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ARTICLE INFO ABSTRACT

Keywords: The Madeira deposit is a world-class tin (Sn) deposit characterized by a unique mineralogical assemblage
N_i'?bium mineralization composed of a massive cryolite (NaAlF3) deposit associated with economically important metals like Nb (0.20 wt
P‘tmg}‘:l % Nb2Os). Although hydrothermal alteration has long been recognized in the cryolite formation, its effects on the
z};ﬁ;b?tr: mineralization and mobility of Nb remain obscure. This study presents new data on the Nb mineralization of the
. Pitinga core and border albite-enriched granites provided by nanoscale and site-selective approaches, using
Hydrothermal alteration o i A . . .
Mobilization transmission electron microscopy and synchrotron-radiation analyses. Pyrochlore is the main Nb ore mineral
Uraninite with three distinct compositional types (U-Pb, Pb-U and Y-bearing varieties). Hydrothermal processes lead to the

extensive alteration of pyrochlore into columbite (later designated as columbitization) by a coupled dissolution-
reprecipitation mechanism, which evidences the alterability of pyrochlore in a hydrothermal context. Nanoscale
analyses of veins and reaction interfaces reveal the presence of additional Nb hosts including fergusonite-(Y), Nb-
bearing uraninite and Nb-bearing coffinite which formed from the alteration of pyrochlore. The nature of the
altered phases mainly depends on the composition of the parent pyrochlore. Their formation, occurring in
absence of direct proximity with remaining pyrochlore, shows that Nb mobilization at macroscopic scale is
possible in F-rich reducing fluids. Niobium Ls-edge XANES spectroscopy on bulk samples representative of the
different facies show that hydrothermal processes change the Nb mineralization by converting primary U-Pb-
bearing pyrochlore into columbite and Pb-U/Y-bearing pyrochlores. The columbitization process of pyrochlore
led to the increase of the Nb ore grade. Nonetheless, hydrothermal alteration modified Nb mineral liberation,
thereby limiting the recovery of the full range of Nb host phases.

pyrochlore-mineral supergroup [A;Nby,Og(O,0H,F)] from Brazilian lat-
erites which formed over carbonatite lithotypes (e.g., Araxd and Cata-

1. Introduction

Niobium is a critical metal which integrates the component of high
strength low alloy steels (HSLA), superalloys as well as energy-related
technologies (Schulz et al., 2017). The demand of Nb, which has
quadrupled between 2000 and 2022, may increase even more in case of
utilization in Li batteries to improve their storage rates (Griffith et al.,
2018). Over 90 % of Nb production results from the recovery of the

* Corresponding author.
E-mail address: qbollaert@me.com (Q. Bollaert).

https://doi.org/10.1016/j.oregeorev.2024.106321

lao-I) (Braga and Biondi, 2023; Cordeiro et al., 2011). Due to its
economic importance and its capacity to record geological processes
(Walter et al., 2018; Velasquez-Ruiz et al., 2024) most recent research
focused on pyrochlores from carbonatites and associated laterites
(Giovannini et al., 2020; Khan et al., 2021; Ribeiro da Costa et al., 2021;
Zaitsev et al., 2021; Palmieri et al., 2022; Ying et al., 2023; Bollaert
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Fig. 1. (a) Location and geological map of the Madeira granite (modified after Costi et al., 2000). (b) Geological map of the albite-enriched granite facies (modified
after Minuzzi et al., 2005). Average Nb concentrations are from Costi, (2000). The black star indicates the location of sampling of the BAG and CAG, which were

transported 50-100 m north due to a dynamite blast.

etal., 2023a; Zhu et al., 2024; Velasquez-Ruiz et al., 2024). Pyrochlore is
also an economically viable ore phase in granitic-syenitic systems (Salvi
et al., 2005; Yong et al., 2022).

However, pyrochlore does not only account for Nb mineralization in
most deposits. Each Nb occurrence is unique with respect to the degree
of hydrothermal alteration and replacement by other minerals (Mitchell,
2015). Hydrothermal alteration of the Saint-Honoré carbonatite (Can-
ada) has led to the transformation of pyrochlore into columbite-(Fe)
([Fe,Mn]NbyOg] (Tremblay et al., 2017). Dolomitization of the Aley
carbonatite (Canada) has resulted in the alteration of pyrochlore into a
complex paragenesis including euxenite ([Y,Ca,Ce,U,Th][Nb,Ta,
Ti]20g), fersmite ([Ca, Ce, Na][Nb, Ta, Ti]o[O, OH, F]e), columbite-(Fe)
and Nb-rich rutile (Chakhmouradian et al., 2015). In the Nechalacho
deposit, extensive hydrothermal alteration resulted in the formation of
Nb-bearing zircon, and U-bearing columbite formed from pyrochlore
(Timofeev and Williams-Jones, 2015). Despite the evident influence of
hydrothermal processes on the nature of secondary Nb minerals, it is still
unclear whether metasomatic processes contribute to the development
of Nb enrichment beyond the initial levels controlled by magmatic
stages (Ying et al., 2023).

The majority of Nb occurrences shows only a relatively minor in-
fluence of hydrothermal processes on Nb enrichment (Finch et al., 2019;
Van Lichtervelde et al., 2017; Wu et al.,, 2021) or comparable to
magmatic concentration processes (Wang et al., 2021; Zhao et al., 2021;
Yin, 2023). This limited contribution is attributed to the immobility of
Nb during fluid-rock interactions, a consequence of its low solubility in
diluted aqueuous fluids (Yajima, 1994; Peiffert et al., 2010) and the
intrinsic resistance of Nb minerals to alteration (Lumpkin and Ewing,
1995). However, there is growing evidence that Nb can be mobilized by
hydrothermal fluids at a micron scale only, due to its reprecipitation as
secondary minerals (Sheard et al., 2012; Deditius et al., 2015; Timofeev

and Williams-Jones, 2015; Wu et al., 2021; Williams-Jones and Vasyu-
kova, 2022). These studies showed that fluorine plays a key role in
significantly increasing Nb solubility (Timofeev et al., 2015; Lukyanova
et al., 2017; Akinfiev et al., 2020). This trend is expected from
Hard-Soft-Acid-Base theory which states that hard acids like Nb>* form
water soluble complexes with hard anions like F~ (Pearson, 1963). The
solubility was shown to reach 3 wt% in 2 mol/kg HF aqueous solutions
(Kotova, 2012; Timofeev et al., 2015; Liu et al., 2024). Such elevated F
concentrations may better represent certain hydrothermal conditions, as
indicated by mineral geofluorimeter studies estimating HF concentra-
tions as high as 1 mol/kg in Ta-Nb-bearing granites (Aksyuk, 2002). The
solubility, and therefore the mobility of Nb in F-rich fluids as found in
hydrothermal context is likely underestimated. Despite experimental
evidence of extensive Nb mobilization in subduction zone (Gao et al.,
2007) and at the Earth’s surface (Friis and Casey, 2018; Bollaert et al.,
2023a), widespread Nb mobilization by hydrothermal processes have
not yet been evidenced.

This paper investigates the hydrothermal Nb mineralization and
mobilization in the albite-enriched Madeira Sn-bearing granitic world-
class deposit (0.17 wt% Sn). In addition to Sn, the Madeira granite
contains significant concentration of Nb (0.20 wt% Nb2Os) and Ta
(0.024 wt% Tap0s) hosted in U-Pb-bearing pyrochlore and columbite
(Bastos Neto et al., 2009). The association of these economic metals with
a massive cryolite (NasAlF¢) deposit formed from hydrothermal pro-
cesses is unique in the world. The combination of intense alteration and
high Nb and F enrichments make the albite-enriched Madeira granite an
optimal candidate for exploring the effect of F-rich hydrothermal events
on the mineralization and mobilization of Nb. Building on the founda-
tional work of Bastos Neto et al. (2009), which first described and
interpreted the hydrothermal Nb mineralization in Madeira, this study
aims to demonstrate the value of advanced spectroscopic and
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Table 1
Major and trace elements composition of the BAG and CAG samples obtained
from ICP-OES and ICP-MS analyses.

wt% Border-albite enriched facies Core albite-enriched facies
SiO, 66.47 64.29
Al,03 14.22 14.06
Fe03 4.68 3.26
MnO 0.022 0.047
MgO < L.D. < L.D.
CaO 1.64 < L.D.
Na,O 5.34 8.41
K0 4.30 4.50
TiO2 0.026 0.037
P20s 0.10 <L.D.
L.O.I. 1.46 3.66
Total 98.27 98.26
ppm

As 8.16 3.51
Ba 34.4 6.5
Ga 84.9 66.1
Hf 228 235
Nb 1597 1262
Pb 619 598
Rb 2093 4781
Sc 4.85 2.32
Sn 2080 2936
Ta 280 200
Th 749 571
U 412 393
w 27.9 7.19
Y 1027 80.6
Zn 2803 1369
Zr 2400 3525
La 61.6 19.6
Ce 204 85.9
Pr 22.5 10.5
Nd 56.2 27.5
Sm 25.3 12.0
Eu 0.609 0.216
Gd 32.3 9.52
Tb 18.1 3.96
Dy 198 35.2
Ho 57.6 8.66
Er 212 30.8
Tm 40.3 6.13
Yb 254 45.3
Lu 31.3 6.53

microscopic tools in understanding the hydrothermal formation of Nb
deposits. This study also complements previous investigations on Sn, U,
and Th mineralizations in the Madeira granites (Costi et al., 2000;
Hadlich et al., 2019; Hadlich, 2023), as well as Nb mineralization in
lateritic profiles formed from the Madeira granites (Bollaert et al.,
2023b; da S. Alves et al., 2018; Horbe and da Costa, 1999).

Here, the combined use of spatially-resolved chemical techniques at
the micron and nanometric scales and X-ray absorption spectroscopy
(XAS) reveals the complex Nb mineralization that resulted from the
hydrothermal alteration of pyrochlore. Furthermore, the quantification
of the average Nb speciation of the albite-enriched granites indicates
that the extensive hydrothermal formation of columbite has led to the
enhancement of the Nb ore grade, while degrading the mineral
liberation.

2. Materials and methods
2.1. Geological context of the samples
The Madeira granite (Fig. 1) is the main Sn deposit in Brazil located

in the northern part of the Amazonian Craton, part of the Paleoproter-
ozoic Iricoumé Group (Lenharo et al., 2003). Four main facies have been
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distinguished based on their mineralogical and geochemical differences:
the albite-enriched granite, biotite and alkali feldspars granite, amphi-
bole and biotite syenogranite, and hypersolvus alkali feldspar granite
(Costi, 2000). The albite-enriched facies is subdivided into the core
albite-enriched granite (CAG) and border albite-enriched granite (BAG).
These facies have a peralkaline composition and are characterized by Nb
concentrations ranging from ca. 1000 to 3000 ppm (Costi, 2000). The
CAG granite is also known to host a massive 10 million tons cryolite
deposit at the center of the core facies (Fig. 1) whose formation is
attributed to hydrothermal processes (Bastos Neto et al., 2009). The
CAG and BAG samples were collected at the bottom of the weathering
profile formed from the biotite-K-feldspar facies indicated by a black star
(Fig. 1). The studied BAG and CAG samples were transported by a
dynamite blast and can be considered allochtonous. The representativity
of the samples is discussed in the Supplementary Material.

2.2. Bulk geochemical characterization

Two grams representative of CAG and BAG samples were sent to
SARM (CRPG, Vandoeuvre-les-Nancy) for bulk chemical elemental
analysis. The concentrations of major and minor elements were obtained
using an ICP-OES (Icap6500 ThermoFisher) and an ICP-MS (iVapQ
ThermoFisher), respectively, after a Li tetraborate fusion (Carignan
etal., 2001). The concentration of Nb is 1597 and 1262 ppm in the BAG
and CAG samples, respectively. The concentration of major and minor
elements concentrations is reported in Table 1. Analytical errors for
major, minor and trace elements can be requested by contacting the
SARM at https://sarm.cnrs.fr.

2.3. Microscale mineralogical analysis

After preparation of thin sections, the Nb minerals were character-
ized by scanning electron microscopy (SEM) equipped with a field
emission electron gun (FEG) (Zeiss Ultra55, Sorbonne Université)
operating at 15 kV. Semi-quantitative chemical data were obtained
using a Bruker Quantax energy dispersive X-ray spectroscopy (EDS)
system coupled to SEM using an Oxford 30 mm? silicon drift detector
(SDD).

Mineral maps were obtained using the HyperSpy package (De la Pena
etal., 2022) The background and X-ray lines of the SEM-EDS maps were
fitted by a least-squares optimization algorithm (Zanetta et al., 2019).
The signal was then denoised by a principal component analysis (PCA)
algorithm in order to select the components explaining most variance of
the data. Mean EDS spectra of the phases were obtained by selecting
areas from the principal component decomposition and averaging the
spectra within these areas. Owing to the small size of mineral phases, a
subsequent linear least-squares fit was performed in order to unravel
phase mixing at the pixel scale, where each pixel is fitted into a linear
combination of the mean EDS spectra of the identified phases. Mineral
maps were extracted by keeping the most abundant phase of each pixel.

Quantitative chemical data were obtained with electron probe
microanalysis (EPMA) using a CAMECA SXFive EPMA equipped with
five wavelength-dispersive spectrometers (WDS) at the Centre d’Analyse
des Minéraux de Paris (CAMPARIS). Major and minor elements of
pyrochlore and columbite grains from the BAG facies were analyzed
using an accelerating potential of 15 keV and a sample current of 40nA
and 299nA, respectively. The following standards were used: prehnite
for Ca, MnTiO3 for Mn and Ti, albite for Na, galena for Pb, cassiterite for
Sn, monazite for Th, uraninite for U, zircon for Zr, for allanite-(Y) Y, La,
Ce, allanite-(Nd) for Nd and Sm, orthoclase for Al, Fe,O3 for Fe, LiNbO3
for Nb, metallic Ta for Ta, and garnet for Si.

2.4. Nanoscale mineralogical analysis

A focused ion beam (FIB) GFEI Strata Dual Beam 235 (Institute of
Electronics, Microelectronics, and Nanotechnology) was used to extract
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Fig. 2. Petrological observation of the Nb mineralization in the (a-d) CAG and (e-h) BAG lithotypes. (a) Crystal of Pb-U-bearing pyrochlore (Pcl) in orthoclase (Or)
overgrown by cryolite (Crl). The top border displays heterogeneous corroded zone composed of (b) overgrowing columbite (Clb) and cassiterite (Cst). (c) Corroded
pyrochlore replaced by cryolite, Fe oxides and bastnaesite (Bst). (d) Close-up view on the border of pyrochlore revealing the presence of micrometric-scale columbite.
(e) Pseudomorph of columbite after Y-Pb-bearing pyrochlore. Fluorite is crosscut by Y-Nb-Fe-bearing veins which are also found at its border (f). (g-h) Uranium-Pb-

bearing pyrochlore in BAG with U-bearing veins extending outwards pyrochlore.

mixed Nb-bearing phases that could not be identified using the resolu-
tion of SEM. Three FIB sections with of a size of 20 x 8 pm2 and a
thickness of 100 nm were prepared. A Thermo Fisher ScientificTM Titan
Themis transmission electron microscope (TEM) operated at 300 keV
was used for chemical mapping in scanning transmission electron mi-
croscopy (STEM-EDS) at the University of Lille (UMET). Images that
highlight variations in chemical density were obtained using a high-
angle annular dark-field (HAADF) detector. The acquisition of EDX
maps was performed using the super-X detector system, a current of 800
PA and a dwell time per pixel of 2 ps. Hyperspectral data processing was
conducted using the Hyperspy software (De la Pena et al., 2022). Sum-
mation of pixels was performed to derive a signal-to-noise ratio for the
identification of mineral phases. EDS spectra were acquired by selecting
zones directly from the hyperspectral maps. For particularly heteroge-
neous or nanoscale-sized Nb-rich areas, EDS spectra were obtained by
applying thresholds on the intensity of the Nb signal. RGB color chem-
ical maps were generated using the *plot RGB_map’ function integrated

into Hyperspy.

A JEOL 2100F TEM (Sorbonne Université, IMPMC, Paris) was also
used for the acquisition of high-resolution transmission electron mi-
croscopy (HR-TEM) images and selected area electron diffraction
(SAED) patterns. Mineral identification was performed by measuring of
interplanar spacings on the diffraction patterns using the TEM suite
implemented on Image J software.

2.5. X-ray absorption spectroscopy (XAS)

2.5.1. Data collection

X-ray absorption spectra were collected at SOLEIL synchrotron fa-
cility (Saint-Aubin, France) operating with a storage ring current of 450
mA and an energy of 2.75 GeV on the LUCIA beamline (Vantelon et al.,
2016). A Si(111) double-crystal monochromator was used with an en-
ergy resolution of 0.25 eV at 2400 eV (Schaefers et al., 2007). The
monochromator was calibrated at the energy of the Nb Ls-edge using a
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Fig. 3. SEM-EDS spectra obtained from the three compositional endmembers of pyrochlore present in the Pitinga granite. (a) Pb-U-bearing pyrochlore. (b) U-Pb-
bearing pyrochlore. (¢) Y-bearing pyrochlore. The majority of EDS spectra exhibit intermediate compositions between these three endmembers (Table 2).

Nb,Os powder pellet at 2400 eV. X-ray Absorption Near Edge Structure
(XANES) spectra were collected in fluorescence mode with energy steps
of (2, 0.2, 1) eV for energy ranges of (2300-2350), (2350-2400) and
(2400-2455) eV, respectively, with 1 s integration time. Two mea-
surements per sample at room temperature and under primary vacuum
were sufficient to get adequate signal-to-noise ratio and check for
reproducibility of the edge features.

Bulk XANES were acquired on albite-enriched granites and miner-
alogical references while on thin sections of the albite-enriched granites
samples, p-XANES analysis was performed. First, elemental distribution
were mapped by X-ray micro-fluorescence with an excitation energy of
2450 eV and a micro-beam focus of 2.8 x 3.8 um to locate the Nb-rich

regions of interest identified by SEM-EDS. From five to ten p-XANES
spectra of pre-identified minerals were then summed.

2.5.2. Niobium speciation analysis

Micro-XANES spectra collected in the CAG and BAG samples were
compared to a set of natural and synthetic reference materials: fluo-
rcalciopyrochlore, hydropyrochlore, Ba-bearing kenopyrochlore, U-
bearing oxynatropyrochlore, columbite-(Mn), columbite-(Fe), and Nb-
bearing hematite. Pyrochlore samples were provided by the mineral
collection of Sorbonne Université. The U-rich oxynatropyrochlore cor-
responds to the sample numbered 214 investigated in Lumpkin and
Ewing, (1995). Columbite samples were provided by Ecole Nationale

U-Pb-pyrochlore
- Columbite -Cryolite - by

Quartz

Fig. 4. (a) Backscattered electron image of the interface of an altered Pb-U-bearing pyrochlore from the CAG samples. (b) Mineral map of a Pb-U-bearing pyrochlore
border at the micrometric-scale. Four phases (columbite, cryolite, quartz and Pb-U-bearing pyrochlore) have been identified using multivariate statistical analysis.
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Table 2

EPMA data of pyrochlores from the CAG and BAG samples. Names are based on
the two largest proportions of the A-site cations (in wt.%) for (Pcl.1) Y-U bearing
pyrochlore, (Pcl.2) Y-Pb-bearing pyrochlore, (Pcl.3) Y-U-bearing pyrochlore,
(Pcl.4) Pb-U-bearing pyrochlore, (Pcl.5) Y-U-bearing pyrochlore, (Pcl.6) Y-Mn-
bearing pyrochlore. The high concentration of Sn in Pcl.5 is due to the inclusions
of cassiterite.

wt% Pcl.1 Pcl.2 Pcl.3 Pcl.4 Pcl.5 Pcl.6
A-site

CaO 0.32 0.26 0.23 0.24 0.30 0.35
MnO 0.23 0.09 0.05 0.03 1.06 3.35
Nay0 0.05 0.00 <bd. <bd 0.06  0.04
PbO 1.16 6.17 4.89 7.32 0.43  0.54
SnO 0.16 0.14 0.10 0.13 17.17 0.38
ThO, 2.16 1.51 1.35 1.39 0.81 1.39
U0, 3.59 4.78 6.86 6.75 327 223
ZrOqy < b.d. < b.d. 0.03 0.01 0.07 < b.d.
Y03 11.55 7.61 6.69 6.63 8.00 8.70
Laz03 0.01 0.11 0.08 0.03 0.04 0.03
CeO, 0.45 0.69 1.01 0.97 0.31 0.46
Nd,03 0.32 0.35 0.31 0.34 0.32 0.33
Smy03 0.16 0.13 0.13 0.14 0.11  0.16
B-site

Al,03 0.55 0.79 1.00 0.97 0.38 0.41
Fey03 1.77 1.50 1.27 1.27 1.32 443
Nb,Os 36.41 34.59 33.91 33.02 34.42  48.52
Tay0s 5.79 5.66 8.29 8.57 530 8.66
TiO, 1.88 1.06 0.86 0.76 290 228
SiO, 6.85 8.32 9.61 10.23 6.87 1.56
F 0.79 0.79 0.57 0.55 1.41  1.00
F=0, -0.33 -0.33 -0.24 -0.23 -0.59 —0.42
Total 73.06 73.43 76.43 78.57 82,56  83.39

Normalization to 2B-
site cations

A-site

Ca 0.02 0.02 0.02 0.02 0.02  0.02
Mn 0.01 0.01 0.00 0.00 0.06 0.18
Na 0.01 0.00 < b.d. < b.d. 0.01  0.01
Pb 0.02 0.12 0.09 0.13 0.01 0.01
Sn 0.01 0.00 0.00 0.00 0.55 0.01
Th 0.03 0.02 0.02 0.02 0.01 0.02
0) 0.06 0.07 0.10 0.10 0.05  0.03
Zr < b.d. <b.d. 0.00 0.00 0.00 < b.d.
Y 0.43 0.28 0.24 0.23 0.31 0.29
La 0.00 0.00 0.00 0.00 0.00 0.00
Ce 0.01 0.02 0.02 0.02 0.01 0.01
Nd 0.01 0.01 0.01 0.01 0.01 0.01
Sm 0.00 0.00 0.00 0.00 0.00 0.00
Total A-site 0.62 0.56 0.51 0.54 1.06  0.59
B-site

Al 0.05 0.07 0.08 0.08 0.03  0.03
Fe 0.10 0.09 0.07 0.07 0.08  0.23
Nb 1.16 1.10 1.02 0.99 1.13  1.38
Ta 0.11 0.11 0.15 0.15 0.10 0.15
Ti 0.10 0.06 0.04 0.04 0.16  0.11
Si 0.48 0.58 0.64 0.68 0.50 0.10

Supérieure des Mines de Paris (MINES ParisTech) collection. Niobium-
bearing hematite was prepared using the hydrothermal synthesis
described in Bollaert et al., 2023c.

The average Nb speciation was quantitatively determined by per-
forming a least-squares linear combination fit (LS-LCF) using Larch
package (Newville, 2013). In this procedure, the spectra of the CAG and
BAG samples were fitted with the spectra of the mineral references. The
relative proportion of each component indicates the contribution of each
mineral to the average Nb speciation within the granites. The sum of the
contributions was set to 1.
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3. Results
3.1. Characterization of the niobium mineralization at the micron scale

3.1.1. Textures and compositions of pyrochlores

Microscopic observations indicate that pyrochlore is the main Nb
mineral in the Madeira albite-enriched granites (Fig. 2). In the CAG
sample, pyrochlore is chemically characterized by high concentrations
of Pb and U (Fig. 3a,b). Pyrochlores form large crystals of several hun-
dreds of micrometers and are overgrown by cryolite (Fig. 2a,c). All
investigated pyrochlores display corrosion features (Fig. 2a,c). A close-
up on the pyrochlores from CAG sample indicates chemical heteroge-
neity at the micrometric scale (Fig. 4a). The mineral map retrieved on a
corroded zone of a U-Pb-pyrochlore from the CAG sample shows that
columbite is formed at the contact of pyrochlore as a rim of a few mi-
crometers (Fig. 4b). Quartz and cryolite are also associated with
columbite (Fig. 4b). Other phases have been identified in the heterog-
enous corroded zones of pyrochlores such as bastnaesite (Fig. 2d),
micro-inclusions of cassiterite (Fig. 2b), and Nb-bearing Fe oxide veins
(Fig. 2d).

In the BAG sample, pyrochlores are extensively replaced by colum-
bite-(Mn), forming a pseudomorph-like texture (Fig. 2e). They are
characterized by higher concentrations in Y than pyrochlores from the
CAG sample with variable amounts of Pb and U (Fig. 3c, Table 2). A
mineral map obtained for an altered pyrochlore in the BAG shows that
about 30 % of pyrochlore is replaced by columbite-(Mn) (Fig. 5,
Table 3). Fluorite (CaF5) and pyrite (FeSy) are found in the vicinity of Y-
Pb rich pyrochlores (Fig. 2e, Fig. 5b). The border of fluorite is charac-
terized by a submicrometric reaction interface rich in Y, although low
thickness precludes chemical characterization using SEM-EDS (Fig. 2f).
Another compositional type of pyrochlore rich in U and Pb has been
evidenced (Fig. 3a). It forms smaller crystals (< 100 pm) than the Pb-U
and Y-bearing pyrochlore (Fig. 2g,h). Columbite and F-bearing minerals
such as cryolite and fluorite are not observed with this type of pyro-
chlore. Nanocrystallized U-bearing veins extend outwards U-Pb-bearing
pyrochlore (Fig. 2g,h).

3.1.2. Textures and compositions of other niobium-bearing minerals

Uranium-bearing veins containing elements such as F, P, and heavy
rare earth elements (HREE), in which Nb is detected as a minor element,
are found in CAG sample (Fig. 6a). They appear texturally heteroge-
neous and nanocrystallized at smaller scale (Fig. 6b). Large crystals of
Nb-Sn-bearing Fe oxide with inclusions of columbite and Nb-bearing
cassiterite are found in the BAG sample (Fig. 6¢,d). Iron oxides, exhib-
iting tabular microfacies in orthoclase also contain Nb in the BAG
sample (Fig. 6e,f).

3.2. Nanometric scale investigation of niobium minerals

The micrometric size of some Nb-bearing phases prevented definitive
identification with SEM-EDS. Chemical and mineralogical analyzes of
Nb-bearing veins and reaction interfaces were thus performed using
TEM on three FIB sections: (1) a U-bearing vein containing Nb in CAG
sample (Fig. 6a), (2) a Y-Nb-Fe-rich areas at the border of fluorite in BAG
sample (Fig. 2f), (3) a mineralogical interface between columbite and
pyrochlore in CAG sample (Fig. 2d).

Observed under TEM, the U-bearing vein is heterogeneous and
characterized by porous zones, sometimes partially filled (Fig. 7b).
STEM-EDS mapping reveals that only the porous zones concentrate Nb
(Fig. 7¢). Electron diffraction patterns acquired in two distinct zones of
the U-bearing vein indicate that the vein is composed of two minerals
(Fig. 7d). The diffraction pattern repetition of the Nb-poor regions of the
vein indicates a monocrystalline phase, displaying diffraction spots
corresponding to interplanar distances of 2.78, 1.83, 1.61, 1.45 10\,
characteristic of the (211), (312), (411), (332) planes of coffinite (Fuchs
and Gebert, 1958) with the formula U(SiO4)1x(OH)4x (Fig. 7e). The
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Fig. 5. (a) Backscattered electron image of a Y-Pb-bearing pyrochlore from the BAG sample. (b) Mineral map evidencing the presence of columbite areas in
pyrochlore as revealed by multivariate statistical analyses. Fluorite, Fe oxide, pyrite, albite and orthoclase are also identified.

Table 3

EPMA data of columbite-(Mn) found in the BAG facies.
wt% Col.1 Col.2 Col.3 Col.4 Col.5
A-site
CaO 0.06 0.10 0.02 0.06 0.09
MnO 10.14 10.01 12.97 6.17 14.85
FeO 6.48 6.11 6.14 5.07 2.42
NaO 0.02 0.02 0.01 0.01 0.02
PbO < b.d. < b.d. < b.d. 0.94 < b.d.
SnO 0.13 0.32 0.34 0.43 0.78
ThO, 0.03 0.27 0.20 0.61 0.39
U0, 0.00 0.40 0.02 1.82 0.14
ZrOqy 0.03 0.01 0.00 0.00 0.02
Y,03 0.02 1.68 0.08 5.10 0.20
Lay0O3 0.00 0.00 0.01 0.05 < b.d.
CeO, 0.00 0.12 < b.d. 0.42 0.06
Nd»03 0.05 0.14 < b.d. 0.12 0.01
Smy03 0.10 0.09 0.12 0.15 0.12
B-site
Al,03 0.06 0.16 0.00 0.16 0.00
Nb,Os 66.43 63.63 68.12 67.89 69.16
Tay0s 7.53 8.69 6.61 6.65 8.37
TiOy 1.17 1.28 0.69 0.76 0.53
SiO4 < b.d. < b.d. < b.d. < b.d. < b.d.
Total 92.26 93.06 95.31 96.43 97.16
Normalization to 60 atoms
A-site
Ca 0.00 0.01 0.00 0.00 0.01
Mn 0.54 0.53 0.67 0.32 0.75
Fe 0.34 0.32 0.31 0.26 0.12
Na 0.00 0.00 0.00 0.00 0.00
Pb 0.00 0.00 0.00 0.02 0.00
Sn 0.00 0.01 0.01 0.01 0.02
Th 0.00 0.00 0.00 0.01 0.01
U 0.00 0.01 0.00 0.03 0.00
Zr 0.00 0.00 0.00 0.00 0.00
Y 0.00 0.06 0.00 0.17 0.01
La 0.00 0.00 0.00 0.00 0.00
Ce 0.00 0.00 0.00 0.01 0.00
Nd 0.00 0.00 0.00 0.00 0.00
Sm 0.00 0.00 0.00 0.00 0.00
Total A-site 0.89 0.94 1.00 0.83 0.92
B-site
Al 0.00 0.01 0.00 0.01 0.00
Nb 1.87 1.80 1.87 1.87 1.87
Ta 0.13 0.15 0.11 0.11 0.14
Ti 0.06 0.06 0.03 0.04 0.02
Si 0.00 0.00 0.00 0.00 0.00

polycrystalline diffraction pattern of the Nb-rich zone (Fig. 7f) has
interplanar distances of 3.21, 2.72, and 1.97 f\, characteristic of the
(111), (200), and (220) planes of uraninite (3.16, 2.73, and 1.93 A,

respectively) (Wyckoff, 1963). The major elements in the vein are U and
Si with minor F, Na, P, and Nb (Fig. 7g,h). The main difference between
the two EDS spectra is the visible Nb signal in the porous uraninite zone
(Fig. 7h). The significant Si signal in uraninite region may arise from the
vicinity of coffinite (Fig. 7h).

The fluorite border is characterized by a porous and finely-
crystallized phases rich in Y, Nb, and Fe (Fig. 8a,b). These phases
consist in hematite and a heterogeneous zone as observed by STEM-
HAADF (Fig. 8c). The latter is a mixture of nanoscale Nb-rich veins
with areas richer in Y and less concentrated in Nb (Fig. 8d,e). The Y-rich
region (Fig. 8e) is also characterized by the presence of F, Al, Si, Ca, and
REE (Ce, Nd, Sm, Gd, Dy, Er, Yb) (Fig. 8i). The diffraction pattern of this
phase highlights interplanar distances of 3.74, 3.51, 2.25, 1.89 A, cor-
responding to the (011), (020), (220), and (301) planes obtained in
waimirite-(Y) with the formula (Y,REE)F3 (Atencio et al., 2015). In the
nanoscale veins (Fig. 8d), Nb is the major element with significant
concentrations of Y, Si, Fe, U, and HREE (Dy, Er, Yb) (Fig. 8h). The
electron diffraction-derived interplanar distances are 3.17, 2.79, 2.46 A,

corresponding to the (1 il), (040), (002) planes of fergusonite-(Y)
(YNbOy,) (Guastoni et al., 2010), which is consistent with the STEM-EDS
spectrum (Fig. 8h).

Micrometric investigation of CAG sample evidences the mineralog-
ical complexities of the ore phases with the association of monazite,
cassiterite, columbite and pyrochlore over a 10 um? area (Fig. 2d).
Despite the presence of Nb in both pyrochlore and columbite, there are
higher amounts of Nb in the Fe-rich zones, corresponding to columbite
(Fig. 9¢,d). Columbite also forms nanometric veins within pyrochlore
(Fig. 9d). Uranium and Pb hot spots are found at the interface between
pyrochlore and columbite (Fig. 9d).

3.3. Atomic-scale characterization of niobium minerals by Nb Lsz-edge
XANES

The Nb Ls-edge XANES spectra were collected in columbite, Pb-U-
bearing, pyrochlore, Nb-bearing hematite, Nb-bearing uraninite, and
Nb-bearing cassiterite. The latter were compared with the spectra of our
reference set (Fig. 10). All spectra exhibit a white line with two maxima,
namely, A and B (Fig. 10). The position and width of the B features are
particularly sensitive to the atomic environment of Nb (Bollaert et al.,
2023c), making them useful for distinguishing between different Nb
hosts.

The XANES spectra obtained from pyrochlore and columbite crystals,
located tens of micrometers apart, display distinct spectral profile
(Fig. 10a) which match with those of the corresponding references.
Features B of Pb-U-bearing pyrochlore and columbite are centered at
2376.2 eV and 2375.9 eV, respectively. The Nb-bearing Fe oxide XANES
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Fig. 6. (a) Micrometric U-Nb-rich veins crosscutting albite (Ab) in the CAG sample. (b) Nanocrystallized U-Nb-rich vein in the BAG. (c) Large tabular crystals of Nb-
bearing Fe oxide with inclusions of columbite-(Mn) (Clb-Mn) and cassiterite (Cst). (d) Close-up on a columbite-(Fe) (Clb-Fe) crystal intertwined with Nb-bearing
cassiterite (Nb-Cst) visible in (c). (e) Crystals of cryolite (Crl) and Nb-bearing Fe oxides formed at the expense of riebeckite (Rbk). (f) Micrometric-sized crystals

of tabular Nb-bearing Fe oxide in orthoclase (Or).

spectrum exhibits narrow B features with similar intensities located at
2375.8 eV, resembling that of Nb-bearing hematite (Fig. 10b). The
XANES spectrum of Nb-bearing uraninite stands out due to the smaller
magnitude between the A and B features at the positions of 2372.7 and
2375.4 eV, respectively. In absence of reference spectrum for uraninite,
the only XANES spectrum with such low magnitude between the A and B
features is that of U-bearing oxynatropyrochlore (Fig. 10c). Differences
in feature widths and relative intensities are though noted (Fig. 10c).
Finally, the XANES spectrum of Nb-bearing cassiterite is characterized
by an additional shoulder at 2378.5 eV (Fig. 10d), absent from the
reference spectra.

3.4. Average niobium speciation

A least-squares linear combination fitting (LS-LCF) procedure of Nb
Ls-edge XANES spectra on the granite bulk samples was performed. The
spectra used as fitting components were selected based on the finger-
print analysis (Fig. 10), and spatially-resolved chemical analyses using
SEM. Given the scarcity of Nb-bearing hematite and the low amounts of
Nb in the albite-enriched granites, this spectrum was not taken into
account in the fitting procedure. In the absence of visible shoulder at ca.
2378.0 eV (Fig. 10d), the spectrum of Sn-Nb-bearing mineral was
neither considered as a fitting component. The fit with hydropyrochlore
and columbite spectra fails to accurately reproduce the bulk spectra of
the BAG and CAG samples (Fig. S3). The only reference spectrum that

significantly improves the fit and is abundantly observed in SEM-EDS
analyses is U-bearing oxynatropyrochlore. The best fit of the CAG
spectrum is obtained with 53 % U-bearing oxynatropyrochlore, 37 %
hydropyrochlore and 10 % columbite (Fig. 11a). The BAG spectrum is
fitted with 63 % U-bearing oxynatropyrochlore, 33 % columbite and 3 %
hydropyrochlore (Fig. 11b).

4. Discussion
4.1. Alteration of pyrochlore by columbite (columbitization)

The systematic presence of overgrowths and pseudomorphs of
columbite around pyrochlore (Fig. 2a,b,c,d,e) is consistent with the
hydrothermal origin of columbite (Minuzzi et al., 2005; Bastos Neto
et al., 2009; Hadlich, 2023). The formation of columbite results from the
replacement of the A-site cations of pyrochlore by Fe?* (and/or Mn?")
and the leaching of Y-sites of the pyrochlore structure (Nasraoui and
Bilal, 2000; Chakhmouradian et al., 2015; Tremblay et al., 2017), in the
form of:

H{,, +Fely, + (CaNaNb,OgF) ;) = FeNb,Og(s) + Calor,y + Ny, + HF (o)
@

This process of conversion of pyrochlore into columbite suggests a solid-
state transformation if ion exchanges only are involved. However, the
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Fig. 7. Nanoscale characterization of U-bearing Nb-bearing veins in the CAG sample. (a) Backscattered electron SEM images of U-bearing veins traversing albite
(Ab). The black line indicates the location of FIB section. (b) HAADF image of the FIB section. (¢) STEM-EDS RGB map of the interface between the vein and albite
highlighting Nb-rich porous areas. (d) TEM image of the area marked in (b). (e-f) Electron diffraction patterns characteristic of coffinite and uraninite, respectively.
(g-h) STEM-EDS spectra acquired from the area indicated in (d) Nb-depleted coffinite and Nb-bearing uraninite, respectively.

distinct spectral features of the Nb Lg-edge XANES spectra indicate that
the atomic-scale environment of Nb in columbite and pyrochlore are
distinct (Fig. 10a). These differences reflect the expected stronger
distortion of edge-sharing Nb octahedra in columbite compared to
corner-sharing Nb octahedra in pyrochlore (Bollaert et al., 2024). Such
major structural changes occurring during the columbitization process,
which are unlikely achieved by ion exchanges, involve a dissolution-
reprecipitation mechanism leading to the complete alteration of pyro-
chlore. This mechanism contradicts the expected resistance of pyro-
chlore to alteration (Lumpkin and Ewing, 1995; Wall et al., 1996;
Cordeiro et al., 2011; Smith and Spratt, 2012; Zaitsev et al., 2011;
Walter et al., 2018; Dey et al., 2021, Hadlich, 2023). The nanometric
zones enriched in U and Pb at the interface between pyrochlore and
columbite (Fig. 9) may also result from the dissolution processes leading
to their release to the fluids and their subsequent immobilization. This
dissolution-reprecipitation mechanism is corroborated by the analysis of
experimentally altered pyrochlore at 100-300 °C (Xu et al., 2004; Poml
et al., 2007). In contrast to this study, columbite has not precipitated in
their experiments due to the absence of Fe and Mn ions in the leach
solutions whereas the precipitation of columbite is expected to be stable
in fluids with high Fe activities and low Ca and Na activities (Lumpkin
and Ewing, 1995).

Columbitization and hydrothermal alteration of pyrochlore into Nb-
bearing Ti oxides have been commonly described in carbonatites
(Verwoerd et al., 1995, Melgarejo et al., 2012, Chebotarev et al., 2017;
Wu et al., 2021). However, the columbitization observed in the Madeira
granite represents the only documented occurrence of such alteration in
granitic systems.

4.2. Influence of the crystal-chemistry of pyrochlore on the formation of
secondary minerals

In both CAG and BAG samples, we evidenced the presence of diverse
nanometric phases associated with pyrochlore (Figs. 7 and 8). In the
BAG sample, the similar crystal-chemistry of the Nb-REE-bearing
nanometric phases, and their association with Y-Pb-bearing pyrochlore
(Fig. 8a,b) indicates their parental relationship. The absence of sec-
ondary pyrochlore resulting from the alteration of Y-Pb-bearing pyro-
chlore is likely due to the mobilization of soluble Pb?*, not providing
enough A-site cations to precipitate pyrochlore, and the low tempera-
ture of alteration. Instead, waimirite-(Y) and fergusonite-(Y) have
precipitated due to the release of Nb and REE from Y-Pb-bearing pyro-
chlore (Fig. 8). Waimirite-(Y) is a rare fluoride mineral, only described
in hydrothermal veins from the Madeira albite-enriched granites and in
the hydrothermally altered microgranite at Jabal Tawlah (Atencio et al.,
2015). Comparison of the STEM-EDS spectrum (Fig. 8i) with the refer-
ence composition of waimirite-(Y) (Atencio et al., 2015) suggests that
waimirite-(Y) likely does not contain Nb. The Nb signal instead likely
originates from the presence of fergusonite-(Y) in the nearby nanometric
region (Fig. 8d,e). The conditions of formation of waimirite-(Y) are not
well documented. In the BAG sample, the precipitation of waimirite-(Y)
may have occurred just after the leaching of REE from Y-Pb-bearing
pyrochlore due to role of F as a depositional ligand with respect to REE
(Migdisov et al., 2016). Nano-sized veins of fergusonite-(Y) may have
precipitated after the formation of waimirite-(Y) with the remaining
Nb°* from Y-Pb-bearing pyrochlore that could not incorporate the
structure of waimirite-(Y). Fergusonite-(Y) is considered as one of the
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Fig. 8. Nanoscale characterization of Y-Nb-rich fluorite rim in the BAG sample. (a-b) Backscattered electrons SEM image of veins and fluorite (F1) rim rich in Y, Nb,
and Fe and a pyrochlore (Pcl) partially replaced by cassiterite (Cst) and columbite (CIb). The white rectangle corresponds to a close-up on the fluorite rim exhibiting a
porous texture (b). The white line indicates the location of the extraction of the FIB section. (¢) HAADF image of the FIB section. (d-e) STEM-EDS maps of Nb and Y
focusing on the white rectangle shown in (c). (f-g) Electron diffraction pattern matching with the structure of waimirite-(Y) and fergusonite-(Y), respectively. (h-i)

STEM-EDS spectra of fergusonite-(Y) and waimirite-(Y), respectively.

main Nb ore mineral in alkali granites (Ercit, 2005) and carbonatites
(Ying et al., 2023). It is mainly found as a late magmatic to post-
magmatic stage mineral, which can form at the expense of a precursor
such as pyrochlore in the Keivey alkali granite (Zozulya et al., 2020),
and eudialyte in the Strange Lake peralkaline granite (Sheard et al.,
2012).

Since Pb-U-bearing pyrochlore is the only important source of U and
Nb in the CAG sample (Fig. 2a-d), the formation of the micrometric U-
Nb-bearing veins (Fig. 2g, 6a) likely resulted from the alteration of Pb-U-
bearing pyrochlore. Coffinite was the first phase to precipitate under Si-
rich, low temperature and low oxygen fugacity (typically, f(O5) = 10°%°
atm) (Szenknect et al., 2016; Macmillan et al., 2017). The texture of
uraninite characterized by polycrystalline nanodomains in porous zones
of coffinite, suggests that it may have subsequently formed from cof-
finite. Although the formation of coffinite from uraninite is common and
has been well-studied (Szenknect et al., 2020), the opposite trans-
formation exists but has been much less documented (Janeczek and
Ewing, 1992). Such phase transformation has been ascribed to amor-
phous coffinite upon thermal annealing at a temperature above 573 K
(Lian et al., 2009). The nanocrystals of uraninite may stem from the
decomposition of amorphous coffinite nanodomains as temperature
rises during a second hydrothermal event. Additionally, the presence of
Nb in the U-bearing vein (Fig. 7g,h) may lead to the transformation of
coffinite into uraninite. The incorporation of Nb°* in coffinite can be
described by the following substitution mechanism: REE>" + Nb°* =
U** + si** (Macmillan et al., 2017). Considering the expected high
levels of Nb in fluids resulting from pyrochlore alteration, the subse-
quent removal of Si from coffinite might have prompted the formation of
Nb-Si-bearing uraninite, a host already described for Nb (Frimmel et al.,
2014; Wu et al., 2021; Wertich et al., 2022). While Nb-bearing uraninite
has also been observed in the Miaoya carbonatite (Wu et al., 2021), the
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absence of coffinite in this geological context is attributed to the low Si
content.

The similarity in composition of pyrochlore and its secondary
products suggests that the composition of Madeira pyrochlore controls
the nature of the resulting alteration phases. This phenomenon, wherein
the crystal chemistry governs the formation of alteration phases, has also
been observed in other systems. For instance, Nb-bearing uraninite and
Nb-bearing rutile have been identified after the alteration of Ti-bearing
uranpyrochlore (Wu et al., 2021), betafite (A3TioOg(OH)) has been
observed after Ti-bearing pyrochlore (Deditius et al., 2015), and
aeschynite has been found after REE-bearing betafite (Poml et al., 2007).
However, this dependence on crystal chemistry has not been observed in
supergene environments, where the alteration of any composition of
pyrochlore yields Nb-bearing goethite due to the high concentration and
insolubility of Fe3*, which precipitates locally and incorporates Nb
(Wall et al., 1996; Melgarejo et al., 2012; Chebotarev et al., 2017; Bol-
laert et al., 2023a,b).

4.3. Effect of the hydrothermal processes on the average niobium
speciation and ore grade

Although this study highlights various Nb mineralogical hosts (Pb-U-
bearing pyrochlore, U-Pb-bearing pyrochlore, Y-bearing pyrochlore,
columbite, Nb-bearing hematite, Nb-bearing cassiterite, fergusonite-(Y),
and Nb-bearing uraninite), only pyrochlores and columbite significantly
contribute to the average Nb speciation (Fig. 11). This is consistent with
the high amounts of pyrochlore and their high Nb concentrations
(Table 2 and Table 3), while the other carriers are scarce and with less
Nb. Two types of pyrochlore reference spectra were used in the fitting
procedure to account for the variety of the pyrochlore composition
found in the albite-enriched granites (Fig. 3). The XANES spectrum of U-
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Fig. 9. Nanoscale characterization on a mineralogical interface between pyrochlore and columbite located in Fig. 2d. (a) HAADF image of the FIB section. (b-c)
STEM-EDS maps of Fe and Nb, respectively. (d) STEM-EDS RGB map of the area delimited by a white square in (c).

bearing oxynatropyrochlore of reference is used to represent the
Madeira U-bearing pyrochlore in the fitting procedure (Fig. 10c). The
resemblance between the U-bearing oxynatropyrochlore and Nb-bearing
uraninite spectra (Fig. 10c) suggests that some minor proportion of the
U-bearing oxynatropyrochlore contribution may correspond to that of
Nb-bearing uraninite. These similarities arise from their poor crystal-
linity, leading to increased structural disorder and longer Nb-O dis-
tances compared to other non-metamict references. The
hydropyrochlore XANES spectrum is used to account both Pb-U-bearing
and Y-bearing pyrochlores. Given the similarities between XANES
spectra of crystalline pyrochlore (Bollaert et al., 2023c) and the quality
of the BAG and CAG spectra fitting, the hydropyrochlore reference
spectrum can be used to encompass both Pb-U-bearing and Y-bearing
pyrochlore spectra.

Using previous studies on the genesis of Nb mineralization at
Madeira, U-Pb-bearing pyrochlore is considered to have a magmatic
origin (Bastos Neto et al., 2009; Hadlich, 2023). In contrast, the for-
mation of Pb-U-bearing and Y-bearing pyrochlores represents an early
stage of hydrothermal alteration, while the formation of columbite at
the expense of pyrochlore reflects a phase of intense hydrothermal
alteration. The LS-LCF analysis indicates that approximately 10 % and
33 % of the magmatic pyrochlores in the CAG and BAG samples,
respectively, have undergone columbitization (Fig. 11). The detection of
pyrochlore on XRD pattern of the CAG sample but absent from the BAG
sample (Fig S1 and Fig S2) also aligns with the higher degree of
columbitization of pyrochlore in the BAG sample. The latter also exhibits
the highest Nb concentration, at 1597 ppm. Comparing the quantitative
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average Nb speciation with bulk concentrations suggests that hydro-
thermal processes have increased the Nb ore grade of the Madeira albite-
enriched granites. This enhancement is mainly due to the columbitiza-
tion process (Bastos Neto et al., 2009), resulting from the higher relative
enrichment of Nb in columbite compared to pyrochlore (Tables 2 and 3).
Similar increases in Nb ore grade due to hydrothermal processes have
been observed in the Nb-Ta-rich granitic deposit of Lingshan (Xiang
et al., 2017), the Nb-rich Tianbao trachytic complex (Yan et al., 2022)
and the Shuanghekou Nb trachytic deposit (Wu et al., 2023). In contrast,
the hydrothermal alteration of the REE-Nb-rich carbonatitic complex of
Miaoya (Wu et al., 2021; Ying et al., 2023) and the Nb-Ta-W-Sn-rich
granite of Zhaojinggou (Zhang et al., 2023), has not led to an the in-
crease in the ore grade.

4.4. Evidence and conditions of niobium mobilization

In the CAG sample, the micrometric Nb-bearing U minerals in feld-
spars in the absence of pyrochlore vicinity (Fig. 6a,b) shows that Nb and
U mobility range may exceed the mineralogical scale. Investigation of
the nanometric Nb-bearing minerals provides insights on the phys-
ical-chemical features of the hydrothermal alteration elucidating the
mobility of these elements. The presence of F in Nb-bearing uraninite
and coffinite (Fig. 7g,h) evidences the extensive co-transport of Nb and
U in a F-rich hydrothermal fluid. The maximum concentration of Nb
carried by the fluids can be estimated from the Nb concentration in
uraninite (ca. 1 wt% Nb according to SEM-EDS analyses). This solubility
is higher than reported in the literature (ca. 90 ppm Nb, Kotova, 2012),
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Fig. 11. Least-squares linear combination fitting (LS-LCF) procedure of the spectra from the (a) CAG and (b) BAG samples using U-bearing oxynatropyrochlore,

columbite and hydropyrochlore spectra.

likely due to underestimate of F concentration. Nonetheless, the impact
of Nb-F complex mobilization on the Nb ore grade was likely less
important than the relative Nb enrichment resulting from the extensive
columbitization process.

The nanoveins of Nb-bearing uraninite and coffinite found at
Madeira differ from the ones found from the alteration of U-bearing
pyrochlore in both Bayan Obo and Miaoya carbonatites which are
confined to the micrometric environment of the parent mineral (Smith
etal., 2018; Wu et al., 2021). The transport of U in oxidizing conditions
as U is excluded given the presence of sulphides such as pyrite,

12

sphalerite and galena which appear to be synchronous to the columbi-
tization event (Fig. 5). The textural features of uraninite in the carbo-
natites and the studied granites indicate that U** is more mobile in the
presence of F ligands compared to CO%™ ligands (Peiffert and Cuney,
1996; Guillaumont and Mompean, 2003).

The nanometric association between waimirite-(Y) and fergusonite-
(Y) implies a co-transport of Nb and REE in the BAG. Their formation on
the fluorite border (Fig. 8a,b) and the high F concentrations in wai-
mirite-(Y) also show the primordial role of F in their mobilization. The
high concentration of F and Y, released from Y-bearing pyrochlore, in
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Fig. 12. Sketch showing the evolution and transport of Nb and associated elements along with alteration.

the hydrothermal fluid induced first the precipitation of waimirite-(Y)
due to the depositional role of fluoride ligands with respect to REE
(Migdisov et al., 2016). Due to the consumption of F by the formation of
waimirite-(Y), the solubility of Nb decreases, precipitating fergusonite-
(Y). The formation of waimirite-(Y) has therefore limited the mobility of
Nb in the BAG. The preferential formation of fergusonite-(Y) over other
ANbO4 and ANbyO¢ minerals may be indicative of an alteration tem-
perature range of 400-500 °C (Yang et al., 2023). This is supported by
observations where a combination of fergusonite-(Y) and ilmenite are
locally found during the experimental hydrothermal alteration of a Nb-
rich biotite at 400-500 °C, while aeschynite-(Y) and Nb-bearing rutile
were formed at 600 °C (Yang et al., 2023). As the Ti concentration be-
tween the studied pyrochlores and Nb-rich biotite is of the same order of
magnitude (ca. 1-3 wt% TiO>), the Ti content alone cannot account for
the absence of aeschynite and rutile formation in the studied granites. A
hydrothermal temperature starting at 400 °C aligns with the homoge-
nization temperature observed in fluid inclusions within cryolite (Bastos
Neto et al., 2009). Additionally, the nature of the fluid rich in Na, which
has led to the formation of cryolite, may have contributed to the pre-
cipitation of Nb-bearing oxides over Nb-rich titanates (Yang et al.,
2023). The evolution of the hydrothermal Nb mineralization and
transport is summarized Fig. 12.

4.5. Impact of hydrothermal alteration on niobium beneficiation

The majority of the studies conducted on Nb recovery focuses on ores
from the three existing pyrochlore mining operations (Araxa, Catalao
and Niobec), where the ore is subjected to reverse flotation of the gangue
minerals followed by direct flotation of pyrochlore (Shikika et al., 2020).
The beneficiation of columbite is also possible using a combination of
magnetic and gravity concentrations, but it becomes ineffective for fine
particles, resulting in Nb losses in gravity tailings (Cao et al., 2021). The
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flotation of columbite using selective collectors has also received
increasing attention but recovery of Nb from this method remains in its
early stages (Gibson et al., 2015; Shikika et al., 2020). The hydrothermal
alteration of the Madeira granites, which has complexified the magmatic
Nb mineralization by forming columbite closely associated to pyro-
chlore and new chemical varieties of pyrochlore, has downgraded the
quality of the Nb ore by modifying the ore liberation including the
morphological, the surficial and functional properties of the Nb ore
minerals (Rajak et al., 2022). Although pyrochlore dominates the
average Nb speciation of the Madeira granites, columbite is also present
in substantial amount (Fig. 11). However, the current Nb recovery as Sn
by-product at Pitinga fully relies on the gravity separation and flotation
of pyrochlore (Bastos Neto, personal communication, 2024), involving
important loss of columbite in the residue process streams. Niobium
recovery could therefore be enhanced by conducting research on the
mechanisms driving mineral-reagent interactions of both pyrochlore
and columbite flotation systems (Gibson et al., 2015).

5. Conclusions

The Nb mineralization of the Madeira albite-enriched granites was
studied using a multiscale approach combining micrometric, nano-
metric and atomic-scale analytical techniques. Various Nb-bearing
minerals were identified including Pb-U-bearing, U-Pb-bearing, Y-
bearing pyrochlore, columbite, Nb-bearing hematite, Nb-bearing
cassiterite, fergusonite-(Y), and Nb-bearing uraninite. The hydrother-
mal alteration of primary magmatic U-Pb-bearing pyrochlore modified
the composition of pyrochlore into U-Pb-bearing and Y-bearing pyro-
chlores, and ultimately destabilized its crystal structure. The main
mineral resulting from the alteration of pyrochlore is columbite which
formed following a dissolution-reprecipitation mechanism. The contri-
bution of columbite to the average Nb speciation was determined using
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Nb L3-XANES spectroscopy, revealing that 10 % and 33 % of the primary
mineralization was columbitized in the CAG and BAG samples, respec-
tively. The Nb ore grade in the Madeira granites was increased by
columbilitzation processes, which led to the relative enrichment of Nb in
the minerals. Chemical analyses on the nanometric Nb minerals such as
uraninite formed from the alteration of U-Pb-bearing pyrochlore
yielding ca. 1 wt% Nb indicate the higher solubility of Nb in hydro-
thermal fluids compared to previous thermodynamic studies. Fluorides
such as cryolite, fluorite and waimirite-(Y) at the micrometric and
nanometric environment of the Nb-bearing minerals underscores the
pivotal role of F in transporting Nb at a scale exceeding that of the
mineralogical assemblage. Additionally, the presence of REE in the F-
rich hydrothermal fluids are also crucial, because they precipitated as
waimirite-(Y), which consumed most F available, and triggered the
formation of fergusonite-(Y), thereby immobilizing Nb. Finally, the
hydrothermal Nb mineralization has downgraded the quality of the Nb
ore by limiting the ability to recover the entire range of Nb host phases.
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