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ARTICLE INFO ABSTRACT

Keywords: The Boziguoer alkaline intrusion is located in the South Tianshan Orogenic Belt on the northern margin of the
Rare m'etal-REE mineralization Tarim Craton. The intrusion is entirely mineralized and forms a super-large rare metal (RM) and rare-earth
Monazite element (REE) deposit dominated by Nb-Ta-Rb, accompanied by Zr-REE. The primary RM minerals include
Bastnasite . . . . . . . . .
U-Th-Pb age pyrochlore, astrophyllite, and zircon, while the main REE minerals consist of fluocerite, monazite, xenotime, and
Boziguoerg bastnasite, which are commonly present as granular aggregates or singularly filling the interstices between

gangue minerals. Through a combination of geochronological and geochemical analyses of different types of
monazite and bastnasite in the mineralized alkaline rocks, this study elucidates the role of magmatic-
hydrothermal evolution on the Boziguoer RM-REE mineralization and reconstructs the geochronological
framework of alkalic magmatic-hydrothermal evolution and mineralization processes, as well as establishing
mechanisms responsible for RM-REE enrichment. Petrographic observations and back-scattered electron (BSE)
imaging revealed several types of monazite and bastnasite with different characteristics as follows: (1) type Ia
monazite (Mnz-Ia) experienced intense hydrothermal alteration, forming residual cores of monazite mantled by
apatite and allanite coronas; (2) type Ib monazite (Mnz-Ib) was partially eroded, forming concentric zoning
patterns with a core of monazite, a mantle of apatite, and an outer rim of allanite coronas; (3) type II monazite
(Mnz-1I) is slightly modified, and commonly associated with fluorite; (4) bastnasite and fluocerite exhibit a core-
rim structure, with the core of fluocerite being brighter than the rim of bastnésite in BSE images. According to the
paragenetic relationships and compositional variations, all two types of monazite are of primary magmatic
origin, while bastnasite is of hydrothermal origin. In addition, principal component analysis (PCA) and partial
least squares-discriminant analysis (PLS-DA) results indicate that Mnz-Ia and Mnz-Ib belong to the same group,
different from Mnz-II. The latter has higher (Ce/Gd)y and (Th/U)y ratios, indicating relatively low-temperature
crystallization of Mnz-II at late stages. In-situ LA-ICP-MS U-Th-Pb dating of monazite and bastnasite show that
Mnz-Ia and Mnz-Ib have ages of ca. 290 Ma, consistent with the zircon age of the intrusion, whereas the Mnz-II
and bastnasite have younger ages of ca. 280 Ma, representing a post-magmatic hydrothermal mineralization
event at Boziguoer. These new ages indicate that both magmatic and subsequent hydrothermal processes played
critical roles in the RM-REE mineralization in this deposit. The latest findings also support the model that the
formation of the alkaline belt where the Boziguoer ore-bearing intrusion was temporally and spatially linked to
the Tarim Large Igneous Province that is genetically related to a mantle plume.

South Tianshan

1. Introduction increasing attention on alkaline rocks due to their association with
numerous cutting-edge issues in solid earth sciences. These include but
As the world shifts towards a low-carbon, high-tech lifestyle, there is are not limited to, lithospheric evolution, crust-mantle interactions,
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mantle metasomatism, material cycling, and particularly critical metal
mineralization (Markl et al., 2010; Schilling et al., 2011; Goodenough
et al., 2016; Smith et al., 2016; Dostal, 2016, 2017; Sokét et al., 2021;
Beard et al., 2023). Among these alkaline rocks, are highly evolved
peralkaline igneous rocks [molar (Na + K)/Al ratio > 1] that are
generally enriched in large ion lithophile elements (LILEs; e.g., Li, Na,
Rb, and Cs), rare earth elements (REEs), and high field strength elements
(HFSEs; e.g., Zr, Hf, Nb, Ta, and U), exhibiting enormous ore-forming
potential (Kogarko, 1990; Sgrensen, 1992; Bailey et al., 2001). How-
ever, the origin of rare metal (RM) and REE deposits associated with the
alkaline rocks is still controversial. There exists three main perspectives,
attributing the mineralization to magmatic processes, hydrothermal
activity, or a combination of both (e.g., Salvi et al., 2005; Huang et al.,
2014; Vasyukova and Williams-Jones, 2014, 2016; Yang et al., 2014a,
2020; Siegel et al., 2018; Bernard et al., 2020; Su et al., 2021). The lack
of reliable geochronometers to constrain the sequence of magma frac-
tionation and melt-fluid interaction might be an essential factor
contributing to these controversies (Ccrny’ et al., 2005; London and
Morgan, 2012). Furthermore, understanding the genesis of the RM/REE
minerals is crucial in investigating the mechanisms of magmatic-
hydrothermal processes in RM/REE mineralization related to alkaline
rocks.

The northern margin of the Tarim Craton (TC) and its adjacent area
(South Tianshan Orogen Belt (STOB)) are distributed with a roughly
1100 km long alkaline igneous belt, which hosts several significant RM-
REE ore deposits (occurrences) (Xie et al., 2022). The Boziguoer deposit
is a super large RM-REE polymetallic ore deposit in this alkaline rock
belt, characterized by dominant Nb-Ta-Rb mineralization and associated
with Zr and REE mineralization (Xu et al., 2011). Based on petrological
and geochemical features, Huang et al. (2014) pointed out that in
although almost all mineralization associated with alteration (e.g.,
greisenization and albitization), the post-magmatic hydrothermal
alteration did not play a critical role in the Nb, Ta, and REE minerali-
zation at Boziguoer. However, Rb-rich mineral astrophyllite mainly
formed during the post-magmatic stage, with its grade satisfying in-
dustrial utilization requirements (Xu et al., 2011; Huang et al., 2014).
Due to the lack of robust age data for the alkaline magmatic-
hydrothermal evolution at Boziguoer, the geochronological framework
of mineralization is still debated. Although the Boziguoer alkaline rock
intrusion contains abundant zircon grains, most have undergone post-
magmatic hydrothermal alteration (Huang et al., 2018). Radiation
damage caused by high U content is generally shown as black in CL
images (Liu et al., 2014a; Huang et al., 2018), making the obtained U-Pb
age results less reliable (White and Ireland, 2012). Monazite and
bastnasite are the main REE mineral phases in the Boziguoer deposit,
and both are considered promising U (Th)-Pb geochronological tools
with widespread geological applications (e.g., Sal’'nikova et al. 2010;
Yang et al. 2014b, 2019; Gongalves et al., 2016; Ling et al., 2016; Pie-
chocka et al., 2017; Itano et al., 2018; Weng et al., 2022). Additionally,
monazite can form during both magmatic and low-temperature hydro-
thermal stages, providing helpful information on petrogenesis and
thermal evolution (Williams et al., 2007; Rusiecka and Baker, 2019),
while bastnasite is generally considered a typical hydrothermal mineral,
commonly forming during hydrothermal stage (Bau and Dulski, 1995;
Agangi et al., 2010; Migdisov and Williams-Jones, 2014). Therefore,
studying the composition and U-Th-Pb geochronology of monazite and
bastnasite can reveal the magmatic-hydrothermal evolution and met-
allogenic processes related to RM-REE mineralization.

In this study, based on our petrological and whole-rock geochemical
analysis of the Boziguoer mineralized alkaline rock samples, as well as
microstructural analysis of REE minerals (monazite and bastnasite), we
presented the structural characteristics, geochronology, and chemical
composition of bastnasite and different types of monazite. We recon-
structed the geochronological framework of alkaline magmatic-
hydrothermal evolution and mineralization and explored the potential
RM-REE enrichment and mineralization mechanism. Finally, the

Ore Geology Reviews 168 (2024) 106034

implications of our studies on the regional RM-REE mineralization
related to alkaline rocks were also discussed.

2. Geological background

Tarim Craton (TC) is one of the oldest cratons in China and is mainly
composed of Precambrian crystalline basement and overlying thick
layer sedimentary sequences (Xinjiang Bureau of Geology and Mineral
Resources (XJBGMR), 1993; Lu et al., 2008). An approximately 1100 km
long alkaline igneous belt lies at the junction between the northern
margin of the TC and the southern margin of the Central Asian Orogenic
Belt (CAOB; Fig. 1a). The CAOB is considered to be one of the most
extensive and longest-lasting accretionary orogenic belts in the world,
with significant Neoproterozoic and Phanerozoic crustal growth (Jahn
et al. 2004; Cawood et al., 2009; Xiao et al., 2013), containing consid-
erable tectonic units like microcontinents, island arcs, marine plateaus,
seamounts, ophiolites and accretionary complexes (Huang et al., 2014;
Jahn et al., 2004; Kroner et al., 2013; Sengor et al., 1993; Windley et al.,
1990, 2007; Xiao et al., 2013). In this study, we focus on the STOB,
where the Boziguoer alkaline intrusion is exposed, and provides a
summary of the geological setting of this tectonic unit.

The STOB is bounded by the South Central Tianshan Suture Zone as
the northern boundary and the North Tarim Fault in the south (Fig. 1b,
Gao et al., 2009; Qian et al., 2009). The suture zone is composed of
discontinuous late Neoproterozoic to Carboniferous ophiolitic mélange,
high-pressure (HP)/ultra-high-pressure (UHP) metamorphic terranes,
and oceanic plate stratigraphic elements (Alexeiev et al., 2015; Gao
et al., 2009; Hegner et al., 2010; Jiang et al., 2014; Miihlberg et al.,
2016; Safonova et al., 2016; Xiao et al., 2013; Wang et al., 2018). Be-
sides, the STOB is considered to be a widely distributed fore-arc accre-
tionary complex, which formed in southward accretions during
northward subduction (Xiao et al., 2013). In other words, it is closely
related to the subduction closure of the South Tianshan Ocean (STO) and
the subsequent continent—continent collision orogeny of the Yili-Central
Tianshan Block and the TC, being the northernmost part of the TC before
the continent—continent collision occurred (Sengor et al., 1993; Gao
et al., 2009; Zhang et al., 2010b; Han et al., 2011, 2020). The tectonic
unit mainly comprises the Late Ordovician-Carboniferous clastic-car-
bonate series with intense deformation, superimposed with a medium-
—-low degree of metamorphism, and accompanied by interbedded
volcanic rocks (Wang et al., 2018). The Precambrian basement rocks are
rarely exposed, only part of the area is exposed (Alexeiev et al., 2015).
The basement rocks are similar in age and composition to the Tarim and
Central Tianshan Block (e.g., Paleoproterozoic Xingditagh Formation;
Midproterozic Akesu Formation; Huang et al., 2014). Locally, the
terrestrial volcano-clastic series of the Early Permian unconformably the
underlying strata (Huang et al., 2015; Liu et al., 2014b). The STOB has
experienced two magmatism periods, which occurred at ~ 440-338 and
310-270 Ma (Huang et al., 2013; Konopelko et al., 2007; Lin et al., 2013;
Seltmann et al., 2011; Zhao et al., 2015).

A current residual of nearly 250,000 km? of Early Permian Tarim
Large Igneous Province (TLIP) is exposed to the west and southwest of
the TC and consists mainly of volcanic series (mostly continental flood
basalts) and associated intrusive rocks, ranging from 600 to 800 m thick
(Fig. 1b; Tian et al, 2010; Yang et al.,, 2013). Early Permian
mafic-ultramafic, intermediate-acid intrusions, and A-type granites are
widely distributed in the South Tianshan region. The age of their for-
mation is close to that of flood basalt, and they are mostly considered to
be the products of TLIP events and are related to the activities of mantle
plume (e.g., Yang et al., 2007; Zhang et al., 2008,2010a, b; Li et al.,
2011; Zou et al., 2015; Qin et al., 2011; Huang et al., 2012; Ma et al.,
2016). The magmatic activity of the TLIP spanned approximately 30 Ma,
initiated by the emplacement of the Tarim mantle plume, leading to
large-scale magmatic events ranging from ca. 300 Ma to ca. 270 Ma
(Yang et al., 2007; Zhang et al., 2008, 2013; Zhou et al., 2009; Li et al.,
2011, 2014; Tian et al., 2010; Xie et al., 2022).
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Fig. 1. (a) Tectonic sketch map of the Central Asian Orogenic Belt showing the position of Tarim Craton (modified from Gao et al., 2011; Huang et al., 2014). (b)
Simplified geological map showing the tectonic map of the northern Tarim Craton and western Tianshan regions (modified after Gao et al., 2009; Xiao et al., 2013;

Han et al.,

2019) and the distribution of the Tarim Large Igneous Province (TLIP) (modified from Yang et al., 2007), ®-®: North Tianshan Fault, Nikolaev Line-

-North Nalati Fault, Atbashi-Inylchek-South Nalati Fault, North Tarim Fault, and Talas-Ferghana Fault. Key to rare metal-REE deposits (occurrences): 1 = Kuoktag,
2 = Qieganbulak, 3 = Shanghu, 4 = Yilanlik, 5 = Huoshibulake, 6 = Tamu, 7 = Tamuxi, 8 = Bashisuogong, 9 = Wajilitag.

The timing of the collision between the Tarim and Yili-Central
Tianshan Block remains a topic of considerable debate. There is a gen-
eral consensus that the collision occurred during the Late Carboniferous
(Gao et al., 2011; Wang et al., 2018; Han et al., 2019 and references
therein). We propose that the collision between the Tarim and Yili-
Central Tianshan Block occurred ca. 310 Ma. The upwelling Tarim
mantle plume occurred shortly after the Tarim and Yili-Central Tianshan
Block collision. However, the formation of the Boziguoer alkaline
magma is evidently unrelated to the collisional orogeny, as the presence
of alkaline rocks indicates an extensional tectonic setting (Collins et al.,
1982; Eby, 1992; Turner et al., 1992). Thus, some scholars propose that
the formation of the Boziguoer alkaline rocks resulted from post-
collision extensional processes (Huang et al., 2014).

3. Deposit geology

The ore-bearing Boziguoer alkaline intrusion is located 43 km north
of Baicheng County with geographical coordinates of 81°54'30" East and
42°13'30" North. The strata exposed in this area include the Upper
Silurian Qiongkushitai Formation, the Lower Carboniferous Gancaohu
Formation and the Lower Permian Xiaotikanlik Formation, while the
alkaline pluton is mainly intruded in the Qiongkushitai Formation
marbles (Fig. 2a). The nearly east-west oriented Akya Ilyaktage fault
cuts through the whole area and is characterized by multi-stage activity,
with several NE-SW secondary faults. Folds are generally located south
of the main fault and are poorly distributed within the mine area. The
magmatic activity in this area is vigorous. It can be broadly divided into
three eruptive cycles: Silurian, Early Carboniferous, and Early Permian,
which form numerous volcanic rocks. Still, the intrusive rocks are only
exposed in the central part, and the lithology is mainly alkaline rocks.

The Boziguoer pluton is an east-west fish-like strain, which intrudes
cis-layer into the Upper Silurian Qiongkushitai Formation marbles, and
the relationship between them is clear through fault contact (Fig. 2). It
has overall strike of 295°, dipping towards NNE with the dip angle of ~
70°, and is ~ 4.4 km in length and 0.4—1.2 km in width (average ~ 0.8
km), covering an area of about 3. 56 km? The intrusion is divided into
two sections by the fault, consisting of aegirine-arfvedsonite alkaline
rocks (granite) in the west and biotite alkali-feldspar granite in the east
(Fig. 2b). The eastern part of the pluton hasn’t been investigated in
detail due to glacier coverage. This study focuses on the western part of
the pluton, which is described in detail.

From field observations, it is evident that the intrusion is either in
direct contact or fault contact with the marble (Fig. 3a). The outcrops
consist primarily of dark-colored banded or banded-like alkaline rocks
(Fig. 3b, h, i), followed by fine-grained or coarse-grained dark-colored
alkaline rocks (Fig. 3c, ), and finally mass dark-colored alkaline rocks
(Fig. 3g). The intrusion consists of various lithological units that exhibit
a gradual transition tendency, lacking distinct boundaries between
them. Banded alkaline rocks typically shift to coarse-grained/pegmatitic
alkaline rocks (Fig. 3i), while fine-grained alkaline rocks transform into
coarse-grained/pegmatitic alkaline rocks but lacking clear boundaries
(Fig. 3c, f). The pegmatitic alkaline rocks form during the later stages of
magma evolution and are often found as veins within marbles (Fig. 3d).
Biotite alkali feldspar granite, which has a gray-white to light gray color
and medium to coarse-grained granitic structure (Fig. 3e), is not
commonly exposed in the western part of the Boziguoer intrusion.

Ore minerals are often present as granular aggregates or singularly
filling the interstices between gangue minerals, forming distinct sparsely
disseminated structures, occasionally exhibiting fine-vein disseminated
structures (Fig. 4f-k). The ore minerals are predominantly pyrochlore
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Fig. 2. (a) Regional geological map of the Boziguoer area (modified from Liu et al.,2014a). (b) Geological sketch map of the Boziguoer alkaline intrusion (modified

from Xu et al.,

and astrophyllite, with secondary monazite, zircon, thorite, xenotime,
bastnasite, fluocerite and parisite. The gangue minerals are mainly
albite, microcline, orthoclase and quartz, with minor amounts of
aegirine, arfvedsonite and traces of fluorite and apatite (Fig. 4). The
pyrochlore is the main carrier of Nb, Ta and U ore mineral. Rubidium
and Cs are hosted in astrophyllite, Zr and Th (U) are derived from zircon
and thorite, respectively, while monazite, bastnasite, fluocerite and
xenotime are the main REE minerals. The K-feldspar is one of the major
rock-forming minerals, including orthoclase and microcline. Orthoclase
shows a first-order interference color of gray to gray-white (Fig. 4c, d),
while microcline exhibits subhedral to anhedral granular and well-
developed grid twinning (Fig. 4b, d). The albite content is relatively
high, exhibiting subhedral short columnar to tabular crystals, clustered
twinning or perthitic intergrowth, with a gray-white color and a turbid
surface (Fig. 4c, d). The biotite occurs in sheet, with a brownish-red to
dark green color, exhibiting extremely strong pleochroism and distrib-
uted in clusters (Fig. 4d). The arfvedsonite is subhedral tabular, with
obvious polychromatism, dark blue, co-occurring with aegirine and
astrophyllite to form oriented dark bands (Fig. 4a—c). Aegirine exhibits
long columnar to tabular, typically euhedral to subhedral, with strong
pleochroism and a clinopyroxene-type cleavage (Fig. 4a—c). Some
aegirine and arfvedsonite have been deformed by hydrothermal

2011). (c) The orebody section along II-II' line of the Boziguoer Nb-Ta-Rb-Zr-REE deposit (modified from Xu et al., 2011).

alteration, resulting in poor preservation of their crystal shape (Fig. 4e).
Tabular, bladed, or acicular astrophyllite with well-developed cleavage
and an antique bronze yellow color exhibiting strong pleochroism co-
exists with aegirine and arfvedsonite (Fig. 4a—c). The pyrochlore occurs
as yellow, semi-transparent, euhedral octahedral or subhedral granular
of varying grain sizes, appearing in clusters or individually, and often
coexisting with zircon (Fig. 4f, g, f, k). Zircon appears colorless to flesh-
red and mostly as semi-transparent, euhedral tetragonal prisms and
occasionally as subhedral granules, exhibiting a wide range of grain
sizes, often coexisting with pyrochlore or xenotime in clusters or indi-
vidually, and containing numerous slight inclusions (Fig. 4a, g-j).
Monazite appears bright yellow, brown, or brownish and mostly as
subhedral granules and occasionally as euhedral plates (Fig. 4i). Thorite
is typically brown or tan and appears as subhedral- anhedral, with grains
of varying sizes filling in between other mineral grains, often occurring
together with zircon (Fig. 4j). Fluorite is colorless or purple, and its color
distribution is uneven, with a notable rough surface, often occurring
together with pyrochlore, xenotime and bastnasite (Fig. 4k). In alkaline
pegmatite veins, abundant titanite with euhedral to subhedral granular
shapes coexists with aegirine (Fig. 41). The alkaline rocks are essentially
magmatic minerals with relatively few hydrothermal minerals domi-
nated by apatite.
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Fig. 3. Field photos and hand specimen photographs of the Boziguoer alkaline rocks. (a) Outcrop photograph showing fault contact between alkaline rock intrusion
and marble. (b) Outcrop of dark-banded alkaline rocks. (c) Outcrop photograph showing transition from fine-grained aegirine-arfvedsonite syenite to coarse-grained/
pegmatitic aegirine-arfvedsonite syenite. (d-i) Hand specimens of representative alkaline rock of different types. (d) Alkaline pegmatite vein in marble. (e) Biotite
alkali feldspar granite. (f) Transition from fine-grained aegirine-arfvedsonite syenite to pegmatitic aegirine-arfvedsonite syenite. (g) Dark-massive arfvedsonite-
aegirine syenite. (h) Light-banded aegirine-arfvedsonite syenite. (i) Transition from banded aegirine-arfvedsonite syenite to pegmatitic aegirine-arfvedsonite syenite.

The pluton is almost entirely mineralized, with Nb, Ta and Rb
mineralization predominantly accompanied by Zr, U, Th, Cs and REE
mineralization. The industrially significant primary minerals in this
deposit include pyrochlore and astrophyllite. Other economically valu-
able minerals comprise monazite, zircon, thorite, xenotime, bastnasite,
and fluocerite. Pyrochlore, zircon, monazite, xenotime, fluocerite, and
some bastnasite often occur as coexisting or aggregates, suggesting that
these metallic minerals may have formed during the same period of
magmatic activity, while astrophyllite is the product of post-magmatic
hydrothermal processes (Huang et al., 2014). The mineralization is

particularly rich in aegirine-arfvedsonite alkalic pegmatites at the top of
the strain, and in dikes or veins that cut into the marble of the outer
contact zone (Fig. 3d), and more marble captures are also present within
the pluton (Fig. 2¢). The proven resources of NbyOs, TapOs5 and Rby0 are
320,000 tons, 20,000 tons and 640,000 tons respectively, with average
grades of 0.0418 %, 0.0028 % and 0.0831 % for Nb, Ta and Rb
respectively. The estimated associated REE resource (grade: 0.058 % to
0.1453 %) is approximately 210,000 tons, and the Zr resource is
710,000 tons. While Nb mineralization dominates, Boziguoer is
considered a super-large Nb-Ta-Zr-Rb-REE deposit (Xu et al., 2011;
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Fig. 4. Petrographic images of the Boziguoer alkaline rocks. (a) Photomicrograph (plane-polarized light) showing oriented distribution of aegirine and arfvedsonite
coexisting in felsic minerals. (b) Photomicrograph (crossed-polarized light) showing the co-occurrence of pegmatitic aegirine, arfvedsonite and astrophyllite
distributed between grains of pegmatitic felsic minerals. (¢) Acicular or short columnar astrophyllite coexisting with arfvedsonite and aegirine. (d) Clustered dis-
tribution of sheeted biotite in biotite alkali feldspar granite. (e) Altered pegmatitic arfvedsonite in a matrix of fine-grained felsic mineral. (f) Euhedral to subhedral
distribution of clustered pyrochlore in coexisting zircon. (g) Clustered distribution of euhedral-subhedral zircon and pyrochlore. (h) Zircon grains coexist with
arfvedsonite, with abundant inclusions inside the zircon. (i) Platy monazite co-occurring with zircon, pyrochlore and arfvedsonite. (j) Variable sizes of brown thorite
often coexist with zircon. (k) Purple fluorite coexisting with pyrochlore. (1) Titanite with euhedral to subhedral granular shapes coexists with aegirine in alkaline
pegmatite vein. Mineral abbreviations: Ab-albite, Aeg-aegirine, Arf-arfvedsonite, Ast- astrophyllite, Bt-biotite, Flr-fluorite, Mcc-microcline, Mnz-monazite, Or-
orthoclase, Pcl-pyrochlore, Qz-quartz, Thr-thorite, Ttn-titanite, Zrn-zircon. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Huang et al., 2014).

According to Liu et al., (2014a), the zircon LA-ICP-MS U-Pb ages of
the western alkaline intrusion range from 287.7 to 291.6 Ma, and they
were modified by late hydrothermal fluids at ca. 280 Ma. Huang et al.
(2014) divided the western intrusion into porphyritic albite granite (unit
I) and equigranular, medium-grained biotite- aegirine-arfvedsonite
granite (unit II), with no apparent boundary between the two units,
implying that they formed simultaneously, and emplaced during Early
Permian at ca.290 Ma. The eastern pluton biotite alkaline granites can
be visible in the field as thin veins cut through the western pluton (Yin

et al., 2014). It can be assumed that the eastern rocks were formed later
than the western rocks, and they are contemporary but different se-
quences. Therefore, the Boziguoer alkaline rock intrusion was formed in
the Early Permian.

4. Sampling and analytical methods

4.1. Samples

Given the entire mineralization of the Boziguoer pluton, there is no
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difference in the formation time of the different types of rocks (Huang
et al.,, 2014; Liu et al., 2014a). Here, we collected twenty alkaline rock
samples from the western orebody, including fine-grained, banded,
massive and coarse-pegmatitic alkaline rocks. Polished thin sections
were made from some representative samples, and the fresh interior
pieces of the samples were crushed into 200 mesh powders using an
agate disintegrator at the Institute of Regional Geology and Resource
Survey, Langfang, Hebei Province, China. Polished thin sections of each
sample were investigated first by a petrographic microscope. Then,
monazite and bastnasite grains were observed under backscattered
electron (BSE) imaging using a TM4000 desktop scanning electron mi-
croscope at the Key Laboratory of Mineral Resources, Institute of Geol-
ogy and Geophysics, Chinese Academy of Sciences, prior to elemental
and isotopic analysis.

Monazite is the most common REE-bearing mineral phase in the
Boziguoer intrusion, ranging in size from 10 to 300 pm, and occurring as
euhedral to subhedral grains or platelets (Fig. 5a-d). It exists not only as
interstitial minerals but also as inclusions in the major rock-forming
minerals. The BSE images show that monazite exhibits different
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structures, which can be roughly classified into two types based on their
morphology and internal structure (Fig. 5a-d). The type I monazite
(Mnz-I) can be divided into two subtypes, Mnz-Ia and Mnz-Ib. The Mnz-
Ia is relatively scarce, occurring only in massive aegirine-arfvedsonite
syenite, which contains a large amount of arfvedsonite (Fig. 3g), and
the Mnz-Ia is closely associated with arfvedsonite in most cases. The
Mnz-Ia grains are strongly modified by hydrothermal fluids, with a small
remnant of monazite, internally altered to apatite and some slight
thorite inclusions, and externally dominated by allanite, forming a ring
band (Fig. 5a). The Mnz-Ib occurs mainly in fine-grained aegirine-arf-
vedsonite syenite, and has an apparent core-mantle-rim structure
(Fig. 5b). Compared with the Mnz-Ia the Mnz-Ib is less modified by
hydrothermal fluid, with a narrower mantle and rim. The core-mantle-
rim is monazite, apatite and limonite, respectively, and the modified
monazite occasionally forms an irregularly metasomatic residual struc-
ture (Fig. 5b). The majority of monazite grains are unaltered or weak-
altered and can be classified as type II monazite (Mnz-II), which occur
in all types of alkaline rocks in Boziguoer, mainly banded aegirine-
arfvedsonite syenite. Compared with the previous two subtypes of

10.4mm x300

15kV 12.8mm BSE 100pm :

20(|)prln ;

Fig. 5. Representative scanning electron microscope (SEM) back-scattered monazite and bastnasite grains images. (a-d) Different types of monazite grains, (a) type
Mnz-Ia, (b) type Mnz-Ib, (c) and (d) type Mnz-IL. (e) and (f) Images showing the core of the residual fluocerite with bastnasite rim to form a light-dark core-rim
structure. Mineral abbreviations: Aln-allanite, Ap-apatite, Bsn-bastnasite, Fecrt-fluocerite, Flr-fluorite, Mnz-monazite.



M. Xie et al.

monazite, the Mnz-II is relatively fresh or weakly altered, with occa-
sional thorite inclusions within, generally occurring as intergranular
phases alone or in groups, in co-occurrence with fluorite and fluocerite
(Fig. 5¢, d).

Bastnasite is a common accessory mineral in Boziguoer alkaline
rocks. It occurs mostly as an intergranular phase in major rock-forming
minerals with subhedral to anhedral tabular shapes, ranging in size from
10 to 400 pm. Here, we are concerned with a special bastnasite, which
usually occurs in banded aegirine-arfvedsonite syenite and other rocks
and is closely related to fluocerite (Fig. Se, f). A core-edge structure
composed of fluocerite and bastnasite is occasionally seen, and in the
BSE images, the fluocerite core is brighter than the bastnisite edge
(Fig. 5e, f), inferring that the bastnasite may have formed by the
transformation of fluocerite by hydrothermal metasomatism.

4.2. Monazite trace element and U-Th-Pb age analysis

In-situ U-Th-Pb monazite dating was carried out using the LA-ICP-
MS method at the Institute of Geology and Geophysics, Chinese Acad-
emy of Sciences (IGGCAS). An Agilent 7500a Q-ICP-MS coupled to a 193
nm ArF excimer laser system (Geolas HD, Lambda Physik, Gottingen,
Germany) was used to determine trace element compositions and U-Th-
Pb ages. The analysis was done with a laser beam spot size of 16 pm and
frequency of 3 Hz. A matrix matched monazite reference material (RW-
1) was used as external standard to correct 2%7Pb,/2%pb, 296pp /238y,
207pp, /235y, and 2°®Pb/232Th ratios. Two RW-1 and multiple groups of
standards analyses were measured after every ten samples. All measured
207pp, /206ppy, 206py, /238y, 207py, /235 and 208ph/232Th isotopic ratios of
the RW-1 reference material during sample analyses were regressed and
corrected following the method of Liu et al. (2012). Trace element
concentrations were calibrated using 14°Ce as the internal standard
(Ceq03 contents were previously measured by EPMA) and ARM-1 (Wu
et al.,, 2019b, 2021) as the external standard material. Isotopic and
elemental fractionation plus instrumental mass bias were calibrated
using Glitter 4.0 software (Griffin et al., 2008). For multiple groups of
standards, we selected the option for the interpolation of linear fit to
ratios to perform drift corrections. Signal sections of each analysis were
selected independently to get the very similar interval for standards and
unknowns. The U-Pb ages and Th-Pb weighted mean ages were calcu-
lated using the IsoplotR program (Vermeesch, 2018).

4.3. Bastnasite trace element and U-Th-Pb age analysis

In-situ U-Th-Pb dating of bastnasite was carried out using LA-ICP-MS
method at the IGGCAS. An Agilent 7500a Q-ICP-MS coupled to a 193 nm
ArF excimer laser system (Geolas HD, Lambda Physik, Gottingen, Ger-
many) was used to determine trace element compositions and U-Th-Pb
ages, with analyzed laser beam spot of 44 pm and frequency of 5 Hz. A
matrix-matched in-house reference material consisting of a crystal of K-9
bastnéasite was used to correct for U-Th-Pb fractionation and instru-
mental mass discrimination. Two K-9 and LZ1384 analyses were
measured after every ten unknown bastnasite spots. All measured
207pp, /206ppy, 207py, /235y, 206p, /238y and 208ph/232Th isotopic ratios of
the K-9 reference material during sample analyses were regressed and
corrected following the method of Yang et al. (2014, 2019). Standard
deviations of the calibrated isotope ratios include those from sample,
external standard, and deviations from the external reference materials.
Considering the lower U content of most bastnasites, we conducted
208p, /2321 age calculation after common 207ph correction (Yang et al.,
2019). Quantitative results for trace elements were obtained via the
external calibration of relative elemental sensitivities using the ARM-1
standard (Wu et al., 2019b, 2021) and normalization of each analysis
to 140Ce as the internal standard using the Glitter software (Griffin et al.,
2008). The CeO3 content in bastnasite samples was determined by
electron microprobe analysis. The Th-Pb weighted mean ages were
calculated using the IsoplotR program (Vermeesch, 2018).
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5. Analytical results
5.1. U-Th-Pb ages and geochemistry of monazite

We performed in-situ U-Th-Pb geochronology of different types of
monazite grains from the Boziguoer alkaline rocks. The LA-ICP-MS U-
Th-Pb data for the monazite is listed in Supplemental Table S1. The U
concentrations in monazite grains are too low relative to Th (Th/U ratios
range from 42 to 917; Table S1) to derive reliable U-Pb ages, but 232Th
are consistently well above the limit of detection.

For the type of Mnz-Ia grains (sample 22BZ11), the U-Pb isotope data
on Mnz-Ia define a well-constrained line on the Tera-Wasserburg dia-
gram (Fig. 6a) and yield a lower intercept age of 293.3 + 3.5 Ma
(MSWD = 1.7, 20). The analyses of Mnz-Ia show variable abundances of
Th (26397-52841 ppm) and U (137-471 ppm) and Th/U ratios of
106-263 (Table S1), which gave a weighted average 2°8Pb/?%2Th age of
291.3 £+ 1.3 Ma (n = 18, MSWD = 0.50, 20) (Fig. 6b). Trace element
analysis results of Mnz-Ia show consistent extremely enriched LREE
pattern (Fig. 7b), with (La/Yb)y > 10000 (Table S1). Mnz-Ia also shows
significant negative Eu anomalies (8Eu = 0.09-0.10).

The Mnz-Ib grains from sample 22BZ07-2 have Th ranging from
13,993 to 72727 ppm and U from 87 to 1427 ppm, and Th/U ratios from
42 to 189 (Table S1). Twenty seven analyses on Mnz-Ib grains have
defined a well-constrained line on the Tera-Wasserburg diagram
(Fig. 6¢) and yield a lower intercept age of 287.9 + 2.9 Ma (MSWD =
3.6, 20). Since monazite 232Th-2%®pb age is uniformly distributed, the
data yield a weighted mean 2°Pb/232Th age of 289.2 + 1.0 Ma (MSWD
=0.39, 20) from the 27 analyses (Fig. 6d). Trace element analysis results
of Mnz-Ib grains show that an extremely enriched LREE pattern
consistent with that of monazite from sample 22BZ11, with (La/Yb)y >
10000 and significant negative Eu anomalies (8Eu = 0.09-0.10;
Table S1; Fig. 7c).

The Mnz-II grains from sample 22BZ20 have Th and U concentra-
tions ranging from 11,035 to 29008 ppm and 14 to 145 ppm, respec-
tively, corresponding to the Th/U ratios of 918 to 1282 (Table S1). In the
Tera-Wasserburg diagram, sample 22BZ20 obtained lower intercept
ages of 280.0 + 6.4 Ma (MSWD = 4.7, 20) (Fig. 6e), as well as weighted
mean 2%8Pb/232Th ages of 280.5 + 1.0 Ma (n = 29, MSWD = 0.10, 20)
(Fig. 6f). Trace element analysis results of Mnz-II grains show that they
have the same REE pattern, and are strongly enriched in LREE, with (La/
Yb)n > 10000 (only one less than 10000) and significant negative Eu
anomalies (22BZ20: 8Eu = 0.08-0.10; Table S1; Fig. 7d).

5.2. U-Th-Pb ages and geochemistry of bastndsite

The LA-ICP-MS U-Th-Pb data for the bastnasite are listed in Sup-
plemental Table S2. The U concentrations in bastnasite grains are too
low relative to Th (Th/U ratios range from 188 to 4580; Table S2) to
derive a reliable U-Pb ages, but 232Th are consistently well above the
limit of detection, and the 232Th-29%pb ages of the analyzed points are
uniformly distributed.

The bastnasite grains from sample 22BZ02 have Th concentrations
between 20 and 492 ppm, U between 0.004 and 1.256 ppm and Th/U
ratios between 188 and 4580 (Table S2). The analyzed grains yield a
weighted mean 2°®Pb/232Th ages of 281.4 + 2.2 Ma (n = 13, MWSD =
0.48, 20) (Fig. 8a). Trace element analysis results of bastnasite grains
show that they have the same REE pattern, and are strongly enriched in
LREE, with high (La/Yb)y ratios (>10000, only one less than 10000) and
significant negative Eu anomalies (8Eu = 0.10-0.46; Table S2; Fig. 8b).
In addition, in the chondrite-normalized REE patterns for bastnasite,
displays obvious negative Dy anomaly, which indicates that it may have
hydrothermal affinity (Fig. 8b).



M. Xie et al. Ore Geology Reviews 168 (2024) 106034

Mnz-Ia: 22BZ11 (a) 310[ 22BZ11 (b)
0.8 Massive arfvedsonite-aegirine syenite Mean =291.3 + 1.3 Ma
MSWD = 0.50 (n=18)
Lower intercept = 293.3 £ 3.5 Ma
MSWD = 1.7 (n=18)
- 300 [~
0.6 1]
o) =
g Py
2 g
o = B
S = 290
N 04 &
&
e
o
©
;]
280 [~
0.2
270
Mnz-Ib: 22BZ07 ()  310r 22BZ07 (d)
0.8 Fine-grained aegirine-arfvedsonite syenite Mean = 289.2 + 1.0 Ma
MSWD = 0.39 (n=28)
Lower intercept = 287.9 + 2.9 Ma 300}
06k MSWD = 3.6 (n=28) .
©
=
o
o )
§\ ®© 290}
<
204t =
~ ©
< &
e
o
8
N 2801
0.2
200
270
1|000 1 ] | | 1200 0
0 5 10 15 20 25 30
Mnz-11: 22BZ20 (e) 3001 ()
0.8 Banded aegirine-arfvedsonite syenite 22BZ20
Mean = 280.5 + 1.0 Ma
, Lower intercept = 280.0 + 6.4 Ma MSWD =0.10 (n=29)
MSWD = 4.7 (n=29)
2901
0.6 ©
o
o =
Py
g g
= 280
8 4000 =
™04l =
&
e
o
©
&
270
0.2
2000
400
] |1000 | | | | | 280_ 2601
0 5 10 25 30

15 20
238 /206P
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6. Discussion
6.1. Genesis of monagzite and bastndsite

Monazite grains in the Boziguoer alkaline rocks are typically present
as interstitial minerals in rock-forming minerals (e.g., K-feldspar, albite,
aegirine, and arfvedsonite) or occur as inclusions within biotite. In BSE
images, monazite exhibits a homogeneous texture, displaying distinct
internal features of typical magmatic monazite (Fig. 5a—d; Itano et al.,
2018). The difference between magmatic and hydrothermal monazite is
that the former has a higher Th content (ThO2 > 1 wt%; Schandl and
Gorton, 2004) and lack of Eu anomalies or only slight Eu anomaly in the
latter (Liang et al., 2022). According to geochemical discrimination di-
agrams in Wu et al., (2019a), all monazite samples in this study fall in
the fields defined by rock of igneous and metamorphic origin (Fig. 7a).
In addition, monazite from Boziguoer shows elevated Th content
(average greater than 27,000 ppm) and pronounced negative Eu
anomalies (Fig. 7b-d; 8Eu = 0.08-0.10), thereby distinguishing it from
metamorphic monazite (8Eu = 0.1-0.6) (Zhu et al., 2019). Hence, all the
monazite samples in this study are classified as magmatic monazite.

Bastnasite typically contains a significant amount of volatile ele-
ments (e.g., F and CO2) that are enriched in late-stage alkalic-hydro-
thermal fluids, making it a typical hydrothermal mineral (Bau and
Dulski, 1995; Agangi et al., 2010; Migdisov and Williams-Jones, 2014).
In Boziguoer, the bastnasite samples commonly partially to completely
replace the fluocerite as pseudomorphism (Fig. Se, f). This is generally
attributed to a dissolution-reprecipitation mechanism resulting from
superimposed fluid processes (Putnis, 2009; Zhang et al., 2023). Fluo-
cerite is relatively rare in nature, and it readily reacts with CO3 to form
REE-fluorocarbonate minerals (Strzelecki et al., 2022). Moreover, all
analyzed bastnasite grains exhibit low Th/U ratios (mostly < 1000) and
8Eu values (Fig. 8c, d), as well as negative Dy anomalies (Fig. 8b), which
are markedly different from magmatic bastnasite (Weng et al., 2022).
Therefore, bastnasite is of hydrothermal origin, and its formation age
can represent the timing of hydrothermal activity.
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6.2. Geochronological framework of the Boziguoer magmatism-
hydrothermal activity and mineralization

Huang et al. (2014) pointed out that rare metal minerals (pyrochlore
and zircon) and monazite all crystallized in the magmatic stage and
commonly co-existed together, and the post-magmatic hydrothermal
process was unlikely to have been crucial in developing REE’s economic
concentrations. In nature, apatite, allanite, and thorite are the typical
products of magmatic-hydrothermal or metamorphic fluid breakdown
of monazite, often forming concentric corona surrounding residual
monazite cores (e.g., Mnz-Ia and Mnz-Ib; Fig. 5a, b) (Finger et al., 1998;
Budzyn et al., 2021). During hydrothermal alteration, monazite may
experience variable degrees of Pb-loss, resulting in discordant ages
(Budzyn et al., 2021). In this study, both hydrothermally altered Mnz-Ia
and Mnz-Ib and relatively fresh Mnz-II exhibit inconsistent concordant
ages (Fig. 6a, c, e), indicating limited disturbance of monazite ages by
hydrothermal processes, with elevated common Pb content being the
main cause of age discordance. Conversely, regardless of the Th content,
all types of monazite samples exhibit consistent Th-Pb ages, suggesting
that monazite is not affected by deformation or metamorphic over-
printing that would affect Pb migration (Song et al., 2017; Fig. 6b, d, f).
Therefore, different types of monazite with high Th/U ratios in the
Boziguoer alkaline rocks (Table S1) can provide ages representing the
timing of the alkalic magma evolution and Nb-Ta-REE mineralization.

Using MetaboAnalyst 5.0 software, the different types of monazite
geochemical data (chondrite-normalized REEs, Th and U) in the Bozi-
guoer alkaline rocks, were subjected to various statistical analysis,
including Principal Component Analysis (PCA) and Partial Least Squares
Discriminant Analysis (PLS-DA). The results indicate that Mnz-Ia and
Mnz-Ib can be classified into the same type, exhibiting significant dif-
ferences from Mnz-II (Fig. 9a, b). The (Ce/Gd)y values from Mnz-Ia and
Mnz-Ib to Mnz-II initially show a slight decrease followed by a signifi-
cant increase (Fig. 9¢c). The decrease in (Ce/Gd)y values can possibly be
attributed to the fractional crystallization of monazite which can lead to
a decrease in Ce content in the melt and thus a lower (Ce/Gd)y value
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(Stepanov et al., 2012; Fisher et al., 2017; Liu et al., 2022). However,
Mnz-II exhibits a significant increase in (Ce/Gd)y values (Fig. 9¢), which
can be attributed to a substantial decrease in melt temperature causing a
lower partition coefficient of Gd between monazite and melt (Stepanov
et al., 2012; Liu et al., 2022). The (Th/U)y values show a similar vari-
ation trend from Mnz-Ia and Mnz-Ib to Mnz-II (Fig. 9d). The significant
increase in (Th/U)y values is also related to the substantial drop in
temperature, leading to a decrease in the partition coefficient of Th and
U between monazite and melt, but more pronounced effect on U (Beattie
et al., 1993; Stepanov et al., 2012; Liu et al., 2022). Therefore, Mnz-Ia
and Mnz-Ib can be products of the same crystallization stage, occur-
ring sequentially, while Mnz-II represents late-stage crystallization
during magma cooling.

Based on the comprehensive monazite Th-Pb age results, the ob-
tained Th-Pb ages for Mnz-Ia and Mnz-Ib are 291.3 + 1.3 Ma and 289.2
+ 1.0 Ma, respectively (Fig. 6b, d). These results are consistent with the
zircon U-Pb ages of alkaline rocks obtained by Liu et al., (2014a) and
Huang et al. (2014), which are ca. 290 Ma. Generally, Mnz-Ia may have
crystallized slightly earlier than Mnz-Ib, so Mnz-Ia underwent a rela-
tively higher degree of hydrothermal alteration (Fig. 5a, b). The Th-Pb
age of Mnz-II is 280.5 + 1.0 Ma (Fig. 6f), significantly younger than
those of Mnz-Ia and Mnz-Ib. Therefore, it can be inferred that the evo-
lution of the Boziguoer alkalic magma spanned a long duration. The
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presence of common fluorite in the Boziguoer alkaline rocks (Fig. 3k, 5d,
e) indicates the enrichment of volatiles in alkalic magma, and the
presence of volatiles could extend the crystallization time to lower
temperature stages (Markl et al., 2001) and inhibit the premature
crystallization of the HFSE and REE minerals until the crystallization of
the RM (e.g., pyrochlore) and REE minerals (e.g., monazite) (Halter and
Webster, 2004). This explains the prolonged evolution of the Boziguoer
alkalic magma and demonstrates that the significant increase in (Ce/
Gd)y and (Th/U)y values in Mnz-II is attributed to a substantial decrease
in melt temperature (Fig. 9¢, d).

The Th-Pb age of hydrothermal bastnasite in the Boziguoer alkaline
rocks is 281.4 + 2.2 Ma (Fig. 8a), which is close to the age of Mnz-II
within the error range. Additionally, Liu et al., (2014a) reported hy-
drothermal activity in the rock formation during a period of 279-282
Ma. These pieces of evidence suggest that the hydrothermal activity
during that period may correspond to late-stage hydrothermal processes
following magma evolution, wherein the superimposed hydrothermal
effects led to the dissolution-reprecipitation formation of bastnasite
along previously formed fluocerite.

In summary, integrating previous studies on the age of the Boziguoer
alkaline rocks and our newly obtained data can effectively reveal the
fundamental framework of magma-hydrothermal evolution and miner-
alization in the Boziguoer deposit. From approximately 290-280 Ma, the
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Boziguoer alkalic magma underwent evolution from early to late stages,
during which the RM minerals (e.g., pyrochlore, zircon) primarily
formed. Some REE minerals, such as monazite, fluocerite, xenotime and
bastnasite, also formed during this stage. Subsequently, around 280 Ma,
magmatic-hydrothermal fluids were exsolved, containing a significant
amount of volatiles (e.g., F, CO,). These fluids interacted with previ-
ously crystallized minerals such as zircon, monazite, fluocerite, and
arfvedsonite (Fig. 3e, 5a, b, e, f). Through the dissolution-reprecipitation
mechanism, these minerals, especially REE minerals, underwent alter-
ation and gave rise to hydrothermal minerals (e.g., allanite, bastnasite,
and apatite). Therefore, the primary monazite and hydrothermal
bastnasite in the Boziguoer deposit indicate a continuous RM-REE
mineralization process during the alkalic magma and hydrothermal
evolution.

6.3. Tectonic setting and metallogenetic model

As mentioned above, the Boziguoer alkaline magmatic evolution
lasted for at least 10 Ma, from ca.290 Ma to ca. 280 Ma, consistent with
the timing of TLIP magmatic activity and spatially adjacent, indicating a
strong genetic connection with mantle plume (Fig. 1b). Additionally, the
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formation of alkaline rocks is generally associated with rift or intraplate
extensional settings caused by mantle plume or hotspot (Dostal, 2016).
Liu et al., (2014a) plotted the Boziguoer alkaline rock samples in Nb-Y-
Ce and Nb-Y-3 Ga ternary diagrams, indicating that they belong to Al-
type alkaline granite, which forms in non-orogenic continental rift or
mantle plume setting (Eby, 1992). Therefore, the Boziguoer mineralized
alkaline pluton formed in a tectonic setting of intraplate extension
induced by mantle plume, disrupting the normal sequence of collisional
orogeny event (Han et al., 2019; Zhang et al., 2019). The Boziguoer,
together with other alkaline plutons on the northern margin of the TC (e.
g., Yilanlik, Bashisuogong, Halajun), forms an alkaline belt dominated
by early Permian ages (Xie et al., 2022; Sun et al., 2022). These alkaline
plutons, distributed in the STOB, adjacent to the TLIP, with periods close
to that of Boziguoer, mainly formed between 280-270 Ma, are both
products of mantle plume activity (Xie et al., 2022).

Regarding the incompatibility of HFSEs and REEs, these elements are
incorporated into the crystal structures of early-crystallized minerals
with difficulty but undergo significant enrichment as magma evolves
(Vasyukova and Williams-Jones, 2020). Therefore, prolonged fractional
crystallization is a crucial factor in the substantial enrichment and
mineralization of these incompatible elements (Linnen and Cuney,
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2005; Kovalenko et al., 2007; Wang et al., 2015). The post-magmatic
stage hydrothermal processes may have also played an important role
in the enrichment and mineralization (e.g., Salvi and Williams-Jones,
2005; Dostal, 2016).

Due to the entire pluton mineralization of the Boziguoer alkaline
rock intrusion, the pluton formation controlled the formation of the
Boziguoer Nb-Ta-Rb-Zr-REE deposit. Based on the above discussion, the
following is a proposed RM-REE metallogenetic model for the Boziguoer
deposit: (1) Ca. 300-290 Ma, an upwelling mantle plume was present
beneath the TC, triggering large-scale magmatic activities. The South
Tianshan belt, situated in the tectonically active zone influenced by the
mantle plume, experienced low-degree partial melting of sub-
continental lithospheric mantle (SCLM) which had previously under-
gone metasomatism and reworking by subduction-related sediments and
recycled oceanic crust, leading to form enriched in HFSEs (Nb, Ta, Zr,
Hf), REEs, and volatiles primitive Boziguoer magma. (2) The primitive
magma further evolved and differentiated as it ascended along deep
fault into the middle crustal magma chamber. High contents of volatile
components (e.g., F) increased the solubility of HFSEs and REEs,
enriching these elements in the late, evolved melt (Fig. 10a). (3) The
residual melt in the magma chamber intruded into the Upper Silurian
marble along structurally weak zones (Fig. 10a). Sufficient magmatic
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evolution and fractional crystallization (crystallization of minerals like
albite, K-feldspar, magnetite, and arfvedsonite) have significantly
concentrated HFSEs and REEs in the residual magma. (4) Subsequent
cooling of the melt resulted in the gradual crystallization of RM-REE
complexes saturated in the magma, RM minerals (e.g., pyrochlore,
zircon) and REE minerals (e.g., fluocerite, monazite, bastnasite) that
usually exist as interstitial minerals of early crystallizing phases
(Fig. 10b). (5) Ca. 280 Ma, the Boziguoer alkalic magma evolved to the
late stage, and Mnz-II was formed during this period. Post-magmatic
hydrothermal fluid exsolution and astrophyllite (Rb) were basically
formed at this stage. Fluoride- and COy-enriched hydrothermal fluid
interacted with and subsequently modified the early-crystallized ore
minerals (e.g., bastnasite, fluocerite, zircon, and pyrochlore), forming a
series of hydrothermal minerals (e.g., apatite, allanite, bastnasite, and
fluorite) and finally forming the Boziguoer Nb-Ta-Rb-Zr-REE deposit
(Fig. 10¢c).

7. Conclusions
The study demonstrates that monazite and bastnasite can serve as

potential indicators of magmatic-hydrothermal evolution and related
RM-REE mineralization processes. In the Boziguoer Nb-Ta-Rb-Zr-REE
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partial melting of previously metasomatized SCLM, triggered by the upwelling mantle plume which interrupted the collision orogeny, giving rise to the rare metal-
REE ore-bearing Boziguoer alkaline intrusion in the STOB, north TLIP (modified from Zhang et al., 2016; Han et al., 2019). (b) At ca.290 Ma, temperature decreases
and saturation of metallogenic elements in the magma, resulting in the gradual crystallization of rare metal minerals (e.g., pyrochlore, zircon) and REE minerals (e.g.,
fluocerite, monazite), usually existing as interstitial minerals of early crystallizing phases. (c) At ca. 280 Ma, late-stage evolution of alkalic magma, accompanied by
the formation of Mnz-II, exsolution of hydrothermal fluid and formation of astrophyllite (enriched in Rb). Interaction of F- and CO5-enriched hydrothermal fluid with
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deposit, monazite and bastnasite are the main REE minerals, with
monazite divided into two types based on microstructure and
geochemistry. Combining their paragenetic relationships and composi-
tional variations, all two types of monazite are considered to have
originated from primary magmatic processes, while bastnasite is of hy-
drothermal origin. In-situ LA-ICP-MS U-Th-Pb geochronology of mona-
zite and bastnasite indicates that the ages of Mnz-Ia and Mnz-Ib are ca.
290 Ma, indicating that the crystallization of Mnz-Ia and Mnz-Ib is in
sequence but consistent with zircon age. On the other hand, the ages of
Mnz-II, which crystallized after significant cooling is close to that of
bastnasite, about 280 Ma, indicating a continuous RM-REE mineraliza-
tion during the magmatic-hydrothermal evolution at Boziguoer.
Therefore, post-magmatic hydrothermal processes play an important
role in the mineralization process at Boziguoer.

The magmatic-hydrothermal evolution of the Boziguoer alkaline
rocks occurred during the same period as the peak magmatic activity of
the TLIP (290-280 Ma). Therefore, the upwelling mantle plume in the
Early Permian triggered low-degree partial melting of the SCLM, which
had previously undergone metasomatism and reworking due to
subduction-related sediments and recycled oceanic crust. This process
led to forming the Boziguoer primitive magma enriched in HFSEs (Nb,
Ta, Zr, Hf), REEs, and volatiles. Through a series of magmatic evolution
and hydrothermal fluid processes, the ore-forming elements were
further activated, migrated, enriched, and precipitated in tectonically
weak zones, forming the Boziguoer RM-REE ore deposit.
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