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Abstract: Previous geochemical and petrological studies have concluded that initially magmatic
Nb–Ta mineralization is often modified by post-magmatic hydrothermal fluids; however, there is still
a lack of mineralogical evidence for the syenite-related Nb–Ta deposit. From the perspective of Nb–Ta
minerals, the pyrochlore supergroup minerals have significance for indicating the fluid evolution of
alkaline rock or related carbonatite type Nb–Ta deposits. The Panzhihua–Xichang (Panxi) region is a
famous polymetallic metallogenic belt in southwestern China, abound with a huge amount of Nb–Ta
mineralized syenitic dikes. This study focuses on the mineral textures and chemical compositions of
the main Nb–Ta oxide minerals (including columbite-(Fe), fersmite, fergusonite-(Y), and especially
pyrochlore group minerals) in samples from the Baicao and Xiaoheiqing deposits, in the Huili area,
Panxi region, to reveal the magma evolution process of syenitic-dike-related Nb–Ta deposits. The
Nb–Ta oxides in the Huili syenites are commonly characterized by a specific two-stage texture on the
crystal scale, exhibiting a complex metasomatic structure and compositional zoning. Four types of
pyrochlore group minerals (pyrochlores I, II, III, and IV) formed in different stages were identified.
The euhedral columbite-(Fe), fersmite, and pyrochlores I and II minerals formed in the magmatic
fractional crystallization stage. Anhedral pyrochlore III minerals are linked to the activity of magma-
derived hydrothermal fluids at the late stages of magma evolution. The pyrochlore IV minerals and
fergusonite-(Y) tend to be more concentrated in areas that have undergone strong albitization, which
is a typical phenomenon of hydrothermal alteration. These mineralogical phenomena provide strong
evidences that the magmatic-hydrothermal transitional stage is the favored model for explaining
the Nb–Ta mineralization process. It is also concluded that the changes in chemical composition
and texture characteristics for pyrochlore group minerals could serve as a proxy for syenite-related
Nb–Ta mineralization processes.

Keywords: Nb–Ta mineralization; syenitic dike; Panxi region; pyrochlore group minerals; columbite
subgroup minerals

1. Introduction

Most economically significant magmatic Nb deposits are associated with either carbon-
atites or felsic igneous rocks [1]. Carbonatite is reserved for igneous rocks containing 50%
or more of modal carbonate (typically, calcite, dolomite, ankerite, or siderite). In rare-metal
deposits of carbonatite, Nb is more common than Ta, and they usually have a deep affinity
with REE or Zr [2,3]. Felsic igneous rocks include nepheline syenites, A-type granites
and syenites [4–6], and related pegmatites [7–9]. In recent decades, two main views on
the enrichment mechanism of magmatic Nb–Ta deposits have been developed. One view
holds that Nb–Ta mineralization is the product of magmatic crystallization processes. This
view is based on experimental data [9–12] and natural samples [13–18], which have shown
that the enrichment of rare elements occurs during the fractionation of granitic melts. The
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second view considers the fact that mineral metasomatism and alteration are common in
some Nb–Ta deposits, suggesting that the enrichment of Nb–Ta deposits may be related
to hydrothermal metasomatism [19–21]. To decipher the specific roles of magmatic and
hydrothermal processes in the formation of magmatic rare element deposits, scholars
conducted a series of mineralogical studies [22–30]. The veinlets of tantalite-(Fe) in the
Nanping pegmatite in southern China [25] may indicate hydrothermal overprinting of
magmatic rare element mineralization. The generation of rare element minerals in the
Songshugang granite [27] demonstrate that a magmatic-hydrothermal transitional stage
is a favored model for explaining the late-stage rare element mineralization. By means
of piston cylinder experiments, Anenburg et al. [28] discussed the enrichment of rare
metals in the last stages of magmatic fractionation in alkaline silica undersaturated systems.
Therefore, rare element mineralization occurs during both magmatic and hydrothermal
stages in peraluminous granites, alkaline granites, and pegmatites. However, only a few
studies specialized in the Nb–Ta-bearing minerals in syenite system.

In this study, we focused on the mineral textures and chemical compositions of
the main Nb–Ta oxide minerals (including columbite-(Fe), fersmite, fergusonite-(Y), and
pyrochlore group minerals) in the syenitic dikes in Baicao and Xiaoheiqing deposits,
Panzhihua–Xichang district, southwestern China, with the aim to track Nb–Ta mineraliza-
tion. These mineral species and composition variations allowed for characterizing both
the magmatic and hydrothermal crystallization stages. Our study showed that pyrochlore
group minerals formed during almost the whole mineralization processes. Moreover, ac-
cording to the new classification scheme for the pyrochlore supergroup minerals approved
by the IMA-CNMNC in 2010 [31], pyrochlore supergroup minerals are defined as complex
oxides with the general formula A2−mB2X6−wY1−n (m = 0–1.7, w = 0–0.7, n = 0–1.0). In this
structure, there are four types of ion occupancies (Figure 1). The A-site can host cations
such as Na+, Ca2+, Th4+, U4+, and REE3+; the B-site can contain cations such as Nb5+, Ta5+,
Ti4+, Si4+, and P5+; the X-site typically contains O2−; and the Y-site typically contains OH−,
F−, O2−, H2O, etc. [31]. Thus, pyrochlore supergroup minerals are natural trackers and
recorders of Na, Ca, REE, Nb, and Ta for indicating their content changes in melts or fluids,
and of OH− and F− for indicating the volatile changes in the metallogenic environment,
both of which have been proven to decipher details of the magmatic and hydrothermal
processes in carbonatitic systems [32,33].
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Figure 1. Schematic diagram of the crystal structure of the pyrochlore supergroup minerals.

The goals of this study were to: (i) describe the diversity of the individual Nb–Ta-
containing minerals and their chemical compositions throughout the magmatic and hy-
drothermal crystallization stages; and (ii) discuss the controlling effects of the primary
magmatic and post-magmatic hydrothermal volatiles on the composition of pyrochlore
group minerals. This information provides insight into the hydrothermal Nb/Ta mineral-
ization involved in syenite fractionation.

2. Geological Setting

The Panxi region (SW China) is located in the inner zone of the Emeishan large igneous
province (ELIP) on the western margin of the Yangtze Block (Figure 2) [34]. This area is one
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of China’s historically important mineral resource areas, containing rare earth elements
(REEs), Nb, Ta, Ti, and V relating to magmatic rocks. In this region, several N–S-trending
faults have exposed numerous mafic–ultramafic intrusions that form a mineralized zone
about 200 km long and 10–30 km wide [35]. These widely distributed mafic–ultramafic
layered intrusions, flood basalts, and related felsic intrusions are considered to be important
components of the ELIP [36] and are thought to have formed from magmas generated by a
mantle plume [37].
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Figure 2. Geologic map of the Panxi region. Modified after [38–40].

Since the 1960s, more than 30 small Nb–Ta deposits have been reported in the Panxi
region, and most of them are hosted in alkaline dikes [38]. Based on field mapping and
analysis, several scholars have concluded that the Nb–Ta mineralized alkaline dikes are
closely temporally and spatially related to the ELIP [41,42]. Previous studies have shown
that the ELIP is related to Indosinian mantle plume activity [37,41,43–47]. As it is difficult
to directly determine the age of mafic rocks, the age of the ELIP was determined based on
the U–Pb zircon ages of related felsic intrusions, which are concentrated at 260–252 Ma,
with a peak at ~260 Ma [42]. Moreover, the age of the Nb–Ta-bearing dikes is very close to
the age of the ELIP. For example, the Cida mineralized alkaline rocks are 261 Ma (zircon
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SHRIMP U–Pb dating; [41]). Therefore, the Nb–Ta metallogenic event is considered the
product of Emeishan mantle plume activity [41,42].

Nevertheless, such an occurrence of Nb–Ta mineralization is rare in other LIPs [48,49].
The genetic relationship between the hydrothermal fluids and the Nb–Ta enrichment of
these syenitic dikes is not clear. Previous research on the syenite type Nb–Ta deposit in
the Panxi region have focused on its mineralization mechanism. Furthermore, several
geochemical and petrological studies have determined that the Nb–Ta mineralization and
enrichment in the Panxi region are controlled by magmatic fractional crystallization or
post-magmatic hydrothermal metasomatism [38,50]. The Nb–Ta-dominant oxide minerals
from the Panxi alkaline rocks have been described, but little attention has been paid to
the association and paragenetic relationship of the Nb–Ta minerals and the mineralogical
evidence of the mineral evolution.

Our study focuses on the Huili area on the western side of the Anning River fault,
including the Baicao and Xiaoheiqing deposits (Figures 2 and 3). The Nb–Ta-bearing
dikes in this area are mainly composed of syenites and alkaline pegmatites (258–256 Ma
zircon U–Pb dating), occur in the eastern part of the syenitic plutons, and intrude into the
mafic–ultramafic layered intrusions [38,51,52]. Three hundred and ten dikes have been
found in the mining area, of which 73 veins are generally 100–300 m long (up to 1000 m
long), 1–5 m in width, and 50–100 m in depth [53]. They are mainly alkalic dikes, including
arfvedsonite syenite dikes, aegirine pegmatite syenite dikes, and granite pegmatite dikes.
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3. Petrography

The Nb–Ta mineralized dikes in the Huili area are composed of Indosinian alkaline
syenite and alkaline pegmatite; they penetrate along the structural fissures in the Hercy-
nian mafic–ultramafic layered intrusions (mainly gabbro) (Figure 4). This layered rock
mass is the northern extension of the Hongge ferric-titanium-vanadium mafic–ultramafic
rocks [56].
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layered intrusions: (a) sample point in Xiaoheiqing deposit (26◦42′53.69′′ N, 102◦0′35.33′′ E); (b) sample point in Baicao
deposit (26◦41′19.43′′ N, 102◦0′28.46′′ E); and (c) large outcrop in Baicao deposit showing obvious layered intrusions and
massive dike intrusions.

3.1. Mafic–Ultramafic Layered Intrusions

The main part of the mafic–ultramafic layered intrusions in the Huili area is composed
of gabbro. The gabbro is deep gray with a medium grained texture and consists of Fe–Ti
oxide minerals (20–28%), clinopyroxene (30–45%), and plagioclase (25–37%).

3.2. Nb–Ta Mineralized Syenitic Dikes

The rocks of the Nb–Ta mineralized syenitic dikes are gray and white with medium-
to coarse-grained, subhedral granular, and metasomatic relict textures and a massive
structure. The main minerals are K-feldspar (50–60%), albite (10–20%), aegirine (5–10%),
and arfvedsonite (5–10%, partly biotitization). Parts of the K-feldspar phenocrysts have
been replaced by albite and clay minerals, forming a metasomatic relict structure. Among
them, the K-feldspar crystals are 1.0 mm × 0.8 mm to 22.3 mm × 9.0 mm tabular grains,
and mainly composed of orthoclase with Carlsbad twinning, microcline, and perthite. The
albite crystals are 0.1 mm to 1.3 mm tabular grains, and they often replace the margins of the
coarse-grained K-feldspar crystals. The arfvedsonite crystals are 0.1–1.8 mm in size, green,
and columnar, and they account for about 10% of the total minerals. Partial biotitization
has resulted in a residual metasomatic structure. The total amount of accessory minerals
is less than 5%. The accessory minerals include fluorite, titanite, thorite, zircon, allanite,
chevkinite, epidote, clinozoisite, fluorapatite, monazite-(Ce), bastnäsite, baryte, pyrochlore,
fergusonite, ilmenite, pyrophanite, magnetite, baddeleyite, zirconolite, bismoclite, galena,
pyrite, and sphalerite.

Pyrochlore group minerals and fergusonite-(Y) are the major Nb–Ta-bearing minerals,
which are described in detail in the mineralogy section.

4. Materials and Methods

Eighteen samples were obtained from the Nb–Ta mineralized syenitic dikes in the
Baicao and Xiaoheiqing deposits. In addition to observations of petrographic thin sections
under an optical microscope, accessory minerals were selected from the artificial heavy con-
centrate and were made into polished wafers for backscattered electron (BSE) observation
and compositional analysis.
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The chemical homogeneity, microstructural features, and mineral inclusions of the
Nb–Ta oxide minerals were studied using a MIRA3 XMU field emission scanning electron
microscope (SEM) in BSE mode and an Oxford X-MAX energy dispersive spectrometry
(EDS) analyzer at the China University of Geosciences (Beijing), China, to survey the
paragenetic assemblages and textures of the samples.

The chemical compositions were obtained using the JEOL JXA-8100 electron micro-
probe at the Beijing Research Institute of Uranium Geology, China. The minerals were
analyzed in the wavelength-dispersive mode under the following operating conditions:
20 kV, 10 nA, and an electron beam diameter of 2 µm. Analytical standards were: Fluora-
patite (F); Synth-CaSiO3 (Ca); Albite (Na); Pyrope (Mg); Synth-YP5O14 (Y); Synth-ThO2
(Th); Synth-PrP5O14 (Pr); Willemite (Si); Rutile (Ti); Synth-KNbO3 (Nb); Tantalite-(Mn)
(Ta); K-feldspar (Al); Synth-MnSiO3 (Mn); Synth-PbCrO4 (Pb); Monazite (Ce, La, Nd); and
Metallic Fe and U (Fe, U).

Due to the complexity of the chemical compositions of the Nb–Ta minerals and the
similarities between the compositional characteristics of the different mineral species, a
single crystal diffractometer was used to conduct the X-ray diffraction analyses of the
selected mineral particles to accurately identify the mineral species. The X-ray powder
diffraction and single crystal diffraction data were acquired using the Rigaku Oxford
diffraction XtaLAB PRO-007HF rotating anode microfocus X-ray source (50 kV, 24 mA,
1.2 kW, MoKα) with a hybrid pixel array detector and a single-crystal diffractometer at the
China University of Geosciences (Beijing), China.

5. Results
5.1. Columbite-(Fe)

The columbite subgroup minerals are some of the most important Nb–Ta minerals
in rare metal granite and granite pegmatite as their compositional characteristics and
zoned structures serve as good tracers of the crystallization evolution process of these
rocks [23,25,27,28,51,57–59]. However, in the Nb–Ta-bearing syenitic dikes in the Huili
area, the columbite subgroup minerals are relatively rare and were only found in three
samples from the Baicao deposit. As is shown in the BSE images, the columbite-(Fe) forms
anhedral to subhedral crystals, which are disseminated in albite, biotite, and calcite, are in-
tergrown with fersmite, and are up to 100 µm in diameter (Figure 5a,b). The columbite-(Fe)
usually occurs as subhedral particles associated with ilmenite (Figure 5c), is wrapped by
subhedral–anhedral zircon (Figure 5d), or is incompletely replaced by fluorcalciopyrochlore
(Figure 5d–f), ranging from 50–100 µm in diameter.

The columbite-(Fe) is composed of 9.48–28.96 wt% FeO, 0.00–8.80 wt% MnO, 0.00–1.24 wt%
TiO2, 65.06–77.45 wt% Nb2O5, and 3.76–6.57 wt% Ta2O5, with Ta/(Nb + Ta) ratios of
0.03–0.05. Nine compositional data for columbite-(Fe) in the different samples from this area
are plotted in Figure 6. The columbite subgroup minerals in the Huili syenitic dikes are all
distributed in the Nb end-member of the columbite-(Fe) zone. The formula for the columbite-
(Fe) calculated using a total of six oxygen atoms is (Fe0.50Mn0.43Ti0.05)∑0.98(Nb1.89Ta0.10)∑1.99O6.

Chemical analysis was conducted on the intergrown grains composed of disseminated
columbite-(Fe) and fersmite. The results show that the Nb and Ta are evenly distributed,
and the columbite-(Fe) grains have Ta/(Ta + Nb) atomic ratios (approximately 0.03–0.05)
similar to those of the fersmite.

As is shown in Figure 5d–f, the rims of the anhedral columbite-(Fe) were replaced by
fluorcalciopyrochlore, forming bright rims or bright veins along the fissures. This is the
characteristic of typical replacement structural zoning. The map scanning results of this
type of grain show that the (Fe, Mn, and Nb) and (Ca, Na, Ta, and Ti) element groups are
similarly distributed, and the two groups exhibit reverse distributions. The point analysis
results show that the Ta/(Ta + Nb) atomic ratios of the columbite-(Fe) and calciopyrochlore
(Figure 5f) are 0.04 and 0.18, respectively.
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Figure 5. Photomicrographs and back-scattered electron (BSE) images of columbite-(Fe) with
associated minerals. (a–c) Intergrown particles of columbite-(Fe) and fersmite (BSE); (d) Inter-
grown particles of columbite-(Fe) and fluorcalciopyrochlore (BSE); (e) photomicrographs of an
incomplete pseudmorph of columbite-(Fe) replaced by fluorcalciopyrochlore; and (f) incomplete
pseudomorph of columbite replaced by fluorcalciopyrochlore (BSE). Abbreviations: Ab—albite;
Bt—biotite; Frg—fergusonite-(Y); Fsm—fersmite; Ilm—ilmenite; Col-Fe—columbite-(Fe); Pcl-FCa—
fluorcalciopyrochlore; Py—pyrite; Sbn—sanbornite; Thr—thorite; and Zrn—zircon.
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Xiaoheiqing deposits.

5.2. Fersmite

Fersmite is also a member of the columbite subgroup. It was found in individual
syenite samples from Baicao deposit. Occasionally, the fersmite in the syenitic dikes occurs
as euhedral crystals with uniformly distributed chemical compositions (Figure 7a,b). It
occurs as anhedral grains and is mainly distributed among the rock-forming minerals, such
as hedenbergite and K-feldspar (Figure 7c,d), but it is occasionally wrapped by subhedral
fergusonite-(Y) (Figure 7d) or intergrown with columbite-(Fe) (Figure 5a,c). The fersmite
in the syenitic dikes is closely related to the fluorcalciopyrochlore and is replaced by
fluorcalciopyrochlore, forming bright rims (Figure 7e,f).
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Figure 7. Photomicrographs and BSE images of fersmite with associated minerals. (a) Fersmite crystals; (b) a fersmite crystal
(BSE) showing uniform composition distribution; (c) anhedral fersmite (BSE) distributed around hedenbergite; (d) subhedral
fersmite associated with fergusonite-(Y) (BSE); (e) fersmite partly replaced by fluorcalciopyrochlore (BSE); and (f) an irregular
aggregate of fersmite associated with fluorcalciopyrochlore (BSE). Abbreviations: Ab—albite; Frg—fergusonite-(Y); Fsm—
fersmite; Hd—hedenbergite; Kfs—K-feldspar; Pcl-FCa—fluorcalciopyrochlore; Py—pyrite; Unk1—unknown mineral 1; and
Zrn—zircon.

The euhedral fersmite is composed of 16.90–17.96 wt% CaO, 74.69–78.42 wt% Nb2O5,
0.09–0.95 wt% Ta2O5, 0.72–1.59 wt% TiO2, and 1.64–3.28 wt% ∑REE2O3, with Ta/(Nb + Ta)
ratios of 0.03–0.06. It is locally enriched in Y and is slightly enriched in Nd, Ce, and La. Its
empirical formula, which was calculated based on six anions, is (Ca1.01Y0.06Nd0.01)∑1.08
(Nb1.87Ti0.05Fe0.05Ta0.01Si0.01)∑2.00O6.00.

5.3. Fergusonite-(Y)

Fergusonite-(Y) occurs as an accessory mineral and is widely dispersed in the Baicao
and Xiaoheiqing Nb–Ta deposits. The fergusonite-(Y) exhibits diverse forms, including
euhedral crystals distributed in petrogenetic minerals such as albite (Figure 8b); lath-like
subhedral crystals and disseminated anhedral crystals, which are commonly associated
with anhedral zircons (Figures 5c and 8c); crumby anhedral crystals among the albite and
aegirine, which are mostly associated with the anhedral zircons and thorite; and, wrapped
around albite, K-feldspar, pyrochlore group minerals, and fersmite (Figures 7d and 8d). In
the study area, the fergusonite-(Y) is closely related to the pyrochlore group minerals. It was
commonly observed that the F-rich pyrochlore is filled with fergusonite-(Y) (Figure 8e,f),
and the octahedral F-rich pyrochlore crystals are wrapped by fergusonite-(Y) (Figure 8f).

The fergusonite-(Y) is composed of 19.41–33.58 wt% Y2O3, 00.00–4.12 wt% CaO,
0.00–14.37 wt% ThO2, 47.15–66.42 wt% Nb2O5, 0.00–6.93 wt% Ta2O5, and 0.00–1.35 wt%
TiO2, with Ta/(Nb + Ta) ratios of 0.006–0.023. The chemical composition of the fergusonite-
(Y) in this area is highly variable; is rich in Ca, LREE, Th, and Nb; and is poor in Ta
and U.
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fergusonite-(Y) crystals; (b) photomicrographs of a euhedral fergusonite-(Y) crystal; (c) lath-like subhedral fergusonite-
(Y) crystals (BSE); (d) disseminated anhedral fergusonite-(Y) (BSE); (e) disseminated fergusonite-(Y) associated with
fluorcalciopyrochlore (BSE); and (f) disseminated fergusonite-(Y) associated with fluorcalciopyrochlore and fluornat-
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Pcl-FNa—fluornatropyrochlore; Thr—thorite; and Zrn—zircon.

About 100 grains were examined using the EDS method, and more than 215 point-
analyses of their chemical compositions were obtained. The compositions are concentrated
in the Y and Nb end member of the fergusonite-(Y) zone, as shown in Figure 9.
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Xiaoheiqing deposits.

5.4. Pyrochlore Group Minerals

The pyrochlore group minerals are the main Nb- and Ta-bearing minerals in the
syenitic dikes in the study area. The grains are light yellow to dark brown or orange
to maroon, primarily occur as euhedral octahedral crystals or allotriomorphic granular
particles, and are ~50 to 250 µm in size (Figure 10).
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The chemical compositions of the pyrochlore group minerals in our samples are highly
variable (Table 1), and the chemical compositions indicate that the pyrochlore group miner-
als in this area include fluorcalciopyrochlore, fluornatropyrochlore, oxycalciopyrochlore,
and “oxynatropyrochlore” (the name not approved by the end of October 2021), according
to the classification of the pyrochlore supergroup minerals approved by the Commis-
sion on New Minerals, Nomenclature and Classification (CNMNC) of the International
Mineralogical Association (IMA) [31].

Table 1. The chemical composition characteristics for the pyrochlore group minerals from the syenitic dikes in the Huili
area.

Component (wt%) Oxycalciopyrochlore Fluorcalciopyrochlore “Oxynatropyrochlore” Fluornatropyrochlore

CaO 12.37–20.17 13.97–20.65 8.85–10.94 11.69–14.9
Na2O 1.93–6.77 6.24–7.84 5.69–7.59 7.30–8.64
Nb2O5 33.50–55.43 43.34–57.69 40.76–49.52 50.22–56.62
Ta2O5 1.08–17.62 0.92–13.37 2.46–6.23 2.84–13.72
TiO2 4.73–12.46 5.68–8.20 6.17–10.41 1.87–7.05
ThO2 0.25–7.69 0.31–4.46 0.49–3.82 1.12–1.66
UO2 0.40–16.34 0.04–6.17 3.97–15.55 0.13–3.00

∑REE2O3 0.00–11.49 1.17–8.63 9.66–11.33 3.36–11.40
F 1.10–2.28 2.53–3.61 0.86–2.18 2.67–3.19

About 200 grains were examined, and more than 403 chemical composition point
analyses were performed. As is shown in Figure 11, the compositions of the pyrochlore
group minerals are concentrated in the area near the Nb end member and in the middle of
the Na–Ca series, outside of the gap zone proposed by Atencio et al. [31] with 1030 and
840 data points plotted as A-sites and B-sites, respectively.

The pyrochlore group minerals in this area are not only abundant in quantity and
species, but they also exhibit compositional zoning, which is evident in the back-scattered
electron images. Four varieties of pyrochlore crystals (pyrochlores I, II, III, and IV), which
were formed at different stages, were identified based on their compositional variations,
morphologies, zoning, and paragenesis (Figures 12–14). Representative chemical compo-
sition data for the pyrochlore group minerals formed at different stages are presented in
Table 2. As the B-site cations are not considered to be easily leached during weathering
and/or hydrothermal activity [60], the pyrochlore compositions are generally expressed
with the number of B-site cations fixed at 2.0 [31,61–63]. The apfu value ranges and averages
of the different elements in all the tested pyrochlore group minerals are plotted in Figure 15.
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Atencio et al. [31] using 1030 and 840 analysis data, respectively.
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Figure 12. BSE images of the pyrochlore group minerals and associated minerals. (a) Calciopyrochlore with fine oscillatory
zoning (pyrochlore I); (b) calciopyrochlore with oscillatory zoning (pyrochlore II); (c) fluorcalciopyrochlore aggregates
(pyrochlore II); (d) fluorcalciopyrochlore with replacement texture (pyrochlore III); (e) an altered columbite-(Fe) crystal
replaced by fluorcalciopyrochlore (pyrochlore III); (f) fluorcalciopyrochlore with replacement texture (pyrochlore III);
(g) fluornatropyrochlore with albite and tiny (<1 µm) linear inclusions (pyrochlore IV), the red line represents the straight
parting and the blue line represents the curved distribution of holes; (h) fluornatropyrochlore with quartz inclusions
(pyrochlore IV); and (i) REE minerals replaced by fluornatropyrochlore (pyrochlore IV). Abbreviations: Ab—albite; Aln—
Allanite-(Ce); Ap—apatite; Chk—chevkinite; Frg—fergusonite-(Y); Col-Fe—columbite-(Fe); Pcl-Ca—calciopyrochlore;
Pcl-FCa—fluorcalciopyrochlore; Pcl-OCa—oxycalciopyrochlore; Pcl-FNa—fluornatropyrochlore; Py—pyrite; Qtz—quartz;
and Zrn—zircon.
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Table 2. Representative electron microprobe data for the pyrochlore group minerals from the syenitic dikes in the Huili area.

Component (wt%) Formula Coefficients (B = 2)

Type II III IV IV IV IV Type II III IV IV IV IV
Sample XHQ-2 BC-23 BC-15 BC-15 BC-13 BC-13 Sample XHQ-2 BC-23 BC-15 BC-15 BC-13 BC-13

Na2O 2.02 6.99 5.88 6.27 7.51 7.72 Na 0.26 0.87 0.79 0.85 0.98 0.98
CaO 20.30 15.69 12.67 10.73 11.62 14.52 Ca 1.43 1.08 0.94 0.80 0.84 1.01
MgO 0.02 0.00 0.01 0.00 0.01 0.00 Mg 0.00 0.00 0.00 0.00 0.00 0.00
Y2O3 1.30 0.37 0.80 1.09 1.78 0.57 Y 0.05 0.01 0.03 0.04 0.06 0.02
ThO2 8.01 0.83 2.97 3.39 1.17 0.88 Th 0.12 0.01 0.05 0.05 0.02 0.01
Ce2O3 3.10 3.57 3.60 5.24 5.46 4.30 Ce 0.07 0.08 0.09 0.13 0.13 0.10
UO2 0.38 5.64 11.85 5.32 2.89 1.33 U 0.01 0.08 0.18 0.08 0.04 0.02

Pr2O3 1.17 0.66 0.71 2.46 1.75 0.66 Pr 0.03 0.02 0.02 0.06 0.04 0.02
PbO 0.00 0.00 0.00 0.04 0.00 0.00 Pb 0.00 0.00 0.00 0.00 0.00 0.00

Nd2O3 1.16 1.29 1.44 1.99 1.72 0.92 Nd 0.03 0.03 0.04 0.05 0.04 0.02
La2O3 0.28 0.61 0.68 0.87 1.60 0.91 La 0.01 0.01 0.02 0.02 0.04 0.02

SiO2 0.07 0.03 0.02 0.04 0.00 0.02
∑A-site 2.00 2.20 2.15 2.10 2.20 2.20

Si 0.00 0.00 0.00 0.00 0.00 0.00
TiO2 11.88 8.80 10.82 7.98 6.93 4.90 Ti 0.59 0.43 0.56 0.42 0.35 0.24

Nb2O5 44.81 51.73 42.78 46.34 51.22 56.95 Nb 1.33 1.51 1.34 1.47 1.56 1.68
Ta2O5 1.21 2.73 3.09 2.87 3.04 3.87 Ta 0.02 0.05 0.06 0.05 0.06 0.07
Al2O3 0.03 0.03 0.00 0.00 0.01 0.00 Al 0.00 0.00 0.00 0.00 0.00 0.00
MnO 0.78 0.10 0.39 0.50 0.43 0.05 Mn2+ 0.04 0.01 0.02 0.03 0.02 0.00
FeO 0.16 0.20 0.35 0.48 0.23 0.18 Fe2+ 0.01 0.01 0.02 0.03 0.01 0.01

F 1.37 2.92 1.42 1.93 2.73 3.00
∑B-site 2.00 2.00 2.00 2.00 2.00 2.00

F in Y-site 0.28 0.59 0.31 0.43 0.58 0.62
O = F2 0.46 1.23 0.60 0.81 1.15 1.26 O in Y-site 0.57 0.40 0.58 0.46 0.41 0.39
Total 97.37 100.96 98.88 96.73 98.95 99.52 Species OCa FCa OCa ONa FNa FCa
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5.4.1. Pyrochlores I and II

The pyrochlore I minerals are rich in U, poor in F, and mainly classified oxycalciopy-
rochlore. The pyrochlore II minerals are poor in U and Na, rich in F, and mainly include
oxycalciopyrochlore and fluorcalciopyrochlore. Both pyrochlores I and II minerals formed
in the primary magma stage. The element composition of this stage is characterized by
an A-site that is rich in Ca and poor in Na; a B-site that is relatively poor in Nb; and a
Y-site with a low F content, which mainly includes oxycalciopyrochlore. Pyrochlores I
and II are mostly euhedral, generally exhibit concentric zoning (Figure 12a,b) and are
mostly distributed in areas less affected by hydrothermal alteration. The concentric zoning
is parallel to the crystalline growth face (111) of the crystal and exhibits straight rims.
For these types of pyrochlore, the entire grain displays a core-to-shell transitional zoning
structure. The outer rim (dark) has comparatively broad zoning, and the core (bright)
exhibits weak oscillatory zoning. The dark zoning in the core is comparatively narrow
and the bright zoning is comparatively broad. There are a few periods of compositional
variation; the element composition is relatively stable, and the chemical composition of the
zoning exhibits oscillatory variation characteristics.

The map scanning of the pyrochlore minerals with such zoning indicates that the
core (bright) and rim (dark) of the zoning correspond to U-rich and U-poor components,
respectively (Figure 13). In the bright zoning of the core, Ta, Si, Ti, and U are synchronously
enriched, and the composition was calculated to be oxycalciopyrochlore, i.e., pyrochlore I.
In the dark zoning of the rim, F, Ca, and Nb are synchronously enriched and the composi-
tion was calculated to be oxycalciopyrochlore or fluorcalciopyrochlore, i.e., pyrochlore II.
Na, Th, and Ce are evenly distributed across the grain.

5.4.2. Pyrochlore III

The pyrochlore III minerals are rich in F, Ca, and Na and mainly include Na-rich
oxycalciopyrochlore and fluorcalciopyrochlore. The crystals are generally anhedral and
replacement textures are commonly observed. Metasomatic relict columbite-(Fe) by py-
rochlore III minerals is present but not common (Figure 12d–f).

5.4.3. Pyrochlore IV

The pyrochlore IV minerals are rich in F, Nb, and Na, and vary in species. Nat-
ropyrochlore (including fluornatropyrochlore and “oxynatropyrochlore”), F- and Na-rich
oxycalciopyrochlore, and Na-rich fluorcalciopyrochlore are uniformly referred to as py-
rochlore IV. These minerals are dominant, and they tend to be more concentrated in areas
that have undergone strong albitization. The early stage minerals (e.g., apatite, allanite, and
chevkinite) were locally or completely replaced by fluids rich in F, Na, and Ca, thus forming
pyrochlore IV. Pyrochlore IV minerals are generally anhedral, with occasional metasomatic
minerals (Figure 12i). The pyrochlore minerals exhibit irregular flow-component zoning
and no contact margins with good self-symmetry occurring among the zoning (Figure 12i).
Moreover, Na-rich pyrochlore IV minerals with even compositions were also directly crys-
tallized, with albite, quartz, and tiny (<1 µm) linear inclusions usually observed filled or
covered by disseminated or vein-like fergusonite (Figure 8e,f) and surrounded by albite
(Figure 12h).

6. Discussion
6.1. The Generation of the Nb–Ta Oxide Minerals

The Nb–Ta-mineralized syenitic dikes in the Panxi region exhibit different stages of
Nb–Ta mineral modes. The pyrochlore group minerals formed in the primary magma stage
exhibit the characteristics of magmatic fractional crystallization. That is, they are mostly
euhedral and generally display oscillatory and transitional zoning structures. Fersmite
and columbite-(Fe) crystals are occasionally observed, and fergusonite-(Y) is rare. The
pyrochlore group minerals formed in the subsequent fluid-rich stage are generally anhedral
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and have replacement textures; large amounts of fergusonite-(Y) occurs; and metasomatic
relict columbite-(Fe) and fersmite are present but are not common.

Based on occurrences, the generation of these minerals could be decisively determined.
A schematic model of the formation of main Nb–Ta-bearing minerals and Nb–Ta mineral-
ization stages in the Huili syenitic-dike-related Nb–Ta deposits is presented in Figure 16.
Fersmite and columbite-(Fe) are the earlier Nb–Ta-bearing minerals, and they typically
formed during the magmatic fractional crystallization (Figure 16a,b). Due to the activity
of hydrothermal fluids at the late stages of magma evolution, they are characterized by
obvious metasomatic residual structures (Figure 16c). The dissolution of these miner-
als increased the Nb content of the fluid, and pyrite later formed around the dissolved
columbite-(Fe) (Figure 5e,f), which may indicate a high f (S) in the hydrothermal stage. The
experimental results of Wang et al. [64] revealed that Nb and Ta can be transported as Nb-F
and Ta-F complexes, respectively, with Na+ in aqueous solutions.
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Figure 16. Schematic model of the formation and evolution of Nb–Ta minerals in the Huili Nb–Ta
deposits. (a) Euhedral pyrochlore I, fersmite, and columbite-(Fe) crystals formed in the primary
magma stage; (b) the magma gradually accumulated F, Nb, and Ca, resulting in pyrochlore II grew
around the pyrochlore I and forming the rim; (c) the interaction of the earlier Nb–Ta minerals with
magma-derived hydrothermal fluids with high contents of Na, Ca, and F in the late stage of the
highly evolved magma; and (d) pyrochlore IV crystals associated with fergusonite-(Y) tend to be
more concentrated in areas that underwent strong albitization. From (a) to (d), the Na, Ca, Nb, and F
contents of ore-forming fluids increased and the temperatures decreased.

Thus, we suggest that F played a key role in the dissolution. Pyrochlores I and II,
which formed in the primary magma stage, mainly include oxycalciopyrochlore. Their
A-sites are rich in Ca and poor in Na; their B-sites are relatively poor in Nb; and their Y-sites
have low F contents. Figure 13 shows the compositional zoning. The later pyrochlore II is
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richer in F and Nb than the earlier pyrochlore I. This positive zoning corresponds well with
the evolution of the magmatic-hydrothermal system. That is, as the contents of volatiles
such as F increased, the preexisting Nb-bearing minerals (fersmite and columbite-(Fe))
dissolved and the Nb content of the fluid increased.

The pyrochlore III are rich in F, Ca, and Na and mainly include Na-rich oxycalciopy-
rochlore and fluorcalciopyrochlore. They are generally anhedral with irregular replacement
textures around metasomatic relict columbite-(Fe) (Figure 16c), which is consistent with
the above hydrothermal transformation. The pyrochlore IV are rich in F, Nb, and Na and
tend to be more concentrated in areas that have undergone strong albitization (Figure 16d),
which is typical of the auto-metasomatism of the hydrothermal alteration in the Huili syen-
ite dikes [54]. When Na+ was released from the complexes, the Nb-F and Ta-F complexes
decomposed. This was the period of the maximum formation for Nb–Ta mineralization.
The fergusonite-(Y) is generally euhedral (Figure 8b) or occurs as veins, exhibiting the
characteristics of hydrothermal genesis. It is closely associated with the pyrochlore III and
pyrochlore IV minerals. As shown in Figures 5d and 12e, the fergusonite-(Y) occurs with
the pyrochlore III and metasomatic relict columbite-(Fe), indicating that it was formed by
metasomatism during the fluid-rich stage. Figure 8f shows that the fergusonite-(Y) and
pyrochlores IV wrap with each other, indicating that they likely formed in the same period.

In this study, it was found that the pyrochlore supergroup minerals did not only occur
in a certain stage of Nb–Ta mineralization but were present from the beginning to the end
of the mineralization. Moreover, they formed in the different stages have characteristic
chemical compositions and exhibit textural relationships with other minerals. We suggest
that the changes in chemical composition and morphologic characteristics for pyrochlore
supergroup minerals could serve as a proxy for Nb–Ta mineralization process.

6.2. The Generation of the Pyrochlore Supergroup Minerals
6.2.1. Crystal Chemistry of the Pyrochlore Supergroup Minerals

Compared with the columbite subgroup minerals, which are a better tracer of the
evolution of rare metal granites and granite-pegmatites, the pyrochlore supergroup min-
erals have the same significance for the fluid evolution of alkaline rock type and related
carbonatite type Nb–Ta deposits. Due to their unique crystalline structures, the pyrochlore
supergroup minerals can accommodate numerous types of cations or additional anions in
each site, and thus, by means of ion replacement, they can form a supergroup of numerous
mineral species. They have special advantages in terms of studying the variations in the
components of the different phases of magma. However, this replacement and combination
of ions should still follow the crystal formula laws and the electrovalence equilibrium
principles. For example, the pyrochlore minerals in the study area usually contain several
ions: Na+, U4+, Th4+, and Si4+.

In the pyrochlore group minerals, Na usually occurs in the A-site in the form of Ca +
Na. The statistics of the massive amounts of compositional data show that a compositional
gap occurs in the Na end member in the Na–Ca series. The pyrochlore minerals in the Huili
area also exhibit this phenomenon, and the Na-dominated A-site is mainly distributed in
the middle of the Na–Ca series. Atencio et al. [31] attributed the natural clustering of the
compositions near Na = Ca = 1 apfu to a charge-balancing requirement for members of the
B5+ groups. Therefore, “oxynatropyrochlore” should not theoretically exist, as its end mem-
ber (Na2Nb2O7) cannot reach electrovalence equilibrium. However, the natropyrochlore in
the study area is mainly of hydrothermal metasomatism origin, which led to large amounts
of ion impurities in the A- and B-sites. Thus, according to the new classification scheme for
pyrochlore supergroup minerals, the composition in which the A-site is dominated by Na,
the B-site is dominated by Nb, and the Y-site is dominated by O, should be classified as
“oxynatropyrochlore”.

For the existing pyrochlore supergroup minerals, U4+, Th4+, and Si4+ are not ion
species which can be stable and even dominate in the pyrochlore structure. U4+ and
Th4+ have high charges and large ionic radii, have difficulties in achieving electrovalence
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equilibrium, and are usually bringing in additional vacancies, thereby forming crystal
defects. With respect to Si4+, some researchers have published data for pyrochlore minerals
with a high Si concentration, which supports the idea that Si can be incorporated into the
mineral structure as a result of replacement reactions [65,66]. Moreover, Bonazzi et al. [67]
indicated that 30–50% of the Si occupies the octahedral sites of the pyrochlore structure,
but a larger fraction (50–70%) of Si is distributed in the radiation-damaged portions of
the sample. Therefore, U, Th, and Si are not favorable for the stabilization of the crystal
structure, whereas Nb, Ta, and Ca+Nb are easier to get into to the pyrochlore lattice, which
is consistent with the actual mineral occurrence. Thus, the increased concentrations of
Na, U, Th, and Si in the structure of the pyrochlore group minerals can directly reflect the
enrichment of Na, U, Th, and Si in the fluids and can also indirectly reflect the variations in
the Ca and Nb concentrations of the fluids.

6.2.2. Pyrochlore Group Minerals Evolution vs. the Magmatic-Hydrothermal Evolution of
the Syenitic Dikes

Based on a comparison of the variations in the apfu values of the main components
(Table 2 and Figure 15), the chemical compositions of pyrochlores I to IV exhibit the
following characteristics.

A-site cations: the Na content is stable in pyrochlore I and gradually increases from
pyrochlores II to IV. The Ca content is comparatively low in pyrochlore I, reaches its peak
in pyrochlore II, and gradually decreases from pyrochlores III to IV. The U content is
highest in the pyrochlore I minerals. B-site cations: the Nb content is lowest in pyrochlore I
and highest in pyrochlore IV. The average Ti content is largest in pyrochlore I, and the Ti
contents are stable and similar from pyrochlores II to IV. However, the Nb and Ti contents
of pyrochlore III vary over a broad range. Y-site ions: the F content of pyrochlore I is the
lowest on average, and the F contents of some samples of pyrochlores II to IV are close to a
full occupation of the Y-site.

According to the variation in the apfu values of the different ions in the pyrochlore
group minerals crystallized in the four different phases, as well as the map scanning
distribution of the elements, it is speculated that pyrochlore I crystalized from melts with
Ti, U, Ta, and Si contents that were comparatively higher than those of the later-stage, while
the F, Ca, Na, and Nb contents were comparatively lower. During this phase (Phase I),
U4+, Ti4++Si4+, and O2− partly occupied the A-, B-, and Y-sites in pyrochlore I, respectively.
After massive amounts of minerals were crystallized, the melts gradually accumulated
F, Nb, and Ca, resulting in secondary growth around the pyrochlore I and forming the
aforementioned rim, which is comparatively rich in F, Nb, and Ca. This rim is composed of
pyrochlore II (Figure 12a,b). In addition, pyrochlore II with a homogeneous composition
was also directly crystallized out of the magma (Figure 12b,c). In pyrochlore II, Ca, Nb,
and F predominantly occupied the A-, B-, and Y-sites and replaced the ionic impurities via
substitution vector U4+ + Ti4+ + O2− → Ca2+ + Nb5+ + F−. In this phase, the Na content
of the pyrochlore structure did not increase in the way of Na in melts, as the Na in the
crystal lattices of the pyrochlore group minerals was not a superior occupying ion as was
previously described.

In Phase III, with melts exsolving large amounts of fluids, F, Na, and Ca became
further enriched in the magma-derived hydrothermal fluids. During the early stage
of the metasomatism, the Ca replaced the early stage minerals, which is supported by
the fact that the associated thorite was also replaced by Ca-rich fluids, likely associated
with the substitution vector Th4+ + O2− → Ca2+ + H2O. In this stage, due to the intense
metasomatism, the chemical compositions of the minerals varied greatly. F continued to
enter the crystal lattices of the pyrochlore minerals by means of a Ca2+ + O2− → Na+ + F−

substitution, which also brought more Na into the crystal lattice, leading to decreased Ca
in the crystal lattices. In addition, pyrochlore III were mainly of metasomatic origin with
the major precursor being Nb–Ta oxides such as columbite-(Fe). Thus, Pyrochlore III vary
greatly in composition.
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Pyrochlore IV crystallized in the albitization stage (Phase IV), during which Na and F
gradually dominated the A- and Y-sites of the pyrochlore structures through the Ca2+ +
O2− → Na+ + F− substitution. Pyrochlore IV mostly have a self-crystallization origin and
have high F and Na contents, resulting in the main products being fluornatropyrochlore
and Na-F-rich calciopyrochlore. The others are of replacement origin, and the metasomatic
minerals include apatite, allanite and chevkinite, leading to high contents of Si, Ti, and P
in the B-site. Moreover, this type of pyrochlore IV has significantly variable Ca and Na
contents in the A-site and O and F contents in the Y-site.

Above all, throughout the entire magma evolution process, the main element re-
placement mechanisms involved in the formation and alteration of the pyrochlore group
minerals in the study area were as follows:

U4+ + Ti4+ + O2− → Ca2+ + Nb5+ + F−,

Ca2+ + O2− → Na+ + F−.

In the Nb–Ta mineralized syenitic dikes in the Huili area, the pyrochlore group
minerals that crystallized in the different phases exhibited a gradual enrichment in fluorine.
To verify the aforementioned speculation, the correlations between the different ions in
pyrochlores I to IV were analyzed (Figure 17).
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In the four phases, F and Na exhibit a strong positive correlation with a consistent
slope, and pyrochlore II generally have low Na contents. The F and Ca contents exhibit a
positive correlation in pyrochlore I, while they exhibit slope-consistent negative correlations
in pyrochlores II to IV. Thus, this indicates that in the late stage of magma evolution, the
F, Na, and Ca underwent a gradual enrichment process. The F, Na, and Ca contents of
the early magma were low, and ion groups such as F + Na + Ca and Ti + U + Ta + Si
competed to enter the crystal lattices of the pyrochlore group minerals. As the magma
evolution progressed, the F and Na contents gradually increased and Na and Ca started to
compete. However, when F + Na + Nb participated in the crystallization simultaneously,
the existence of Ca was necessary to achieve electrovalence equilibrium in the crystal
lattices, i.e., (Ca2−x,Nax)∑2Nb2O6(O1−x,Fx)∑1, (0 ≤ x ≤ 1).

Except for the negative correlation in pyrochlore I, the correlations between F and Nb
were positive in pyrochlores II to IV, but the slope was much larger for pyrochlore III. Based
on the abnormal contents of several of the ions in pyrochlore III (Figure 15), it is speculated
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that during the early metasomatism, the minerals in the surrounding syenite intrusions
underwent metasomatic reactions with the fluids; the varying degrees of the reaction
resulted in the significant variations in the F, Ca, Na, Nb, and Ti contents of pyrochlore III.

6.3. Two Stages of Crystallization of Nb–Ta Minerals in the Huili Syenite Dikes

Massive pegmatitic ore-bearing syenite dikes occur in the Huili area, indicating that
the magma system entered the magmatic-hydrothermal transition stage [68]. According to
textural and compositional characteristics, Nb–Ta oxide minerals in the Huili syenite dikes
could be further divided into two stages: the primary magmatic mineralization stage and
the fluid-rich mineralization stage.

6.3.1. Primary Magmatic Mineralization Stage

The occurrence of abundant pyrochlore group minerals (ore minerals) indicates that
the ore-rich dikes were enriched in volatiles such as H2O and F during their formation.
Several studies [69,70] have noted that in the magma stage, pyrochlore stably crystallizes
earlier than other Nb-bearing minerals, when the fluorine exists in the magma system.
Thus, the occurrence of early columbite-(Fe) and fersmite in the syenite dikes in the Huili
area suggests that during the magmatic-hydrothermal evolution process, the magma
originally lacked volatiles, and as the magma highly evolved, it was relatively enriched
in F-dominated volatiles, giving rise to pyrochlore-type Nb–Ta minerals. In addition,
the pyrochlore particles in the Nb–Ta-mineralized syenitic dikes contain 0.86–3.61 wt%
F, indicating that the magma of the Nb–Ta-mineralized syenitic dikes may have been
rich in fluids/volatiles, which also supports that the Nb–Ta mineralized syenitic dikes
formed from the highly evolved magma. The variation in the F content reflects the magma
evolution process of the whole magmatic-hydrothermal transition stage [23,58,71], and it
played a key role in the enrichment and mineralization of Nb and Ta ions. Moreover, it is
concluded that the enrichment of F in the fluids also played an important role in controlling
the variable components of the pyrochlore group minerals.

The euhedral pyrochlore I and II crystals with oscillatory and transitional zoning
structures mainly formed during the primary magmatic mineralization stage (Figure 16a,b).
The crystal shapes are comparatively regular, and the straight zoned rims are nearly
parallel to the crystal faces. The compositions of the transitional zoning structure are
consistent without abrupt changes in ion species. This zoning can only be developed in self-
crystallized pyrochlore group minerals in a comparatively stable environment. Therefore,
this should be the result of equilibrium fractional crystallization during normal geochemical
evolution [51]. Barsanov et al. [72] concluded that this oscillatory zoning structure was
formed by the incomplete miscibility of two end-member components of the Nb–Ta series
(Nb and Ta). Norton and Dutrow [73] studied the complicated behaviors of magmatic-
hydrothermal processes and concluded that magmatic-hydrothermal processes involve a
complex dynamic system, in which the existence of a supercritical fluid may transform the
system into a disordered state, but this system provides the dynamic conditions required to
form an oscillatory zoning structure. We believe that the oscillatory zoning structures of the
pyrochlore group minerals reflect a complicated crystallization history and conditions, and
they were formed through disequilibrium crystallization in an oscillatory environment.

6.3.2. Fluid-Rich Mineralization Stage

In the late stage of the highly evolved magma, melts exsolve large amounts of fluids
(Figure 16c,d). The magma-derived hydrothermal fluids were enriched in fluorine, giving
rise to pyrochlore-type Nb–Ta minerals. Besides, the irregular patterns of zoning are also
linked to the interaction of the earlier Nb–Ta minerals with magma-derived hydrothermal
fluids at the late stages of magma evolution.

The phenomena that the rim of the transitional zoning has a higher Nb and F than the
core (Figure 13), and that the pyrochlore crystals in the fluid-rich stage (pyrochlores III and
IV) have Nb and F contents higher than those in the primary magma stage (pyrochlores
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I and II) (Table 2 and Figure 15), both indicate that Nb and F were gradually enriched
in the late stage of the highly evolved magma, probably due to the incompatibility of
Nb2O5 in the melt. Moreover, the pyrochlore crystals that crystallized during the fluid-rich
stage (pyrochlores III and IV) have higher Na2O and lower CaO contents than those that
crystallized in the primary magma stage (pyrochlores I and II) (Table 2 and Figure 15). In
pyrochlores I to IV, fluorine is positively correlated with Nb and Na (Figure 17), indicating
that the enrichment of Nb in the highly evolved magma was likely related to the increases
in Na and F.

Nb and Ta are generally poorly soluble in aqueous solutions [74]. However, the
solubility and hydrothermal transfer of Ta and Nb are greatly enhanced in F-rich solutions
under reducing conditions [74]. Experiments with Na+ in aqueous solutions have shown
that Nb and Ta can be transported as Nb-F and Ta-F complexes [62,64,75]. The presence of
Na can increase Nb’s solubility, but Na alone is not sufficient. In the absence of H2O and F
in the system, Nb is poorly soluble. F plays an important role in effectively improving the
solubility of Nb and Ta and reducing the liquidus temperature [70,76,77]. However, the
solubility of NaF is limited in high-temperature water-bearing fluids, and the precipitation
of minerals containing fluorine or the reduction in the fluorine concentration due to the
influence of other fluids can lead to albitization in rocks [16] (Figure 16d). When F– is
released from the complexes, the Nb-F and Ta-F complexes decompose, causing the Nb
and Ta to crystallize into minerals.

6.4. Types of Minerals in the Different Types of Felsic Nb–Ta Deposits

The types of Nb–Ta minerals in granite- and pegmatite-type and syenite-type Nb–
Ta deposits have their own characteristics. In highly evolved granites and pegmatites,
columbite ((Fe,Mn)Nb2O6) and tantalite ((Fe,Mn)Ta2O6) group minerals are the main Nb-
and Ta-bearing minerals [10,17,78–83], i.e., in the form of Nb–Ta oxides composed of
transition metal elements. For syenite type deposits, pyrochlore supergroup minerals
and fergusonite group minerals are the main ore-hosting minerals, i.e., the Nb–Ta oxides
composed of alkali metal elements (e.g., Ca, Na) or REEs (e.g., Y) [15,84,85].

A comparison of alkaline rock type (including alkaline granite type and alkaline
pegmatite type) Nb–Ta deposits with other rare element granite type and pegmatite type
Nb–Ta deposits emphasizes the importance of albitization. Granite type and pegmatite
type Nb–Ta deposits exhibit stronger crystalline fractionation signatures [23,25,27,51,71],
but alkaline rock type deposits (especially syenite type Nb–Ta deposits) are of variable
genesis and are the result of fractional crystallization and more significant hydrothermal
metasomatism, especially albitization. This albitization is closely related to the mineraliza-
tion and is an inevitable product of the late melt-fluid stage of the magma evolution based
on Nb–Ta enrichment through magmatic fractional crystallization.

Above all, the contributions of hydrothermal metasomatism (especially albitization)
to Nb–Ta enrichment of syenitic dike type deposits are concluded to be as follows: (1) the
enrichment of Nb and Ta, acting as carriers and extracting the Nb and Ta from the early
stage Nb–Ta minerals; (2) destroying the Nb–Ta-bearing complexes, thus causing Nb–Ta
minerals to crystallize and separate out; and (3) gradually transforming the occurrence
mode of the Nb and Ta and the species of Nb–Ta minerals.

7. Conclusions

(1) The evolution of Nb–Ta oxide minerals within a syenitic-dike-related magmatic-
hydrothermal system was studied on the examples of the Baicao and Xiaoheiqing deposits,
in the Huili area. The mineralogical phenomena observed in the Huili syenite dikes provide
strong evidence that the magmatic-hydrothermal transitional stage, including the primary
magmatic mineralization stage and the fluid-rich mineralization stage, is a favored model
for explaining the Nb–Ta mineralization process.

(2) Pyrochlore supergroup minerals can record melt evolution and hydrothermal alter-
ation through changes in chemical compositions, texture characteristics, crystal structures,
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and geochemical and petrographic characteristics. As the main Nb–Ta-bearing minerals
for syenitic-dike-related Nb–Ta deposits, the pyrochlore supergroup minerals have unique
crystal chemistry characteristics and form throughout the entire Nb–Ta mineralization
process, which are of great significance to understanding the Nb–Ta mineralization process.
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