby OO Ewing (1995)
Fluorcalcio- Tatarka, Russia  (Ca,Na);NbyOgF Corner-sharing NbOg 1.90, 1.92, 0.0 Perrault (1968)
pyrochlore octahedra sharing edges 1.93,1.94
with A-site cation depending on
the crystal
Hydropyrochlore Lueshe, Congo  (HpO,lJ)Nby Corner-sharing NbOg 1.986 0.0 Ercit et al.
(0,0H)g(H70) octahedra sharing edges (1994)
with A-site cation
Ba-rich Bingo, Congo (0,Ba)Nb,y,Og Corner-sharing NbOg 1.970 0.0 Groult et al.
kenopyrochlore octahedra sharing edges (1975)
with A-site cation
Lueshite Lueshe, Congo  NaNbO3 Perovskite structure with 1.970-1.981 0.2 Mitchell et al.
interconnected NbOg octa- (2018)
hedra with interstitial
Na
Niobium Oka, Canada CaTijp,FexNbyO3 Perovskite structure with 1.972-2.005 0.6 Chakhmouradian
perovskite interconnected NbOg octa- and Mitchell
hedra with interstitial (1998)
Ca
Aeschynite-(Y)  Iveland, (Y,Ln,Ca,Th) Corner- and edge- 1.876-2.146 3.7 Bonazzi and
Norway (Ti,Nb)>(0O,0H)¢ sharing NbOg Menchetti
(1999)
Wohlerite Telemark, NayCayZrNb Isolated NbOg octahedra 1.911-2.274 5.2 Mellini and
Norway (Sip07),03F sharing corners and Merlino (1979)
edges with SiOy4, ZrOg,
NaO7, CaOg
Columbite- Musha, (Mn,Fe)(Nb,Ta)o0¢ Chains of edge-sharing 1.800-2.281 6.0 Wenger et al.
(Mn) Rwanda NbOg octahedra (1991)
Niocalite Oka, Canada Ca7Nb(Sig014)0O3F Isolated NbOg octahedra 1.885-2.259 6.1 Mellini (1982)

sharing edges and corners
with CaOg octahedra
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Table 1. Continued.

59

Minerals Location of the Ideal formula Expected structure from Reported M-O  Reported Reference
studied sample previous studies range (A) DI (%)
[6INb synthetic samples
Rutile TiO, Edge- and corner-sharing 1.947-1.982 0.6 Meagher and
(5wt % Nb) TiOg octahedra (two edges Lager (1979)
are shared with each
other)
Anatase TiOy Edge-sharing TiOg octahe-  1.934-1.980 1.0 Horn et al.
(1 wt% Nb, dra (four edges are shared (1972)
5wt % Nb, with each other)
10 wt % Nb)
Goethite a-FeOOH Chains of edge-sharing 1.933-2.106 3.8 Yang et al.
(1 wt % Nb) FeOg octahedra joined (2006)
by corner-sharing FeOg
Hematite a-FeyO3 Face- and edge-sharing 1.946-2.116 4.2 Blake (1965)
(1 wt % Nb) FeOg octahedra
[BINb synthetic samples
Cerianite CeO» Edge-sharing CeOg 2.343 0.0 Zaitsev et al.
(1 wt % Nb) polyhedra (2011)

nearest neighbor atoms, shell-by-shell fitting of the Nb K-
edge EXAFS data was performed in k space using backscat-
tering phase and amplitude functions generated by the FEFF
8 code. Fit quality was estimated by a reduced XI% of the fol-
lowing form:

Nidp i

E 1 fexp () = xeae OF, (1)
N points (Nidp — Np) €2 €xXp calc

2
XR =

where Nigp = (2AkAR)/m) is the number of independent
parameters, N}, is the number of free fit parameters, Npoints
is the number of data points, and ¢ is the estimated quadratic
average of the data noise (Newville and Ravel, 2020). For
the Nb minerals, phase shift and amplitude functions were
extracted using the FEFF 8 code based on reported crystallo-
graphic data (Table 1). For Nb-doped compounds, the phase
shift and amplitude functions of the examined paths were ob-
tained by substituting the central atoms (Fe, Ti, Ce) for Nb.
Depending on the shape of the FFT, the first two, three, or
four single-scattering paths were taken into account in the
fitting procedure. Fit parameters include the interatomic dis-
tances (R, in A), a Debye—Waller factor (o2, in A2), which is
a measure of the effects of structural and vibrational disorder
on the EXAFS signal, the difference between the theoreti-
cal threshold energy and experimentally determined thresh-
old energy (AEy, in eV). Coordination number around the
absorber was fixed to the expected value for most minerals
of known structure (except for fluorcalciopyrochlore sam-
ple), but this parameter was fitted for Nb-doped oxides (Nb-
substituted hematite, cerianite, anatase, and rutile) of un-
known local environment. The amplitude reduction factor Sg
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was fixed to 1. Estimates of the uncertainties on the fitted pa-
rameters are made according to the standard statistical treat-
ment of experimental data (Bevington and Robinson, 1992;
Newville and Ravel, 2020). Such derived uncertainties reflect
the uncertainties and correlations between variables.

3.2 Electron probe microanalyses (EPMA)

Electron probe microanalysis (EPMA) was performed on a
CAMECA SXFive EPMA equipped with five wavelength-
dispersive spectrometers (WDSs) at the Centre d’Analyse
des Minéraux de Paris (CAMPARIS). An accelerating po-
tential of 15kV and a sample current of 40 nA for major el-
ements and 299 nA for minor ones were used to analyze the
chemical composition of the natural samples. Niobium con-
tent was determined using the L lines. Wavelength-dispersive
spectroscopy analyses were performed using the following
standards: albite for Na; diopside for Mg, Si, and Ca; ortho-
clase for Al and K; MnTiO3 for Mn and Ti; hematite for Fe;
BaSO; for Ba; topaz for F; LiNbO3 for Nb; metallic Ta for
Ta; SrSi for Sr; zircon for Zr; galena for Pb; monazite for Th;
uraninite for U; and allanite-(Y) for Y, La, Ce, and Nd. The
crystal-chemical composition and the crystallographic data
of the geological references can be found in Tables S1-S3
(Supplement).
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3.3 Single-crystal X-ray diffraction (XRD)

A single crystal of hydropyrochlore was mounted on a Kap-
ton loop, and the diffraction data were recorded at the X-ray
diffraction platform of the IMPMC with an Oxford Diffrac-
tion (Rigaku) Xcalibur S four-circle diffractometer using
MoKjpha Wavelength. The diffractometer is equipped with a
graphite monochromator and a Sapphire CCD detector. The
data were processed with the CrysAlisPro software (CrysAl-
isPro 1.171.38.41, Rigaku Oxford Diffraction, 2015).

The structure was solved with Shelxt (Sheldrick, 2015).
The stoichiometry was attributed according to elemental
analysis using EPMA analysis. Further attempts to freely
refine the occupancies of some sites were unsuccessful or
led to correlations and bad results. The structure was re-
fined by a full-matrix least-square method on structure fac-
tors with Shelx1-2014 (Sheldrick, 2015) using the Olex?2 in-
terface (Dolomanov et al., 2009). Further details regarding
the data collection and structure refinements are given in Ta-
bles S4-S8.

4 Results and discussion

4.1 Relationship between niobium site geometry and
K-edge XANES spectroscopic properties

Three distinct features are observed in the Nb K-edge
XANES spectra of the studied compounds (Fig. 1): a pre-
edge feature (A) at ca. 18983 eV, a B feature at ca. 18999 eV,
and a C feature at ca. 19 012 eV. The pre-edge feature was fit-
ted (Fig. 2) using a pseudo-Voigt, combined with a Gaussian
function to account for the baseline (Wilke et al., 2005). Best
results were obtained using pseudo-Voigts with a Lorentzian
to Gaussian component of 0.99 (Fig. 2). By analogy with
3d elements, the pre-edge feature of 4d elements results
from weakly quadrupole-allowed 1s — 4d transition (Farges,
1996; Laplaza et al., 1996). Upon breaking centrosymmetry,
5p—4d hybridization has a dramatic influence on the inten-
sity of the pre-edge feature by allowing dipolar 1s — Sp—4d
transitions (Getty et al., 2008).

The intensity and energy of the pre-edge vary from 0.16—
0.31 over the 18982-18985.5eV energy range (Table 2).
Pre-edge features in pyrochlore spectra are of lower intensity
(0.20-0.23) and located at higher energy (18 983—-18 984 eV)
than most other Nb minerals spectra, indicating a lower de-
gree of distortion of the Nb site (Yamamoto, 2008). How-
ever, the pre-edge feature of U-rich oxynatropyrochlore spec-
trum is more intense (0.26) and located at higher energy
(19985 ¢eV) than the other pre-edges of pyrochlore spectra
(Table 2). This increase in the pre-edge feature has been
related to the loss of site symmetry due to radiation dam-
age (Greegor et al., 1988). Spectra of Nb minerals with the
most intense pre-edge features (0.24-0.26) such as wohlerite,
columbite (Fig. 2b), and niocalite are those of the compounds
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with the highest degree of Nb site distortion. Despite the
weak distortion of Nb sites in Nb perovskite (Fig. 2a), the fit
of the pre-edge of Nb perovskite spectrum reveals the con-
tribution of a small shoulder that may be assigned to charge
transfer between the 4d orbitals of Nb>* and the 2p orbitals
of 0%~ (Bollaert et al., 2023c), which may enhance the tran-
sition momentum of the electric dipole transition (Westre et
al., 1997). The pre-edge feature in the Nb-doped cerianite
spectrum stands out by its sharp and intense pre-edge (0.31)
at low energy (18982.6eV) (Table 2). Such an intense pre-
edge feature may reflect the breaking of centrosymmetry of
the eight-fold site upon Nb>* for Ce** substitution. We note
that the pre-edge feature in Nb-doped anatase spectrum (Ta-
ble 2) with 10 wt % Nb is more intense (0.250) than those
with 1% and 5 % Nb (0.220). This difference indicates an
increasing distortion of the local structure with increasing
amounts of Nb in the anatase structure, which is corroborated
by the increase of the unit-cell parameters (Fig. S1).

The position and intensity of the B feature, which is
assigned to a Is— 4p transition, are subject to variations
in the 18997-19004eV range (Fig. la). The B feature
in the columbite and lueshite spectra is split into two
poorly resolved features including a low-intensity shoulder
at 19004 eV, which has been used to show the high degree
of distortion of NbOg octahedra in columbite (Piilonen et al.,
2006). The high-energy position of the B feature in lueshite
spectrum (19003 eV) can be related to multiple scattering
paths involving second-nearest neighbors as inferred from Zr
K-edge spectra (Farges and Rossano, 2000). In the spectrum
of Nb-doped cerianite, the B feature is split into two well-
marked B and B, features (at 18 998 and 19 006 eV, respec-
tively).

The energy position of the C feature varies from 19010 to
19022 eV among the spectra of natural Nb minerals (Fig. 1)
reflecting the wide range of variation in Nb—O distances. The
XANES spectra of columbite, wohlerite, and niocalite with
a low-energy C feature (ca. 19010eV) are also those with
the longest Nb—O distances, whereas minerals with the short-
est Nb—O distances like pyrochlores exhibit a shift of the C
spectral feature towards higher energies (Table 1). This cor-
relation between the position of the C feature and the bond
distance between the absorber and the first scatterer has been
evidenced not only in different transition elements such as
Cr, Mn, V, and Ti (Bianconi et al., 1985) but also for the same
absorbing atom in different minerals (Farges and Rossano,
2000). All the visible features (Fig. 1a) above the B feature
may arise from a transition to higher-energy np states, shape
resonance, and multiple scattering (Wong et al., 1984; Borg
etal., 2012).

The XANES spectrum of Nb perovskite also displays
the most intense C feature (Fig. 1), which is consistent
with a limited distortion of the NbOg octahedra (Farges and
Rossano, 2000). Apart from the C feature, the well-defined
features of low intensity especially visible in the spectrum
of Nb perovskite (but also in the lueshite spectrum) occur-
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Figure 1. Niobium K-edge XANES spectra of the range of com-
pounds studied. (a) XANES region and (b) close-up on the pre-
edge feature. Niobium is present as Nb>7 jon in sixfold coordina-
tion in all phases analyzed except for Nb-doped cerianite (18) and
fergusonite-(Y) (1) in which Nt s expected to be eightfold- and
fourfold-coordinated, respectively. The vertical lines are aligned on
the features of fergusonite-(Y) for comparative purposes.

ring a few tens of electronvolts after the edge jump (Fig. 1)
correspond to multiple scattering, which may involve strong
ordering of the next-nearest-neighbor atoms (Mountjoy et al.,
2000).

The spectra of fergusonite-(Y) and aeschynite-(Y) exhibit
broad and weak C features, similar to the spectrum of U-
rich oxynatropyrochlore, which may indicate a broad dis-
tribution of Nb—O bond lengths and the loss of long-range
periodicity. This similarity as well as their intense pre-edge
features (0.229 and 0.250) may reflect the metamictization
of aeschynite-(Y) and fergusonite-(Y) structures, common in
these radionuclide-rich phases (Ewing, 1975).

4.2 Revisiting the local structure of niobium in
pyrochlore through EXAFS spectroscopy

The differences evidenced in the XANES spectra of py-
rochlores reflect distinct Nb local environments that can be
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Figure 2. Pre-edge analysis of the Nb K-edge of (a) Nb perovskite
and (b) columbite-(Mn) evidencing the sensitivity of the pre-edge
to the Nb site geometry. The black and red spectra correspond to ex-
perimental (Exp.) and fitted data (Fit.), respectively. The blue line
represents the pre-edge feature fitted with one pseudo-Voigt (the fit-
ted relative weight of Lorentzian to Gaussian component is 0.99 in
all samples). The green line corresponds to a fitted Gaussian back-
ground (Wilke et al., 2005).

confirmed by shell-by-shell fitting analysis of the EXAFS
data. The FFT spectra of pyrochlore (Fig. 3) exhibit two con-
tributions in the 1-2 A range (uncorrected for phase shift).
The fit of the fluorcalciopyrochlore spectra using the crystal
structure of Perrault (1968) (Fig. S2), in which Nb>* occu-
pies regular octahedra, does not reproduce the second FFT
peak at ca. 1.7-2.0 A (uncorrected phase shift). To obtain
consistent fits to the data (XI% =ca. 0.4, Fig. 3a), it is nec-
essary to take into account for two Nb—O paths (2.0 O at
1.91 A and 4.0 O, at 2.06 A). Even though fluorcalciopy-
rochlore is one of the most common species of pyrochlore
(Nasraoui et al., 1999; Thompson et al., 2002), only one
recent study has investigated the structure of fluorcalciopy-
rochlore with X-ray powder diffraction, reporting a regular
Nb site with a single coordination shell at 2.00A (Guowu
et al., 2016). Crystallographic data on fluorine-calcium-
enriched pyrochlore also yield a regular NbOg site but with
different Nb—O distances: 1.90-1.95 (Perrault, 1968) and
1.97 A (Bonazzi, 2006). The only Nb K-edge EXAFS data
on a natural pyrochlore sample show only the first-neighbor
contribution in the FFT spectrum (Piilonen et al., 2006), al-
though the chemical composition and the XANES spectra of
this fluorcalciopyrochlore are similar to our data. This differ-
ence may result from the quality of our EXAFS data which
were collected at 20K and up to 161&’1, which enhances
EXAFS data accuracy.

In comparison with fluorcalciopyrochlore, the first-
neighbor contribution for hydropyrochlore and Ba-rich
kenopyrochlore display an increase in intensity of the
long Nb—O contribution (Fig. 3b, c), with two short Nb—
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Table 2. Summary of the parameters obtained from the pre-edge fitting analysis. The data are presented in order of increasing pre-edge

intensity.
Sample Intensity Energy  Area  Full width at half maximum  1000- x 2
(a.u.) eV) (au) V)
Rutile 5 % Nb 0.163 1898271  3.16 12.32 14.73
Fluorcalciopyrochlore 0.200 18983.93 4.01 12.76 4.50
Lueshite 0.203 18983.71 394 12.37 5.04
Ba-rich kenopyrochlore 0.214 18983.67  3.99 11.86 5.03
Hematite 0.215 18982.14  3.77 11.16 10.71
Goethite 0.216 18983.17  3.90 11.46 8.85
Anatase 5 % Nb 0.218 1898290  3.88 10.84 2.68
Anatase 1 % Nb 0.220 19882.78  3.63 10.50 3.21
Nb perovskite 0.221 1898545 451 12.95 2.57
Hydropyrochlore 0.226 18984.00 4.16 11.72 4.33
Aeschynite-(Y) 0.229 18982.79  3.79 10.57 1.62
Niocalite 0.240 1898395 421 11.13 6.20
Columbite-(Mn) 0.245 18982.83  4.31 11.20 7.42
Fergusonite-(Y) 0.250 1898224  3.99 10.17 13.45
Anatase 10 % Nb 0.250 18982.85 443 10.09 2.82
Wohlerite 0.258 18984.08 4.84 13.40 14.45
U-rich oxynatropyrochlore 0.260 18985.0  4.00 9.57 1.81
Cerianite 0.306 18982.58  4.88 9.33 12.28

O bonds (1.89 and 1.91 A) and four longer Nb—O bonds
(2.09 and 2.09A). The XRD-derived structures of zero-
valent-dominant pyrochlore indicate variable Nb-O dis-
tances (1.96-2.00 A) depending on the crystal chemistry of
the species (Biagioni et al., 2018; Li et al., 2020; Agakhanov
et al., 2021; Miyawaki et al., 2021), but none of these stud-
ies identified a distortion of the Nb octahedra. We refined the
structure of the studied hydropyrochlore sample using single-
crystal X-ray diffraction data (Tables S3—S7). The refined
crystal structure (Fd-3m, a = 10.59 A and Nb-O = 1.98 10%),
consistent with other published data (Ercit et al., 1994), does
not indicate any distortion of NbOg octahedra. The difference
between the local structure around Nb in hydropyrochlore
derived from EXAFS and XRD data results from the intrinsic
differences between these techniques. EXAFS spectroscopy
is sensitive to local geometry around the absorbing atom,
whereas X-ray diffraction detects long-range periodicity and
yields an average crystal structure that may overlook local
distortion (Giuli et al., 2001, 2012). Studies using XAS and
pair distribution function (PDF) from neutron total scattering
on synthetic pyrochlores with a wide range of chemical com-
position show that the structure of pyrochlores can be more
complex than that obtained from X-ray diffraction. In these
studies, the distortion of the B site is shown to increase with
the size of the A-site cation (Zhang et al., 2013; Blanchard
et al., 2013; Shamblin et al., 2016). The differences of Nb
local structures between our study and recent studies of ge-
ological samples of pyrochlores using XRD (Biagioni et al.,
2018; Li et al., 2020; Agakhanov et al., 2021; Miyawaki et
al., 2021) mirror the sensitivity of XANES and EXAFS to Nb

Eur. J. Mineral., 36, 55-72, 2024

site distortion. The present study provides the first evidence
of a distortion of Nb site in natural pyrochlore.

Our fits show that the EXAFS contribution to the third
FFT peaks at 3—4 A (uncorrected for phase shift in Fig. 3) of
fluorcalciopyrochlore, hydropyrochore, and Ba-rich kenopy-
rochlore arises from six Nb second neighbors at a Nb—Nb
distance ranging from 3.61 to 3.72 A (Table 3). These dis-
tances characterize corner-sharing octahedra, in agreement
with the structure of pyrochlore (Fig. 5).

The fit of metamict U-rich oxynatropyrochlore spectrum
(Fig. 3d) indicates Nb—O distances (1.97 and 2.11 10\) simi-
lar to those of other crystalline pyrochlores (Table 3). How-
ever, Nb>T is (5 4 1)-fold oxygen coordinated, which dif-
fers from the (4 4+ 2)-fold coordination found in hydropy-
rochlore and Ba-rich kenopyrochlore. The effect of metam-
ictization has been described as leading to a decrease in co-
ordination number and interatomic distances for structures
such as zircon (Farges and Calas, 1991) or euxenite (Gree-
gor et al., 1984). In this study, the effect of metamictization
on the first Nb—O shell is weak, as also observed for various
metamict pyrochlores (Greegor et al., 1988). In zircon, the
Zr polyhedra are edge-sharing, while in pyrochlore, Nb oc-
tahedra are connected by corners. This structural difference
may account for the different sensitivity to metamictization
of zircon and pyrochlore structures. In the studied metamict
pyrochlore sample, the second-neighbor contributions to the
EXAFS data are of particularly low intensity and are fitted by
considering only 1.3 Nb—Nb at 3.51 A (Table 3). This latter
distance is reduced from 4 % to 6 % with respect to Nb—Nb
distances found in the other studied pyrochlore samples (Ta-
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Figure 3. Results of shell-by-shell fits of Nb K-edge EXAFS
data for (a) fluorcalciopyrochlore, (b) hydropyrochlore, (c) Ba-
rich kenopyrochlore, and (d) U-rich oxynatropyrochlore. The k3-
weighted EXAFS spectra were fit in k£ space as shown in the left
panels, and fast Fourier transforms (FFT) are plotted in the right
panels. Experimental and fitted curves are displayed as black and
red lines, respectively.

ble 3). Adding a Nb—Ca contribution with 0.8 Ca (12 wt %
Ca0 in U-rich oxynatropyrochlore, Table S1) improves the
quality of the fit. The low intensity of the Nb—Nb and Nb-
Ca contributions results from disrupted periodicity increas-
ing the local disorder around Nb (Greegor et al., 1988).

4.3 Characterizing the local environment of niobium in
Nb ore minerals

4.3.1 Columbite-(Mn)

In columbite, the local environment of Nb consists in a
strongly distorted octahedron (Table 4), which is consistent
with crystal structure data (Wenger et al., 1991; Tarantino,
2005) that yield 6.0 distinct Nb—O distances (1.80, 1.92,
1.96, 2.06, 2.07, and 2.28 A). Our data, collected up to a k
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value of 16 A~! and at 20 K, allow determining the Nb-O
distances with greater accuracy than previous EXAFS stud-
ies (Piilonen et al., 2006) that showed only a single aver-
age Nb-O distance (2.03 10%). Two Nb-Nb distances are ob-
tained (3.30 and 3.59 A) (Table 4) reflecting corner- and
edge-sharing Nb octahedra (Fig. 5), present in the structure
of columbite (Chukanov et al., 2023). The sensitivity of EX-
AFS data could therefore be used to track changes in Nb site
geometry and in intersite relationships between Nb octahe-
dra occurring during the columbitization of pyrochlore, a re-
action that occurs in hydrothermal contexts (Tremblay et al.,
2017; Wu et al., 2021).

4.3.2 Perovskite-group minerals: Nb perovskite and
lueshite

The geometry of the first O shell determined by EXAFS in
Nb perovskite (1.97 A, Table 4) is consistent with the crystal
structure refinement of CaTiggFeg.1Nbg 103 (Chakhmoura-
dian and Mitchell, 1998, who reported 4.0 Nb—O distances
at 1.96 A and 2.0 at 1.98 A). EXAFS analysis of lueshite
shows two shells of oxygen neighbors at 1.94 and 2.14A
(Fig. 4c and Table 4), indicating an elongation of NbOg octa-
hedra. In the structure of lueshite, Nb occupies three crystal-
lographically distinct NbOg octahedra (Mitchell et al., 2018).
The two Nb-O distances obtained from EXAFS data may
reflect average contributions of a distribution of Nb-O dis-
tances resulting from the presence of three sites, a weakly
distorted octahedron (1.974-1.982A), and two more dis-
torted ones (1.953-2.078 and 1.895-2.019 A). However, the
largest Nb—O distances are more important in the studied
lueshite than in the latter crystal structure. The identification
of Nb-bearing perovskite is made difficult by the existence
of numerous solid solutions between end-member compo-
sitions (CapNbyO7, Ca,Fe3tNbOg, CaTiO3, and NaNbO3)
(Mitchell et al., 2017). As the XAS signatures of lueshite
and Nb perovskite are distinct (Fig. 1), the use of Nb K-
edge XANES and EXAFS spectroscopies may help differen-
tiate perovskites from each other in rock samples, in partic-
ular in undersaturated rocks such as kimberlite, carbonatite,
and nepheline syenites, which host various Nb-bearing per-
ovskites (Mitchell and Kjarsgaard, 2002).

4.4 Local environment of substituted niobium in Ti,
Ce, and Fe oxides

4.4.1 Niobium-doped Ti oxides

The average Nb—O distances (1.97 A) are larger than the Ti—
O distances in pure anatase (1.94 A), which is consistent
with the larger ionic radius of VINBS* (0.64 A) compared to
VITi* (0.605 A). Similarly to the Ti site in pure anatase, the
Nb site may be slightly distorted, but the distances are too
close to be distinguished using EXAFS. Our study gives in-
teratomic distances consistent with the literature (Table 6).
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Table 3. Results of the shell-by-shell fits of EXAFS data for the pyrochlore samples. Rcgic (A): calculated interatomic distances; Ry (A):
expected interatomic distance from XRD crystal structure data; N: number of neighbors; o Debye—Waller factor; AE (eV): difference
between the user-defined threshold energy and the experimentally determined threshold energy, in electronvolts. The amplitude reduction
factor S% was fixed to 1. Fit quality is estimated by a x2 value, and uncertainties in reported parameters are given within brackets.

Sample Reate A Rer(A) N o (A%  AEg(V)  xj
Fluorcalciopyrochlore 1.91 (£0.01) 1.941 2.0 Nb-O 0.004 (£0.0005) —-9(£2) 037
2.06 (£0.02) /' 4.0Nb-O 0.002 (£0.001) -
3.70 (£0.009) 3,675 6.0 Nb-Nb 0.005 (+0.0002) -
Hydropyrochlore 1.89 (40.01) 1.972 2.0 Nb-O 0.002 (£0.002) —1(£2) 044
2.09 (40.02) / 4.0Nb-O 0.009 (£0.007) -
3.72 (£0.01) 3.684 6.0 Nb-Nb  0.005 (£0.0006) -
Ba-rich kenopyrochlore 1.91 (£0.01) 1.970 2.0 Nb-O 0.006 (£0.0006) —8(x1) 1.05
2.09 (+0.01) /' 4.0Nb-O 0.004 (£0.001) -
3.61 (£0.02) 3.750 6.0 Nb-Nb 0.013 (£0.003) -
U-rich oxynatropyrochlore 1.97 (£0.02) 2.00 5.0Nb-O 0.013 (£0.004) —2(£2) 0.28
2.11 (£0.02) / 1.0Nb-O 0.004 (£0.001) -
3.51 (£0.05) 3.67 1.3 Nb-Nb 0.010 (£0.020) -
3.55 (£0.05) 3.67 0.8 Nb-Ca 0.002 (£0.010) -

Table 4. Results of the shell-by-shell fits of EXAFS data for columbite-(Mn), Nb perovskite, and lueshite. R ,jc (A): calculated interatomic
distances; Ryef A): expected interatomic distance from XRD crystal structure data; N: number of neighbors; o2 Debye—Waller factor;
AEq (eV): difference between the user-defined threshold energy and the experimentally determined threshold energy, in electronvolts. The
amplitude reduction factor S(z) was fixed to 1. Fit quality is estimated by a x2 value, and uncertainties in reported parameters are given within
brackets.

Sample Realc A)  Reer (A) N o (A%) AEj(eV) X3
Columbite-(Mn)  1.87 (£0.009) 2.0 Nb-O 0.003 (+0.0007) =3 (£1) 0.76
2.02 (£0.01) 1.80-2.28 2.0 Nb-O 0.0006 (£0.001) -
2.18 (£0.02) 2.0 Nb-O 0.001 (£0.002) —
3.30 (£0.01) 3.27 2.0 Nb-Nb 0.010 (£0.001) —
3.59 (£0.02) 3.52 2.0 Nb-Mn 0.007 (£0.003) -
3.70 (£0.02) 3.66 2.0 Nb-Nb 0.004 (+0.0005) —
Lueshite 1.94 (£0.01) 1.97-1.98 4.0 Nb-O 0.007 (£0.001) +0(£2) 1.07
2.14 (£0.02) ’ ’ 2.0 Nb-O 0.002 (£0.001) -
3.32 (£0.03) 3.35 4.0 Nb-Na 0.006 (£0.005) -
3.46 (£0.03) 342 4.0 Nb-Na 0.005 (£0.005) —
4.03 (£0.02) 391 4.0 Nb-Nb 0.009 (£0.001) -
Nb perovskite 1.97 (£0.006) 1.97-2.00 6.0 Nb-O 0.005 (£0.0003) —6(£2) 0.57
3.31(+0.01) 3.19-3.37 3.6 (£3.1)Nb—Ca  0.011 (£0.008) -
3.86 (£0.03) 3.86 6.0 Nb-Nb 0.012 (£0.002) —

Depending on the amount of substituted Nb, the methods
of synthesis, and the quality of the data, the increase in first
cation—oxygen distances resulting from Nb substitution is in
the range of 4-0.005 to +0.05 A with respect to pure anatase
(Table 6). The Nb—Ti distances at 3.12 and 3.87 A (Table 5)
are representative of edge- and corner-sharing octahedra, re-
spectively (Fig. 7). The substitution of Nb for Ti influences
the medium-range structure as probed by the increase of the
Nb-Ti distances relatively to Ti—Ti distances by +0.08 and
+0.10 A (Table 5). This may result from stronger Coulombic
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repulsion of Nb-Ti with respect to Ti—Ti. The first oxygen
shell is less affected by this effect since the greater attraction
of Nb>* is compensated by its larger ionic radius (Marchiori
etal., 2014).

A single Nb—O path (Fig. 6b) was found to be suitable to
fit the EXAFS data of Nb-doped rutile (2.00 A), thus con-
firming the weakly distorted Nb site probed by the pre-edge
feature (Fig. 1b) as expected from the symmetry of the Ti
site in pure rutile (Howard et al., 1991). We however show
that the substitution of Ti** for Nb>* in rutile induces an
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Figure 4. Results of shell-by-shell fits of Nb K-edge EXAFS data
for (a) columbite-(Mn), (b) Nb perovskite, and (c) lueshite. The K-
weighted EXAFS spectra were fit in k space as shown in the left
panels, and fast Fourier transforms are plotted in the right panels.
Experimental and fitted curves are displayed as black and red lines,
respectively.

Pyrochlore-group minerals Columbite-group minerals
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Edge-sharing NbOg octahedra
octahedra

Figure 5. General view of the intersite relationships between NbOg
octahedra in the pyrochlore-group (Bonazzi, 2006) and columbite-
group (Wenger et al., 1991) minerals.

enlargement of the first oxygen shell by +0.05 A (Table 5).
In Nb-doped rutile, two shells of Ti at 3.07 and 3.65 A (Ta-
ble 5) yield a good fit (Fig. 6b). Although the substitution
has an effect on the medium-range structure by increasing
the Nb-Ti distances relative to Ti—Ti distances (Table 5), the
intersite relationships between the octahedra seem preserved
since the two Nb-Ti distances match characteristic edge- and
corner-sharing Ti sites in rutile (Fig. 7).
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Figure 6. Results of shell-by-shell fits of Nb K-edge EXAFS data
for (a) Nb-doped anatase, (b) Nb-doped rutile, (¢) Nb-doped ceri-
anite, and (d) Nb-doped hematite. The k3—weighted EXAFS spectra
were fit in k space as shown in the left panels, and fast Fourier trans-
forms are plotted in the right panels. Experimental and fitted curves
are displayed as black and red lines, respectively.
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Figure 7. General view of the intersite relationships between TiOg
octahedra in anatase (Horn et al., 1972) and rutile (Meagher and
Lager, 1979).
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Table 5. Results of the shell-by-shell fits of EXAFS data for Nb-doped reference materials. Rqge (A): calculated interatomic distances;
Reet A): expected interatomic distance from XRD crystal structure data; N: number of neighbors; o Debye—Waller factor; AEg (eV):
difference between the user-defined threshold energy and the experimentally determined threshold energy, in electronvolts; X21 goodness of
fit. The amplitude reduction factor S% was fixed to 1. Fit quality is estimated by a x2 value, and uncertainties in reported parameters are

given within brackets.

Sample Realc (A) Rer (A) N o (A%) AEj(eV) x3
Nb-anatase (5 %) 1.97 (£0.007) 1.934-1.980 5.7 (£0.8) Nb-O 0.006 (£0.001) —7(£2) 0.14
3.12 (£0.008) 3.04 4.0 Nb-Ti 0.005 (£0.0004) -
3.87 (£0.08) 3.86 8.0Nb-O 0.006 (£0.005) -
3.89 (£0.07) 3.78 4.0 Nb-Ti 0.012 (£0.006) —
Nb-rutile (5 %) 2.00 (£0.009) 1.947-1.982 6.0 (+1.2) Nb-O 0.011 (£0.002) 0(£1) 2.16
3.07 (£0.011) 2.96 2.0 Nb-Ti 0.006 (£0.001) -
3.65 (£0.007) 3.57 8.0 Nb-Ti 0.007 (£0.0004) —
Nb-cerianite (1 %) 1.95 (£0.009) 234 4.0Nb-O 0.004 (£0.0008) —2(£1) 0.27
2.93 (£0.03) 2.34 4.0Nb-O 0.007 (£0.004) —
3.83 (£0.005) 3.83 12.0 Nb—Ce 0.004 (£0.0004) -
5.41 (£0.01) 542 6.0 Nb—Ce 0.005 (£0.001) —
Nb-hematite (1 %) 1.92 (£0.01) 1.946-2.116 3.3 (£0.8) Nb-O 0.010 (£0.003) —5(£1) 0.22
3.04 (£0.01) 297 3.0 Nb-Fe 0.0006 (£0.001) —
3.46 (£0.03) 3.36 3.0 Nb-Fe 0.010 (£0.002) -

Table 6. Comparison of Nb—O and Nb-Ti interatomic distances as a function of the degree of Nb enrichment in anatase.

Nb enrichment of Bonds R (A) N o (A% AEg(eV) Ref

anatase (wt % Nb)

1 Nb-O 1947 6 12 5.8 Bouchet et al. (2003)
Nb-Ti; 3112 4 15
Nb-Tip 3951 4 27

3 Nb-O 1.99 6 3 ?  Bhachu et al. (2014)
Nb-Ti; 3.11 4 5
Nb-Tip 392 4 5

7 Nb-O 1.98 6 1 ?  Gardecka et al. (2015)
Nb-Ti; 3.13 4 4
Nb-Tiy 3.85 4 7

5 Nb-O 1.97 5.7 6 —7  This study
Nb-Ti; 3.12 4 5
Nb-O 3.87 8 6
Nb-Tip 3.89 4 12

Pure anatase Ti-O 1.94 6 14 Knauth et al. (2009)
Ti-Tiy 3.04 4 12
Ti-Tip 3.79 4 25
Ti-O 3.8 8 17

4.4.2 Nb-doped cerianite

The first oxygen shell of Nb-doped cerianite exhibits only
one Nb-O distance of 1.95 A (Table 5). The fitted coordina-
tion number for this Nb—O path is 4.0 (Table 5), whereas Ce
is eightfold-coordinated in CeO; (Zaitsev et al., 2011). Ab
initio calculations indicate that Nb substitution in cerianite

Eur. J. Mineral., 36, 55-72, 2024

splits the oxygen shell into two fourfold shells (Muhich and
Steinfeld, 2017; Kolodiazhnyi et al., 2019). A first shell of
short Nb—O bond distances is associated with a shift of Nb
toward the face center of the cube, as observed for Fe3* in
cerianite (Ma et al., 2020). In addition, Nb is also bonded to
the four remaining oxygens forming longer dangling bonds
(Nb-O =2.93 A, Table 5).
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The similar position and high intensity of the pre-edge
(ca. 19982 ¢eV) of fourfold-coordinated fergusonite-(Y) and
Nb-doped cerianite (Fig. 1b) may also be indicative of the
strong contribution of the first fourfold shell. The similarity
of their pre-edge features cannot be related to the presence
of fergusonite-(Ce) formed during the synthesis of cerianite
(Kolodiazhnyi et al., 2016) given the absence of impurities on
the corresponding XRD pattern (Fig. S1). The peak of large
intensity in the FFT (Fig. 6¢) corresponds to a shell of 12 Ce
atoms (Rnp_ce = 3.83 10\) as expected for pure cerianite. This
distance indicates that there is no relaxation at medium-range
during Nb—Ce substitution (Table 5).

4.4.3 Nb-doped hematite

In contrast to the highly distorted Fe site in hematite with
interatomic distances ranging from 1.95 to 2.12A (Blake,
1965), EXAFS data analysis (Fig. 6d) indicates a single oxy-
gen shell with a Nb—O distance of 1.92 A (Table 5). Charge
balance may be maintained by substituting SFe>* for 3Nb> T,
which have similar ionic radii (0.645 and 0.64 A for VIFe3*
and VIND>*, respectively), coupled to the formation of cation
vacancies (Oliveira et al., 2008; Melgarejo et al., 2012). This
structural readjustment may induce some local relaxation re-
sulting in the symmetrization of the Nb site and the formation
of regular NbOg octahedra (Bollaert et al., 2023c). The high
Debye—Waller factors may mirror a dispersion in distances,
centered around 1.92 A (Table 5), due to the crystal defects
resulting from the incorporation of Nb>* in the crystal lattice
of hematite.

The face-, edge-, and corner-sharing Fe sites correspond
to the broad second contribution, fitted by two shells of three
Fe atoms at a distance of 3.04 and 3.46 A from the central
Nb absorbing atom (Table 5). The incorporation of Nb>* in
hematite significantly modifies the interatomic distances of
Nb-Fe shells relative to Fe-Fe in pure hematite (Table 5).
As is the case with anatase, this could result from stronger
Coulombic repulsion of Nb—Fe with respect to Fe—Fe.

The symmetrization of the octahedra also occurs for Sb
sites in Sb-doped hematite (Mitsunobu et al., 2013). Since
Sb>* has the same charge and an ionic radius close to
Nb>* (VISb>* =0.60 A), the substitution of Sb>* for Fe3*
in hematite is likely governed by the same charge compensa-
tion mechanism leading to similar structural changes. Con-
versely, the incorporation of highly charged cations such as
Ut VMUét =0.73 A) and Mot (VIMo®+ =0.59 A) with
larger differences of ionic radii compared to Fe’T results
in a distorted octahedral site because of the distinct mech-
anisms of substitution involved (2Fe3t for Mo®t) (Kerisit et
al., 2016; Gorn et al., 2021).
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5 Conclusion

This study provides the first comprehensive analysis of Nb
K-edge XANES and EXAFS spectra in a large data set of
the most common natural Nb minerals and Nb-based oxides
used in industry. We highlight the relationship between Nb
site geometry and K-edge XANES spectroscopic properties
by showing the influence of Nb site distortion on the intensity
of the pre-edge feature. The features after the edge-jump dis-
play notable differences, reflecting average Nb—O distances,
medium-range ordering and metamictization. Ab initio theo-
retical investigation would be required to fully understand the
variations in the features. EXAFS data complement the pre-
edge feature evidence by probing the Nb site geometry and
the intersite relationships with the next-nearest neighbors.
Shell-by-shell fits of the EXAFS data reveal the distortion
of the Nb octahedra in various pyrochlores, which cannot
be detected through X-ray diffraction. The calculation of the
next-nearest Nb atoms in common Nb ore minerals mirrors
the intersite relationships between edge- and corner-sharing
NbOg octahedra in columbite and corner-sharing NbOg octa-
hedra only in pyrochlore and Nb-bearing perovskite. The de-
gree of accuracy of the interatomic distances in this study re-
sults from the optimal conditions of EXAFS data acquisition
(at 20 K, with a reliable signal-to-noise ratio up to 16 A~1).
The effect of the Nb incorporation into oxides depends on
the substituted cations and on the host structure. In anatase,
the substitution of Nb>*+ for Ti** leads to an increase in the
interatomic distances of the first and second neighbors. In
cerianite, the substitution of Nb>t for Ce*t reduces the co-
ordination of the cation site from an eightfold to a fourfold
site. In hematite, the substitution of Nb>T for Fe3* induces
vacancies, allowing a symmetrization of the Nb site by relax-
ation of the structure. These results are useful as they prove
the efficiency of XAS at the Nb K-edge to study the un-
known atomic-scale environment of Nb resulting from the
substitution for other cations in technological materials. As
these Nb-substituted oxides are also found in alteration con-
texts, this technique could help rationalize the affinity of Nb
for these different phases in hydrothermal and lateritic con-
texts. With this study, we show the potential of Nb K-edge
XANES and EXAFS spectroscopies when combined with
conventional mineralogical techniques to decipher Nb spe-
ciation and investigate chemical reactions of Nb minerals in
deposit-related contexts such as hydrothermal and lateritic
deposits.
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