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A B S T R A C T

Carbonatitic magmatism plays a significant role in outgassing carbon from mantle and the formation of rare
earth element (REE), rare metal (e.g., Nb and Th) and other types of deposits. The mechanism of REE miner-
alization associated with carbonatite have been widely studied. However, it is hard to understand U-Nb mi-
neralization without Th enrichment associated with carbonatite. Here we report a carbonatite-hosted U-Nb
deposit in Huayangchuan, located in the north Qinling Orogenic Belt. Field observation, mineralogy and geo-
chemical analysis on a suite of drillhole samples were conducted to decipher the mineralization mechanism and
its relationship with carbonatite. Huayangchuan carbonatite samples mainly consist of calcite and augite with
small volume of accessory minerals (e.g., allanite, fluorapatite, barite and celestite). Betafite
[(Ca,U)2(Ti,Nb,Ta)2O6(OH)] is the major ore-bearing mineral in Huayangchuan deposit.

The carbonatite shows high CaO, low MgO and alkali contents, which should be products to be differentiated
from primary carbonatite (high MgO and alkali contents). The immiscibility and crystallization processes could
explain the high CaO/(CaO + MgO + FeO) ratios and the enrichment of LILE. Numerical modeling also in-
dicates positive δ18OSMOW (7.29 to 15.53‰) and negative δ13CPDB (−5.26 to −10.08‰) shifts are induced by
reduced sediments assimilation from source consistent with there being enriched Sr-Nd and low Mg isotopic
compositions. LA-ICP-MS zircon U-Pb dating of Huayangchuan carbonatite yielded Triassic ages of 229 ± 3 Ma,
which corresponds to the post-collision stage of Qinling Orogen during the middle-late Triassic. We then pro-
posed that the recycling of subducted sediments and later re-melting of those materials in shallow mantle
generated the Huayangchuan carbonatite and subsequently formed the Huayangchuan deposit. Fluorine con-
centration decrease, caused by fluorapatite crystallization, ultimately resulted in betafite mineralization.

1. Introduction

Carbonatite is a type of rare but economically important rock, which
is generally associated with light rare earth elements (LREE) and rare
metal deposit. As reported, about 527 carbonatite intrusions or extru-
sions are distributed in various geological settings (Woolley and
Kjarsgaard, 2008). Among them, nearly 20% of carbonatites display
characteristics of geochemical enrichments in rare metal and LREE

(Mariano, 1989; Woolley and Kjarsgaard, 2008; Hou et al., 2015). For
example, Bayan Obo is the largest LREE deposit in the world, as well as
a large iron, niobium and thorium deposit in China (Fan et al., 2016; Lai
et al., 2012; Ling et al., 2013; Liu et al., 2018; Yang et al., 2017; Yang
et al., 2009; Yuan et al., 1992). The mechanisms of REE mineralization
associated with carbonatite have been well constrained by previous
researches (Smith and Henderson, 2000; Ling et al., 2013;
Doroshkevich et al., 2009; Chakhmouradian and Zaitsev, 2012).
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However, other kinds of mineralization (e.g., U and Nb) is also rarely
reported among all carbonatite worldwide, e.g., Tamil Nadu and Ra-
jasthan in India, Ndale in Uganda and Oka in Canada and Lofdal in
Namibia (Gaudet, 2013; Viladkar and Ghose, 2002; Dahlkamp, 1978;
Hogarth and Horne, 1989; Petruk and Owens, 1975), among which the
ore-forming mechanism remains controversial.

Here we report a carbonatite-hosted U-Nb deposit in
Huayangchuan, which is located at the Lesser Qinling area, at the
southern margin of the NCC (Fig. 1). Prior researches on Huayangchuan
U-Nb deposit focused on petrogenesis, geochronology and mineraliza-
tion mechanism (Gao et al., 2017; Gao et al., 2015; He et al., 2016; Hui
et al., 2017; Hui and He, 2016; Song et al., 2016; Xu et al., 2007; Xu
et al., 2011; Yu, 1992). However, many controversies still exist re-
cently. Although REE and Nb mineralizations are closely related with
carbonatite, U enrichment is commonly associated with granitic melts.
Therefore, some researchers have suggested the mineralization was
mainly controlled by pegmatite magmatism. While others proposed that
the ore-forming materials had been carried by carbonatitic melts.

To date, the ages of Huayangchuan carbonatite and its mineraliza-
tion still continue to be debated. Molybdenite Re–Os dating and the
Monazite U-Pb dating of the North Qinling carbonatite plutons give
Late Triassic ages of 209–221.5 Ma (Song et al., 2016; Du et al., 2004;

Stein et al., 1997; Sun et al., 2002). Still, these ages are different from
what is found on recent biotite Ar-Ar age (132–133 Ma) of Huayang-
chuan carbonatite (He et al., 2016). More precise dating work should be
performed on the Huayangchuan carbonatite, especially zircon U-Pb
dating. In addition, the Huayangchuan carbonatites have low Mg iso-
topic characteristics (−1.89 ~ −1.07‰), high (87Sr/86Sr)i values
(> 0.70495), varied εNd values (−4.3 ~ −10.1) and also extremely
high LILEs (Sr, Ba, U and Pb) concentrations (Song et al., 2016; Xu
et al., 2010). It is still unclear what mechanism may have contributed to
these specific isotopic and trace element characteristics.

In the Huangyangchuan district, Nb and U are mainly enriched in
betafide [(Ca,U)2(Ti,Nb,Ta)2O6(OH)]. Moreover, the precipitation me-
chanism of betafide is still obscure. Some authors suggested betafide
formed in the granitic pegmatite (Gao et al., 2015). Others indicated
carbonatite is main ore-bearing rock (Hui et al., 2017). However, there
is still unclear as to when betafide have formed, as to whether during a
magmatic stage or late hydrothermal stage (Gao et al., 2017; He et al.,
2016; Hui and He, 2016). Within this contribution, detailed field ob-
servation, mineralogy, whole-rock major and trace element, carbonate
C and O isotopic analysis, zircon U-Pb dating and chemical mapping of
betafite on a suite of drillhole samples were conducted to decipher
genesis of carbonatite and the ore-forming mechanism in question.

Fig. 1. (A) Tectonic subdivisions of China (Xia et al., 2012). (B) Geological map of the Lesser Qinling district. Four carbonatite dykes with distinct mineralizations.
Huayangchuan: U-Nb; Huanglongpu and Huangshuian: Mo; Miaoya: LREE. (C): Geological map of the Huayangchuan ore district.
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2. Tectonic background

The Qinling orogenic belt is divided into four sub-units from north
to south (Fig. 1a): Lesser Qinling, North Qinling Belt (NQB), South
Qinling Belt (SQB), separated by Shangdan suture and Mianlue suture,
respectively. Lesser Qinling is the northernmost part of the North
Qinling Belt, which adjoins the NCC to the north (Fig. 1b). Previous
studies suggested that the Qinling Orogen experienced a prolonged
continental divergence and convergence between the North China and
South China blocks (Meng and Zhang, 2000; Sun et al., 2002; Xue et al.,
1996).

During the period from Late Neoproterozoic to Early Paleozoic, the
South Qinling and North Qinling were still the margins of the South
China and the North China blocks, separated by the Shangdan Ocean
(Meng and Zhang, 2000). The Shangdan Ocean likely existed during
Early Silurian and was finally closed prior to Middle Devonian (Dong
et al., 2011). The North Qinling evolved into an active margin when the
Shangdan ocean subducted northward during the Ordovician. Collision
of the South and North Qinling having taken place during Middle Pa-
leozoic along the Shangdan suture (Sun et al., 2002; Zhang et al., 1996).
At the same time as collision, extension began from Mid-Devonian, and
thereby the Mianlue basin developed within the northern margin of the
South China block, the following occurred. The Mianlue oceanic crust
suffered northward subduction beneath the South Qinling Belt from
Permian to Early Triassic (Sun et al., 2002; Zhang et al., 1996; Meng
and Zhang, 2000). Collision of the South Qinling and the South China
block came about in the Late Triassic along the Mianlue suture. The
Late Triassic collisional orogeny caused extensive fold-and-thrust de-
formation and granitoid intrusions throughout the Qinling, leading to
final amalgamation of the North and South China blocks (Dong et al.,
2011).

Carbonatites are extensively developed in the Qinling Orogen, e.g.,
Huayangchuan, Huanglongpu, Huangshuian and Miaoya. Among them,
Huayangchuan, Huanglongpu and Huangshuian carbonatite veins are
situated in the Lesser Qinling from west to east (Song et al., 2016; Xu
et al., 2011). Miaoya carbonatite lies in the South Qinling Belt (Xu
et al., 2010). These carbonatites are all calcio-carbonatites, while dis-
playing distinct mineralization types. The Huayangchuan carbonatite
show U-Nb mineralization (Gao et al., 2017). The Huanglongpu and
Huangshuian carbonatites contain abundant molybdenite and, it is
evident, formed a large Mo deposit (Cao et al., 2014; Song et al., 2015).
While the Miaoya carbonatite rocks contain economic LREE ores (Xu
et al., 2010).

3. Geological background of the Huayangchuan ore district

The Huayangchuan U-Nb deposit, which occupies an area of
50 km2, is located at the western Lesser Qinling district (Gao et al.,
2017). In Huayangchuan U-Nb deposit district, the Taihua Group gneiss
is the oldest crystalline basement in the Huayangchuan district, which
has 2.2–2.6 Ga crystallization age and 1.8–1.9 Ga metamorphic age (Xu
et al., 2009). The major fault trends NWW, but while aligned with
multiple NE trending secondary faults. The extensively developed faults
provide profitable space for later magmatism and mineralization
(Fig. 1c). Multistage magmatic and metamorphic events were devel-
oped in the Lesser Qinling terrane since the crystalline basement for-
mation (Taihua Group). The ~1.8 Ga granite porphyry and the peg-
matite dykes cut a suite of Taihua Group gneiss with NWW trending
(Fig. 2). The granite porphyry pluton is characterized of A1-type
granite, corresponding to the Paleoproterozoic multi-stage rift events at
~1836 Ma (Xue et al., 2018b). However, the pegmatite dykes have not
been reported by detailed petrology, mineralogy and geochronology
studies.

Carbonatite is the mainly ore-bearing rock, cutting the Taihua
Group genesis, pegmatite and granite porphyry (Song et al., 2016; Xu
et al., 2007; Xu et al., 2011; Xue et al., 2018b). The carbonatite dykes

are dominated by calcite with typical individual crystals ranging
from<0.1 cm to 2 cm in size. Quartz-calcite veins are the most widely
distributed ore bearing veins in the region, consisting of quartz
(> 50%), calcite (30–40%,), barite, and minor plagioclase. Calcite
carbonatite dykes at Huayangchuan extend from 0.1–1 m to ~10 m.
Most of dykes predominantly dips N to NNW at steep angles. The trend
of carbonatite dykes is controlled by the super-deep local Xiaohe fault.

Triassic Wengyu adakitic granite is suited at the northern part of
Huayangchuan ore deposit, which then could mean that it is the
melting product of what is thickened low continental crust at ~205 Ma
(Hu et al., 2012). The Huashan and Laoniushi granite intrusions were
the last and strongest magmatic events to have been within the
Huayangchuan ore district, distributed between northern and south
parts of the ore deposit, respectively. Previous researchers have sug-
gested that these two granite plutons formed at the 136 Ma and 140 Ma,
respectively (Ding et al., 2011; Hu et al., 2012).

In general, the Huayangchuan deposit has the characteristics of
large scale, relatively low-grade of uranium. Betafite is the main Nb-U
mineral in the deposit, accompanied by calcite, aegirine-augite, alla-
nite, fluorapatite, barite and celestite minerals. The Se (8.98 ppm,
5826 t) and SrSO4 (4%, 28 Mt) reserves belong to giant ore types ac-
cording to the classification of international standard. Huayangchuan
deposit contains Nb (0.019%, 111 kt), Pb (0.68%, 2.18 Mt), Ag
(6.24 ppm, 4310 t), Bi (90.36 ppm, 62596 t), REE (0.085%, 550 kt),
BaSO4 (3.79%, 2.71 Mt), S (1.56%, 1.01 Mt) (Gao et al., 2017). We
collected 161 drillhole samples from the Huayangchuan drillhole
(ZK2003) in the main mining area. Detailed mineralogical and geo-
chemical study has been performed in order to analyze what lithology,
alteration mineralogy and mineralization is relevant.

4. Analytical methods

4.1. Whole rock major and trace element analyses

Fresh drillhole samples were ground to 200 mesh for major and
trace element analysis. Analyses of major and trace elements were
performed at the State Key Laboratory of Isotope Geochemistry,
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences
(SKLIG-GIGCAS). Powder samples was fluxed with Li2B4O7 (1:8) to
make homogeneous glass disks at 1150–1200 °C using a V8C automatic
fusion machine (Analymate, China). Major elements were determined
by Rigaku 100e XRF with analytical precision recorded at superior to
1%. The sample powders were dissolved in Teflon beakers for 7 days at
100 °C using HF + HNO3. For trace element analyses, about 40 mg
powders of each sample were accurately weighed and dissolved by a HF
and HNO3 mixture in screw-top Teflon beakers at 120 °C in a clean
laboratory. Sample solutions were dried and diluted to 3% HNO3 with a
factor of 1/2000. Rh was used as an internal standard for calibration.
The trace elements of these samples were analyzed using an ICP-MS of
Agilent 7700x with precision rate better than 5% (Liu et al., 1996).
Table A1 provides the results for findings regarding both the major and
trace elements involved.

4.2. SIMS zircon oxygen isotope analysis

Zircons were separated from samples by traditional heavy liquid
and magnetic separation techniques, as handpicked under a binocular
microscope, mounted with epoxy resin and then polished down to near
half sections to expose internal structures for SIMS analyses. Cathodo-
luminescence (CL) images were used to inspect the zircon morphology;
the clearest, least fractured rims of the zircon crystals were selected as
suitable targets. Zircon oxygen isotopes were measured using the
Cameca IMS-1280 SIMS at the SKLIG-GIGCAS. Measurements were
made using a primary beam of 133Cs+ ions accelerated at 10 kV, with
an intensity of ~2 nA, rasterized over a 10 μm area. An electron flood
gun was used for charge compensation during analysis. Oxygen
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isotopes, 18O and 16O, were measured simultaneously in multi-collector
mode using two off-axis Faraday cups. Measured 18O/16O ratios were
normalized by using Vienna Standard Mean Ocean Water (V-SMOW).
The detailed analytical procedures were similar to those described by Li
et al. (2010). The measured oxygen isotopic data were corrected for
instrumental mass fractionation using the “Qinghu” and “Penglai”

zircon standard (Li et al., 2010). The internal precision of a single
analysis generally was better than 0.2‰ (1σ standard error) for the
18O/16O ratio. The external precision, measured by the reproducibility
of repeated analyses of Penglai standard is 0.50‰ (2SD, n = 68).
Zircon from carbonatite samples (CT07 and CT09) were selected to
perform O isotope analysis (Table A2).

Fig. 2. Section diagram of the 20st drillhole survey line. A: Plagiogneiss; B: Plagiogneiss cutting by the carbonatite veins; C: Carbonatite veins including: calcite and
aegirine-augite; D: pegmatite cutting by carbonatite veins; E: granite pegmatite dykes.
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4.3. Zircon U–Pb dating

The zircon U–Pb dating was carried out by LA–ICP–MS at SKLIG-
GIGCAS, applying a laser energy rate of 80 mJ, a repetition rate of 8 Hz,
spot size (diameter) of 33 µm, and ablation time of 40 s. Helium was
used as the carrier gas to enhance the transport efficiency of the ablated
material. NIST SRM610 and TEMORA were used as external calibration
standards and analyzed twice every 10 analyses; 29Si was employed as
an internal standard to calculate the trace element concentrations (Li
et al., 2012; Liang et al., 2009; Tu et al., 2011). The isotope ratios and
trace element contents were calculated from the raw data using
ICPMSDataCal 7.2 (Lin et al., 2016; Liu et al., 2009; Liu et al., 2008).
Concordia diagrams were constructed using Isoplot 3.0 (Ludwig, 2012).
A more detailed description of the methods can be found in Lin et al.
(2016). Carbonatite (CT-07 and CT-09) and pegmatite samples (HGWJ-
13, HGWJ-14 and HGWJ-15) were selected to conduct the zircon U-Pb
dating (Table A3).

4.4. Whole rock carbon and oxygen isotope analysis

Drillhole samples were analyzed for 13C/12C and 18O/16O at the
Institute of Earth Environment, Chinese Academy of Sciences (IEECAS)
using an isotope ratio mass spectrometer (MAT-252) with an automated
carbonate preparation device (Kiel II) (Liu et al., 2009). Results are
expressed in delta (δ) notation relative to the V-PDB standard. Repeated
analyses of laboratory standard carbonates with known δ13C and δ18O
values were carried out daily to ensure instrumental accuracy. The
analytical error of the laboratory standard was approximately± 0.1‰
for δ13C. The analytical error is approximately± 0.2‰ for δ18O. The
results of C-O isotopic compositions are listed in the Table A4.

4.5. Chemical mapping of minerals using electron microprobe and LA-ICP-
MS

High resolution X-ray major element mapping for Nb, Ti, U, Ca, P, F,
Cl were applied for betafite grains on carbon-coated thin sections. The
X-ray mapping was carried out using a JEOL JXA-8230 electron mi-
croprobe at the Key Laboratory of Mineralogy and Metallogeny in
GIGCAS. The operation conditions of an accelerate voltage of 20 kV, a
probe current of 20 nA and a beam size of 5 μm were adopted for
mapping. The step size varied from 5 μm and the dwell time was set to
be 100 ms for each point (Xing et al., 2017).

LA-ICP-MS trace element mapping was performed in Ore deposit
and Exploration Centre (ODEC), Hefei University of Technology, using
a laser ablation system, coupled to a quadrupole-based ICP-MS (Agilent
7900) (Ning et al., 2017). A beam size of 15–40 µm and scan speeds of
15–40 µm/s (equal to beam size) were chosen in this study. A laser
repetition of 10 Hz was selected at a constant energy output of 50 mJ,
resulting in an energy density of ~5 J/cm2 at the target. A 20 s back-
ground acquisition happened at the outset doing the scanning. In order
to allow for cell wash-out, gas stabilization, and computer processing, a
delay of 20 s was used after ablation. Reference materials NIST-610 or
GSE-1G at the start and end of each mapping was analyzed for data
calibration. Images were compiled and processed using the program
LIMS (Wang et al., in press). For each raster and every element, the
average background was subtracted from its corresponding raster, and
the rasters were then compiled into a 2D image, displaying combined
background/drift corrected intensity for each element (Wang et al.,
2017).

4.6. In situ trace element analysis of minerals

LA-ICP-MS in situ trace elements of apatite, betafite, calcite and
aegirine-augite were measured by LA-ICP-MS on polished thick thin
sections at the ODEC, Hefei University of Technology. The analyses
were carried out on an Agilent 7900 Quadrupole ICP-MS coupled to a

Photon Machines Analyte HE 193 nm ArF Excimer Laser Ablation
system equipped. A squid signal smoothing device is included in this
laser ablation system. Helium was applied as a carrier gas. Argon was
used as the make-up gas and mixed with the carrier gas via a T-con-
nector before entering the ICP (Ning et al., 2017; Wang et al., 2017).

Each analysis was performed by a uniform spot size diameter of
30 mm at 8 Hz with energy of ~ 4 J/cm2 for 40 s after measuring the
gas blank for 20 s. Standard reference materials BCR-2G, NIST 610 and
NIST 612 were used as external standards to plot calibration curve. The
off-line data processing was performed using a program called
ICPMSDataCal (Liu et al., 2008). Analytical errors for mineral trace
elements are at a rate of 10%.

5. Results

5.1. Drillhole samples lithology and geochemistry

Three main rock types are identified from the drillhole samples: (1)
Taihua Group gneiss, mainly including biotite plagiogneiss and granite
gneiss, (2) granite pegmatite dykes, and (3) carbonatite. Late carbo-
natite dykes cut the ancient gneiss and pegmatite dykes, so they could
be clearly observed in the field and drillhole samples (Fig. 2).

The crystallization basement of Huayangchuan is a set of
Paleoproterozoic Taihua Group gneiss, which is a suite of medium- to
high-grade metamorphic rocks consisting of mostly banded biotite
gneisses and a few granitic gneisses. The representative biotite gneiss
shows a granoblastic micro texture and gneissic foliation. It is com-
posed of plagioclase (60–65%), quartz (10–15%), biotite (15–20%),
amphibole (5–10%), minor potassium feldspar and alteration mineral
(such as chlorite, tremolite and sericite) (Fig. 3A and B). Amphibole and
feldspar are extensively altered into chlorite and sericite, respectively.
The gneisses are enriched in LILE (Sr, Ba, Rb) and LREE, but are de-
pleted in HREE and high field strength element (HFSE, e.g., Nb and Ta)
(Fig. 4A and B).

The pegmatite dykes were broadly outcropped in the Taihua gneiss
with NWW direction and at a NNE inclination (blue region in Fig. 2).
The granite pegmatite dykes mainly consist of coarse quartz, plagio-
clase and K-feldspar (mineral grains size: 0.5–1.5 cm, Fig. 3C and D).
The pegmatite dykes show high LILE (Sr, Ba, Rb) and LREE, depleted in
HREE and HFSE (Nb and Ta), which are similar with the Taihua gneiss
(Fig. 4C and D). Pure pegmatite dykes without later alterations show no
clear U-Nb enrichment. The pegmatite dykes may be formed out of the
anatexis magma of the Taihua gneiss. High precision zircon LA-ICP-MS
U-Pb dating of HGWJ-14 and HGWJ-15 yield a Paleoproterozoic crys-
tallization age of 1794 Ma and 1808 Ma, respectively (Fig. 5a and b).

The carbonatite dykes intruded into the Taihua gneiss at the depth
of 150 to 600 m, consistent with higher CaO contents and large volume
calcites taken from among drilling samples (Fig. 6). The extensive
carbonate dykes have mainly consisted of calcite, aegirine-augite, al-
lanite, apatite, sphene, phlogopite, celestite-barite and zeolite (Fig. 3E-
J). The U-Nb enrichments also developed at the depth of 150 to 600 m,
which is also consistent with given development of carbonatite dykes
(Fig. 6). The Huayangchuan carbonatite is a typical calcio-carbonatite.
The carbonatites have obvious positive Ba, Sr, U and Nb anomalies and
negative Zr and Hf anomalies, consistent with the standard character-
istics of global carbonatites. However, the relative flat REE feature and
enriched Sr-Nd-Pb isotopic characteristics, distinctive, regarding typical
carbonatites worldwide (extreme enrichment of LREE) (Fig. 4E and F).
Most C–O isotopic compositions of the carbonatite samples fall within
the range of what are primary carbonatites (−8 to −4% and 6 to 10%,
Taylor et al., 1967). However, there still are several carbon and oxygen
isotope composition of calcite plots outside the mantle field (Fig. 7).
Precise zircon LA-ICP-MS U-Pb dating reveals Huayangchuan carbo-
natite dykes were formed in the Triassic age of 230 Ma (Fig. 5c).
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5.2. Drillhole alteration mineralogy

This study indicates that the U-Nb mineralizations were mainly re-
lated to carbonatite magmas and post-magmatic hydrothermal fluids.
The main mineralization stage can be divided into four sub-stages ac-
cording to distinctive mineral assemblage, including: alkaline-rich
carbonatite sub-stage, Nb-U mineralization sub-stage, sulfate sub-stage,
REE-U hydrothermal fluid sub-stage (Fig. 8). The alkaline-rich carbo-
natite sub-stage was accompanied by weak U-Nb mineralization. Plenty
of calcite, aegirine-augite were crystallized at this early carbonatite
stage (Fig. 3E and F). While only little pyrochlore grains occurred at this
alkaline-rich sub-stage. The aegirine-augite has been latterly altered
into sieve texture, which formed fine magnetite and quartz grains in the

aegirine-augite micro cavities. The calcite grains suffered no obvious
alteration and still reserved their crystal morphology.

The Nb-U mineralization sub-stage is the most important stage to
discuss in the mineralization process. In this sub-stage, mineral as-
semblages including betafite, fluroapatite, sphene, phlogopite with
little calcite, aegirine-augite and allanite (Fig. 3G and H). Pyrochlore
shows typical magmatic oscillatory zoning, most likely crystallized in
the carbonatite magmas. Most betafites especially are accompanied
with lager volume fluorapatites. Remarkably, several tiny apatite in-
clusions are distributed among the grains of betafite, which may in-
dicate that fluorine fugacity change to control the U-Nb mineralization.

The sulfate sub-stage could be indicated by evolution of sulphate-
rich carbonatite magma having been affected by immiscible sulphate

Fig. 3. Photomicrographs of the mineral assemblage in the drillhole. A and B: Taihua Group gneiss, including: quartz, plagioclase, biotite, amphibole and alteration
mineral (epidote, chlorite and sericite); C and D: granite pegmatite, including: coarse quartz–biotite–K-feldspar–feldspar–allanite; E and F: Alkaline-riched carbo-
natite sub-stage, including: calcite and aegirine-augite (quartz and magnetite); G and H: Nb-U mineralization sub-stage, including: betafite, fluroapatite, calcite,
aegirine-augite and sphene. I: REE-U enrichment sub-stage. J: Sulfate sub-stage, include celadite–barite–calcium–zeolite; K and L: Late reactivated mineralization
stage, including: fine quartz, feldspar and biotite. Qtz: quartz; Pl: feldspar; Bt: biotite; Hbl: amphibole; Ep: epidote; Cal: calcite; Kfs: K-feldspar; Aln: allanite; Agt:
aegirine-augite; Mag: magnetite; Bet: betafite; Ap: apatite; Spn: sphene; Cls-Brt: celadite–barite.
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magma being present. Within certain temperature and pressure ranges,
sulphate magma gets separated from carbonatite magma and forms the
celadite-barite veins (Fig. 3I and J). The REE-U enrichment sub-stage
could then have emerged during lower temperature magmatic hydro-
thermal stages. Yellow exannulate betafites accompanied with REE
minerals (allanite and monazite) then would have appeared. After the
main carbonatite U-Nb mineralization stage, fine-grained late quartz
feldspar veins replaced and reactivated the early igneous carbonatite
and U-Nb mineralization (Fig. 3K and L).

6. Discussion

6.1. Huayangchuan carbonatite petrogenesis

Mineral assemblages and geochemical evidences suggest that car-
bonatite dykes maintain a close relationship with U-Nb mineralizations.
It is therefore crucial to clarify the source and petrogenesis of
Huayangchuan carbonatite. Carbonatite rocks have gone through at

least one of the processes as follows, including: 1) directly partial
melting from carbonated peridotite or eclogite (Chakhmouradian,
2006; Harmer and Gittins, 1998; Sweeney, 1994; Dasgupta and
Hirschmann, 2006; Thomson et al., 2016); 2) immiscible differentiation
from carbon-rich alkaline silicate magma (Halama et al., 2005; Ivanov
et al., 2010; Thomsen and Schmidt; 2008); 3) derivation of CO2-rich
silicate magmas from crystal fractionation (Tappe et al., 2012; Veksler
et al., 1998). While it is hard to interpret what causes high levels of CaO
from a simple melting model, low amounts of MgO and of alkali con-
tents in carbonatites from Huayangchuan, as well as Bayan Obo and
Taohuala Mountain (Fan et al., 2016; Ling et al., 2013; Mitchell, 2005;
Yang et al., 2009; Xue et al., 2018a). Carbonatite melt generated from
mantle peridotite and eclogite source should have composition (high
MgO contents) well balanced with mantle peridotite. Primary carbo-
natite melt should contain relative high alkali contents (Na2O + K2O),
due to high alkali elements dissolution capacities.

Subsequent differential processes are required, in order to evolve
primary carbonatite melts into presenting higher CaO content and

Fig. 4. Primitive-mantle-normalized trace element spider diagram and chondrite-normalized rare earth element (REE) pattern of Taihua Group gneiss (blue squares),
pegmatite (yellow circles) and carbonatite dykes (grey diamond) from the drillhole. The chondrite values were obtained from (Sun and McDonough, 1989). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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lower MgO, SiO2 and alkali contents. The liquid immiscible process
between alkali silicate melt and evolved carbonatite melt can appear at
1 ~ 3 GPa with 1150 ~ 1260 °C (Martin et al., 2013; Dasgupta et al.,
2006). This differential process can cause high CaO (up to 30 wt%),
high Ca/(Ca + Mg + Fe) (up to 0.85) and low SiO2 while putting
carbonatite melt in segregation. In anhydrous system, carbonatite melt
displays higher Na2O + K2O relative to silicate melt. While in H2O-
bearing system, there are no big differences in alkali contents between
two kinds of melts. Crystallization differentiation of olivine, clinopyr-
oxene, calcite and other accessory minerals (perovskite, betafite, apa-
tite) could lower SiO2, MgO, K2O + Na2O and increase CaO in residual
magma, which also can transfer primary magnesio-carbonatite to
calcio-carbonatite.

As for liquid immiscible differentiation process, the element (i)
concentration in carbonatite melt by the element (i) concentration in
primary melt can be shown in the following equation:

= + −
−C /C (F/D 1 F)CL O i

1

CCL is the concentration of element (i) in differential carbonatite
melt, CO is the element (i) concentration in primary melt prior to liquid
immiscible process, F is the proportion of silicate melt and Di is the
partition coefficient between carbonatite and silicate melts. For ex-
ample, if we assume that F is equal to 10%, which means 10% silicate
melt and 90% carbonatite melt, such as generated during the liquid
immiscible process. From the expression, Di values determine the en-
richments or depletions of element (i) that take place in carbonatite
melt. If Di > 1, the carbonatite melt will enrich element (i) relative to
primary melt. Otherwise, if Di < 1, the carbonatite melt will be de-
pleted in the element (i) relative to primary melt. According to Di va-
lues from Martin et al., (2013), Hamilton et al. (1989), Jones et al.

(1995), and Veksler et al. (1998, 2012), we can draw a conclusion that
immiscible differentiation can induce Ba and Sr enrichments, HFSE
depletions and change in REE amounts, whether enrichment or deple-
tion depending on varied DREE (from 0.1 to 7). Such enrichments and
depletions are relative slight due to given Di values (near 1). According
to DLa/DLu in a range from 1.6 to 2.3, liquid immiscible process could
only form slight LREE and HREE differentiation in carbonatite melt in
comparison with primary melt.

The crystallization differentiation process can obviously modify the
residual carbonatite melt composition. Olivine and clinopyroxene
crystallization can decrease SiO2, MgO and Na2O contents as well as
increasing LILE (Ba, Sr, Th, U and LREE) concentrations (Dasgupta
et al., 2006; Blundy and Dalton, 2000; Klemme et al., 1995). Calcite
crystallizations can enrich these LILE and HFSE in residual magma,
while almost have slight influence in varying REE concentrations be-
cause DCalcite/Carbonatite of REE are almost near 1 (Xue et al., unpublished
materials). Simple crystallization differentiation of olivine, Clinopyr-
oxene, calcite cannot explain the depletion of Nb, Ta, Zr, Hf and high
Nb/Ta ratios. Accessory minerals (e.g., perovskite) can strongly de-
crease HFSE concentration and increase the Nb/Ta ratios due to high
partition coefficient (Xue et al., unpublished materials).

6.2. Shallow upper lithospheric mantle source with sediments assimilation

Although liquid immiscibility and crystallization differentiation can
promote primary high alkali and MgO carbonatite evolution. These two
differential processes can also enhance U, Ba, Sr and REE enrichments
in residual carbonatite melt, benefitting for Huayangchuan U-Nb mi-
neralization. The above differentiation and evolution processes could
more or less promote LREE and HREE differentiation, which means the

Fig. 5. A and B: Zircon concordia diagrams of granite pegmatite rocks from the Huayangchuan district. C: Zircon concordia diagrams of carbonatite rocks from the
Huayangchuan district. D: Chondrite-normalized rare earth element (REE) pattern for zircons from carbonatite rocks of the Huayangchuan district. Chondrite
normalization values are from Sun and McDonough (1989).
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lateral stage carbonatite should have high LREE/HREE and La/Yb ratios
than primary melts. While the outcropped carbonatite dykes in
Huayangchuan district all show slight LREE enrichments and low La/Yb
ratios. Regardless which mechanisms, the primary Huayangchuan car-
bonatite melt should present the same or an even flatter REE distribu-
tion pattern, but occurring only very rare in all carbonatite worldwide.

It is commonly supposed that carbonatite melts basically formed
deep in the mantle, which melt from carbonated garnet peridotite or
eclogite. Considering the distribution coefficients between mantle mi-
nerals (olivine, clinopyroxene, orthopyroxene and garnet) and carbo-
natite melt, the proportion of garnet mainly control the differentiation
of LREE and HREE. The proportion of garnet in mantle peridotite in-
crease with increase of depth and pressure. The shallow mantle should
have either less or no garnet than deep mantle. It is more reasonable for
Huayangchuan carbonatite melts to generate from shallow upper li-
thospheric mantle (< 3 GPa or< 100 km).

The Huayangchuan carbonatite is characterized by extreme en-
riched Sr-Nd-Pb [(87Sr/86Sr)i = 0.7048–0.7057; εNd = −4.3 to −10.1;
207Pb/206Pb = 0.878–0.889] isotopic features compared to typical
carbonatites globally (e.g., East African, North America, Brazil carbo-
natites). Previous literatures suggested that most of the world’s carbo-
natites derive from carbonated lithospheric mantle, and are triggered
by either asthenospheric upwelling or plume activity (Bell and
Simonetti, 2010). However, this model cannot explain the high Ba, U
and enriched Sr-Nd isotopic arrays for the Huayangchuan carbonatite

Fig. 6. The diagram between depth and major and trace elements, such as: CaO, P2O5, U, Nb, Pb, REE, LREE/HREE, Sr, Ba. The yellow area indicates large volume
carbonatite dykes intruded into the wall rock (Taihua Group and granite pegmatite). U-Nb-REE mineralization mainly occurred in the carbonatite dykes. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. C-O isotopic composition of the Huayangchuan carbonatite (date from
this study) and global carbonatites (Table A5). Most samples show the con-
tribution of mantle to the carbonatite source. Mantle and marine sediment
boxes for carbonatites from Taylor et al. (1967) and Keller and Hoefs (1995).
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(Fig. 9 a, b, c and d). Recently, many researchers have paid attention to
the genetic relationship between carbonatite and recycled sedimentary
carbonates in subduction process (Barker, 1996; Bell and Simonetti,
2010; Chen et al., 2016; Halama et al., 2008; Hou et al., 2006, 2015; Liu
et al., 2015; Song et al., 2016; Woodard and Huhma, 2015; Xu et al.,
2015, 2018a). However, how the recycling sediments contribute to the
carbonatite magmas in subduction zone is still unclear. Some re-
searchers suggested that melting of carbonate-bearing oceanic slab may
generate the relative enriched Sr-Nd-Pb and low Mg (δ26Mg = −1.89
~ −1.07‰) isotopic features (Song et al., 2016; Xu et al., 2011). Al-
though the melting of carbonated oceanic eclogite could generate the
similar isotopic characteristics, the type of model thereof in question
fails to explain the high CaO content, relative flat REE distribution
model and the highly varied range of Nb/Ta ratios.

Subducted carbonate sediments recycling can be subdivided into
three cycles: (1) detached sedimentary carbonates from oceanic slab
enter the mantle at ~80–100 km due to their low density and high
rheology. (2) calcio-carbonatitic fluid is formed by the Ca-rich carbo-
nates dissolutions during the slab dehydration process at the depth of
120–200 km; (3) deep cycle, magnesio-carbonatite melt is generated by
the Mg-rich carbonates melting from the carbonated ocean eclogite at
300 ~ 650 km (Li et al., 2017). The flat REE characteristics of
Huayangchuan carbonatite suggest that detached recycled marine se-
diments are more likely involved in the upper lithospheric mantle and
provide the main source for carbonatite magma.

Fig. 8. Minerals assemblage generation analysis of typical drillhole samples in the Huayangchuan ore district.

Fig. 9. Plots of (A) Ba vs. Nb/Y, (B) U vs. Nb/Y, (C) Ba/Th vs. 87Sr/86Sr and (D) ɛNd(t) vs. (87Sr/86Sr)i for the Huayangchuan carbonatites and most global
carbonatites. Data are from the Supplementary Tables A2–5.
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6.3. Source assimilation of Huayangchuan carbonatite by organic sediments

Carbon and oxygen isotope composition of the calcite in the
Huayangchuan carbonatite is mostly consistent with its mantle origin,
falling within the range of primary carbonatites (−8 to −4% and 6 to
10%) (Taylor et al., 1967). However, there still are several carbon and
oxygen isotope composition of calcite plots outside the mantle field,
such that reveal a wide range of variations. Specially, the C-O isotopic
values of unaltered samples show relative variation trend, such that
δ13C values decrease during increase in δ18O values. Several factors
could result in such varied C-O isotope shifts in carbonatite magmatism
and post-magma hydrothermal stage. These mainly include magmatism
evolution, contamination by country rocks, magma degassing process,
and source assimilation (Demény et al., 2004; Demeny et al., 1998).

Above all, studies of magmatic evolution have shown that fractional
crystallization and liquid immiscibility may not significantly affect the
oxygen and carbon isotopic composition of carbonatites (Kalamarides,
1984). Though high temperature crystallization of calcite could induce
the C-O isotopic shifts in the carbonatite (Trofanenko et al., 2016).
While this crystallization process could only result in the positive δ13C
and δ18O shifts. Besides, country rock contamination is an important
mechanism, which will likely modify the oxygen isotope composition of
carbonatite. However, except for the samples contaminated by lime-
stone from the country rock, there are no large carbon isotope differ-
ences among the samples. The Taihua gneiss is the wall-rock of
Huayangchuan carbonatite dykes. Even contamination of high pro-
portions of gneiss could not cause such high changes in C isotopic
characteristics.

In addition, some researchers have supposed that varying degrees of
degassing of CO2 might have been responsible for the C-O isotopic
variations we have observed. CO2 released from carbonatitic magma is
enriched in 13C relative to the residual C dissolved in the magma (Javoy
et al., 1978; Mattey, 1991). As reported by Pineau and Javoy (1983),
CO2 degassing can lead to very negative δ13C values in basaltic rocks
(down to −20.6). The degassing of volatiles (including CO2 and H2O)
mainly control the negative δ13C shift (Demeny and Harangi, 1996). At
the same time, degassing of CO2 couldn’t induce such a C-O isotopic
negative correlation trend, in which C isotopic values decrease with an
increase in O isotopes. According to our numerical modeling of de-
gassing process (Fig. 10), the samples that reveal distinct features with
CO2 degassing process.

The mantle source assimilated by organic sediments should be the
more reasonable way to explain C-O isotopic characteristics. A two end
member mixing model can interpret the C isotope negative shift as well

as O isotope positive shift (Fig. 10). It is widely accepted that organic
materials could subducted into mantle and alter the mantle C-O isotopic
composition. Available studies suggest the possibility that OIBs have C
isotopes that are lighter than MORB, suggesting organic C materials
contribution (Gerlach et al., 2002; Exley et al., 1986; Aubaud et al.,
2006; Eguchi and Dasgupta, 2017). The organic-rich sediments gen-
erally are enriched with U and Mo due to low redox state, inferring that
such sediments may be the source of ore-forming materials.

6.4. Uranium-niobium transportation and precipitation mechanism

The Nb and U are mainly endowed within betafite in the
Huayangchuan deposit. Precipitation of pyrochlore in carbonatite can
only occur according to particular conditions. Mitchell and Kjarsgaard
(2004) suggested that F-rich magma is critical in stabilizing pyrochlore-
group minerals in carbonatites by high T-P experiments. High F con-
centration also can explain the high Nb/Ta ratios. Wang et al. (1982)
showed that Nb and Ta fluorine complexes have different thermal sta-
bilities where Ta-fluorine complexes are more mobile and stable at
lower temperature than Nb-bearing complexes, therefore, the tendency
for Nb to crystallize from the melt in early stages. In the drillhole
samples, apatite becomes a very important fluorine mineral. Apatite
from the Huayangchuan carbonatite has high F (3.1–4 wt%) and low Cl
concentrations (0.004–0.012 wt%). This study also suggests that the
apatite had been formed in an environment of high fluorine fugacity
(Brenan, 1993).

Contemporaneous carbonatite magmatic composition can be re-
vealed by observing apatite trace element composition. The high Sr
concentration (~5200 ppm) in apatite (ZK2003-53) is consistent with
other apatite in carbonatite globally (Belousova et al., 2002). The
average Nb and U concentrations in apatite are 0.47 ppm and 8.18 ppm,
respectively. The Nb and U concentrations of carbonatite magmas or
fluids should be 118 and 8000 ppm according to the partition coeffi-
cient (D) between apatite and carbonatite melts (Klemme and Dalpe,
2003). The mineralized carbonatite apatite was compared with un-
mineralized carbonatite apatite in Huayangchuan (i.e., Caotan carbo-
natite). From the Sr-F, U-F, Nb-F diagrams, the two kind of apatites
have clear difference trace element characteristics, such as Sr, U, Nb,
REE and so on (Fig. 11 a, b, c and d). In general, the high-F apatite also
has relative high concentration of U and Nb, which reflect the high U-
Nb contents carbonatite magmas. U-Nb mineralization have intimate
relationship with the high-F carbonatite magmas. The fluorine contents
in the carbonatite magmas potentially could have accelerated Nb so-
lubility (Kjarsgaard and Mitchell, 2008). We can infer that the
Huayangchuan carbonatite partial melting from the mantle contained
high F concentration and high Nb and U ore-forming materials from the
mantle source.

In the carbonatite magma, Nb and Ti are soluble as, e.g., carbonate,
fluorine, phosphate complexes (Aleksandrov, 1967; Aleksandrov et al.,
1985). Uranium is soluble as fluorine and sulphate complexes under
acid conditions, such as phosphate complexes under neutral conditions
and such as carbonate and hydroxide complexes are under alkaline
conditions (Boyle, 1980). Because the concentrations of the complex
ligands such as phosphate, fluorine and carbonate are high in the car-
bonatite magma, the U and Ti are likely to be soluble and hence not
precipitated in the early high alkali carbonatite stage. That is also
consistent with what we know from the Huayangchuan deposit. As the
concentrations of phosphate, fluorine and carbonatite decrease, what Ti
and U are kept in late post-magmatic hydrothermal stage will be pre-
cipitated. Therefore, the decrease of carbonate, fluorine, phosphate
complexes is really important to the transportation and precipitation of
U, Nb and Ti.

Dropping in concentration of the complex anions will occur: (1)
shallow level degassing; (2) precipitation of F-bearing minerals; (3)
interaction with wall rock (Knudsen, 1989). Firstly, extensive crystal-
lization of F-free minerals (e.g., calcite, aegirine-augite) results in

Fig. 10. C-O isotope variations by simulated CO2 degassing and organic ma-
terials mixing. The batch (solid lines) and Rayleigh (dashed lines) degassing-
precipitation models change progressively the temperatures and mol fractions
of carbon in the degassed CO2 (shown by the numbers near the lines) (after
Zheng, 1990). The δ13C and δ18O values of the initial carbonatite were taken as
−6‰ and 7‰, respectively.
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Fig. 11. The trace element difference between mineralized apatite and unmineralized apatite in the Huayangchuan ore deposit. A: Sr versus F (wt. %) diagram; B: F
(wt. %) versus REE diagram; C: U versus F (wt. %) diagram; D: Nb versus F (wt. %) diagram.

Fig. 12. Major element intensity mapping of betafite with oscillatory zone by EPMA.
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increasing F contents in the residual melt. When reaching its solubility
limit, excess F would escape from the melt by degassing. The negative
δ13C and δ18O shifts suggest that volatiles (CO2) degassing process is
negligible during the carbonatite evolution. Secondly, the F con-
centrations are mainly governed by the crystallization of F-bearing
minerals (mainly by fluorapatite). Crystallization of halogen-bearing
minerals (e.g., apatite and titanite) could (at least partly) decrease the F
concentration in the residual magmas or fluids. In fact, that betafite in
Huayangchuan is found at the carbonatite-wall rock boundary. The
positions of betafite crystallization are generally accompanied with
large amounts of fluroapatite, indicates that the decrease of complex
ligands concentration actually was responsible for the precipitation of

betafite.
Fine crystalline zonings could be clearly found in betafite, reflecting

the crystal growing process. Major and trace element mapping analysis
were performed in the euhedral betafite with fine oscillator zoning. As
the Figs. 12 and 13 shown, four stages primary oscillator zonation in
one betafite grain could be distinguished by chemical differences. From
core to rim, Nb, U, Ca, Ti, P and F also display oscillatory zoning fea-
tures, similar to other carbonatite pyrochlore globally (Knudsen, 1989).
In the betafite grain, tiny apatite inclusions could be found and trapped
among the oscillatory zoning. Combining with the large volume apatite
grains grew around betafite, these evidences together indicate that
betafite precipitated simultaneously with apatite. Several trace

Fig. 13. Trace element mapping of betafite with oscillatory zone by LA-ICP-MS. Four stages (1st, 2nd, 3rd, 4th) could be distinguished by chemical composition
differences.
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elements (such as Fe, Ta, Hf, Na, V) display similar varieties from core
to rim. Fe, Hf, V, Na show obvious affinity with Nb and Ca. The betafite
have high Sr concentrations (range from 275 to 2188 ppm), which are
balanced with high Sr carbonatite magmas. The high Sr concentrations
of betafite also prove the carbonatite type U-Nb mineralization rather
than the other type mineralization. The oscillatory zones of betafite is
interpreted as the result of continuous precipitation of betafite with a
composition in equilibrium with a fluid with increasing concentration
of the complex ligands, during the intrusion of carbonatite (Fig. 14).

6.5. An integrated genetic model for the Huayangchuan deposit

Huayangchuan carbonatite dykes intruded into the Taihua gneiss at
~230 Ma, roughly at the post-collision stage of the Mianlue Ocean
closure. Subduction of the Mianlue Oceanic slab or earlier oceanic slab
has been regarded to carry large volume of carbonate sediments into
mantle peridotite. This recycling of subducted marine sediments also
contain plenty of ore-forming materials (U, Nb and REE) into mantle
(Meng and Zhang, 2000; Sun et al., 2002). Similar mantle enrichment
by subducted sediments has also been recognized in the Mianning-De-
chang, Bayan Obo and Taohuala Mountain districts (Hou et al., 2015;
Ling et al., 2013; Xue et al., 2018a). The Huayangchuan high F car-
bonatite magma were generated by melting of fertilized carbonated
mantle during subduction process, resulting in that magmas had as-
cended along trans-lithospheric faults along craton edges, emplaced
within shallow crust (Fig. 15).

Subsequently, high-F carbonatite magma with abundant ore-
forming materials (Nb, U and Pb) intruded into the Taihua Group gneiss
and pegmatite in the Huayangchuan district. Nb, U and Ti was pre-
ferentially incorporated in the late stage carbonatite magmas or hy-
drothermal fluids rather than precipitated in the early highly alkali

carbonatite stage. Niobium, U and Ti are soluble as carbonate, phos-
phate, fluorine and sulphate complexes. Precipitation of apatite and
wall rock interaction commonly result in the complex ligands decrease
and precipitation of betafite. That explains the common betafite-fluor-
apatite association in carbonatites worldwide.

7. Conclusions

The Huayangchuan U-Nb deposit is a giant deposit related with
carbonatite magmatism, as located in the Lesser Qinling district. The
Sr–Nd–C–O isotopic compositions and trace element patterns suggest
the Huayangchuan carbonatite was formed by partial melting of li-
thospheric mantle enriched by subducted carbonate sediments. Zircon
U-Pb dating of the Huayangchuan carbonatite yielded Triassic ages of
229 ± 3 Ma, perhaps implying that mantle peridotite was metaso-
matized by sedimentary carbonates during the post-collision stage of
Mianlue ocean subduction. Simple direct melting of carbonated peri-
dotite alone can’t induce Nb, U and Pb mineralization. The im-
miscibility and crystallization processes are then crucial to explain the
high CaO content and the enrichment of LILE (Sr, Ba and U) in carbo-
natite. Relative flat REE pattern has thereby indicated at what depth
melting had occurred in the shallow mantle (< 3 GPa, 100 km). A
decrease of fluorine fugacity in later carbonatitic magmatism due to
fluorapatite crystallization eventually resulted in betafite mineraliza-
tion.
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Fig. 14. Diagram of precipitation of betafite with fluorapatite. A: Taihua Group gneiss intruded by carbonatite dykes; B: Precipitation of betafite with fluorapatite.
This diagram is consistent with major and trace element compositions shown in Figs. 12 and 13.

Fig. 15. The Huayangchuan giant U-Nb ore deposit and carbonatite genesis schematic diagram. A: Lithospheric mantle metasomatized by sedimentary carbonates
during slab subduction; B: Carbonatite magmas generated from the carbonated mantle during post-orogenic tension stage.
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