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Abstract
Recent exploration revealed a number of rare earth element (REE) deposits that are distributed along the Qinling Orogenic Belt,
Central China. These deposits have an estimated total reserve of about 2 Mt. REE2O3, thus making this belt a world-class REE
metallogenic province. Understanding the metallogenesis of the belt requires direct dating of REE minerals. In this study, LA-
ICP-MS U-Th-Pb dating on bastnäsite and monazite from the Huangshuian, Taipingzhen, and Miaoya deposits in different units
of the belt was used to precisely determine the timing of the REE mineralization. The Huangshuian deposit in the north is a
carbonatite-related Mo-(REE) deposit in which the REE minerals are closely associated with molybdenite. After correction for
common Pb and excessed 206Pb decayed from 230Th, a weighted average 206Pb/238U age of 207 ± 4Ma (n = 17; MSWD= 1.9) is
obtained for bastnäsite grains from this deposit. Such an age is slightly younger than that of the final collision (peak at 230–
220 Ma) of the Qinling Orogenic Belt, thus indicating that the Mo-REE mineralization is likely related to a post-collisional
extension setting. The Taipingzhen REE deposit in the middle contains sheet-like ore bodies composed of veins where bastnäsite,
the dominant REE mineral, is closely associated with quartz, fluorite, and barite. In situ bastnäsite U-Th-Pb dating shows that the
REE mineralization in this deposit has formed at 421 ± 7 Ma (n = 17; MSWD = 1.5), synchronous with extension-related
magmatism in the region. The Miaoya deposit in the south is the largest one in the belt, and it is essentially a REE-
mineralized syenite-carbonatite complex. In this deposit, the monazite grains are closely associated with major minerals of the
syenites or carbonatites (e.g., K-feldspar or calcite), but commonly exhibit complex internal textures. Different domains of
monazite yield two groups of U-Pb ages at 414 ± 11 Ma (n = 5; MSWD= 0.91) and 231 ± 2 Ma (n = 21; MSWD= 3.1), whereas
the bastnäsite has an age of 206 ± 4 Ma (n = 14; MSWD= 1.5). The early age of 414 Ma is obtained from homogenous monazite
grains and in good agreement with zircon U-Pb ages of the Miaoya syenite-carbonatite complex, and thus is considered to
represent the timing of the major REE mineralization in the deposit. The younger ages of 231–206 Ma are obtained from
monazite grains with complex internal textures and bastnäsite in late veinlets, thus recording secondary, consecutive REE
remobilization events likely related to the compression process during formation of the Qinling Orogenic Belt. Our new U-
Th-Pb ages, in combination with previously geochronological data, demonstrate that there are two episodes of REE mineraliza-
tion at 440–410 Ma and 220–200 Ma in the Qinling Orogenic Belt.
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Introduction

The Qinling Orogenic Belt is located in central China and links
North China Craton in the north with South China Craton in
the south (Fig. 1a). Recent exploration revealed a number of
rare earth element (REE) and REE-bearing deposits that are
suggested to be carbonatite-related. Typical examples include
the Miaoya and Shaxiongdong REE-Nb deposits in the south,
Huangshuian and Huanglongpu Mo-(REE) deposits,
Huayangchuan U-Nb-Pb-REE deposit in the north, and the
newly discovered Taipingzhen REE deposit in the middle
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(Fig. 1b). These deposits have an estimated total REE reserve
of approximately 2 Mt. REE2O3 (Qian and Li 1996; Li et al.
2017; Gao et al. 2017), thus making the Qinling Orogenic Belt
potentially one of the most important REE metallogenic prov-
inces. The timing of REE mineralization in this belt has long
been an important issue but is currently not comprehensively
constrained. The timing of mineralization was proposed to be
at ca. 220 (Stein 1997; Huang et al. 2009; Cao et al. 2014;
Song et al. 2015, 2016) or ca. 440 Ma (Xu et al. 2008; Lu
et al. 2014; Zhu et al. 2016; Ying et al. 2017). However, these
ages were mostly obtained by indirect dating of associated host
rocks (e.g., carbonatite or syenite) or minerals associated with
REE minerals in the ores, such as zircon U-Pb and
Molybdenite Re-Os ages (e.g., Stein 1997; Huang et al.
2009; Cao et al. 2014; Song et al. 2015; Zhu et al. 2016). It
is unclear if the REEmineralization is genetically related to the
host rocks or if it is synchronous with the Mo mineralization.

Bastnäsite and monazite are common ore minerals in REE
deposits, and precisely determining their ages would provide
convincing constraints on the timing and tectonic environment
of the specific REE mineralization. Both minerals contain
considerable concentrations of U and Th, and are thus good
candidates for precise U-Th-Pb dating (Parrish 1990;

Poitrasson et al. 2000; Sal’nikova et al. 2010; Ling et al.
2016). Recent development of laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) allows in-
situ analyses with high sensitivity and spatial resolution, and
has been proven to be a robust tool for in-situ U-Th-Pb dating
of bastnäsite and monazite, particular for minerals with com-
plex internal textures (e.g., Simonetti et al. 2006; Paquette and
Tiepolo 2007; Kosler et al. 2010; Yang et al. 2014).

In this study, detailed investigations on paragenetic rela-
tionships of the REE mineralization in the Huangshuian,
Taipingzhen, and Miaoya deposits are provided. We obtained
in-situ LA-ICP-MS U-Th-Pb ages of bastnäsite and monazite
from these deposits, in order to constrain the timing of REE
mineralization events in the Qinling Orogenic Belt. Our new
dataset provides direct isotopic constraints on the timing of
these deposits, and hence a better understanding of the tecton-
ic evolution and REE metallogeny of the belt.

Regional geology

The Qinling Orogenic Belt, which is bound by the San–Bao
Fault to the north and the Longmenshan–Dabashan Fault to

Fig. 1 a Tectonic map of China. b Geological sketch of the Qinling
Orogenic Belt. Also shown is the location of REE and REE-bearing
deposits. c Simplified geological map of the Huangshuian Mo-(REE)
deposit (modified from Cao et al. 2014). d Simplified geological
map of the Taipingzhen REE deposit (modified from Li et al.

2017). e Simplified geological map of the Miaoya REE-Nb deposit
(modified from Xu et al. 2014). Abbreviations: S-NCC: Southern
North China Craton, NQL: North Qinling unit, SQL: South
Qinling unit, N-SCC: Northern South China Craton
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the south, comprises of four tectonic units that are separated
by the Luanchuan, Shang-Dan, and Mian–Lue Faults from
north southward, including Southern North China Craton,
North Qinling unit, South Qinling unit, and Northern South
China Craton (Fig. 1b). The belt has experienced complex
orogenic events including the collision of North Qinling unit
and South Qinling unit in the Carboniferous and the final
collision of the North China Craton and South China Craton
in the Triassic (Meng and Zhang 2000; Wu and Zheng 2013;
Dong and Santosh 2016).

The Southern North China Craton consists mainly of
Archean to Early Paleoproterozoic basement rocks overlaid
by late Paleoproterozoic to Phanerozoic cover sequences
(Kröner et al. 1988; Zhang et al. 2001a; Wan et al. 2006;
Huang et al. 2010). The basement is dominated by the
Taihua Group (2.84–1.97 Ga) that is composed of
amphibolite- to granulite- facies metamorphic rocks including
graphite-bearing gneisses, greenstones, biotite gneisses, mar-
bles, and banded iron formations. The Taihua Group is un-
conformably overlain by the Paleoproterozoic Xiong’er
Group which is composed mainly of intermediate to acidic
lavas and pyroclastic rocks intercalated with minor sedi-
mentary rocks (< 5%; Zhao et al. 2004, 2009). The
Xiong’er Group is in turn unconformably overlain by
Mesoproterozoic to Neoproterozoic sedimentary rocks.
Mesozoic magmatic intrusions are widespread in the re-
gion and were mainly formed at 220–190 and 160–
110 Ma. The former stage is characterized by alkaline
rocks which are interpreted to have formed in an extension-
al setting (Wang et al. 2007; Ding et al. 2011; Cao et al.
2015). The latter stage of 160–110 Ma is dominated by
granites and porphyries that are commonly associated with
Mo mineralization (Mao et al. 2011; Li and Pirajno 2016).

The North Qinling unit is dominated by Proterozoic to
Paleozoic medium to high-grade metasedimentary and
metavolcanic rocks (Zhang et al. 1994; Liu et al. 2016), in-
cluding Kuanping, Erlangping, Qinling, and the Danfeng
Groups from north to south. The Kuanping Group is a suite
of greenschist-facies meta-volcanic-sedimentary rocks with
Neoproterozoic to Ordovician ages. The Erlangping Group
comprises mainly of Late Paleozoic sedimentary and Early
Paleozoic ophiolitic mélange units. The Paleoproterozoic
Qinling Group is a medium- to high-grade metamorphic com-
plex composed of gneisses, schists, amphibolites, marble, and
calc-silicate rocks. The Danfeng Group crops out in the south-
ern margin and is composed of arc volcanic-sedimentary rocks
that underwent greenschist to low amphibolite facies meta-
morphism. Abundant granitoids with ages of 510–400 Ma
occurred in the North Qinling unit, and their formation was
suggested to be related to Paleozoic subduction of
Prototethyan oceanic crust and subsequent collision and
back-arc opening processes (Zhang et al. 2013; Wang et al.
2015; Abdallsamed et al. 2017; Li et al. 2018).

The South Qinling unit consists mainly of Precambrian
crystalline basement covered by Sinian to Phanerozoic sedi-
mentary rocks (Zhang et al. 2001a; Ling et al. 2008; Zhu et al.
2014). The basement rocks include the Douling and
Xiaomoling Complexes, and Wudangshan and Yaolinghe
Groups, all of which were metamorphosed under
greenschist- to amphibolite-facies conditions. The sedimen-
tary cover contains Sinian carbonate rocks, Cambrian-
Ordovician limestones, Silurian shales, Devonian-
Carboniferous clastic rocks, and minor Late Paleozoic to
Early Triassic clastic sedimentary rocks. The Precambrian
basement and Paleozoic strata were intruded by abundant
Silurian alkaline rocks and diabase dykes which show geo-
chemical affinities of an extension rift setting (e.g., Zhang
et al. 2007; Xu et al. 2008; Zhu et al. 2016; Wang et al.
2017).

The Northern South China Craton, commonly considered
as a foreland fold-and-thrust belt at the northern margin of the
South China Craton, shares similar basement structures and
lithostratigraphic units with the South Qinling unit (Meng and
Zhang 2000). It consists mainly of highly metamorphosed
Neoarchean-Paleoproterozoic crystalline and greenschist-
facies metamorphosed Meso- to Neoproterozoic transitional
basements, covered by non-metamorphosed Sinian-Mesozoic
clastic and carbonate rocks.

REE mineralization in the Qinling Orogenic
Belt

The REE and REE-bearing deposits in the Qinling
Orogenic Belt are spatially associated with carbonatites
and/or alkaline rocks. In Southern North China Craton,
REEs are essentially by-products of carbonatite-related
Mo or U deposits, such as the well-known Huangshuian
and Huanglongpu Mo-(REE) deposits (Li et al. 2008;
Huang et al. 2009; Xu et al. 2010; Cao et al. 2014;
Kynicky et al. 2012) and Huayangchuan U-Nb-Pb-REE
polymetallic deposit (Gao et al. 2017). On the other hand,
the vein-type Taipingzhen deposit, which was recently dis-
covered by Henan Nuclear Geological Bureau (Li et al.
2017), is the only reported REE deposit in the North
Qinling unit. In South Qinling unit, typical examples in-
clude the Miaoya and Shaxiongdong REE-Nb deposits
where the ore bodies are all hosted in carbonatite-syenite
complexes. Detailed descriptions of the geology of these
deposits are available in the literature (Huang et al. 2009;
Xu et al. 2008, 2010, 2015; Cao et al. 2014; Li 2014; Li
et al. 2017; Zhu et al. 2016, 2017; Gao et al. 2017; Ying
et al. 2017; Smith et al. 2018). They are briefly summa-
rized below by taking the Huangshuian, Taipingzhen, and
Miaoya deposits as the representatives.
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Huangshuian Mo-(REE) deposit

The Huangshuian Mo-(REE) deposit in Songxian county,
Henan Province is located in the northern part of Southern
North China Craton (Fig. 1b). This deposit contains a reserve
of approximately 0.4 Mt. Mo (average grade of 0.062 wt%)
with REEs as the major by-product. TheMo-(REE) ore bodies
are lenticular in shape (50–1000 m long) and strike northwest
with steep dips that average ~ 80°N (Fig. 1c). They are mostly
hosted in carbonatites that intrude the Taihua Group (Fig. 2a),
but locally some ore bodies extend into the Taihua Group.
Most of the ore bodies are crosscut by quartz-calcite-sulfide
stockworks of 0.1 to 4 cm in thicknesses. Breccias are locally
present and are generally associated with ore bodies. They
consist of clasts of carbonatites and rocks of the Taihua
Group, which are cemented by hydrothermal matrix (Fig. 2b).

This deposit has a paragenetic sequence of early barren
carbonatite and late hydrothermal mineralization stages. The
barren carbonatite dykes are generally pink in color and com-
posed dominantly of calcite, quartz, and K-feldspar with mi-
nor REE minerals (bastnäsite, parisite, and monazite) and dis-
seminated molybdenite (Fig. 3a). The hydrothermal mineral-
ization stage is characterized by abundant veins that crosscut
the early carbonatites, and consist of variable amounts of
quartz, calcite, barite, fluorite, fluorapatite, pyrite, galena, mo-
lybdenite, and REE minerals. The REE minerals are dominat-
ed by bastnäsite, parisite, and monazite with minor ancylite,
synchysite, allanite, and xenotime. They are present as

subhedral to anhedral grains that are closely associated with
molybdenite (Fig. 3b).

Taipingzhen REE deposit

The Taipingzhen deposit, located at the center of the North
Qinling unit, was discovered by Henan Nuclear Geological
Bureau in 2014. It contains an estimated reserve of approximate-
ly 0.14Mt. REE2O3with an average grade of 2.32wt% (Li et al.
2017). The REE ore bodies are essentially sheets composed of
series of veins or veinlets, which are structurally controlled by
subparallel NWW-trend faults or shear zones in the Early
Paleozoic Erlangping Group and Ordovician Zhangjiazhuang
granite intrusion (Fig. 1d). Carbonatites are locally present at
depth, but are spatially associated with ore bodies.

The REE ores are commonly vein or veinlet-type and are
composed mainly of quartz, fluorite, barite, and REEminerals
with minor apatite, albite, biotite, pyrite, magnetite, molybde-
nite, and chalcopyrite. Contents of REE minerals in the ores
are highly variable, and locally, concentrations of REE2O3

reach up to 15 wt% (e.g., Fig. 2c). The REE minerals are
dominated by bastnäsite (~ 70%) with subordinate parisite,
monazite, cerite, and allanite (Fig. 3c–f). Bastnäsite is gener-
ally euhedral and locally is replaced by parisite or allanite
along the margins. Parisite is subordinate to bastnäsite, but
locally highly concentrated (Fig. 3e). Monazite is euhedral
and commonly present in samples where apatite is abundant.

Fig. 2 Photographs of various
ores from different REE deposits
in the Qinling Orogenic Belt.
a Carbonatite crosscut by
hydrothermal veins in the
Huangshuian deposit. Note that
the pink mineral is calcite.
b Breccia-type ore in the
Huangshuian deposit, which
consists of carbonatite (calcite)
and quartz clasts cemented by
REE-bearing hydrothermal
matrix; c high-grade REE ores in
the Taipingzhen deposit. Note that
the greenish and pink crystals are
bastnäsite grains. d Carbonatite
dikes in the syenite of the Miaoya
deposit
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There are also minor synchysite and unidentified LREE sili-
cates which are locally present as intergrowth with bastnäsite
and parisite (Fig. 3f). The carbonatites consist mainly of cal-
cite (~ 80%) and a small amount of quartz, biotite, pyrite,
magnetite, and REEminerals. It is important to note that some
carbonatites contain up to 10 vol% of REE minerals, and the
REE minerals are dominated by bastnäsite with minor parisite
and monazite (Fig. 3d).

Miaoya REE-Nb deposit

TheMiaoya REE-Nb deposit is located in the southernmargin
of the Wudang Terrane of the South Qinling unit (Fig. 1b).

The deposit containsmore than 40REE-Nb ore bodies with an
estimated reserve of 1.21 Mt. REE2O3 @ 1.5 wt.% and
0.93 Mt. Nb2O5 @ 0.1 wt.% (Qian and Li 1996), making it
the largest REE deposit in the Qinling Orogenic Belt. Ore
bodies are hosted in the Miaoya syenite-carbonatite complex
which covers an area of 6.5 km2 and intrudes both the
Neoproterozoic meta-quartz keratophyre of the Yaolinghe
Group and Silurian schist of the Meiziya Group (Fig. 1e).
Syenite dominates theMiaoya complex and has a zoned struc-
ture ranging from fine-grained in the center, allotriomorphic
granular in the middle, to porphyritic in the margins.
However, the syenites in different zones are mineralogically
similar, and are composed dominantly of K-feldspar and sub-
ordinate microcline, albite, biotite, plagioclase, quartz, and

Fig. 3 BSE images of variousREEores in different deposits. aDisseminated
parisite grains in carbonatite of the Huangshuian deposit. b Intergrowth of
molybdenite and REE minerals (parisite and allanite) in the Huangshuian
deposit. c Euhedral bastnäsite grains in REE ores of the Taipingzhen
deposit. d REE-rich carbonatite of the Taipingzhen deposit, which is
composed mainly of bastnäsite, parisite and calcite. e Intergrowth of
bastnäsite and parisite in the ores of Taipingzhen deposit. f Intergrowth
of bastnäsite, parisite, allanite, and unidentified Si-CaREEminerals in the
Taipingzhen deposit. g Fluorapatite with complex internal texture in the

Miaoya deposit. Note that monazite inclusions are only present in the
dark domains. h Anhedral monazite crystals in the carbonatite of the
Miaoya deposit, note that the figure in the left bottom is the high-
contrast BSE image of the monazite showing complex internal texture. i
Intergrowth of bastnäsite and parisite in the Miaoya deposit.
Abbreviations: Cal: calcite, Par: parisite, Bsn: bastnäsite, Qtz: quartz,
Mo: molybdenite, Fl: fluorite, Aln: allanite, Th: thorite, Si-Ca REE: the
unidentified Si-Ca REE minerals, Mag: magnetite, Brz: barite, Ap:
apatite, Mnz: monazite, Py: pyrite
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sericite with minor but variable amounts of zircon, monazite,
columbite, fluorapatite, bastnäsite, pyrochlore, Nb-rich rutile,
and pyrite. On the other hand, carbonatites in the Miaoya
complex are present as stocks and/or dikes distributed in the
syenites (Fig. 2d). They are dominated by medium- to fine-
grained calcite (80%) with variable K-feldspar, albite, biotite,
fluorapatite, monazite, columbite, bastnäsite, ilmenite,
pyrochlore, aeschynite, quartz, Nb-rich rutile, and sulfides.

The REE ores are essentially REE-Nb-mineralized
(economic) syenites and carbonatites in the complex. The ma-
jor REE or REE-bearing minerals in the Miaoya deposit are
fluorapatite, monazite, bastnäsite, and parisite (Fig. 3g–i). The
fluorapatite grains are generally euhedral to subhedral, distrib-
uting in the interstitial matrix of K-feldspar and calcite in the
syenite and carbonatite. They commonly exhibit complex in-
ternal textures that are characterized by bright and dark do-
mains under BSE images, and the dark domains commonly
contain fine-grained monazite inclusions (1–15 μm) (Fig. 3g).
In addition to the monazite inclusions, most of monazite grains
are present as anhedral grains in interstitial matrix replacing or
crosscuttingK-feldspar and calcite. Thesemonazite grains have
relatively large but variable sizes (10–200 μm) and commonly
appear inhomogeneous under BSE (Fig. 3h), even though sev-
eral appear homogeneous. Bastnäsite is locally present, occur-
ring as subhedral crystals replacing major minerals or as single
grains in veinlets containing quartz, calcite, barite, and fluorite
(Fig. 3i). In veinlets, the bastnäsite grains are generally
embayed and crosscut by calcite, K-feldspar, quartz, and minor
fluorite. Other REE minerals include allanite, synchysite, and
ancylite, but they are sporadically distributed and commonly
intergrown with the major REE minerals mentioned above.

Analytical method

Representative REE ore samples for dating were collected
from the Huangshuian, Taipingzhen, and Miaoya deposits.
These samples were polished as thin sections, and textural
relationships examined using a standard optical microscope,
followed by JSM-7800F field emission scanning electron mi-
croscopy (FE-SEM) equipped with TEAMApollo XL energy
disperse spectroscope at the State Key Laboratory of Ore
Deposit Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences.

U-Th-Pb isotopic analyses of bastnäsite and monazite in
polished thin section were carried out using ICP-MS
(Agilent 7700×) with a Laser-ablation system (ASI
RESOnetics S-155, 193 wavelength) at Nanjing FocuMS
Technology Co. Ltd. Detailed analytical procedures and in-
strumental operating conditions are available in Yang et al.
(2014). Analyses were performed with a beam diameter of
24 μm and a repetition rate of 6 Hz. At the start of each
analytical session, torch position and lens tunings were

adjusted to maximize sensitivity for the appropriate masses
(Pb isotopes, Th and U) and stability. The initial conditions
were set at ThO+/Th+ < 0.3% to minimize the production of
molecular compounds. Each spot analysis consisted of an ap-
proximate 20-s background acquisition and 65-s sample data
acquisition. The U-Th-Pb fractionation and instrumental mass
discrimination of bastnäsite were normalized using the matrix-
matched external bastnäsite standard K-9 (118 ± 1 Ma;
Sal’nikova et al. 2010). For the monazite, the analysis results
were normalized to the known value standard 44,069 (424 ±
1 Ma; Aleinikoff et al. 2006). Two standard analyses were
measured after every five unknown bastnäsite or monazite
spots. Off-line data selection and integration were performed
by using ICPMSDataCal software (Liu et al. 2010), and age
calculations were processed using the ISOPLOT program
(Ludwig 2003). Uncertainties associated with age determina-
tions are 1 sigma and ages were calculated at the 95% confi-
dence level.

U-Th-Pb ages of bastnäsite and monazite

Due to the relatively small sizes of the monazite, only
bastnäsite in the Huangshuian and Taipingzhen deposits are
analyzed for U-Th-Pb dating, whereas both bastnäsite and
monazite in the Miaoya deposits were available for U-Th-Pb
dating. The U-Th-Pb isotopic results of the bastnäsite and
monazite are shown in Appendices 1 and 2, respectively.

Huangshuian deposit

Bastnäsite grains analyzed are homogeneous under BSE im-
age. They have U and Th contents ranging from 25 to
506 ppm and 4051 to 16,338 ppm (Appendix 1), respectively,
corresponding to high Th/U ratios (138 in average). On the
Tera-Wasserburg plot (Tera and Wasserburg 1972a, 1972b),
20 analyses of uncorrected data give a lower intercept age of
223.0 ± 7.2 Ma (MSWD = 4.6; Fig. 4a). Excluding several
spots that have obviously lower or higher 206Pb/238U ages, a
weighted average 206Pb/238U age of 215.6 ± 3.8 Ma (n = 17;
MSWD= 1.9; Fig. 4b) is obtained after 207Pb-based correc-
tion method, which using common Pb composition from
Stacey and Kramers (1975) (Appendix 1). After correction
for common Pb (Appendix 1), the weighted average
208Pb/232Th age is calculated to be 201.2 ± 1.6 Ma (n = 18;
MSWD= 1.8; Fig. 4c).

Taipingzhen deposit

The bastnäsite grains in the REE ores from the Taipingzhen
deposit have U and Th concentrations ranging from 26 to
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101 ppm and 4014 to 13,936 ppm, respectively, correspond-
ing to high Th/U ratios ranging from 95 to 435. On the Tera-
Wasserburg plot, 20 analyses define a regression line yielding

a lower intercept age of 424 ± 22 Ma (MSWD= 2.6; Fig. 5a).
After 207Pb-based correction, a weighted average 206Pb/238U
age of 420.7 ± 7.3 Ma (n = 16; MSWD= 1.5) is obtained (Fig.
5b), slightly older than the weighted average 208Pb/232Th age
of 411.8 ± 5.5 Ma (common Pb-corrected; n = 17; MSWD=
4.5; Fig. 5c).

Bastnäsite grains in carbonatites have Th and U content
and Th/U ratios comparable with those in the hydrothermal
ores (Appendix 1). Twenty-four analyses yield a lower inter-
cept age of 435.0 ± 4.8Ma (n = 24;MSWD= 1.4) on the Tera-
Wasserburg plot (Fig. 5d). After 207Pb-based correction, a
weighted average 206Pb/238U age of 430.4 ± 4.8 Ma (n = 24;
MSWD= 1.4) is calculated (Fig. 5e), slightly older than the
weighted average 208Pb/232Th age of 411.9 ± 3.8 Ma (com-
mon Pb-corrected; n = 23; MSWD= 2.6; Fig. 5f).

Miaoya deposit

Bastnäsite grains have U and Th concentrations ranging from
7 to 173 ppm and 2284 to 8778 ppm, respectively, corre-
sponding to Th/U ratios varying from 44 to 501. Eighteen
analyses form a well-fitting regression line defining a lower
intercept age of 209.8 ± 9.8 Ma (MSWD= 1.9) on the Tera-
Wasserburg plot (Fig. 6a). After 207Pb-based correction, a
weighted average 206Pb/238U age of 205.8 ± 3.6 Ma is also
obtained (n = 14; MSWD= 1.5; Fig. 6b). The weighted aver-
age 208Pb/232Th age is 206.5 ± 2.8Ma (common Pb-corrected;
n = 14; MSWD= 3.6; Fig. 6c).

Both the BSE-homogenous and inhomogeneous monazite
grains were selected for dating. These monazite grains have
higher U and lower Th content than the bastnäsite grains, with
a lower Th/U ratio of 41 in average (Appendix 2). On the
Wether ill concordia plot (Wetherill 1956), a total of 50 anal-
yses yield highly scattered plots but forming two groups of
ages that are well correlated with the internal textures and
compositions (Fig. 7a). The first group of analyses, obtained
from the BSE-inhomogeneous grains, has a wide U-Pb age
range (Fig. 7a) but a portion of them clusters on the concor-
dant line with a calculated weighted average 206Pb/238U age of
231 .0 ± 2 .3 Ma (n = 21 ; MSWD = 3.1 ; F ig . 7b ) ,
undistinguishable from those obtained by the same method
in previous studies (e.g., Xu et al. 2014; Ying et al. 2017).
Another group of analyses, obtained from the homogeneous
grains, have only five U-Pb age data because only a few grains
were recovered from the deposit. However, these analyses
have a consistent 206Pb/238U age with weighted average of
414 ± 11 Ma (MSWD= 0.91; Fig. 7c), close to the zircon U-
Pb age of theMiaoya carbonatite at 434.3 ± 3.2 Ma and 426.5
± 8.0 Ma previously dated by Zhu et al. (2016) and Ying et al.
(2017), respectively. The ages that deviated from the concor-
dant line are mostly obtained from domains of complex BSE

Fig. 4 LA-ICP-MS U-Th-Pb ages of the bastnäsite from the Huangshuian
deposit. a Tera-Wasserburg plots of U-Pb ages. b Weighted average
206Pb/238U ages (207Pb-based corrected). c Weighted average
208Pb/232Th ages (common Pb-corrected)
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Fig. 5 LA-ICP-MS U-Th-Pb ages of the bastnäsite from the REE ores
and REE-rich carbonatites in the Taipingzhen deposit. a Tera-Wasserburg
plots U-Pb ages, b weighted average 206Pb/238U (207Pb-based corrected),
and c 208Pb/232Th (common Pb-corrected) ages of bastnäsite from the

REE ores. d Tera-Wasserburg plots U-Pb ages, e weighted average
206Pb/238U (207Pb-based corrected), and f 208Pb/232Th (common Pb-
corrected) ages of bastnäsite from the REE-rich carbonatites
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images (Fig. 7d), possibly representing mixing ages, which
resulted from incomplete alteration or replacement.

Discussion

Reliability of the U-Th-Pb ages of the bastnäsite
and monazite

Bastnäsite and monazite have long been widely and success-
fully used for U-Th-Pb dating (e.g., Parrish 1990; Yang et al.
2014; Ling et al. 2016). However, both bastnäsite and monazite
are commonly Th-rich minerals with extremely high Th/U ra-
tios (e.g., up to 1000; Parrish 1990; Ling et al. 2016), thus
containing considerable amounts of excess 206Pb derived from
initially incorporated 230Th and resulting in overestimation of
the 206Pb/238U ages. In this study, some of the bastnäsite grains
from the Huangshuian, Taipingzhen, and Miaoya deposits do
have high Th contents (up to 20,000 ppm; Appendix 1) with
Th/U ratios up to 500, and their 208Pb/232Th ages are mostly
younger than the 206Pb/238U ages (Figs. 4, 5, and 6), indicative
of potential effect of excessed 206Pb. In general, such an effect
can be avoided by correcting the 206Pb/238U ages for excessed
206Pb using the equations of Schärer (1984) and Parrish (1990)
(Table 1), or by using only the 208Pb/232Th ages (e.g., Gregory
et al. 2007; Ling et al. 2016). However, it is generally consid-
ered that Th is easily incorporated into or taken away from Th-
rich minerals during alteration (Rasmussen and Muhling 2007;
Harlov et al. 2011), and the 208Pb/232Th age was indicated by
experiments to be more sensitive to the variation of Th than
206Pb/238U age (Poitrasson et al. 2000). Therefore, it is possible
that the 232Th-208Pb radiometric system was relatively easier to
be disturbed during later hydrothermal alteration. Indeed, such
an interpretation is supported by the high MSWDs of the
208Pb/232Th ages or scatter of the 208Pb/232Th ratios in this
study (Figs. 4, 5, and 6). As such, following the equation of
Schärer (1984) and Parrish (1990), we re-calculated 206Pb/238U
ages of these samples on the basis of the estimated Th/U ratios
of the parental fluids/melts (Table 1). These corrected
206Pb/238U ages were then compared U ratios upe
208Pb/232Th ages to understand the reliability of the new U-
Th-Pb ages.

The calculated results show that the excessed 206Pb-
corrected 206Pb/238U ages are indeed variably younger (< 1,
4.6, and 9.1 Ma) than those uncorrected (Table 1). Although
these corrected ages are slightly different from 208Pb/232Th
ages (Figs. 4, 5, and 6; Table 1), the fact that the corrected
206Pb/238U age (207Ma) of the Huangshuian deposit (Table 1)
is identical to the molybdenite Re-Os ages (~ 208 Ma; Huang
et al. 2009; Cao et al. 2014) suggests that the corrected
206Pb/238U ages are more reliable, which in turn suggests that
the 208Pb/232Th ages are more or less disturbed, as indicated
earlier. It is notable that the bastnäsite 206Pb/238U ages of both
the ores in the Taipingzhen deposit and the veinlets of the
Miaoya deposit were not corrected for excess 206Pb because
the Th/U ratios of their parental fluids cannot be estimated
(Table 1). However, in the case of the Taipingzhen deposit,

Fig. 6 LA-ICP-MS U-Th-Pb ages of bastnäsite in veinlets from the
Miaoya deposit. a Tera-Wasserburg plots of U-Pb ages. b Weighted
average 206Pb/238U ages (207Pb-based corrected). c Weighted average
208Pb/232Th ages (common Pb-corrected)
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the effect of excessed 206Pb should be negligible due to ex-
tremely high Th/U ratios of the fluids as suggested by the
presence of thorite in the ores (Fig. 3e), if calculated by using
the equation of Schärer (1984) and Parrish (1990). Similarly,

in the case of the veinlets of the Miaoya deposit, the effect of
excessed 206Pb is also speculated to be negligible on the basis
of the fact that the uncorrected 206Pb/238U age is indistinguish-
able from the 208Pb/232Th age (Fig. 6).

Fig. 7 LA-ICP-MS U-Th-Pb ages of the monazite from the Miaoya
deposit. a Concordia plot of LA-ICP-MS U-Pb data for both BSE-
inhomogeneous (red circles) and BSE-homogeneous (blue circles)
monazite grains. b Weighted average 206Pb/238U age of the BSE-
inhomogeneous grains, which is calculated by 21 analyses clustering on

the concordant line. c Weighted average 206Pb/238U age of the BSE-
homogeneous grains. d BSE images of several grains that show
location of analyzed spots and corresponding ages. Note that the top
two and bottom left one are BSE-inhomogeneous grains whereas the
bottom right one is BSE-homogeneous grain with obviously older ages

Table 1 Correction of excess 206Pb derived from initially incorporated 230Th for the 206Pb/238U ages

Deposit Th/U (whole rock) Th/U (mineral) f Texcess (Ma) 206Pb/238U age (excess 206Pb corrected)

Huangshuian 1.62 (carbonatite) 138 (Bsn) 85.19 9.1 206.5

Taipingzhen Unknown (ores) 249 (Bsn) / / /

5.23 (carbonatite) 225 (Bsn) 43.02 4.6 425.6

Miaoya Unknown (veinlet) 218 (Bsn) / / /

5.4 (carbonatite) 41 (Mnz) 7.59 < 1 Uncorrected

Texcess = (1/λ238) In [1 + (f − 1) (λ238/λ230)] (Schärer 1984; Parrish 1990)

f = [(Th/U)mineral/(Th/U)liquid]; λ238 = 1.55125e
−10 year−1 ; λ230 = 0.922e

−5 year−1

The value of (Th/U) liquid was calculated from whole-rock Th and U concentrations assuming magma (liquid) was in radioactive equilibrium before
mineral crystallization (Parrish 1990)

Note that the whole rock Th/U ratios of carbonatites in the Huangshuian and Taipingzhen deposits is from our unpublished data, and that of the Miaoya
deposit is cited from Xu et al. (2014)

Abbreviations: Bsn bastnäsite; Mnz monazite
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In summary, it is believed that after corrections of the com-
mon Pb and excessed 206Pb, the 206Pb/238U ages are more
reliable to represent the timing of the REE mineralization in
the Qinling Orgogenic Belt. It is thus concluded that the REE
mineralization of the Huangshuian and Taipingzhen deposits
has formed at 207 Ma and 426–421Ma, respectively, whereas
the REE minerals in the Miaoya deposit have formed at two
stages of 414 Ma and 231–206 Ma.

Two episodes of REE mineralization

The new U-Th-Pb dating results of bastnäsite and monazite
provide comprehensive constraints on the timing of the REE
mineralization in the Qinling Orogenic Belt. In the North
Qinling unit, we provide a reliable REE mineralization age
of 426–421Ma for the newly discovered Taipingzhen deposit.
In the Southern North China Craton, the timing of the REE
mineralization in the Huangshuian deposit is constrained to be
~ 207 Ma, indicating a much younger mineralization event.
These ages are also broadly similar to the molybdenite Re-Os
and monazite U-Th-Pb ages (220–210 Ma) of the
Huanglongpu Mo-(REE) deposit in the same unit (Table 2),

thus allowing us to propose that the carbonatite-related Mo
and REE mineralization in the Southern North China Craton
of the Qinling Orogenic Belt was formed at 220–200 Ma.

For the Miaoya deposit in the South Qinling unit, ages of ~
415 Ma and 231–206 Ma were both obtained from the REE
minerals. The older ages are broadly similar to the zircon LA-
ICP-MS U-Pb ages of 445–426 Ma for the Miaoya and nearby
Shaxiongdong syenite-carbonatite complexes (Xu et al. 2008;
Lu et al. 2014; Zhu et al. 2016; Ying et al. 2017), thus indicating
an early REE mineralization event possibly genetically related
to the formation of the syenite-carbonatite complex. On the
other hand, the younger ages of 231–206 Ma, which were also
reported in other studies (e.g., Xu et al. 2014; Ying et al. 2017),
were once suggested to represent a younger, new REE miner-
alization event in the region (Xu et al. 2014; Cimen et al. 2018).
However, considering the fact that these ages are obtained on
the monazite with complex internal textures or on the bastnäsite
from veinlets crosscutting the REE-mineralized carbonatites
and syenites, we propose that they more likely record a second-
ary REE remobilization or hydrothermal overprint event that
locally modified the early REE minerals. Similar internal tex-
tures that are indicative of secondary hydrothermal

Table 2 Summary of geochronological data for the REE deposits in the Qinling Orogenic Belt

Tectonic unit Deposit Sample type Method Age (Ma) Reference

S-NCC Huangshuian Carbonatites Molybdenite Re-Os (ICP-MS) 209.5 ± 4.2 Huang et al. 2009

Carbonatites Molybdenite Re-Os (ICP-MS) 208.4 ± 3.6 Cao et al. 2014

Breccia Molybdenite Re-Os (ICP-MS) 217.1 ± 8.5 Lu et al. 2014

Carbonatites BastnäsiteTh-Pb (LA-ICP-MS) 206.5 ± 3.8 This study

Huanglongpu Carbonatites Molybdenite Re-Os (ICP-MS) 221.5 ± 0.3 Stein 1997

Carbonatites Molybdenite Re-Os (ICP-MS) 222 ± 7 Huang et al., 1995

Carbonatites Molybdenite Re-Os (ICP-MS) 225 ± 7.6 Song et al. 2015

Carbonatites Monazite U-Th-Pb (LA-ICP-MS) 208.9 ± 4.6 and 213.6 ± 4.0 Song et al. 2016

NQL Taipingzhen Ores BastnäsiteTh-Pb (LA-ICP-MS) 420.7 ± 7.3 This study

Carbonatites BastnäsiteTh-Pb (LA-ICP-MS) 425.6 ± 4.8 This study

SQL Shaxiongdong Syenite Zircon U-Pb (LA-ICP-MS) 441.8 ± 2.2 Xu et al. 2008

Carbonatites Apatite Th-Pb (LA-ICP-MS) 433.1 ± 6.4 Lu et al. 2014

Miaoya Carbonatites Monazite U–Th–Pb (SHRIMP) 233.6 ± 1.7 Xu et al. 2014

Syenite Zircon U-Pb (LA-ICP-MS) 445.2 ± 2.6 Zhu et al. 2016

Carbonatites Zircon U-Pb (LA-ICP-MS) 434.3 ± 3.2 Zhu et al. 2016

Carbonatites Zircon U-Th-Pb (LA-ICP-MS) 426.5 ± 8.0 Ying et al. 2017

Syenite Zircon U-Th-Pb (LA-ICP-MS) 442.6 ± 3.7 Ying et al. 2017

Carbonatites Columbite U-Pb (LA-ICP-MS) 232.8 ± 3.7 Ying et al. 2017

Syenite Monazite Th-Pb (LA-ICP-MS) 243.1 ± 2.5 Ying et al. 2017

Carbonatites Monazite Th-Pb (LA-ICP-MS) 238.3 ± 4.1 Ying et al. 2017

Carbonatites Bastnäsite U-Th-Pb (LA-ICP-MS) 205.8 ± 3.6 This study

Carbonatites Monazite U-Pb (LA-ICP-MS) 414 ± 11 This study

Carbonatites Monazite U-Pb (LA-ICP-MS) 231.0 ± 2.3 This study
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modifications are also available in apatite. For example,
fluorapatite grains are commonly characterized by bright and
dark domains under BSE images, and the dark domains contain
inclusions of monazite (Fig. 3g). This texture was well
interpreted to be formed by a dissolution-reprecipitation process
that is related to the apatite-fluid interaction (e.g., Harlov and
Förster 2003; Harlov et al. 2005; Chen and Zhou 2015). Such a
process is able to partially or fully reset the U-Th-Pb isotopic
system (Williams et al. 2011; Chen and Zhou 2017;
Grand'Homme et al. 2017), and is thus likely responsible for
the discordant analyses with variable 206Pb/238U ages of mon-
azite (e.g., the plots marked by red dash circles in Fig. 7a).

In summary, our precise constraints on the timing of the
REE mineralization in different units of the Qinling Orogenic
Belt reveal two episodes of REE mineralization at 440–410
and 220–200 Ma (Fig. 8). The first episode is present in the
North Qinling and South Qinling units and some deposits of
this episode suffered from secondary hydrothermal overprint,
such as the Miaoya deposit. The second episode is present in
the Southern North China Craton and is closely associated
with Mo mineralization, such as the Huanglongpu and
Huangshuian deposits.

Implication for tectonic setting and regional
metallogeny

The Qinling Orogenic Belt is a composite orogenic belt in-
volving multi-stage processes of arc terrane accretion, arc-
continent, and continent-continent collisions between the
North and South China Cratons. The North Qinling unit was
separated from the South China Craton at ca. 0.80 Ga during
the Rodinian breakup, followed by accretion northward to the
North China Craton (Ratschbacher et al. 2003; Wu and Zheng
2013). The northward subduction of the North Qinling result-
ed in the formation of the Erlangping arc, which was devel-
oped to be a back-arc basin after the collision between the
North Qinling unit and North China Craton at Silurian. At
the same time, the South Qinling unit was also separated from
the South China Craton as a consequence of the opening of the
Mianlue Ocean (Meng and Zhang 1999, 2000). Northward
subduction of the Mianlue oceanic crust resulted in the amal-
gamation of the South Qinling and North Qinling units at
Carboniferous and the final collision of North China Craton
and South China Craton at Triassic (Dong and Santosh 2016;
Li et al. 2007; Wu and Zheng 2013).

Fig. 8 Summary of geochronological data for the REE deposits in the Qinling Orogenic Belt. The data and references are available in Table 2
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Precise dating of the REE mineralization in the Qinling
Orogenic Belt thus provides important implications for tecton-
ic environment of the mineralization which is correlated well
with the tectonic evolution of the orogenic belt as described
above. The early, 440–410 Ma episode of REE mineralization
is present in both the North Qinling and South Qinling units.
Such an episode of REEmineralization in the North Qinling is
synchronous with back-arc magmatism, such as the
Kanfengkou granodiorite (440 Ma; Abdallsamed et al. 2017)
and Taoyuan granite (429 Ma; Zhang et al. 2001b), and thus
was interpreted to be formed in an extension setting related to
the opening of Erlangping back-arc basin at Silurian. In the
South Qinling, this episode of REE mineralization is synchro-
nous with rifting-related magmatic rocks in the region, such as
the Huangyangshan granite (439 ± 6 Ma; Ma et al. 2005) and
Lianghekou gabbroic dikes (421 ± 4.7 Ma; Chen et al. 2014),
indicating that it has formed in a rifting setting that is likely
related to the opening of Mianlue Ocean at Silurian.

It was considered that the final collision between the North
and South China Cratons occurred at the Middle Triassic
(230–220 Ma) along the Mianlue suture at the south edge of
South Qinling unit (Meng and Zhang 1999; Dong and Santosh
2016). This collision resulted in widespread magmatic-
hydrothermal activities in the South Qinling unit (Chen and
Santosh 2014; Qin et al. 2007; Gong et al. 2009) and thus is
likely responsible for the late overprint event of 231–206 Ma
in the Miaoya deposit. On the other hand, the late, 220–
200 Ma episode of REE mineralization that is present in the
Southern North China Craton is coeval with widespread alka-
line rocks in the region, such as the Mogou aegirine-augite
syenite (210–237 Ma; Cao et al. 2015), Dongjikou pyroxene
syenite (213–215 Ma; Li et al. 2012a), and Zhaiwa
syenogranite (217 Ma; Li et al. 2012b). These alkaline rocks
were interpreted to reflect a post-collisional extension event
locally present in the Southern North China Craton (Cao et al.
2015; Li et al. 2012a), thus indirectly indicating that the
Triassic episode of REE mineralization in this region has
formed in an extensional setting.

Our new results also have important implications for re-
gional REE exploration in the Qinling Orogenic Belt.
Further exploration in the currently discovered Taipingzhen
deposit in the Northern Qinling unit has revealed REE-rich
pegmatite rocks around the Taipingzhen deposit (Henan
Nuclear Geological Bureau, unpublished internal report,
2018). Similar 430–410 Ma REE-rich pegmatites were also
reported in other locations of the unit (Wan et al. 1992; Feng
1996; Zhu et al. 2015; Yuan et al. 2017, 2018; Wang et al.
2018). Although these pegmatites are currently targets for
only uranium and rare metal mining, our new dating results
of the Taipingzhen deposit indicate that the regions where
these pegmatites are present can be also potential candidates
for REE exploration. In the South Qinling unit, current explo-
ration revealed only the 440–410 Ma Miaoya and

Shaxiongdong REE-Nb deposits. However, REE-enriched al-
kaline rocks of the same ages are potentially widespread in the
unit, including the Tianbao trachyte (430 Ma; Wan et al.
2016), Haoping quartz syenite and Guanzishan nepheline sy-
enite (435–440 Ma; Wang et al. 2017) and Langao alkali
lamprophyre complex (432 Ma; Xu et al. 2013). Although
these alkaline rocks are currently not a target for REE mining,
exploration activities have already revealed that some of these
alkaline rocks are locally REE-mineralized (Wu et al. 2015;
Zhu et al. 2017). We believe that further explorations focusing
on the 440–410 Ma alkaline rocks in the South Qinling unit
will reveal more potential candidates for REE mining.

Conclusions

In situ U-Th-Pb isotopic dating on the bastnäsite and monazite
from several deposits in different units of the Qinling
Orogenic Belt has revealed two episodes of REE mineraliza-
tion at 440–410 and 220–200 Ma. The early episode is dis-
tributed in the North Qinling and South Qinling units, corre-
sponding to the opening of Erlangping back-arc basin and
Mianlue Ocean, respectively. The second episode is mainly
present in the Southern North China Craton and was related to
the locally extensional event after final collision of the Qinling
Orogenic Belt at Triassic. This study also provides important
implications that the 440–410 Ma pegmatite and alkaline
rocks in the North Qinling and South Qinling units, respec-
tively are potentially candidates for future REE exploration.
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