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Abstract: The Shuangshan alkaline complex located in the Henan province of China is a newly
discovered, potentially giant niobium (Nb) deposit. A variety of Nb-bearing minerals including
pyrochlore, zircon, and titanite have been identified in this deposit. Distinct textural and chemical dif-
ferences of pyrochlore and zircon indicate that both have different origins. The magmatic pyrochlore
and zircon both have euhedral grains with small sizes. On the other hand, hydrothermal pyrochlore
is mainly intergrown on the edge or inside of hydrothermal zircon in the form of an aggregate.
Compared with magmatic pyrochlore, the contents of F, Ca, and Na in hydrothermal pyrochlore
are obviously high. The texture and composition of hydrothermal pyrochlore and zircon indicate
that Ca-bearing hydrothermal alteration resulted in the migration of Nb from Nb-bearing zircon
and the reprecipitation of Nb to form aggregate pyrochlore. However, the quantitative calculation
shows that the amount of Nb migrated from zircon is very small. Therefore, this study suggests that
hydrothermal alteration plays a certain role in the redistribution of Nb, but the enrichment of Nb is
limited.

Keywords: alkaline complex; Nb deposit; pyrochlore; zircon; alteration

1. Introduction

Although alkaline igneous rocks constitute only a small part of the Earth’s crust in
volume, they have gained considerable attention recently. One important reason for this
is that they are extremely rich in high-field strength elements (HFSE), Zr, Nb, Y, and Rare
Earth Elements (REEs) [1]. These elements, also known as critical metals, are widely
used in “high-tech” applications, such as defense systems, high-strength and corrosion-
resistant alloys, and energy generation and storage [2]. In most cases, the enrichment
of HFSE is associated with a multi-stage process. These elements behave incompatibly
during most magmatic processes, and thus, the first step toward ore formation usually
involves magma formed as the product of extensive fractional crystallization [3]. The
subsequent upgrading of metal concentrations has been attributed to a series of processes,
including liquid immiscibility [4,5], magmatic crystal accumulation [6,7], and in particular,
hydrothermal alteration [8–12].
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Many peralkaline igneous complexes display evidence of hydrothermal alteration,
particularly in the parts most enriched in HFSE. At present, in alkaline granite-syenite
deposits, the hydrothermal process may have two main functions. First, the hydrothermal
process may be the dominant mechanism leading to the mineralization of HFSE. For
example, the mineralization of HFSE in Strange Lake, Canada was explained by the
orthomagmatic fluid transport of these elements as fluoride complexes and their subsequent
deposition resulting from mixing with an externally derived Ca-rich meteoric fluid [11].
Second, the hydrothermal process just redistributes HFSE into secondary minerals that are
more amenable to beneficiation than their magmatic precursors. For instance, a part of
Nb-bearing minerals, including columbite and fergusonite-(Y) in the Nechalacho deposit
in Canada was produced by the alteration of the cores of Nb-enriched zircon and eudialyte
[7,13,14].

The Shuangshan alkaline complex located in the Henan province of China is a newly
discovered, potentially giant niobium deposit which is hosted by an alkaline igneous suit.
The Nb2O5 concentration in this suit is in the range of 0.05–0.10 wt.% [15]. In recent years,
some studies have examined the petrology, geochemistry, and geochronology of the host
rocks of the Shuangshan Nb deposit [16,17]. However, the metallogenic mechanism of Nb
has not yet been investigated. The purpose of this study is to use the textural relationships
and compositions of the Nb-bearing minerals of the Shuangshan deposit to investigate the
role of primary magmatic and hydrothermal metasomatic processes in their crystallization
and determine the extent of remobilization of Nb. In doing so, this paper proposes a model
explaining the genesis of the Shuangshan deposit, which can be applied to study similar
deposits elsewhere.

2. Geological Setting
2.1. Regional Geology

The Shuangshan Nb deposit in Henan province in central China is situated in the
Qinling Orogenic Belt (QOB). The QOB is a major composite collisional zone located
between North China (NC) and South China (SC) (Figure 1a). From north to south, the QOB
can be divided into four tectonic belts by sutures and faults: the Southern North China Block
(S-NCB), North Qinling Belt (NQB), South Qinling Belt (SQB), and Northern South China
Block (N-SCB) (Figure 1b). The QOB has been formed by multiple tectonic movements
from the Grevillian-aged to the Late Mesozoic-Cenozoic intracontinental orogeny. The
detailed orogenetic history of the QOB can be found in the work of Dong and Santosh [18].

The Shuangshan alkaline complex, which comprises a series of alkaline silica- under-
saturated syenite and silica-oversaturated granite, hosts the Shuangshan Nb deposit. This
complex, located in the eastern margin of the S-NCB and NQB, intrudes into the Neopro-
terozoic Luanchuan Group sericite-quartz schist. This complex was emplaced between 867
and 833 Ma based on the U-Pb ages of zircon and titanite [16]. Neoproterozoic plutons
are widespread across the NQB and were formed in two stages with diverse geochemistry,
geochronology, and structures [19]. The first-stage granite formed in ca. 979–911 Ma, has
an S-type geochemical feature, and displays strong deformation, whereas the second stage
granite (ca. 889–844) shows A-type geochemical affinity and weak formation. The forma-
tion of two-stage plutons was related to the Grevillian-aged orogeny situated between the
North Qinling terrane and the North China Block, indicating a transition of the tectonic
setting from subduction, collision, and post-collisional collapse and extension [16]. The
Shuangshan alkaline complex was formed in a post-collisional extensional setting [16,17].
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rock types and the location of the samples. 

Figure 1. (a) Location of the Qinling Orogenic Belt. (b) A geological sketch map of the Qinling Orogenic Belt and distribution
of alkaline rocks in the NCB (modified after Zhang et al., 2002) [20]; (c) A geological map of the Shuangshan alkaline
complex, showing the distribution of the principal rock types and the location of the samples.
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2.2. Shuangshan Alkaline Complex

The Shuangshan alkaline complex constitutes a part of the East Qinling Alkaline Rock
Belt, which starts from Pingwu in the east, passes through Fangcheng and Luanchuan, and
ends in Luonan, Shaanxi with a length of more than 400 km [21]. The complex mainly
consists of biotite syenite, nepheline syenite, quartz syenite, and syenogranite. The exposed
area of this complex is approximately 20 km2, which is irregular in quaternary sediments
(Figure 1c).

Biotite syenite with a fine-grained gneissic structure is the main component of the
complex. The rock-forming minerals of biotite syenite are alkali feldspar (60–75 vol.%),
biotite (10–15 vol.%), and albite (5–10 vol.%). The accessory minerals included euhedral
(envelope-shaped) titanite, calcite, and apatite (Figure 2a,b). Alkali feldspar and albite are
euhedral-subhedral. Biotite is flaky and mostly oriented. Dissolution holes were found in
titanite grains filled with zircon and unrecognized Nb-bearing minerals.
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(b) Envelope-shaped titanite (Ttn) in biotite syenite. (c) Nepheline (Ne), cancrinite (Ccn), orthoclase, 
and zircon (Zrn) aggregate in nepheline syenite (cross-polarized light). (d) Orthoclase, albite, sub-
hedral fluorite (Fl), and taramite (Tmt) with a diablastic texture in nepheline syenite. (e) Subhedral 
taramite with magnetite (Mag) in it. The taramite is associated with orthoclase and albite in nephe-
line syenite. (f) Disseminated fluorite, cancrinite, orthoclase, and subhedral taramite in nepheline 
syenite. 
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(EPMA) were carried out at the State Key Laboratory of Ore Deposit Geochemistry of the 
Chinese Academy of Sciences. The compositions of nepheline, taramite, zircon, titanite, 
and pyrochlore were analyzed using a jxa8530F-plus electron microprobe with an accel-
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Figure 2. Petrography of the Shuangshan alkaline complex. (a) Sheet biotite. (Bt), orthoclase
(Or), albite (Ab), and a small amount of calcite (Cal) in the fine-grained gneissic structure biotite
syenite. (b) Envelope-shaped titanite (Ttn) in biotite syenite. (c) Nepheline (Ne), cancrinite (Ccn),
orthoclase, and zircon (Zrn) aggregate in nepheline syenite (cross-polarized light). (d) Orthoclase,
albite, subhedral fluorite (Fl), and taramite (Tmt) with a diablastic texture in nepheline syenite.
(e) Subhedral taramite with magnetite (Mag) in it. The taramite is associated with orthoclase and
albite in nepheline syenite. (f) Disseminated fluorite, cancrinite, orthoclase, and subhedral taramite
in nepheline syenite.
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Nepheline syenite outcrops mostly in the central zone of biotite syenite, displaying a
gradual transition relationship with it. Nepheline syenite shows medium-to-fine-grained
and rock-forming minerals, including alkali feldspar (50–60 vol.%), albite (10–25 vol.%),
nepheline (15–20 vol.%), taramite (5–10 vol.%), and fluorite (1–3 vol.%). The accessory
minerals in nepheline syenite include pyrochlore, zircon, titanite, garnet, allanite, calcite,
gittinsite, and magnetite. Alkali feldspar is mainly composed of euhedral orthoclase
and minor microcline. Nepheline crystals are generally euhedral-subhedral and mainly
associated with cancrinite, which is faint yellow to bright purple in color (Figure 2c). All
taramite in nepheline syenite is subhedral-anhedral with a diameter of approximately
1–2 mm, generally showing a diablastic texture (Figure 2d). In addition, in sample DZ18-21,
euhedral magnetite crystals are observed in the taramite grains (Figure 2e). The subhedral-
anhedral fluorites in the sample are light purple, and most of them are subhedral-anhedral
and distribute between the grains of feldspar and nepheline (Figure 2f).

Quartz syenite and syenogranite are less abundant and cross-cut the external parts
of the complex (Figure 1c). A single aegirine-augite syenite is locally enclosed in the
complex [17].

The Shuangshan alkaline complex originated from the melting of a small proportion of
enriched mantle and has been contaminated to varying degrees by crust materials during
emplacement, according to the isotopic data of Bao et al. (2008) and Zhu et al. (2020). After
the emplacement of alkaline basaltic magma, silica-undersaturated rocks (nepheline and
biotite syenite) were directly differentiated during the continuous evolution of magma.
However, silica-oversaturated rocks (quartz syenite and syenite granite) situated north of
the complex were formed by the magma with high differentiation, contaminated by the
crust materials according to the εNd(t) values (from −0.7 to −1.5 and from −4.5 to −4.9) of
nepheline and biotite syenite as well as syenite granite and quartz syenite, respectively [16].

3. Samples and Analytical Methods

The highest concentrations of Nb were found in nepheline syenite; thus, it was the
mineral mainly sampled in this study. A total of 10 samples, including drill holes and
two different outcrop samples (Figure 1c), were collected for mineralogical and mineral
chemistry analyses.

Backscattered electron image (BSE) observations and electron probe microanalysis
(EPMA) were carried out at the State Key Laboratory of Ore Deposit Geochemistry of the
Chinese Academy of Sciences. The compositions of nepheline, taramite, zircon, titanite, and
pyrochlore were analyzed using a jxa8530F-plus electron microprobe with an acceleration
voltage of 25 kV and a 10-nA beam current. For rock-forming minerals such as taramite
and nepheline, the diameter of the beam was 10 µm, and the diameter of the pyrochlore
and zircon beam was 2–3 µm. Data reduction was performed using the ZAF correction
method. The standard minerals and measurement conditions for each mineral are provided
in Appendix A (Table A1).

4. Results
4.1. Pyrochlore

Pyrochlore is mainly found in nepheline syenite and is also the main ore mineral found
in the study area. Based on its morphology and paragenetic assemblages, it can be divided
into two types as follows. Type-1 pyrochlore is generally found in orthoclase and albite
grains, with its crystals being shaped like hexagonal or regular polygons (Figure 3a,b).
The diameter of type-1 pyrochlore is small (mostly between 10 and 50 µm). In addition,
most euhedral pyrochlore grains have overgrown pyrochlore on their surfaces (Figure 3b).
Contrarily, type-2 pyrochlore is the main form of pyrochlore and is mostly associated with
aggregate zircon ± allanite ± magnetite, where the diameters of large mineral aggregates
can reach 2 mm (Figure 3c,d). Nearly all aggregate mineral assemblages of pyrochlore ±
zircon ± allanite ± magnetite are found in the mineral grains of cancrinite or adjacent to
cancrinite.
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Figure 3. Backscattered electron (BSE) image of Nb-bearing mineral assemblage in a nepheline syenite. (a) Type-1 pyrochlore
(Pcl) and zircon (Zrn) association with garnet (Grt). (b) Type-1 pyrochlore crystal overgrown by a Ca-Na-rich pyrochlore.
(c) Aggregate allanite (Aln) and type-2 zircons distributed in cancrinite and alkaline feldspar. (d) Type-2 pyrochlores rich in
aggregate zircon.

The elemental composition based on the EPMA analysis (Table 1) showed that the
total contents of type-1 and type-2 pyrochlores were in the range of 90.12–94.74 wt.%
(average: 92.80 wt.%) and 94.36–98.62 wt.% (average: 96.63 wt.%), respectively. Based
on chemical composition, the calculated chemical formulas of type-1 and type-2 py-
rochlores are (U0.02–0.03, Y0–0.01, Pb0–0.01, Fe0.01–0.03, Mn0–0.03, Sr0.01–0.04, Ca0.74–0.85, K0.02–0.04,
Na0.02–0.16,)(Nb1.11–1.34, Ta0.03–0.04, Ti0.27–0.32, Si0.24–0.44, Al0.06–0.15)(OH0.76–0.82, F0.18–0.24) and
(U0.02–0.03, Y0–0.01, Pb0–0.01, Fe0–0.01, Sr0–0.01, Ca1.11–1.21, Na0.53–0.61,)(Nb1.57–1.61, Ta0.03–0.04,
Ti0.35–0.38, Si0–0.01, Al0–0.01)(OH0.35–0.55, F0.45–0.65), respectively. The average concentrations
of Na2O, CaO, and F of type-1 pyrochlore were 1.51, 15.13, and 1.49 wt.%, respectively, and
the SiO2 concentration was found to be 2.83–8.83 wt.%, with the average concentration
being 5.11 wt.%. The Na2O, CaO, and F average concentrations in the type-2 pyrochlore
were higher than those of the type-1 pyrochlore, with the average values being 4.44 wt.%,
17.45 wt.%, and 2.54 wt.%, respectively. Furthermore, the SiO2 concentration was found
to be lower, being less than 1 wt.%. In addition, the overgrown pyrochlore showed a
composition between the type-1 pyrochlore and type-2 pyrochlore (Figure 4).

Table 1. Major elements of representative pyrochlores of the Shuangshan nepheline syenite (wt.%).

Pyrochlore
Type

Type-1
Pyrochlore

Type-2
Pyrochlore

Overgrown
Pyrochlore

Sample No. 1 2 3 4 5 6 7 8 9 10 11

Nb2O5 56.17 54.39 49.70 50.53 60.63 59.06 59.44 59.78 55.74 56.82 59.34
Ta2O5 2.56 2.83 2.31 2.17 1.86 2.39 2.49 2.05 2.62 2.57 2.08
TiO2 8.06 7.88 7.28 7.30 8.54 8.61 7.71 8.61 8.09 8.45 8.39
SiO2 4.62 5.88 8.83 7.52 - 0.13 - 0.12 2.61 1.16 -

Al2O3 0.94 1.31 2.60 1.89 - 0.06 0.05 0.12 0.75 0.17 0.05
FeO 0.74 0.77 0.12 0.46 - - 0.25 - - - 0.10
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Table 1. Cont.

Pyrochlore
Type

Type-1
Pyrochlore

Type-2
Pyrochlore

Overgrown
Pyrochlore

Sample No. 1 2 3 4 5 6 7 8 9 10 11

MnO 0.59 0.53 0.04 0.76 0.03 - - 0.03 0.15 0.06 -
Na2O 0.64 0.16 1.42 1.58 5.12 4.70 5.29 4.67 3.92 4.50 5.75
Y2O3 0.20 0.13 0.30 0.40 0.37 0.39 0.25 0.39 0.51 0.46 0.33
SrO 1.14 1.19 0.40 0.40 0.06 0.09 0.28 0.04 0.07 0.18 0.04
K2O 0.60 0.42 0.58 0.32 - - - 0.02 0.12 0.02 -
CaO 14.97 14.00 13.89 15.07 17.88 17.79 18.79 17.69 16.27 15.95 17.70
UO2 1.59 1.99 2.38 1.68 1.84 1.79 1.65 1.93 2.42 2.35 1.85
PbO 0.41 0.32 0.37 0.58 0.44 0.39 0.38 0.45 0.49 0.37 0.44

F 1.27 1.08 1.53 1.42 2.75 2.61 3.43 2.43 1.83 2.03 3.39
H2O* 2.24 2.39 2.31 2.22 1.27 1.31 0.87 1.42 1.79 1.59 0.93
F=O 0.53 0.45 0.64 0.60 1.15 1.10 1.44 1.02 0.77 0.85 1.42
Total 96.19 94.80 93.45 92.08 99.66 98.25 99.45 98.72 96.63 95.84 98.96

Structural Formulae
Nb 1.34 1.27 1.11 1.18 1.60 1.57 1.61 1.58 1.42 1.51 1.59
Ta 0.04 0.04 0.03 0.03 0.03 0.04 0.04 0.03 0.04 0.04 0.03
Ti 0.32 0.31 0.27 0.28 0.37 0.38 0.35 0.38 0.34 0.37 0.37
Si 0.24 0.30 0.44 0.39 - 0.01 - 0.01 0.15 0.07 -
Al 0.06 0.08 0.15 0.12 - - - 0.01 0.05 0.01 -
Fe 0.03 0.03 0.01 0.02 - - 0.01 - - - 0.01
Mn 0.03 0.02 - 0.03 - - - - 0.01 - -
Na 0.07 0.02 0.14 0.16 0.58 0.54 0.61 0.53 0.43 0.51 0.66
Y 0.01 - 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01
Sr 0.04 0.04 0.01 0.01 - - 0.01 - - 0.01 -
K 0.04 0.03 0.04 0.02 - - - - 0.01 - -
Ca 0.85 0.78 0.74 0.84 1.12 1.12 1.21 1.11 0.98 1.00 1.12
U 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.02
Pb 0.01 - 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
F 0.21 0.18 0.24 0.23 0.51 0.49 0.65 0.45 0.33 0.38 0.63

OH 0.79 0.82 0.76 0.77 0.49 0.52 0.35 0.55 0.67 0.62 0.37

Note. Calculated on the basis of 2 B site cations. (-) is below detection limit. H2O* is calculated based on the content of OH.
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4.2. Zircon

Based on its morphology and paragenetic assemblage, zircon in the Shuangshan
nepheline syenite can also be divided into two types. Type-1 zircon is a euhedral zircon,
which is less abundant and mainly found in alkaline feldspar mineral grains. The diameter
of this type of zircon crystal is approximately 20–50 µm, and it has a short columnar crystal
with a clean surface but generally has dissolution cavities in the core (Figure 5a). Type-2
zircon was found as an irregular aggregate. The surface of the subhedral-anhedral zircon
generally showed dissolution cavities (Figure 5b). Type-2 zircon is yellowish brown to
brown, with the diameter of the aggregate reaching the millimeter scale. This type of zircon
is associated with allanite ± pyrochlore ± magnetite ± gittinsite, and some zircons are
scattered in the interior and periphery of the allanite mineral aggregate (Figure 5c,d). In
addition, type-2 zircon contains the pyrochlore aggregate and a small amount of gittinsite
on its margin, and this type of zircon was mainly found in the mineral grains of cancrinite
(Figures 2c and 3c,d).
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The chemical compositions of the two types of zircons are shown in Table 2. The
results showed that the total content of zircons was in the range of 98–100 wt.%. The
concentration of Nb2O5 in type-1 zircon ranged from 200 to 2100 ppm. For the type-2
zircon, the Nb2O5 concentration ranged from 510 to 3900 ppm. The concentration of Nb2O5
in different types of zircons in nepheline syenite did not regularly change, and it varied
over a large range (Figure 6).
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Table 2. Major elements of representative zircon of the Shuangshan nepheline syenite (wt.%).

No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

ZrO2 63.46 64.63 63.65 64.78 64.05 63.69 64.99 63.63 63.05 64.63 63.44 62.43 62.83 63.32 64.36 64.36 63.77 64.21 64.57 64.13
Nb2O5 0.09 0.10 0.39 0.12 0.05 0.07 0.16 0.11 0.09 0.09 0.21 0.14 0.13 0.15 0.16 0.08 0.07 0.06 0.02 0.06
CaO 0.02 0.05 0.08 0.03 0.02 0.04 0.08 0.02 0.04 0.03 0.02 0.02 0.08 0.01 0.02 0.01 0.04 0.04 0.03 0.01
Y2O3 - - 0.19 - 0.08 0.17 - 0.01 - - 0.21 0.23 0.15 0.06 0.15 - - 0.10 - -
SiO2 33.55 33.66 33.43 33.82 33.63 33.88 33.58 33.41 33.46 33.40 33.94 34.02 34.12 34.07 33.96 33.63 33.65 33.26 33.92 33.80

La2O3 - - - - - - 0.06 - 0.04 - - - - 0.05 - - - 0.06 - -
Ce2O3 - - - - - 0.03 - - 0.03 - - - - 0.05 0.03 - - 0.03 - -
HfO2 1.39 1.34 1.31 1.43 1.35 1.36 1.41 1.37 1.39 1.46 1.12 1.08 1.28 1.34 1.27 1.40 1.25 1.25 1.43 1.23
Total 98.51 99.78 99.05 100.18 99.18 99.24 100.28 98.55 98.1 99.61 98.94 97.92 98.59 99.05 99.95 99.48 98.78 99.01 99.97 99.23

Structural Formulae
Zr 0.953 0.960 0.952 0.959 0.956 0.949 0.963 0.956 0.951 0.964 0.946 0.937 0.938 0.943 0.953 0.959 0.954 0.963 0.956 0.955
Nb 0.001 0.001 0.005 0.002 0.001 0.001 0.002 0.002 0.001 0.001 0.003 0.002 0.002 0.002 0.002 0.001 0.001 0.001 - 0.001
Ca 0.001 0.002 0.003 0.001 0.001 0.001 0.003 0.001 0.001 0.001 0.001 0.001 0.003 - 0.001 - 0.001 0.001 0.001 -
Y - - 0.003 - 0.001 0.003 - - - - 0.003 0.004 0.002 0.001 0.002 - - 0.002 - -
Si 1.033 1.026 1.026 1.026 1.030 1.035 1.020 1.029 1.035 1.021 1.038 1.048 1.045 1.041 1.031 1.027 1.033 1.023 1.030 1.033
La - - - - - - 0.001 - - - - - - 0.001 - - - 0.001 - -
Ce - - - - - - - - - - - - - 0.001 - - - - - -
Hf 0.012 0.012 0.011 0.012 0.012 0.012 0.012 0.012 0.012 0.013 0.010 0.009 0.011 0.012 0.011 0.012 0.011 0.011 0.012 0.011

Note. Atoms per formula units (apfu) are based on 4 oxygens. (-) is below the detection limit. 1–10: type-2 zircon; 11–20: type-1 zircon.
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4.3. Titanite

Titanite is another important Nb-bearing mineral found in the nepheline syenite, with
its main distribution found in cancrinite and orthoclase. It often coexists with allanite.
Titanite is irregular, with the size of the mineral reaching the millimeter grade. It has a
harbor-like corrosion structure. Additionally, small pyrochlore crystals (~10 µm) exist in
the titanite grains. Other minerals associated with titanite include zircon, magnetite, and
allanite mineral aggregates.

The composition of titanite is listed in Table 3. The concentration of Nb2O5 in titanite
was in the range of 1.03–1.63 wt.%, and the calculated chemical formula was Ca0.96–0.97,
Y0–0.01, Mn0–0.01, Ti0.67–0.76, Al0.19–0.28, Fe0.06–0.08, Nb0.01–0.02, Si0.98–0.99, O4[O0.72-0.82, F0.18–0.24,
(OH)0.01–0.06].

Table 3. Major elements of representative titanite of the Shuangshan nepheline syenite (wt.%).

No. 1 2 3 4 5 6 7 8 9 10

Nb2O5 1.12 1.57 1.63 1.51 1.52 1.22 1.39 1.10 1.03 1.53
TiO2 27.71 27.68 28.43 28.35 29.03 28.31 31.21 28.26 29.91 29.30

Al2O3 7.41 7.35 6.94 6.75 6.40 7.15 4.87 7.15 6.05 6.33
Y2O3 0.40 0.35 0.35 0.34 0.38 0.34 0.56 0.32 0.25 0.39
SiO2 30.85 30.85 30.71 30.76 30.74 30.83 30.38 30.71 30.81 30.59

Fe2O3 1.12 1.10 1.08 1.09 1.06 1.12 1.39 1.12 1.10 1.05
CaO 28.20 28.13 27.91 28.21 28.21 28.33 27.69 28.32 28.26 27.96
MnO 0.23 0.23 0.22 0.21 0.20 0.25 0.16 0.22 0.23 0.17

F 2.36 2.09 2.33 2.05 1.90 2.00 1.69 2.28 1.73 1.77
F=O 0.99 0.88 0.98 0.86 0.80 0.84 0.71 0.96 0.73 0.74
Total 98.41 98.47 98.61 98.41 98.65 98.70 98.62 98.51 98.65 98.33

Structural Formulae
Nb 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02
Ti 0.67 0.67 0.69 0.69 0.70 0.68 0.76 0.68 0.72 0.71
Al 0.28 0.28 0.26 0.26 0.24 0.27 0.19 0.27 0.23 0.24
Y 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 - 0.01
Si 0.99 0.99 0.99 0.99 0.99 0.99 0.98 0.99 0.99 0.99
Fe 0.06 0.06 0.06 0.06 0.06 0.06 0.08 0.06 0.06 0.06
Ca 0.97 0.97 0.96 0.97 0.97 0.97 0.96 0.97 0.97 0.97
Mn 0.01 0.01 0.01 0.01 0.01 0.01 - 0.01 0.01 -
F 0.24 0.21 0.24 0.21 0.19 0.20 0.17 0.23 0.18 0.18

(O,OH) 0.76 0.79 0.76 0.79 0.81 0.80 0.83 0.77 0.82 0.82
Note: calculated on the basis of 3 cations.
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4.4. Allanite

Accessory minerals in nepheline syenite also include allanite, which was mainly found
as subhedral aggregates, as shown in Figure 5b,d. The main color of allanite is yellowish
brown, with an obvious band texture observed in the BSE image. The main paragenetic
minerals of allanite include zircon ± garnet ± titanite ± pyrochlore.

5. Discussion

At present, the previous studies have shown that magmatism can enrich Nb in some
ore deposits to the available grade [22,23]. On the other hand, there is sufficient evidence
that the hydrothermal process may play a more important role in Nb enrichment and min-
eralization in many rare metal deposits [9,24–26]. Likewise, hydrothermal alteration also
occurs widely in Shuangshan alkaline rocks, such as albitization, calcification, and silicifica-
tion [15]. The extensive occurrence of hydrothermal alteration has changed the structures
of the primary minerals and mineral assemblage. For example, type-2 pyrochlore and
type-2 zircon have obvious metasomatic structures and dissolution holes. The dissolution-
reprecipitation structure proves the existence of mineral replacement actions [27]. At the
same time, the difference in chemical compositions between the altered minerals (py-
rochlore and zircon) and magmatic (precursor) minerals also proves the transformation of
minerals by hydrothermal fluid. Based on the textural features and chemical compositions
of pyrochlores and zircons, we call these type-1 pyrochlore, type-1 zircon magmatic py-
rochlore, and magmatic zircon, respectively, and these altered minerals (type-2 pyrochlore
and type-2 zircon) are hydrothermal pyrochlore and hydrothermal zircon, respectively.

5.1. Magma Evolution and Pyrochlore Crystallization

Pyrochlore is an important ore mineral found in alkaline Nb deposits, and it is the
main Nb-bearing mineral found in the Strange Lake deposit in Canada, Khaldzan-Buregtey
complex in Mongolia, and Baerzhe rare metal deposit of Inner Mongolia in China [11,28,29].
In these deposits, the primary pyrochlore is generally found to be subhedral-euhedral or
acicular, distributed among the grains of the rock-forming minerals or as mineral inclu-
sions, and a few of them have been associated with Zr-bearing accessory minerals. In the
nepheline syenite of the Shuangshan complex, we also observed the primary pyrochlore,
which should be the product of magmatic crystallization. In fact, due to the high con-
centrations of volatiles, such as F in alkaline magma, and the geochemical properties of
HFSE, certain HFSE, such as Nb and Zr, tend to be enriched in the residual melt in the late
stage [30]. The concentration of Nb in the magma reached saturation in the late stage of
evolution, resulting in the crystallization of a small amount of the primary pyrochlore in
many alkaline complexes [23,31].

The primary pyrochlore in the Shuangshan nepheline syenite has late overgrown
pyrochlore on its surface (Figure 3b). Similarly, in the Strange Lake deposit, Siegel et al.
(2018) found the phenomenon of overgrown pyrochlore on the primary pyrochlore. The
overgrown and early crystallized pyrochlores were similar in composition, such as light
Rare Earth Element (LREE) enrichment. However, the concentrations of Ba, Pb, Si, and
other elements of the overgrown pyrochlore changed. They believed that these two types
of pyrochlores were the result of magma differentiation and evolution [23]. With the
crystallization differentiation of magma, its composition changed, thus changing in the
composition of the overgrown pyrochlore. The change in the composition of pyrochlore in
the Shuangshan syenite may also indicate the direction of evolution of Shuangshan alkaline
magma. As shown in Figure 4, there was an obvious negative correlation between SiO2
and Nb2O5. This phenomenon may indicate that Si was incorporated in the structure of
the pyrochlore during crystallization of the magma, and Si occupied the octahedral sites of
the pyrochlore structure and replaced position B in the normal pyrochlore AB2X6Y [32,33].
When magma crystallized continuously, the alkalinity of the residual melt continuously
increased, and the volatiles also accumulated in the residual melt. The decrease in the Si
concentration in the pyrochlore may have been due to the formation of the Shuangshan
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nepheline syenite itself in a silicon-unsaturated system. With the crystallization of alkaline
amphibole, alkaline feldspar, and other rock-forming minerals, the concentration of silicon
in the melt also decreased, resulting in a low Si concentration in the overgrown pyrochlore.

5.2. Hydrothermal Alteration

It has been generally believed that Nb, Zr, and other HFSE cannot easily migrate
via hydrothermal fluids, and thus they have often been used for geochemical tracing.
However, an increasing number of studies have shown that HFSE can migrate via some
specific hydrothermal fluids, those containing anions such as F and Cl, and especially those
containing F. Zr can form a stable complex with F to aid in migration [11]. Similarly, Nb can
also combine with F in hydrothermal fluids to form stable complexes, such as Nb(OH)2F3,
with the solubility of Nb in hydrothermal fluids containing F reaching 10 ppm or even
higher [34,35]. After hydrothermal alteration, the primary HFSE minerals transform or form
new mineral types, such as primary Nb-rich zircon and eudialyte and elpidite transformed
into fergusonite-(Y), fergusonite, and armstrongite or gittinsite, respectively [14,36]. In
this process, the newly formed minerals and mineral assemblages were controlled by the
primary mineral composition and hydrothermal composition.

As mentioned above, in addition to magmatic pyrochlore, we also found hydrother-
mal pyrochlore closely associated with zircon in the Shuangshan nepheline syenite. A
comparison between the main compositions of magmatic and hydrothermal pyrochlores
in Shuangshan nepheline syenite revealed that the latter contained higher F, Ca, and Na
contents and a lower Si content, indicating that the formation of this pyrochlore was proba-
bly affected by the late F-, Na-, and Ca-bearing hydrothermal fluid. On the other hand, we
also found fluorite veins filling the rock-forming minerals in thin sections. Combined with
the close spatial relationship between this hydrothermal pyrochlore and zircon (Figures 3d
and 4d), we speculated that this type of pyrochlore was formed by hydrothermal alteration,
and Nb in the aggregate pyrochlore migrated from Nb-rich primary zircon. The entry
of Ca- and Na-containing hydrothermal fluid led to the dissolution of zircon, and the
released Nb formed Nb(OH)2F3. Then, the Ca and Na in the hydrothermal fluid reacted
with Nb(OH)2F3 to finally form the hydrothermal pyrochlore. The following reactions took
place:

ZrSiO4 • NbSiO4
+ (Nb-bearing zircon) + 3F− + H2O = ZrSiO4 (zircon) + Nb(OH)2F3 + SiO3

2− (1)

4Nb(OH)2F3 + 7Ca2+ + 2Na+ + 16OH− = 2CaNaNb2O6F (pyrochlore) + 5CaF2 + 12H2O (2)

Simultaneously, other minerals were also altered by this Na- and Ca-bearing hy-
drothermal fluid. For example, nepheline was observed to be altered into cancrinite,
especially nepheline adjacent to the aggregate pyrochlore, and this type of cancrinite often
contained a higher amount of water (~10 wt.%):

3KNa3[AlSiO4]4 (nepheline) + 2CaCO3 + 2Ca2+ + 4OH− + 3Na+ = 2Na6Ca2[AlSiO4]6[CO3](OH)2 (cancrinite) + 3K (3)

A small amount of zircon was altered into gittinsite as follows:

ZrSiO4 (zircon) + Ca2+ + SiO3
2− = CaZrSi2O7 (gittinsite) (4)

This widespread calcification alteration proved that the Shuangshan nepheline syenite
was affected by the late Na- and Ca-bearing hydrothermal fluid, and its presence evidently
impacted the mobilization, migration, and re-enrichment of Nb as a pyrochlore. In the
Shuangshan nepheline syenite, the hydrothermal pyrochlore was only found in the interior
of the altered zircon or close to zircon, which was because of the difficultly of HFSE, such
as Nb, to be transported long distances via hydrothermal fluid. Nb-bearing minerals, such
as columbite and fergusonite, which formed after the hydrothermal alteration were usually
formed in situ or only migrated at the micron scale [7].

The primary zircon was dissolved via a hydrothermal process where fluorine likely
migrated Nb as a complex. However, a comparison between the compositions of the mag-
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matic and hydrothermal zircons revealed no significant difference in the Nb concentrations.
It can be seen from Figure 6 that the lowest Nb concentration in the hydrothermal zircon
remained higher than that in the magmatic zircon after the migration of some Nb due
to the dissolution of hydrothermal fluid. This may be because the migration of Nb via
hydrothermal fluid was limited, and the latter could not completely remove the Nb in the
zircon.

5.3. Quantitative Evaluation of the Migration of Niobium from Hydrothermal Zircon and Titanite

In the previous discussion, we provided the evidence that the hydrothermal py-
rochlore in the Shuangshan nepheline syenite was formed by Nb recrystallization that
migrated from Nb-rich zircon under the action of late Na- and Ca-bearing hydrothermal
fluid. To determine the amount of Nb that could be reserved by zircon on its crystallization,
we carried out a simple quantitative calculation.

In addition to pyrochlore and zircon, titanite also contains a high amount of Nb
(Table 3), which is also the main niobium-bearing mineral. According to our whole rock
chemistry data (Appendix A, Table A2), the mass fractions of zircon and titanite were
calculated. Based on the distribution coefficient of niobium in various minerals [37] and
the solubility of pyrochlore [38], the mass fractions of niobium in rock-forming minerals,
pyrochlore, zircon, and titanite were estimated. As shown in Table 4, when nepheline
syenite crystallized at 600 ◦C [38], titanite and zircon accounted for 20.05 wt.% and 2.81 wt.%
of the total Nb2O5 content, respectively. Pyrochlore accounted for 67.56 wt.% of the total
Nb2O5 content, and the remainder was in rock-forming minerals, such as alkali feldspar,
feldspathoid, biotite, amphibole, and magnetite. In addition, the lowest crystallization
temperature of the Shuangshan nepheline syenite calculated by Zhu et al. (2020) was
500 ◦C. Therefore, we also estimated the mass fraction of niobium in each mineral phase
at 500 ◦C (Table 4). The Nb contents of titanite and zircon were 30.07 wt.% and 0.42 wt.%,
respectively, while the Nb crystallized in the form of a pyrochlore accounted for 95.13 wt.%,
and only a little niobium entered the rock-forming minerals. In other words, as the host
minerals of Nb in the magmatic stage, the capacities of zircon and titanite for Nb in the
Shuangshan nepheline syenite were significantly limited.

Table 4. The concentration of Nb in minerals of the Shuangshan nepheline syenite.

Temperature 600 ◦C 500 ◦C

Total Content of Nb2O5 in Nepheline Syenite (ppm)

Initially in melt 1000 1000
At pyrochlore saturation 1000 150

Nb2O5 Content of Minerals (ppm) DNb *

K-feldspar (60%) 18.00 2.70 0.03
Albite (10%) 3.00 0.45 0.03

Nepheline (20%) 6.00 0.90 0.03
Amphibole (4%) 3.76 0.56 0.094

Biotite (2%) 64.00 9.60 3.2
Titanite (1.23%) 200.49 30.07 16.3
Magnetite (1%) 1.10 0.17 0.11
Zircon (0.72%) 28.08 4.21 3.9

Pyrochlore 675.57 951.34

Nb2O5 in other minerals (ppm) 324.43 48.66
Nb as pyrochlore (% of total) 67.56 95.13

Note: * DNb of orthoclase, albite, nepheline, amphibole, biotite, and magnetite from Ballouard et al. (2020) or
calculated based on their experiment data. DNb of zircon and titanite is obtained by calculation of the analysis
data of our sample.

It is evident that the concentration of zirconium (ZrO2 0.1–0.4 wt.%, Appendix A (Table A2))
in the Shuangshan nepheline syenite was significantly lower than that in the same type of rare
metal deposit, such as the Nechalacho rare metal deposit (ZrO2 2.1–2.99 wt.%) [7]. Therefore,
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the evidence showed that Nb in the Shuangshan alkaline complex was mainly preserved in the
magmatic pyrochlore. Although a small amount of Nb can be removed from zircon (or titanite)
by a later hydrothermal process, this effect was very limited for the re-enrichment of Nb.

6. Conclusions

In the Shuangshan deposit, the magmatic and deuteric pyrochlore have different
textural and chemical characteristics. Magmatic pyrochlores are euhedral crystals with
small sizes which are generally found in orthoclase and albite mineral grains. Contrarily,
hydrothermal pyrochlores are almost associated with aggregate zircon ± allanite ± mag-
netite, and the diameters of the large mineral aggregates can reach the millimeter level.
Nearly all aggregate mineral assemblages are found in the mineral grains of cancrinite or
adjacent to cancrinite. In terms of compositions, the Na, Ca, and F concentrations in the
hydrothermal pyrochlore were higher than those of the magmatic pyrochlore.

The hydrothermal pyrochlore origin is related to the alteration of late Na and Ca-rich
fluid. In the process of alteration, the addition of Na- and Ca-bearing hydrothermal fluid
alters both the F-rich minerals and the adjacent Nb-bearing zircon. Nb is released from zircon
by hydrothermal fluid, and it finally forms an aggregate pyrochlore with aggregate zircon.
However, the quantitative calculation shows that the amount of Nb reserved by zircon is
very small. Therefore, this study suggests that hydrothermal alteration plays a certain role in
the redistribution of Nb, but the enrichment of Nb is limited. The Shuangshan deposit is a
significant Nb resource as a result of the concentration of this metal by magmatic processes.
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Appendix A

Table A1. Standards used for electron microprobe analyses (the standard used for a given element
was employed for all minerals analyzed unless otherwise noted).

Standard Element Counting Time (s)

Pyrope Fe, Mn, Ti, Al, Si, Ca 15
Benitoite Ba 15

Orthoclase Na, K 15
Monazite Y, La, Ce 45
Apatite F 15

Anhydride Sr 45
PbS Pb 15

Cubic Zirconia 1 Zr, Hf, Y 15,45
Rutile 2 Ti 15

Diopside 2 Ca 15
Albite 3 Na, Al, Si 15

Almandine 4 Fe 15
Kaersutite 4 Na, Ca, Ti, Al, Si, Mg, K 15

MAC-Nb Nb 15
MAC-Ta Ta 15
MAC-U U 45

1 Zircon. 2 Titanite. 3 Nepheline. 4 Taramite.
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Table A2. Major element composition and Rare Earth Elements (REEs) + Zr and Nb composition
of Shuangshan nepheline syenite. The major element and trace element were obtained by X-ray
fluorescence (XRF) and ICP-MS, respectively, at the State Key Laboratory of Ore Deposit Geochemistry
of the Chinese Academy of Sciences.

Sample DZ18-
02

DZ18-
06

DZ18-
08

DZ18-
09

DZ18-
18

DZ18-
21

DZ18-
28

DZ18-
30

ZK503-
6

Oxide (wt%)
SiO2 57.26 56.70 60.38 57.53 56.99 52.66 56.76 56.81 56.11

Al2O3 19.17 21.23 21.37 17.73 20.10 16.55 19.75 19.30 19.82
TFe2O3 4.61 4.29 3.62 5.44 3.96 6.56 5.48 5.20 5.04
MgO 0.75 0.72 0.32 0.55 0.46 0.85 0.69 0.71 0.37
CaO 2.72 1.49 0.25 3.13 1.30 7.20 1.82 2.39 1.94

Na2O 6.80 5.57 7.44 5.87 3.72 4.43 6.21 7.54 7.88
K2O 6.00 6.68 4.12 7.05 8.87 6.00 6.70 5.97 5.27
MnO 0.33 0.41 0.37 0.52 0.34 0.49 0.40 0.35 0.25
P2O5 0.05 0.05 0.05 0.05 0.09 0.20 0.04 0.05 0.05
TiO2 0.47 0.26 0.30 0.43 0.64 0.38 0.58 0.52 0.50
LOI 1.51 1.66 0.99 1.21 2.62 3.83 0.68 0.98 1.67
Total 99.67 99.07 99.21 99.51 99.09 99.15 99.11 99.83 98.90

Trace element (µg/g)
La 140 257 279 261 318 684 248 398 531
Ce 254 458 458 435 603 1431 358 627 791
Pr 23 36 42 41 62 160 30 53 68
Nd 72 105 123 123 206 553 82 154 190
Sm 10 15 17 17 29 80 11 20 25
Eu 1 1 2 2 3 9 1 2 3
Gd 9 13 15 15 24 63 11 18 23
Tb 2 2 2 2 3 9 2 3 3
Dy 12 11 16 15 19 51 11 17 20
Ho 3 3 4 3 4 10 2 4 4
Y 84 69 120 108 120 285 79 118 137
Er 8 8 12 11 12 29 8 12 14
Tm 1 1 2 2 2 4 1 2 2
Yb 8 12 15 14 13 24 8 14 15
Lu 1 2 2 2 2 3 1 2 2
Zr 1143 3447 2529 2305 1748 1230 2109 2568 3642
Nb 232 531 787 546 511 729 451 582 703
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