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ARTICLE INFO ABSTRACT

Handling Editor: Stijn Glorie The newly-discovered supergiant Huayangchuan uranium (U)-polymetallic (Sr, Se, REEs, Ba, Nb and Pb) deposit
is located in the Qinling Orogen, central China. The deposit underwent multistage mineralization, with the main
carbonatite ore stage being the most important for the U, Nb, REE, Sr and Ba endowments. According to the
mineral assemblages, the main carbonatite ore stage can be divided into three substages, i.e., sulfate (Ba-Sr),
alkali-rich U and REE-U mineralization.

Main-stage titanite from the Huayangchuan igneous carbonatite are rich in high field strength elements (HFSEs,
e.g., Zr, Nb and REEs), and show clear elemental substitutions (e.g., Ti vs. Nb + Fe + Al and Ca + Ti vs. Fe + Al +
REE). High-precision LA-ICP-MS titanite dating yielded a U-Pb age of 209.0 + 2.9 Ma, which represents the main-
stage mineralization age at Huayangchuan, and is coeval with the local carbonatite dyke intrusion. This miner-
alization age is further constrained by the Re-Os dating of molybdenite from the Huayangchuan carbonatite,
which yielded a weighted mean age of 196.8 + 2.4 Ma. Molybdenite Re contents (337.55-392.75 ppm) and C-O-
Sr-Nd-Pb isotopic evidence of the Huayangchuan carbonatite both suggest a mantle origin for the carbonatite. Qur
study supports that the Late Triassic carbonatite magmatism was responsible for the world-class U-Mo-REE
mineralization in the Qinling Orogen, and that the regional magmatism and ore formation was likely caused by
the closure of the Mianlue ocean and the subsequent North China-South China continent-continent collision.
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1. Introduction

Carbonatite is a special and uncommon rock type in the world, and
many studies were dedicated to unravel its origin, genesis, classification,
distribution and mineralization (Taylor et al., 1967; Le Bas, 1981; Nelson
et al., 1988; Le Bas et al., 1992; Sweeney, 1994; Woolley and Kjarsgaard,
2008; Jones et al., 2013; Simandl and Paradis, 2018). Carbonatites are
associated with diverse mineral resources, e.g., REE, Ba, Sr, Nb, Ta, Cu,
Ti, U, Th, Zr, Fe, V, Au, F and P (Woolley and Kjarsgaard, 2008; Simandl
and Paradis, 2018). Famous carbonatite-hosted deposits include the
Bayan Obo REE deposit (northern China), Mountain Pass REE deposit
(California, USA) and Araxa Nb deposit (Brazil). Woolley and Kjarsgaard
(2008) estimated a total number of 527 carbonatite occurrences in the
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world, among which only 112 contain economic mineralization. Only a
few carbonatite-type uranium (U)-bearing deposits were discovered,
including the Phalaborwa and Sankopsdrif deposits (South Africa), and
the Manitou Islands deposit (Ontaria, Canada) (Dahlkamp, 1993; Wool-
ley and Kjarsgaard, 2008), and most of them only contain sub-economic
U mineralization. In recent ten years, the supergiant Huayangchuan
carbonatite-hosted U-polymetallic deposit was discovered in the Qinling
Orogen (central China), which is characterized by dominant U with
abundant Sr, Nb, Ba, REE, Pb, Ag and Bi resources (Gao et al., 2017; He
et al., 2018; Kang et al., 2018).

Many studies have been published on the carbonatites at Huayang-
chuan, including their petrography and geochemistry, which all pointed
to an igneous origin (Yu, 1992; Xu et al., 2007; Wang et al., 2011; Reguir
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et al.,, 2012; Hui and He, 2016; Song et al., 2016; Hui et al., 2017).
Huayangchuan deposit developed multistage mineralization, and the
main ore stage at Huayangchuan is associated with the carbonatites, with
the majority of U and REE (and all Ba, Sr and Nb) mineralization hosted
in carbonatite or fenite (metasomatic altered carbonatite) dykes. Yu
(1992) first reported a phlogopite K-Ar age of 181 Ma for the
Huayangchuan carbonatite, and then Indosinian K-Ar ages of 206-204
Ma on fresh feldspar and whole-rock carbonatite were also reported by
the same research group (Qiu et al., 1993). More recently, He et al.
(2016) obtained a Cretaceous biotite (in carbonatite) Ar—Ar age of
132.58 + 0.70 Ma. Therefore, the actual timing of carbonatite magma-
tism and its related main-stage mineralization at Huayangchuan is still
uncertain.

Titanite (or sphene, with the ideal formula CaTiOSiO4) is a common
accessory mineral that coexists with the main U-bearing mineral (i.e.,
pyrochlore (UOg: 26.28-33.56 wt.%)) at Huayangchuan. Because of its
high closure temperature (>700 °C; Cherniak, 1993; Frost et al., 2000;
Aleinikoff et al., 2002) and its U-bearing nature (Kohn, 2017), U-Pb
dating of titanite has been successively applied to many igneous and
metamorphosed rocks in recent years (Aleinikoff et al., 2002; Storey
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et al., 2006; Gao et al., 2012; Morley and Arboit, 2019). Titanite U-Pb
dating is also applied to constrain mineralization ages, e.g., IOCG de-
posits in Kiruna District (Sweden) (Smith et al., 2009), and polymetallic
skarn deposits at Tonglushan (Li et al., 2010), Jinshandian (Zhu et al.,
2014), Beiya (Fu et al., 2016), Zhuxi (Song et al., 2019) and Pingbao (Li
etal., 2019) in China. In this study, we chose the main ore (carbonatite)
stage titanite for U-Pb dating, and REE-U ore-related molybdenite in
carbonatite for Re-Os dating to constrain the timing of mineralization at
Huayangchuan. We discuss the relationship between the Huayangchuan
ore formation and the Triassic evolution of the Qinling Orogen.

2. Regional and deposit geology

The Huayangchuan U-polymetallic deposit is located in Shaanxi
Province, central China, and geologically located in the northern Qinling
Orogen (Fig. 1A). From south to north, the orogen is divided into: (1)
northern margin of Yangtze Block, (2) South Qinling, (3) North Qinling
and (4) southern margin of North China Block (where Huayangchuan is
located), along the Mianlue, Shangnan-Danfeng and Luanchuan faults,
respectively (Fig. 1B). Apart from Huayangchuan, the Qinling Orogen
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Fig. 1. (A) Geologic sketch map of China. (B) Regional tectonic map of Qinling Orogen. (C) Geologic map of the Huayangchuan district (modified after Gao

et al., 2017).
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also contains other carbonatite-hosted deposits, including the Huan-
glongpu Mo-Pb(-Re), Huangshuian Mo and Miaoya REE deposits (Fig. 1B;
Huang et al., 1985, 1994, 2009; Xu et al., 2007, 2008). According to
division of East Qinling and West Qinling by Laoniushan Complex (Li
et al., 2004), Huayangchuan deposit should belong to East Qinling.
Local stratigraphic units at Huayangchuan comprise the Archean
Taihua Group, and the Proterozoic Xiong’er and Tiedonggou groups, all
of which are high-grade metamorphosed. Biotite-plagioclase-
(amphibole) gneiss of the Taihua Group is the main outcropping
sequence at Huayangchuan. Metamorphic core complex, folds and faults
extensively developed in the region. Major faults (e.g., Taiyao, Xiaohe,
Huayangchuan, Luonan-Luanchuan; Fig. 1C) are all WNW- or EW-
trending, superimposed by NE-trending secondary faults and fractures.
The WNW-trending Huayangchuan Fault controls the major distribution
of orebodies at Huayangchuan. Intrusive rocks are extensively distrib-
uted in the southern margin of North China Block, including the Archean
TTG (tonalite-trondhjemite-granodiorite) gneissic suite (e.g., at Taiyul-
ing and Wengchapu), Proterozoic granitoids (mainly diorite, granodio-
rite, monzogranite and granite), Jurassic monzogranite and Cretaceous
granitoids (mainly quartz diorite, monzonite and monzogranite)
(Fig. 1C). At Huayangchuan, magmatic rocks comprise mainly Protero-
zoic granite porphyry and pegmatite, Triassic carbonatite dikes, and
Jurassic—Cretaceous granitoids (Fig. 2A). Apart from Huayangchuan, the
district also contains other large-size deposits, e.g., the Jinduicheng and
Shijiawan porphyry Mo deposits, and the Huanglongpu carbonatite-
related Mo-Pb(-Re) deposit (Fig. 1C; Nie, 1994; Jiao et al., 2010).

3. Alteration and mineralization features of Huayangchuan
deposit

Mineralization at Huayangchuan commornly occurs as lenses or veins,
and contains over 40 common minerals, including pyrochlore, barite-
celestite, monazite, allanite, galena, uranothorite and uraninite.
Gangue minerals include mainly calcite, aegirine-augite, titanite, apatite,
phlogopite, amphibole, biotite and garnet. Potassic alteration and feni-
tization are two major ore-related alteration styles. The mineral resources
(e.g., U, Nb, REE, Ba and Sr) are mostly associated with or hosted in
carbonatite dikes.

The mineralization usually presents as dissemination in carbonatites
or contact zone between carbonatite dikes and wall rocks (Fig. 3A-F).
Pyrochlore, the main U ore mineral at Huayangchuan, is usually inter-
grown with calcite, apatite, monazite, titanite, allanite and phlogopite.
According to the mineral assemblage and paragenetic sequence, the
carbonatite mineralization can be divided into three substages, i.e.,
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sulfate (Ba-Sr), alkali-rich U, and REE-U mineralization. Sulfate assem-
blages (barite-celestite + calcite + phlogopite + yellowish barite-
celestite) commonly occur as aggregates (Fig. 3A and B). The alkali-
rich U assemblage contains pyrochlore (red coarse-grained euhedral)
+ calcite + aegirine-augite + titanite + apatite + quartz + magnetite +
microcline + amphibole + (galena + pyrite) (Fig. 3C and D). REE-U
mineral assemblage contains pyrochlore (medium-fine grained) +
calcite + monazite + allanite 4 phlogopite + biotite + molybdenite, and
commonly occurs as crumb or aggregates (Fig. 3E and F).

4. Samples and analytical methods
4.1. Sampling and petrography

4.1.1. Titanite

Titanite is commonly found in both wall rocks (Fig. 4A) and carbo-
natites (Fig. 4B) at Huayangchuan. Titanite grains in the wall rocks are
usually medium-coarse grained subhedral to anhedral, and coexist with
biotite and contain ilmenite inclusions. In contrast, titanite grains in the
carbonatites are predominately coarse-grained (0.01-1 cm) euhedral to
subhedral. These titanite grains are locally of envelope-shaped with
brown-reddish pleochroism, and coexist with calcite, pyrochlore,
aegirine-augite, galena and apatite (Fig. 4C-E). In the alkali-rich U
mineral assemblage of carbonatite, titanite usually intergrows with
pyrochlore (Fig. 4E—H), suggesting that the former is syn-U mineraliza-
tion. The drill core sample (ZK-2404-66, Fig. 4E) was collected at a depth
of 1032.4 m (Fig. 2A, B), the titanite of this sample coexists with pyro-
chlore, aegirine-augite, calcite and galena, which is a typical alkali-rich
mineral assemblage in Huayangchuan. Titanite grains were separated
from this sample for laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) U-Pb dating.

4.1.2. Molybdenite

Main-stage molybdenite is lead gray and fine-grained, and commonly
occurs as disseminations in the carbonatites (Fig. 5A, B). Under the mi-
croscope, molybdenite usually occurs as dendritic grains or clusters
associated with calcite aggregates (Fig. 5C—F), and locally intergrows
with phlogopite and pyrochlore (Fig. 5C). This indicates that the
molybdenite is syn-U mineralization. Four molybdenite samples in car-
bonatite were collected from drill core samples of ZK-2403-1 (1300.20 m
depth), ZK-2403-3 (1298.22 m depth), ZK-701-6 (1349.47 m depth) and
ZK-701-7 (1340.50 m depth) (Fig. 2A, B). Molybdenite separates were
picked up under the microscope to achieve >99% purity for the Re-Os
dating.
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4.2. Titanite EPMA and LA-ICP-MS analyses

Major elements of titanite were analyzed with a JXA-JEOL-8230
Electron Probe Microanalyzer (EPMA) at the Key Laboratory of Miner-
alogy and Metallogeny, Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences (GIGCAS). Analytical conditions include 15 kV
accelerating voltage, 20 nA beam current and 1 pm beam diameter. The
calibration minerals, peak time (s) and background (s) of each element
are: F (BaFy, 10, 5), Cl (Tugtupite, 10, 5), K (Orthoclase, 10, 5), Na
(Albite, 10, 5), Si (Kaersutite, 20, 10), Ca (Diopside, 20, 10), Al (Kaer-
sutite, 20, 10), Mn (Rhodonite, 40, 20), Ti (Rutile, 40, 20), Fe (Magnetite,
20, 10), Mg (Kaersutite, 20, 10), Ce (Monazite, 90, 45), Nd (Monazite, 90,
45), Nb (metal Nb, 90, 45). All data were corrected by the ZAF correction
method.

The titanite separates were mounted in epoxy resin, and the subse-
quent titanite LA-ICP-MS U-Pb dating and trace element analysis were
conducted at the Key Laboratory of Marine Resources and Coastal En-
gineering, Sun Yat-sen University. The analysis was conducted with a
193 nm ArF excimer laser ablation system (GeoLasPro), coupled with an
Agilent 7700 x ICP-MS. Analytical conditions include 32 pm spot size, 5
J/em? energy density and 5 Hz repetition rate. For sample ZK-2404-66,
the isotopes analyzed include 51\/, 88Sr,SQY, 93Nb, 139La, 140Ce, 141Pr,
143Nd, 197sm, 15TEy, 197Gd, 159Tb, %Dy, 1%°Ho, '$Er, %°Tm, 7Yb,
17514, 997r, %Mo, 178Hf, 181Ta, 252Th, 204pb, 206pp, 207pp, 208py, 238y,

The standard NIST SRM 610 was used to calibrate the trace element
compositions of titanite and to correct for instrument drift, using **Ca
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Fig. 3. Representative ore photos and photomicro-
graphs from the Huayangchuan deposit. (A, B)
Anhedral barite-celestite aggregates coexist with
calcite and phlogopite. (C, D) Coarse-grained euhedral
red pyrochlore intergrown with -aegirine-augite,
titanite, calcite and minor galena. Aegirine-augite
commonly replaced by quartz. (E, F) Red subhedral
medium-fine grained pyrochlore with monazite ag-
gregates. Allanite and phlogopite commonly occur as
crumby disseminations in carbonatite. Abbreviations:
Aln = allanite, Kfs = K-feldspar, Brt = barite, Cls =
celestite, Cal = calcite, Phl = phlogopite, Agt
aegirine-augite, Pcl = pyrochlore, Ttn = titanite, Mnz
= monazite, Gn = galena, Mt = magnetite, Qtz =
quartz.

1000um

determined the EPMA-measured CaO concentration as the internal
standard. The matrix-matching external titanite standard (OLT-1) was
used to correct for U-Pb fractionation and instrumental mass discrimi-
nation. One NIST SRM 610 and two OLT-1 titanite standard were
analyzed for every 10 samples. Each analysis consists of a 18 s back-
ground measurement (laser-off) followed by 45 s sample data acquisi-
tion. Offline data reduction was performed using ICPMSDataCal software
(Liu et al., 2010). Meanwhile, IsoplotR online was used to construct the
Tera—Wasserburg diagram (Vermeesch, 2018). In this study, analysis of
the OLT-1 titanite yielded 206p, /2385 ages of 1002-1025 Ma (n = 12),
consistent (within error) with the reported ID-TIMS age of 1014.8 £+ 2.0
Ma (20, MSWD = 1.8) (Kenedy et al., 2010).

4.3. Titanite U-Pb dating

For U-Pb dating of many minerals (e.g., zircon, titanite, apatite,
allanite, garnet and rutile), incorporation of non-radiogenic common Pb
(Pbg) is non-negligible (Andersen, 2002; Chew et al., 2014; Fu et al.,
2016; Scibiorski et al., 2019). Thus, the choice of common Pb composi-
tion would significantly affect the calculated ages, especially for young
(post-Paleozoic) samples (Frost et al., 2000). The initial Pb can be
determined by analyzing the Pb component of coexisting non-U-bearing
minerals, such as pyrite, galena or K-feldspar (Frost et al., 2000; Ander-
sen, 2002; Chew et al., 2014; Li et al., 2019). The application of
204pb_correction can be affected by the Ar nebulizer gas used in
LA-ICP-MS, and is thus infeasible for titanite Pb-correction (Andersen,
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2002; Scibiorski et al., 2019). 2°8Pb-correction is mainly applied to low
Th/U (<0.5) without Th-bearing minerals (Zack et al., 2011; Chew et al.,
2014). At present, 207pb-correction methods for Pb¢ of the titanite has
been widely used (Simonetti et al., 2006; Storey et al., 2006; Fu et al.,
2016; Li et al., 2019; Scibiorski et al., 2019; Song et al., 2019). Recent
investigation showed that selection of appropriate common Pb for
titanite is crucial (Kirkland et al., 2018). However, there are very few
appropriate data of non-U-bearing minerals that coexist with titanite at
Huayangchuan. Furthermore, using model Pb isotope (Stacey and
Kramers, 1975) is not appropriate with high common Pb (common 206py,
> 10%) (Aleinikoff et-al., 2002; Fu et al., 2016). Thus, the lower intercept
age can better stand for titanite U-Pb dating, rather than 2°’Pb-correction
age using y-intercept as initial 207ph/206ph (Lorie et al., 2019). Therefore,
the uncorrected data were plotted in the Tera-Wasserburg (2*®U,/2%pb —
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Fig. 4. Photos and microphotographs of typical
titanite in the Huayangchuan deposit. (A) Fine-
grained titanite in wall rock. (B) Coarse-grained sub-
hedral-euhedral titanite in carbonatite. (C) Coarse-
grained subhedral-euhedral titanite in carbonatite,
showing clear red-brown pleochroism under the mi-
croscope. (D) Vein (pyrochlore-titanite-calcite-aegir-
ine-augite-pyrite) crosscut wall rock. (E) Alkaline-rich
U assemblage in carbonatite (pyrochlore + titanite +
calcite + aegirine-augite + galena) in hand specimen,
titanite shows coarse-grained euhedral diamond-
shaped. (F) Alkaline-rich U assemblage (aegirine-
augite + titanite + pyrochlore + magnetite + galena)
under the mieroscope. (G-H) Pyrochlore coexists with
titanite. Abbreviations: Ttn = titanite, Cal = calcite,
Agt = aegirine-augite, Kfs = K-feldspar, Pel = pyro-
chlore, Brt = barite, Ap = apatite, Py = pyrite, Gn =
galena, Mt = magnetite.

207pb /2% pb) diagram (Vermeesch, 2018), yielding a lower intercept and
y-intercept of the regression.

4.4. Molybdenite Re-Os dating

Molybdenite Re-Os dissolution, preparation and isotopic analysis
were performed at the Key Laboratory of Isotope Geochronology and
Geochemistry (GIGCAS). Molybdenite Re-Os isotope preliminary treat-
ment was done with the Carius tube method. **Re spike was added to
each fine-grained molybdenite sample (0.0136-0.0239 g), and normal Os
standard solutions and 10 mL concentrated HNO3; were digested in the
Carius tube. Meanwhile, the lower part of the tube was immersed in an
ethanol-liquid nitrogen slush. The tube was then sealed and heated at
225-230 °C for 24 h. After the sample digestion, the tube was refrozen
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Fig. 5. Photos and microphotographs of typical molybdenite in the Huayangchuan deposit. (A, B) Disseminated molybdenite in carbonatite. (C-F) Dendritic/flaky
molybdenite intergrown with calcite, phlogopite and pyrochlore in the carbonatite. Abbreviations: Mol = molybdenite, Cal = calcite, Phl = phlogopite, Pcl =

pyrochlore, Qtz = quartz.

and then opened. Subsequently, an approximate amount of supernatant
was transferred to a 30 mL quartz beaker from the opened tube, dried by
heating at 150 °C, and then added of 0.5 mL concentrated HNO3 and
dried-down. This step was repeated twice to ensure the removal of Os as
0504, and finally diluted to a 10 mL 2% HNOj5 for the Re measurement by
a X series II quadrupole ICP-MS (Thermo Fisher Scientific) (Sun et al.,
2001, 2010; Li et al., 2011; Wang et al., 2018). The remaining super-
natant was directly poured into a 50 mL distillation flask redesigned after
Sun et al. (2001, 2010), and distilled at 110 °C for 20 min, and trapped
using 5 mL HyO chilled in a water-ice bath for Os extraction.

5. Results
5.1. Major and trace elements of titanite

Major element data of titanite from the Huayangchuan carbonatite
are presented in Supplementary Table 1. The titanite has SiO, of
28.64-30.36 wt.%, TiOy of 29.82-36.43 wt.%, CaO of 25.19-28.41
wt.%, NbyOs of 0.58-4.38 wt.%, F of 0.07-0.56 wt.%, FeO of 1.88-3.77
wt.%, Al,O3 of 0.21-2.54 wt.%, Cez03 of 0-0.99 wt.% and Nd,O3 of
0.11-1.07 wt.%, with minor Na,O (0-0.53 wt.%), MgO (0.02-0.70 wt.%)
and MnO (0.07-0.25 wt.%). Titanite stoichiometries were calculated
basing on the five equivalent oxygen atoms per formula unit (a.p.f.u).
Experiment by King et al. (2013) indicated that Fe?" is only minor
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compared to Fe3* in titanite (ca. 14%), thus all iron was regarded as Fe3t
for the a.p.f.u calculation (Song et al., 2019).

Trace element compositions of titanite from the Huayangchuan car-
bonatite are presented in Supplementary Table 2. The titanite shows high
HFSE (high field strength elements) contents, such as the very high Nb
(9564.67-41188.47 ppm; avg. 18043.46 ppm) that matches with the
EPMA results, together with 156.28-3841.12 ppm Zr (avg. 961.41 ppm),
0.17-2.01 ppm Mo (avg. 0.99 ppm), 7.41-22.77 ppm Lu (avg. 12.10
ppm), 4.01-192.63 ppm Hf (avg. 37.20 ppm), 1.29-40.19 ppm Ta (avg.
10.44 ppm), 34.08-757.26 ppm U (avg. 116.80 ppm), 31.46-192.57
ppm Th (avg. 67.02 ppm), 1308.51-3203.22 ppm V (avg. 2090.54 ppm),
437.26-734.54 ppm Sr (avg. 550.20 ppm). Th/U, Nb/Ta and Lu/Hf ra-
tios are 0.17-3.08 (avg. 0.74), 546.62-16958.10 (avg. 3012.02) and
0.07-3.43 (avg. 0.97), respectively. Titanite also contains very high
XREY (total rare earth elements plus Y contents) of 17478.26-32781.10
ppm (avg. 25379.52 ppm), among which XLREE are
14271.13-27425.81 ppm (avg. 20685.27 ppm) and HREE are
1729.37-3328.04 ppm (avg. 2397.75 ppm). The LREE/HREE ratio
ranges between 6.09 and 11.39 (avg. 8.71), showing a LREE/HREE—
enriched pattern. The range of (La/Sm)cn (chondrite normalized), (La/
Yb)y and (Sm/Yb)y are 0.44-0.86 (avg. 0.61), 4.00-14.33 (avg. 8.50)
and 8.39-19.87 (avg. 13.83), respectively, with no apparent Eu anoma-
lies (8Eu: 0.94-1.06, avg. 0.99) and weakly positive Ce anomalies (6Ce:
1.22-1.31, avg. 1.27).
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5.2. Titanite U-Pb age

The measured U/Pb ratios of titanite are presented in Table 1. The
uncorrected data are plotted in the Tera-Wasserbury diagram. The
common Pb-corrected data of the Huayangchuan titanite define a linear
array, yielding a lower intercept crystallization age of 209.0 + 2.9 Ma
(Fig. 6; MSWD = 2.1; n = 43).

5.3.. Molybdenite Re—Os age

Re—Os isotopic data for the four Huayangchuan molybdenite samples
are presented in Table 2. All Re concentrations are high (337.55-392.75
ppm). The 18705 contents and model ages are of 768.34-816.99 ppb and
195.40-198.33 Ma (avg. 196.8 + 2.4 Ma, MSWD = 2.3), respectively.
The %7Re-"%70s isochron age of 206 + 59 Ma (MSWD = 2.9) was ob-
tained by ISOPLOT program (Ludwig, 2003), with initial '870s value of
—0.04 + 0.23 ppm (Fig. 7A-B). The '870s interception is near zero with
error. Implying that the molybdenite contains little or no non-radiogenic
18705, which indicates that the weighted mean age is reliable (Leng et al.,
2012).
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Fig. 6. Tera-Wasserburg concordia diagram of titanite from Huayang-
chuan deposit.

Table 1
LA-ICP-MS U-Pb isotope data of titanite from the Huayangchuan deposit.
Sample number Pb Th U Measured isotopic ratios
ppm 207pb,/2%pb 1o 207pp,235y 1o 206pp,/ 238y 16
372-1 24.8250 53.1449 71.6822 0.5545 0.0137 8.4831 0.1850 0.1128 0.0017
372-2 30.4273 67.0694 113.6335 0.4885 0.0107 6.3144 0.1286 0.0946 0.0012
372-4 23.0560 54.1394 85.9164 0.5330 0.0152 6.7352 0.1554 0.0937 0.0014
372-5 27.2029. 47.6945 62.6366 0.6110 0.0149 11.3369 0.2309 0.1370 0.0021
372-6 90.7100 48.3244 629305 0.5516 0.0162 7.9174 0.1777 0.1073 0.0019
372-7 39.2995 76.6698 202.9967 0.4410 0.0090 4.7406 0.1373 0.0772 0.0014
372-8 37.7604 93.1837 231.8909 0.4077 0.0081 3.7445 0.0703 0.0670 0.0008
3729 35.6732 86.3409 196.1508 0.4415 0.0091 4.3773 0.0872 0.0723 0.0009
372-11 25.6681 55.1387 82.1527 0.5487 0.0137 7.8917 0.1782 0.1055 0.0016
372-12 22.0133 57.5226 67.1262 0.5712 0.0149 8.4319 0.1812 0.1094 0.0017
372-14 21.2605 41.1355 69.0416 0.5551 0.0160 7.8306 0.1846 0.1045 0.0016
372-15 47.1608 112.7869 403.2729 0.3434 0.0070 2.6245 0.0543 0.0556 0.0006
372-16 22.5882 47.0965 64.2509 0.5647 0.0125 9.0990 0.1920 0.1179 0.0017
372-17 27.4717 157.0607 182.5139 0.3967 0.0094 3.4120 0.0787 0.0628 0.0009
372-18 26.2758 56.5303 70.1312 0.5646 0.0137 9.6405 0.2098 0.1254 0.0018
372-19 32.6287 192.5679 244.0397 0.3580 0.0080 2.8876 0.0586 0.0590 0.0007
372-20 34.9878 97.6329 198.3242 0.4353 0.0088 4.1583 0.0806 0.0696 0.0008
372-21 23.9968 103.5688 73.4227 0.5634 0.0145 8.3251 0.1686 0.1098 0.0018
372-22 20.9644 48.3376 64.4966 0.5342 0.0139 8.1520 0.1830 0.1129 0.0018
372-23 22.6489 49.2817 76.0417 0.5394 0.0139 7.7559 0.2036 0.1057 0.0019
372-24 18.3896 33.8335 50.7407 0.5938 0.0168 9.5579 0.2246 0.1197 0.0020
372-25 22.7705 52.1696 86.4942 0.5067 0.0109 6.7512 0.1505 0.0979 0.0017
372-26 21.1075 44.4631 63.9282 0.5620 0.0145 8.3831 0.1880 0.1106 0.0018
372-27 29.5072 92.9353 64.6779 0.5980 0.0124 11.6967 0.2429 0.1431 0.0020
372-28 22.8970 64.5567 102.6896 0.4897 0.0108 5.5147 0.1172 0.0828 0.0013
372-29 20.0610 46.4010 77.9229 0.5135 0.0137 6.6225 0.1762 0.0950 0.0018
372-30 23.0535 63.2425 59.9586 0.5963 0.0131 9.9978 0.2040 0.1235 0.0018
372-31 22.0633 41.1258 66.4820 0.5557 0.0160 8.4934 0.2007 0.1138 0.0019
372-32 25.6539 53.1231 93.3471 0.5004 0.0119 7.1097 0.1819 0.1041 0.0017
372-33 222013 63.5715 68.7889 0.5603 0.0153 8.0594 0.1865 0.1068 0.0017
372-34 22.7226 49.0468 69.9744 0.5400 0.0135 7.9837 0.1785 0.1093 0.0016
372-35 39.8747 120.7763 162.9961 0.4902 0.0105 5.9147 0.1089 0.0886 0.0010
372-36 14.1705 15.2301 34.0774 0.6163 0.0204 11.1547 0.3635 0.1351 0.0032
372-37 25.9538 104.9997 120.5743 0.4832 0.0129 5.2112 0.1278 0.0791 0.0010
372-39 25.5217 45.1805 61.6699 0.5925 0.0143 10.8147 0.2462 0.1342 0.0020
372-40 35.7881 63.2124 126.2008 0.5199 0.0099 7.1159 0.1365 0.1000 0.0014
372-41 23.9993 60.7770 96.9565 0.5051 0.0124 6.1074 0.1378 0.0888 0.0013
372-42 24.0819 46.3498 80.5759 0.5297 0.0131 7.4448 0.1606 0.1038 0.0016
372-43 24.0094 45.3491 59.1794 0.6119 0.0142 10.8439 0.2290 0.1304 0.0019
372-44 21.9609 60.6805 104.2876 0.4848 0.0122 5.2436 0.1308 0.0796 0.0013
372-45 23.0790 48.2669 62.1516 0.5679 0.0135 9.4668 0.2012 0.1233 0.0021
372-46 22.0754 40.7437 57.7406 0.5755 0.0139 10.0020 0.2773 0.1273 0.0028
372-48 22.2408 55.0699 67.4063 0.5651 0.0169 8.3758 0.2055 0.1106 0.0022
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Table 2
Re-0Os isotope data of molybdenite from Huayangchuan deposit.
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Sample Weight (g) Re (ppm) 187Re (ppm) 18705 (ppm) Age (Ma)
content 26 content 26 content 26 model T 26
zk-2403Mo-1 0.0239 390.2485 3.388 245.2865 2.1295 0.811207 0.005647 198.18 2.20
zk-2403Mo-3 0.0229 392.7483 3.9707 246.8577 2.4957 0.81699 0.003306 198.33 2.16
zk-8401Mo-6 0.0136 374.8899 2.6333 235.6330 1.6551 0.768338 0.002533 195.40 1.51
zk-8401Mo-7 0.0137 337.5492 2.3657 212.1629 1.4869 0.696981 0.006351 196.86 2.26
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(A) (8)
201
o Mean=196.8+2.4Ma
< ' MSWD=2.3, probability=0.07
Q 199
Q.
& 08 =
' s
. 3
op 197
0.74 - <
Age=206+59Ma 195
0.0+ Initial'®0s=-0.04£0.23
MSWD=2.9
0.66 . : & 193
200 220 240 260

'’Re (ppm)

Fig. 7. (A) Molybdenite Re-Os isochron age plot. (B) Molybdenite Re-Os weighted mean modal age plot.

6. Discussion
6.1. Genesis of titanite and implications for mineralization

Elements substitution in titanite (CaTi(Si04)O) usually occurs in four
sites, i.e., tetrahedral Si, octahedral Ti, sevenfold decahedral Ca and
underbonded O1 site (Ribbe, 1980; Frost et al., 2000; Kohn, 2017). The
Ti site is usually substituted by Al, Fe and other larger ions such as Nb, Ta,
Zr and Sn. The O1 site is commonly substituted by F and CI, whilst the
substitution of Si is rare (Frost et al., 2000; Kohn, 2017). Unusual 7-fold
Ca site can be substituted by large ions (such as REEs, U, Th, Mn Na, Sr
and Pb; Green and Pearson, 1986; Frost et al., 2000; Kohn, 2017). The
ideal composition of titanite (without substitution) comprises 28.60
wt.% CaO, 40.75 wt.% TiO, and 30.65 wt.% SiO,. EPMA data of the
Huayangchuan titanite (Supplementary Table 2) show distinctly lower
Ca0 (25.19-28.41 wt.%) and TiO, (29.82-36.43 wt.%) than the ideal
values, but the average SiO, content (29.65 wt.%] is similar. In addi-
tional, significant contents of Nb, Fe, Al, REE (Ce and Nd), Na and F were
detected. It is thus clear that titanite in the Huayangchuan carbonatite
experienced complex substitutions (Fig. 8A—C), which may have taken
place via the following three reactions (Ribbe, 1980; Green and Pearson,
1986; Kohn, 2017; Pan et al., 2018).

The highly negative Ti vs. (Nb + Fe + Al) correlation (Fig. 8A) in

titanite may have led by the following substitution reaction:
2Ti" = (Nb, Ta)’* + (AL Fe) >+ eh)

The negative (Ti + Ca) vs. (Fe + Al + REE) correlation (Fig. 8B) may

have led by the following substitution reaction:
Ca?* 4 Ti*' = REE** + (Al, Fe) 3F 2

The weakly negative (Fe 4 Al) vs. F correlation (Fig. 8C) may have led
by the following substitution reaction:

Ti** + 0°~ = (AL Fe) >* + (F, OH)~ (3)
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Element substitutions in minerals usually reflect geochemical char-
acteristics. Firstly, Nb™*+ (0.64 A), Ta>" (0.64 A), Fet (0.65 A) and AI*T
(0.54 A) have similar ionic radius with Ti** (0.61 A) at VI co-ordination
site, while REE* (La-Y: 1.10-0.96 A) at VII co-ordination site also has
similar ionic radius with Ca’" (1.08 A). Thus, reactions (1) and (3)
substitution in titanite can easily occur when the melt or fluid are rich in
these elements. Secondly, the analyzed titanite in Huayangchuan car-
bonatite closely coexists with pyrochlore (main Nb-bearing ore mineral
in Huayangchuan deposit), and Nb is a characteristic trace element of
carbonatite (Woolley and Kempe, 1989), which could enhance the re-
action (1) substitution during titanite crystallization and Nb minerali-
zation at Huayangchuan. In addition, carbonatite commonly has
abundant REE comparing with other igneous rocks (Woolley and Kempe,
1989), which can strengthen the reaction (2) substitution through REE
replacing Ca in titanite.

The substitution reactions (1) to (3) show a strong to weak correlation
trend (Fig. 8), indicating that the major economic element (e.g., Nb) is
closely related to the titanite crystallization at Huayangchuan.

6.2. Timing of the Huayangchuan U-polymetallic mineralization

The alkali-U orerelated titanite at Huayangchuan yielded
a 206pb/238( age of 209.0 + 2.9 Ma, which is coeval with the published
ore-related feldspar K-Ar age (206 Ma) and carbonatite K-Ar age (204
Ma; Qiu et al., 1993). This provides direct geochronological evidence for
a Late Triassic carbonatite U-polymetallic mineralization event at
Huayangchuan, and implies that the younger ages reported likely
represent a post-mineralization thermal event, e.g., hydrothermal biotite
Ar—Ar age: 132.58 + 0.70 Ma (He et al., 2016). This biotite formed after
carbonatite invaded the host rock, thus this biotite Ar-Ar age doesn’t
represent simultaneous carbonatite product. The younger Cretaceous
(late Yanshanian) thermal event may have caused by the Yanshanian
Huashan and Laoniushan granites located in the north and south of
Huayangchuan, respectively (Fig. 2A).
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Fig. 8. Relationship of elemental substitution in titanite. (A) Ti vs. (Nb + Fe +
Al). (B) (Ca + Ti) vs. (Fe + Al + REE). (C) F vs. (Fe + Al).

The molybdenite grains we dated were from the late main ore stage
(Fig. 5A, B), in the mineral assemblage of pyrochlore + monazite +
allanite + calcite + phlogopite + biotite. Thus, the weighted mean age of
196.8 + 2.4 Ma can represent the lower limit of the main ore stage at
Huayangchuan.

6.3. Implications for carbonatite origin and Triassic metallogeny in Qinling
Orogen

Rhenium is a siderophile element, which is commonly more enriched
in the mantle and mafic-ultramafic rocks. Thus, the molybdenite Re
contents of mantle-derived ores are generally higher than those from the
crust (Mao et al., 1999; Stein et al., 2001). Mao et al. (1999) suggested
that the molybdenite Re contents of ores increase from a crust source
(ppm-scale), through crust-mantle mixed source (tens of ppm), to mantle
source (hundreds of ppm). Molybdenite grains from the Huayangchuan
carbonatite contain 337.55-392.75 ppm Re, reflecting possibly a
mantle-derived ore-material source, similar to the Huanglongpu
carbonatite-hosted Mo-Pb(-Re) deposit (molybdenite Re content:
159.40-633.10 ppm, n = 13; Huang et al., 1994; Stein et al., 1997; Deng
et al,, 2009) and Huangshuian carbonatite-hosted Mo(-Pb) deposit
(molybdenite Re content: 60.12-154.50 ppm, n = 11; Huang et al., 2009;
Cao et al.,, 2014) in the region. In addition, the 513C (—6.6%0 to —7.0%o),
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§'%0  (7.6%0-8.4%), ¥Sr/*Sr (704,890-0.705820), *°Nd/'**Nd
(0.510902-0.512472), 2%pb/2%pb  (17.505-18.588), 297pb/20Pb
(15.484-15.589) and **°pb/***Pb (37.649-38.041) ratios of the
Huayangchuan carbonatites also show mantle-derived signatures (Xu
et al., 2007; Huang et al., 2009; Hui et al., 2017). From. the Archean to
Cenozoic, the Qinling Orogen may have experienced multi-stage tectonic
process of rifting, collision and amalgamation (Zhang et al., 1996, 2001).
The North Qinling terrane was separated from the South China Block and
drifted northward toward the North China Block at ca. 800 Ma (Wu and
Zheng, 2013). In the Paleozoic, the Erlangping backarc basin was likely
formed by the north-dipping subduction of the North Qinling. Mean-
while, the Mianlue ocean basin may have opened by the break-up of the
South Qinling terrane from South China (Wu and Zheng, 2013). During
the Carboniferous, the Mianlue oceanic basin may have started sub-
ducting northward to cohere with the South Qinling, leading eventually
to the Triassic collision between the South China and North China Blocks
(Zhang et al., 1996; Chen, 2010; Wu and Zhang, 2013).

In the Triassic, Qinling Orogen may have been affected complex
tectonism and developed coeval carbonatite magmatism and related
mineralization, including those at Huayangchuan, Huanglongpu and
Huangshuian (Figs. 1A and 9; Table 3). The Huanglongpu carbonatite-
hosted Mo-Pb(-Re) deposit shares similar geological features with the
nearby (ca. 8 km distance) Huayangchuan. Molybdenite Re-Os, ilmenite
U-Pb, and monazite U-Th-Pb dating of the Huanglongpu ores/ore-
related rocks yielded 231-220 Ma, 206 Ma, 214-209 Ma, respectively
(Huang et al., 1984, 1994, 1995; Song et al., 2016; Stein et al., 1997).
Song et al. (2015) reported molybdenite Re-Os age of 225.0 + 7.6 Ma
from the Yuantou Mo deposit (also in the Huanglongpu orefield). For the
Huangshuian Mo deposit, molybdenite Re-Os and bastnasite U-Pb
dating yielded similar Late Triassic ages of 210-208 Ma and 206.5 + 3.8
Ma, respectively (Huang et al., 2009; Cao etal., 2014; Zhang et al., 2019).
At the Miaoya REE-Nb deposit, whose mineralization is interpreted to be
multiphase (Zhang et al., 2019), monazite and columbite U-Pb dating
yielded Middle-Late Triassic ages of 243-231 Ma (Xu et al., 2014; Ying
et al., 2017; Zhang et al., 2019), and the very recent bastnisite U-Pb
dating yielded a younger Late Triassic age of 205.8 + 3.6 Ma (Zhang
et al, 2019). Apart from these above-mentioned Triassic
carbonatite-hosted deposits, many other types of deposits in the Qinling
Orogen were also dated to be Triassic, including the Dahu
quartz-vein-type Au deposit (255.6-215.4 Ma; Li et al., 2007, 2008) and
quartz-vein-type Mo deposits (e.g., Qianfanling, Zhifang, Daxigou and
Maogou) in the Soxian orefield (248.2-215.0 Ma; Gao et al., 2010; Gao,
2011).

The mantle origin of the Huayangchuan carbonatite has been pro-
posed based on C-O-Sr-Nd-Pb isotopes studies (Xu et al.; 2007, 2011;
Huang et al.,, 2009; Hui et al., 2017). In addition, Mg isotopes of
Huayangchuan and Huanglongpu -carbonatites (6%Mg: 1.07%: to
—1.28%) reveal that mantle-originated carbonatite may partially come
from recycled marine carbonate (Song et al., 2016), showing some ge-
netic connection with subduction and resulted back arc extension (Xu
et al., 2009; Chen et al., 2010). However, low-degree partial melting of
metasomatized mantle can generate carbonatite with similar geochem-
ical signatures, such tectonic processes include crust thickening and
following delamination during post-collision (Song et al., 2016); exten-
sion or rifting during post-collision orogenesis of the North China Block
and South China Block (Huang et al., 2009). Carbonatites in the Lower
Qinling district all have similar ages, i.e., 231-209 Ma for Huanglongpu
(Huang et al., 1984, 1994, 1995; Stein et al., 1997; Song et al., 2016),
210-206 Ma for Huangshuian (Huang et al., 2009; Cao et al., 2014;
Zhang et al., 2019), and 206-204 Ma for Huayangchuan (Qiu et al.,
1993), which are generally consistent with the Huayangchuan mineral-
ization ages of 209-196 Ma (this study). This indicates the Late Triassic
carbonatite and associated U-Nb-Mo-REE mineralization in the Lower
Qinling area were generally formed in similar tectonic setting, although
the detailed processes are still in debate.

Paleomagnetic study by Zhao and Coe (1987) suggested that the
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Fig. 9. Summary of geochronological data for the Triassic carbonatite-hosted
deposits in the Qinling Orogen. Data and references are listed in Table 3.

South China and the North China Blocks started colliding in the
Permian-Triassic, with a 67° clockwise rotation for South China. This
may have caused a diachronous collision from east to west in the Qinling
Orogen, as supported by the older emplacement ages of carbonatites in
the eastern Qinling Orogen (e.g., Miaoya). The regional tectonics may
have transformed into extensional after the collision in the late Triassic,
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which formed a series of NW or WNW-trending deep faults and coeval
mantle-derived carbonatite magmatism in the orogen (e.g., Huayang-
chuan, Huanglongpu and Huangshuian) (Huang et al., 2009). Mean-
while, crustal-sourced fluids may have led to the formation of the Dahu
and Soxian quartz-vein deposits along brittle-ductile shear zones (Li
et al., 2007; Gao et al., 2010, 2011). However, Re contents in Molyb-
denite of Dahu and Soxian quart-vein deposit are 215.4-255.6 ppm (N =
9; Li et al., 2007; Li et al., 2008) and 215-248.2 ppm (N = 17; Gao et al.,
2010; Gao, 2011), respectively, much higher than common deposits
deriving from crust source, which usually contain only several ppm Re in
molybdenite (Mao et al., 1999), indicating a similar mantle component
may also have involved into the ore-forming process. After the Triassic,
the Jurassic-Cretaceous (Yanshanian) magmatism and -associated
mineralization occurred extensively in the Qinling Orogen due to the
tectonic  transform at the east of China, including
porphyry/porphyry-related skarn-type Mo-W-Cu deposits in the southern
margin of the North China Block, e.g., Jinduicheng porphyry Mo deposit
(139 + 3.0 Ma; Huang et al., 1994), Donggou porphyry Mo deposit (116
Ma; Ye et al., 2006), Nannihu porphyry-skarn Mo(-W) deposit (156—146
Ma; Huang et al., 1994) and Leimenggou porphyry Mo deposit (131 Ma;
Li et al.,, 2006). The Yanshanian granitic magmatic and mineralization
features are distinctly different from those of the Triassic
carbonatite-hosted U-Mo-REE polymetallic deposits in the orogen. The
Huayangchuan supergiant U-polymetallic ore formation (209-196 Ma)
suggest significant Triassic carbonatite-related mineralization in the
Qinling Orogen, especially in the southern margin of the North China
Block.

Table 3
Age and geological summary of the Triassic carbonatite deposits in the Qinling Orogen.
Deposit Resource Scale Host rock Sample Methods Ages Reference
(Ma)
Huayangchuan U (0.016%); Se (0.009%, 5826t); Sr (4%, 28.5 Mt); REE (0.085%, Supergiant Carbonatite Titanite LA-ICP-MS 208.5 This study
0.55 Mt); Nb (0.018%, 0.11 Mt); Ba (3.8%, 27.1 Mt); Pb (0.07%, Ores U-Pb +3.2
2.2 Mt); Ag (0.0006%, 4310 t); Bi (0.009%, 62,596 t) Carbonatite Molybdenite ICP-MS 196.8 This study
Re-Os +24
Carbonatite Phlogopite K-Ar 181 Yu (1992)
Carbonatite Whole rock K-Ar 204 Qiu et al.
Carbonatite Feldspar K-Ar 206 (1993)
Huanglongpu Mo (0.086%, 0.12 Mt); Pb (0.19 Mt) Large Carbonatite Uranium-lead U-Th-Pb 206 Huang et al.
Ores ilmenite (1984)
Carbonatite Molybdenite Re-Os 221 Huang et al.
(1994)
Carbonatite Molybdenite Re-Os 222 +£7  Huang etal.
(1995)
Carbonatite Molybdenite Re-Os 221.5 Stein (1997)
+ 0.3
Carbonatite Monazite SIMS U-Pb 208.9 Song et al.
+ 4.6 (2016)
Carbonatite Monazite SIMS 213.6
Th-Pb + 4.0
Carbonatite Molybdenite ICP-MS 225.0 Song et al.
Re-Os +7.6 (2015)
Huangshuian Mo (0.082%, 0.20 Mt) Large Carbonatite Molybdenite ICP-MS 209.5 Huang et al.
Re-Os +4.2 (2009)
Carbonatite Molybdenite ICP-MS 208.4 Cao et al.
Re-Os + 3.6 (2014)
Carbonatite Bastnaesite LA-ICP-MS 206.5 Zhang et al.
Th-Pb +38 (2019)
Miaoya Nb (6.1%, 0.93 Mt); REE (1.55%, 1.22 Mt) Large Carbonatite Monazite LA-ICP-MS 231.0 Zhang et al.
U-Pb +23 (2019)
Carbonatite Bastnaesite LA-ICP-MS 205.8
U-Pb +36
Carbonatite Monazite SHRIMP 233.6 Xu etal.
U-Pb +1.7 (2014)
Carbonatite Columbite LA-ICP-MS 232.8 Ying et al.
U-Pb +3.7 (2017)
Carbonatite Monazite LA-ICP-MS 238.3
U-Pb +4.1
Syenite Monazite LA-ICP-MS 243.1
U-Pb +2.5
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7. Conclusions

(1) Ore-related titanite grains from the Huayangchuan carbonatite are
enriched in HFSEs, and show clear elemental substitutions with
weakly positive Ce anomalies.

The high molybdenite Re contents (337.55-392.75 ppm) implies a
mantle origin for the ore-forming materials and thus the ore-
hosting carbonatites. This conclusion is consistent with the C-O-
Sr-Nd-Pb isotope evidence.

The main-ore stage titanite yielded a 2°Pb/238U age of 209.0 +
2.5 Ma. This Late Triassic carbonatite-related mineralization at
Huayangchuan is coeval with the closure of the Mianlue ocean.
The molybdenite from the late main-ore stage yielded a weighted
mean Re-Os age of 196.8 &+ 2.4 Ma, which constrained the lower
age limit of the Huayangchuan carbonatite mineralization.

(2

3
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