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ARTICLE INFO ABSTRACT

Keywords: Rare earth elements (REEs) are a focus of global attention because of their unique properties and high-tech
pefmg"aphy applications. Bayan Obo is the world’s largest REE deposit and is hosted in the Paleoproterozoic Bayan Obo
units H1-H9 Group, Inner Mongolia. The REE resources are concentrated in unit H8, “dolomite marble.” However, whether
H8 orebody . . . L. . . .

Syncline unit H8 has an igneous or sedimentary origin is debated, and relationships among units H1-H9 are unclear,
Igyneous genesis hindering our understanding of the formation of such a giant REE deposit. It was previously assumed that the
Bayan Obo unit H8 orebody is located in both limbs of the Bayan syncline and unit H9 in the core, which also needs to be

confirmed because it is a guide for ore exploration. Field observations and petrographic studies of units H1-H9
were undertaken to re-evaluate the petrology and structure of the Bayan Obo Group. It was found that some units
(e.g., H5-H7) are missing from the studied cross-section, with the two sides of unit H9, across the hinge of the so-
called syncline, not being directly comparable. Unit H8 displays petrological, mineralogical, and whole-rock REE
geochemical characteristics distinct from those of the other units investigated, suggesting they are of different
origin. Moreover, deep-drilling exploration indicates major differences between the two limbs of the orebodies in
terms of thickness, occurrence, and spatial distribution. The East orebody has a steep dip angle of 70°-80° and
continuously extends to depth without reduction of angle, suggesting the syncline is probably nonexistent. These
results, combined with the reported intrusion relationship of unit H8 with surrounding rock and in situ isotopic
studies previously reported, indicate that the orebody is a carbonatitic igneous conduit rather than being of
sedimentary origin. SHRIMP U-Pb dating of detrital zircons from the units H2-H9 yielded ages of 2574 + 25 to
132 + 2 Ma, overlapping the ages of units H1-H9 and the main REE mineralization periods reported previously.
These protracted and complicated ages of the orebody likely represent fluid-aided resetting ages.

1. Introduction

Rare earth elements (REEs) are a focus of global attention because of
their importance in low-carbon energy technologies (Chakhmouradian
and Wall, 2012; Gunn, 2014; Wall, 2014). Among REE deposits in
igneous, metamorphic, and sedimentary (weathering profiles, residual
deposits, and placers) host rocks, carbonatite-related light REE (LREE)
deposits account for 98% of China’s reserves and >33% of global re-
sources (Weng et al., 2015; Xie et al., 2019). China is currently mining
three large or giant carbonatite-related REE deposits: the Bayan Obo

deposit, the Mianning-Dechang REE belt, and the Weishan deposit (Jia
and Liu, 2020). The Bayan Obo deposit, the only giant REE deposit
worldwide (Smith et al., 2016) with high-grade reserves of 48 Mt at 6 wt
% REE;03 (Drew et al., 1990).

The Bayan Obo deposit is hosted in a sequence of nine Paleo-
—Mesoproterozoic sedimentary units, H1-H9, of the Bayan Obo Group,
with unit H8 hosting most of the REE reserves. It is unresolved whether
the H8 orebody is a sedimentary carbonate rock (Meng, 1982; Chao
etal., 1992; Yang et al., 2009; Lai et al., 2013) or a carbonatite intrusion
(Le Bas et al.,1997; Yang et al., 2003; Xu et al., 2012; Song et al., 2018).
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Meng (1982) reported the presence of microfossils and several types of
laminated sedimentary structures within the H8 orebody, but fossils
were not found in later studies (e.g., Fan et al., 2016). Le Bas et al.
(1997) suggested that all laminar structures within the orebody were
due to tectonic deformation and also found fenite alteration in unit HS,
suggesting a igneous carbonatite origin. Recent studies involving in situ
Sr-Nd-Pb isotopic (Song et al., 2018; Chen et al., 2020), and uncon-
ventional Mg (Sun et al., 2012) and B (Kuebler et al., 2020) stable-
isotope analyses have favored a carbonatitic origin. Orebody forma-
tion has also recently been explained in terms of magmatic processes,
including immiscibility and crystallization differentiation (Yang et al.,
2019).

The REE mineralization age of the Bayan Obo deposit is debated.
Several isotopic systems, including the Sm-Nd, Rb-Sr, U-Th-Pb, Ar-Ar
and Re-Os systems, have been applied in whole-rock and mineral ore-
body dating. Sm-Nd whole-rock and mineral analyses indicate Meso-
proterozoic ages, with mineralization occurring mainly at ca. 1.3 Ga
(Yuan et al., 1992a,b; Cao et al., 1994; Ren et al., 1994; Zhang et al.,
2001; Liu et al., 2005). Most Th-Pb rare-earth mineral ages are clustered
in the early Paleozoic (0.5-0.4 Ga) (Chao et al., 1991; Wang et al., 1994;
Zhang et al., 1994; Zhang et al., 2003; Liu et al., 2004; Hu et al., 2009).
Zircons from mineralized dolomite samples have yielded core and rim
Th-Pb ages of 1325 + 60 Ma and 455.6 + 28.27 Ma, respectively
(Campbell et al., 2014). It seems, therefore, that REE mineralization in
the Bayan Obo deposit took place over a long time (Song et al., 2018). A
recent study by Li et al. (2021) noted that many carbonatite-related REE
ore systems have protracted and complicated evolution histories, and
the primary REE mineral crystallization age of the Bayan Obo orebody
was determined as 1293 + 48 Ma on the basis of the Sm-Nd
geochronometer.

Previous studies have shown that the Bayan Obo deposit occurs in
unit H8 dolomite of the Bayan Obo Group in the south limb of the
Kuangou anticline, with its morphology and structure being controlled
by the Bayan syncline. The core of the Bayan syncline comprises unit H9
black carbonaceous slate, greyish green feldspar slate, and siltstone. A
bedded magnetite orebody is hosted in unit H8 dolomite in the south
limb of the Bayan syncline (the Dongjielegle iron orebody). The East
REE-Fe orebody is in the north limb of the Bayan syncline. It is debated
whether the Bayan syncline actually exists (Liu et al., 2006; Zhao, 2014),
whether the orebodies in the north and south limbs of the syncline are
connected in the core, and whether the ore-forming structure is related
to a syncline developed in sedimentary rocks or hydrothermal miner-
alization. These details have practical significance for exploration, pit
design, and scientific study of mineral deposits.

The structure and mineralogy of units H1-H9 and the so-called
syncline, as previously reported, lack detailed descriptions, hindering
further ore exploration. In recent years, deep-drilling exploration work
has been undertaken in the East orebody, which may provide new
constraints on the structure and ore resource potential at the Bayan Obo
deposit. Therefore, in this study we focused mainly on re-evaluating the
petrography, mineralogy, and structure of the orebody in an H1-H9
cross-section investigation and deep-drilling exploration. Together with
geochemical analyses and zircon dating, systematic study of the
petrography and structure of the ore field should improve understanding
of the genesis of this giant REE deposit.

2. Geological setting

The Bayan Obo REE deposit is located in Inner Mongolia, China, and
its geology has been detailed described previously (Yang et al., 2009).
The deposit is located on the northern margin of the North China Craton,
with the basement mainly consists of the Archaean Wutai Group
gneisses and migmatites (Chao et al., 1997). The REE-Fe-Nb ores are
mainly hosted by the Bayan Obo Group sedimentary rocks, which were
considered to be deposited on the continental shelf to the slope of the
craton margin. The studied H1-H9 lithological section of the Bayan Obo
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Group is exposed mainly in the mining area (Zhong et al., 2015; Lai
et al., 2016; Liu et al., 2016; Liu et al., 2017; Ren et al., 2019; Fig. 1).
Faults in the mining area strike approximately E-W, NNW, NW, NE, and
N-S, causing discontinuities in the lithological units (Zhang et al., 2003).
The main faults trend near E-W, including the Saiwusu ductile shear
zone in the north, the Kuangou Fault, and thrust faults, and a ductile
shear zone in the south of the mining area (Zhang et al., 2003; Fig. 1).

As mentioned, the Bayan Obo Group was subdivided into the H1-H9
lithological units in ascending stratigraphic order, with REE minerali-
zation occurring in unit H8 (massive dolomite), which is overlain by unit
H9 K-rich slate (Chen et al., 2020). The Bayan Obo deposit comprises
three major orebodies, the East, West, and Main orebodies. The Main
and East orebodies are related to units H8 and H9 units, and the West
orebody is hosted in the H8 unit (Fan et al., 2016; Fig. 2). The H8
dolomite is coarse- to fine-grained (Le Bas et al., 1997; Yang and Le Bas,
2004), with the coarse-grained (>1 mm) parts comprising mainly
dolomite and minor rounded, elongate apatite. Most apatite crystals are
subprismatic to elongate and oriented to define a lineation due to
shearing and deformation (Ren et al., 2019).

Intrusive rocks in the mining area include Mesoproterozoic
magmatic carbonatite-related rocks, Precambrian basic-vein rocks, and
late Paleozoic intermediate to acidic intrusive rocks exposed over large
areas in the south of the mining area (Zhang et al., 2003; Ling et al.,
2014). Magmatic carbonatite in the mining area is generally distributed
in an E-W direction, extending ~18 km with a width of up to 3-4 km
(Fan et al., 2016) (Fig. 1). Intermediate—felsic intrusive rocks in the
southeast of the mining area mainly include quartz monzonite, granite,
granodiorite, gabbro-diorite, and gabbro. Secondary-ion mass spec-
trometry zircon U-Pb ages for the granitoids in this area range from
293.8 to 243.2 Ma, indicating formation in a post-collisional environ-
ment during the late Permian—Early Triassic (Fan et al., 2009).

3. Sampling and analytical methods

In this study, REE ores in the Bayan Obo H8 orebody were found to
occur as massive, banded, and disseminated mineralization. The ore
mineral assemblage comprises mainly REE minerals, including monazite
and bastnasite, and gangue minerals such as fluorite, magnetite, barite,
and apatite. REE ore is usually banded, and REE minerals occur in fine
veins (Fig. 3A, B). In the northeastern part of the main ore, unit H8
intrude unit H9 (Fig. 3C, D), with biotitization and dolomitization near
the contact zones. To the north and south of the Bayan Obo deposit, unit
H8 also intrudes diorite and granite (Fig. 3E, F). Unit H1 was examined
in detail during fieldwork, and samples from units H2-H9 were selected
along a cross-section for geochemical and dating analyses (Figs. 4-7).
Petrographic, mineralogical, and trace-element studies were undertaken
on samples from units H2-H9 to identify their mineral assemblages and
for comparison between units to elucidate the detailed geologic and
structural characteristics of the ore deposit. Zircons in units H2-H9 were
separated for SHRIMP U-Pb dating to further constrain possible hy-
drothermal activities related to REE mineralization. Analytical methods
are described in the Supplementary Material.

4. Results
4.1. Petrographic analyses

Due to extensive alteration, intercalation, and spatial relationships
among units H1-H8, with some intruding others, the mineral assem-
blages are complicated. The results of X-ray powder diffraction (XRD)
analysis for samples from units H1-H9 indicate varied mineral compo-
sitions (Supplementary Table 1) for units H3-H5 and H7-H9. The results
lay a solid foundation for the renaming of units H1-HS8.

Mineral compositions were investigated through microscopic ex-
amination of samples from units H1-H9 (Figs. 8-10), with some units,
particularly H1 and H2 and altered rocks, requiring further study
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Fig. 2. Geological setting of the Main and East orebodies (modified from Institute of Geochemistry, Chinese Academy of Sciences, 1988).

beyond that reported previously (Li et al., 1996; Zhang et al., 2003;
Wang et al., 2019).

Unit H1 comprises quartz sandstone containing >90 vol% quartz
with minor feldspar and detritus (Li, 1959; Meng, 1982); it does not
occur in the study area (Figs. 4 and 5) but was examined nevertheless.
H1 is exposed in the core of the Beikuangou anticline in the Bayan Obo
mining area and is a quartzite and quartz sandstone assemblage distal to
ore-bearing dolomite (Fig. 1).

The Dulahala Formation in Bayan Obo occurs in the core of the so-
called Kuangou anticline in the north of the mining area (Fig. 4). It is
distributed in an E-W direction and divided into two sections from top to
bottom, with a thickness of >607 m. Its bottom member, chd !, repre-
sents unit H1, which is divided into four sub-members based on lithol-
ogy, with a total thickness of 282 m. Sub-member chd'"! is a dark-gray
metamorphosed gravel-bearing coarse-grained feldspar—quartz sand-
stone interbedded with a metamorphosed conglomerate of variable
thickness, intercalated with metamorphosed coarse-grained

feldspar—quartz sandstone that shows parallel bedding and imbricate
structure, 151 m thick. Sub-member chd'? comprises dark-gray meta-
morphosed medium-coarse-grained feldspar—quartz sandstone and
metamorphosed gravel-bearing coarse-grained Na-Fe-dio-
rite-feldspar—quartz sandstone that shows cross-bedding and imbrica-
tion. It is in conformable contact with the chd! sub-member, with a
thickness of 77 m. Sub-member chd'® comprises dark-gray meta-
morphosed silty mudstone intercalated with a gray metamorphosed
medium-coarse-grained quartz sandstone lens with a structure of
interbedding, lenticular and wavy bedding. Sub-member chd'® is in
conformable contact with the underlying chd'2 sub-member, which has
a thickness of 49 m. Sub-member chd'™ contains interbedded dark-gray
metamorphosed very-coarse-grained feldspar-quartz sandstone and
metamorphosed coarse-grained feldspar-quartz sandstone that shows
parallel bedding and erosion structures. It is in conformable contact with
the underlying chd'® sub-member, which has a thickness of >5 m
(Fig. 6).
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Fig. 3. Banded REE ores from unit H8 and the relationship between units H8 and H9 (with H8 intruding H9). (A, B) Banded REE ores in unit H8; (C, D) dolomite in
unit H8 intruding unit H9; (E, F) unit H8 intruding diorite and granite in the north and south of the Bayan Obo deposit. Abbreviations: Dol, dolomite; Fl, fluorite;

Mag, magnetite; Aeg, aegirine; Py, pyrite; Hem, hematite.

The upper member of the Dulahala Formation, chd?, formerly clas-
sified as unit H2, is divided into three sub-members with a total thick-
ness of 325 m. Sub-member chd?! comprises dark-gray metamorphosed
fine-grained feldspar—quartz sandstone with low-angle bedding, in
conformable contact with the chd"# sub-member, with a thickness of 45
m. Sub member chd?? comprises grayish-white metamorphosed fine-
grained quartz sandstone that shows aeolian cross-bedding, in
conformable contact with the chd?? sub-member, with a thickness of
156 m. Sub member chd?® comprises grayish-white metamorphosed
quartz sandstone with bidirectional cross-bedding in conformable con-
tact with the underlying chd??2 sub-member, with a thickness of 124 m
(Fig. 6). Thus, H1 is mainly composed of quartz sandstone.

Microscope observation revealed that minerals in units H2-H9 are
fine-grained and cannot be clearly recognized (Fig. 8). These samples
were therefore examined by BSE imaging (Fig. 9).

Sample BY94-15 in H2 unit has a granular crystalloblastic structure,
partial residual sandy texture with massive structure. It comprises
mainly quartz with minor zircon and opaque dark minerals, with the

latter distributed in gaps in the former. The protolith is mainly quartz
sandstone with a special structure possibly formed during regional
metamorphism (Fig. 8A). Quartz has an irregular granular form, with
grain sizes of 0.02-0.95 mm and amount of about 95 vol%. Small
amounts of fine-grained magnetite, K-feldspar, and plagioclase also
occur (Fig. 9A). Ellipsoidal zircon grains are occasionally observed, with
a grain size of ~0.10 mm. Together with field observation, H2 unit is
mainly composed of quartz sandstone and quartzite.

Sample BY94-14 in H3 unit is a slate derived from argillaceous rocks
with residual metamorphic platy texture, comprising mainly clay min-
erals (80 vol%), quartz (5 vol%, including some veinlets), sericite (5 vol
%), and minor opaque minerals (<5 vol%). The quartz is allomorphic
granular and silt-sized; sericite appears as small scales; clay minerals
have an aphanitic texture, and some opaque minerals appear as dots or
clumps (Fig. 9B).

Sample BY94-19 in H3 unit has residual metamorphic argillaceous
structures and platy textures and comprise mainly quartz (<7 vol%),
sericite (<13 vol%), clay minerals (56 vol%), and opaque minerals (<24
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vol%). The minerals are very fine-grained, with low degrees of recrys-
tallization (Fig. 8B). Quartz is allomorphic granular and silt-sized; ser-
icite, phlogopite, and albite have a similar grain size and occur as small
scales. Clay minerals are cryptocrystalline. Opaque minerals such as
ilmenite are distributed as star-shaped dots and clumps (Fig. 9B). Then,
H3 unit is mainly composed of argillaceous slate.

Sample BY94-2 in H4 unit is siliceous slate with a granular crys-
talloblastic and massive structure. It comprises mainly quartz (68 vol%)
with a grain size of 0.03-0.82 mm, K-feldspar (23 vol%; 0.06-1.31 mm),

and aegirine (6 vol%; 0.04-0.32 mm), followed by epidote, apatite, and
opaque metal minerals (Fig. 8C). Some albite and glaucophane also
occur with irregular shape in sample BY 94-3 of unit H4 (Fig. 9C).
Together with other samples in H4, H4 unit is mainly composed of
siliceous slate.

Sample BY94-16 in H5 unit is slate derived from argillaceous rocks
with residual platy metamorphic mineral textures, comprising mainly
clay (55 vol%) and carbonate (10 vol%, including some veinlets) min-
erals, biotite (10 vol%), and minor opaque minerals (<5 vol%) (Fig. 8D).
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The quartz is allomorphic granular and silt-sized; biotite and some albite
occur as small scales (Fig. 9E); clay minerals have an aphanitic texture,
and some opaque minerals appear as dots or clumps. Such samples in H5
unit could be classified as carbonatized argillaceous slate.

Sample BY94-17 in H6 unit is metamorphosed quartz sandstone
affected by carbonatization. It has a blastopsammitic texture and com-
prises mainly quartz (80 vol%) and carbonate (10 vol%) minerals, ser-
icite (5 vol%), and minor opaque minerals (<5 vol%). Quartz grains are
irregular in shape with diameters of 0.02-0.82 mm; carbonate minerals
are irregular in shape and occur between detrital quartz grains; sericite
appears as small scales (Fig. 8E). Such samples are classified as car-
bonatized and metamorphosed fine-grained quartz sandstone or meta-
morphosed medium-fine-grained quartz sandstone. Smithsonite occurs
occasionally in such samples (Fig. 9F). H6 unit is mainly composed of
metamorphic medium-fine grained quartz sandstone.

Sample BY94-18 in H7 unit has a microcrystalline texture and blocky
structure, and comprises mainly calcite minerals (85-90 vol%) and
quartz (10-15 vol%), with minor opaque minerals (<2 vol%). It is
characterized by high contents of fine calcite minerals and hydrothermal
calcite veins. Microcrystalline calcite minerals have grain sizes of <0.05
mm and are irregular in shape. Opaque minerals are distributed as star
dots and clumps (Fig. 8F). Such samples are regarded as microcrystalline
limestone.

Samples BY94-7 and BY94-10 in H8 unit have granular crystalloid
textures and massive structure and are typical REE ores comprising
mainly calcite (93 vol%) as veins and matrix grains (0.01-0.23 mm),
with minor opaque minerals (up to 7 vol%) (Fig. 8G). H8 samples
comprise mainly coarse-grained carbonatite, altered fine-grained car-
bonatite, and quartzite altered by fragmentation—
fluorization-epidotization and overlapped by REE mineralization.

Sample BY94-5 in H9 unit has cryptocrystalline texture and massive
structure. It comprises mainly quartz (92 vol%) with irregular granular
shapes of grain size < 0.24 mm, followed by ribbon-like opaque dark
minerals (8 vol%). Most minerals are cryptocrystalline (Fig. 8H). Opa-
que dark minerals are occasionally observed, distributed in the form of a
star or ribbon, with organic-matter contents of ~8 vol%.

Sample BY94-4 in H9 unit has a variegated silty texture and slaty
structure, and comprises mainly quartz (89 vol%), chloritoid (6 vol%),
and glaucophane (4 vol%), with minor opaque metallic minerals. Such
samples are classified as silty slate or chloritoid silty slate (Fig. 9G-H).
Quartz grains have irregular shapes with grain sizes of 0.02-0.38 mm;
chloritoid is euhedral to subhedral and columnar, with grain sizes of
0.06-0.55 mm; glaucophane has an irregular shape with grain sizes of
0.07-0.13 mm. Albite and magnetite with irregular shape are occa-
sionally observed (Fig. 9G). In some sample domains, euhedral or sub-
hedral chloritoid occurs together with aggregates of radial or fascicular
chloritoid crystals (~16 vol%). Fine-grained zircons also occur in these
samples (Fig. 9H). Mineral assemblages and texture in H9 unit is very
complicated (Yuan et al., 1995) and could be classified as a type of slate.

4.2. Petrographic studies of unit H8 and geochemistry of units H2-H9

Overlying the lower sequence of units H1-H7 units is the dominant

ore-bearing unit H8, occurring mainly in the footwall of orebodies
(Figs. 4-6). The results of XRD analyses of typical Bayan Obo ores
indicate that these samples have similar gangue and REE mineral as-
semblages. Primary REE minerals in the deposit are bastnasite and
monazite. Most REE minerals are fine-grained (<2 mm), occasionally
with coarse-grained (<10 mm) fluorite. Gangue minerals include mainly
fluorite, quartz, calcite, and barite, with similar mineral compositions
across samples. XRD, microscopic, and SEM-BSE observations (Sup-
plementary Table 1; Figs. 8-10) also indicate that unit H8 comprises
dolomite, calcite, fluorite, barite, and bastnasite, and other alteration
minerals such as proxygene and amphibole, which are rare in the other
units. This distinction between H8 and the other units is consistent with
its being the main REE mineralization unit. The other units contain large
amounts of plagioclase, amphibole, dolomite, K-feldspar, quartz, py-
roxene, chlorite, illite, and pyrite; these minerals are scarce in unit HS8.

The alteration, hydrothermal gangue minerals, and REE minerali-
zation generally occur in dolomite in the Bayan Obo deposit, with large
amounts of fluorite overprinting dolomite as veinlets with widths of
<100 pm, or occurring as scattered massive fluorite (Fig. 10A). Barite
overprints fluorite and dolomite, and therefore crystallized later
(Fig. 10B). The REE mineralization is closely associated with fluorite,
barite, and dolomite, with these and other hydrothermal minerals
overlapped by REE mineralization (Fig. 10C, D). Fluorite is a primary
gangue mineral associated with REE mineralization in the Bayan Obo
deposit and occurs in colorless, green, and purple varieties. It is typically
oval, up to ~2 cm in diameter, and occurs with other coarse-grained
minerals of 2-5 cm diameter in fluorite veinlets. Bastnasite, the most
important REE minerals in the Bayan Obo deposit, occurs in a wide
variety of assemblages, primarily due to multiple generations of for-
mation (Fig. 10B-E). Monazite occurs as aggregations or single
columnar crystals in fissures among apatite, britholite, and calcite
(Fig. 10F).

Unlike most carbonatite-related REE deposits worldwide (Broom-
Fendley et al., 2016; Liu et al., 2019a,b; Liu and Hou, 2017; Xu et al.,
2015), the Bayan Obo deposit includes both Fe and REE mineralization,
but the relationship between the two is unclear. Bulk massive magnetite
is usually distributed in dolomite, with no apparent connection with
fluorite, barite, or other hydrothermal gangue minerals (Fig. 10). Some
REE minerals overprint magnetite, suggesting that REE mineralization
occurred continuously over a relatively long period.

Based on rock types and their REE contents (Table 1), samples were
divided into two subgroups: unit H8 (samples BY94-7, BY94-9, and
BY94-10) with very high XREE contents of 19,327-30,093 ppm; and the
remaining samples of units H3-H5, H7, and H9 with relatively low XREE
contents of 23-1349 ppm. Unit H8 samples are enriched in P, consistent
with the high apatite abundance of dolomite rock, while other samples
are depleted in P. Unit H8 samples are also enriched in Ba, Th, and light
REEs (LREEs) but depleted in Nd (Fig. 11). All samples in these units
have high (La/Yb)y ratios with obvious LREE/heavy REE (HREE) frac-
tionation and no apparent Eu anomalies, suggesting REE mineralization
occurred mainly in unit HS.

Based on this and previous studies (e.g., Li et al., 1996; Zhang et al.,
2003; Wang et al., 2019), the lithology of units H1-H9 may be
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Fig. 7. Occurrence and field observations of units H2-H9 (A-H, respectively).

summarized as follows. Unit H8 samples are enriched in La, Ce, Sm, and
P, with high Sr and Ba contents, distinguishing them from samples from
other units. They have high XREE contents, HREE contents of 189-221
ppm, and LREE/HREE ratios of 101-135. LREE/HREE fractionation is
indicated by their (La/Yb)y ratios of 1212-2254. In most carbonatite-
related REE deposits or fertile carbonatites, carbonatite is enriched in
Sr, Ba, and REE, as in the Mianning-Dechang (Hou and Cook, 2009),

Weishan (Jia and Liu, 2019), Qieganbulake (Ye et al., 2013), and
Mountain Pass (Castor, 2008) deposits. In the remaining units, XREE
contents are in the range of 23.8-1349 ppm, with LREE contents of
21.4-1333 ppm, HREE contents of 1.4-221 ppm, LREE/HREE ratios of
15.3-90.2, and (La/Yb)y ratios of 14.0-253; with little LREE/HREE
fractionation. These results indicate that unit H8 has petrological,
mineralogical, and whole-rock geochemical characteristics distinct from
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(1)

Fig. 8. Photomicrographs of samples from units H2-H9 and their lithology. (A) Quartz sandstone in H2 unit is predominate of quartz with irregular granular form,
grain size of 0.02-0.95 mm and amount of about 95 vol. %; (B) A argillaceous slate in H3 unit has residual metamorphic argillaceous structures and platy textures and
comprises mainly quartz (<7 vol.%), sericite (<13 vol.%), clay minerals (56 vol.%), and opaque minerals (<24 vol.%); (C) Siliceous slate in H4 unit has a granular
crystalloblastic and massive structure. It comprises mainly quartz (68 vol.%) with a grain size of 0.03-0.82 mm, K-feldspar (23 vol.%; 0.06-1.31 mm), aegirine (6 vol.
%; 0.04-0.32 mm) and minor epidote, apatite, and opaque metal minerals; (D) Carbonatized argillaceous slate in H5 unit has residual platy metamorphic mineral
textures and comprise mainly clay (55 vol.%), carbonate (10 vol.%, including some veinlets) minerals, biotite (10 vol.%), and minor opaque minerals (<5 vol.%); (E)
Metamorphic medium-fine grained quartz sandstone in H6 unit has a blastopsammitic texture and comprises mainly quartz (80 vol.%), carbonate minerals(10 vol.%),
sericite (5 vol.%), and minor opaque minerals (<5 vol.%); (F) Microcrystalline limestone in H7 unit has a microcrystalline texture and blocky structure, and
comprises mainly calcite minerals (85-90 vol.%) and quartz (10-15 vol.%), with minor opaque minerals (<2 vol.%). Microcrystalline calcite minerals have grain
sizes of <0.05 mm and are irregular in shape; (G) REE ore in H8 unit have granular crystalloid textures and massive structure and comprise mainly calcite (93 vol.%)
as veins and matrix grains (0.01-0.23 mm), with minor opaque minerals (up to 7 vol.%). Such ore samples comprise mainly coarse-grained carbonatite, altered fine-
grained carbonatite, and quartzite altered by fragmentation-fluorization-epidotization and overlapped by REE mineralization; (H) Slate in H9 unit has crypto-
crystalline texture and massive structure. It comprises mainly quartz (92 vol.%) with irregular granular shapes of grain size <0.24 mm, followed by ribbon-like
opaque dark minerals (8 vol.%). Most minerals are cryptocrystalline. Alb, albite; Ap, apatite; Bt, Biotite; Cal, calcite; Gl, glaucophane; Kfs, K-feldspar; Mag,
magnetite; Phl, phlogopite; Pl, plagioclase; Qtz, quartz.
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those of other units investigated. The mineralogy and geochemistry of
the orebody are similar to those of typical REE mineralization carbo-
natites, suggesting that unit H8 is likely of carbonatitic origin.

4.3. SHRIMP U-Pb dating

Most zircons from unit H1-H9 samples are euhedral, 10 x 20 pm to
50 x 100 pm in size, and exhibit oscillatory CL zoning. Some zircons
display a bright domain, possibly due to fluid alteration. Neither fluid
nor mineral inclusions were visible in CL images (Fig. 12). SHRIMP
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Fig. 9. Backscattered-electron images of
samples from units H2-H9. (A) Quartzite
overprinted by magnetite, K-feldspar, and
plagioclase; (B) phlogopite and ilmenite in
argillite; (C) quartz sandstone comprising
mainly quartz with some massive K-feldspar
overprinted by apatite and calcite; (D) quartz
sandstone comprising mainly quartz with
albite and glaucophane, suggesting hydro-
thermal activity; (E) massive calcite over-
printing dark slate, with biotite and albite
occurring in fissures in dark slate; (F)
massive or irregular dolomite, smithsonite,
and albite in quartz sandstone; (G) massive
phlogopite, ilmenite, and albite overprinting
chlorite slate; (H) glaucophane, albite, and
phlogopite overprinting chlorite slate. Alb,
albite; Ap, apatite; Bt, Biotite; Cal, calcite;
Dol, dolomite; Gl, glaucophane; Ilm,
ilmenite; Kfs, K-feldspar; Mag, magnetite;
Phl, phlogopite; P, plagioclase; Qtz, quartz;
Smi, smithsonite; Zrn, zircon.

U-Pb dating was undertaken for zircon grain samples from units H2-HO9.
It has been reported that zircons with U contents of >2500 ppm often
display progressive increases in radiogenic 2°°Pb/2%8U ratios and
apparent ages, with increasing U content due to U-dependent changes in
sputtering and secondary-ionization efficiency during SHRIMP U-Pb
analysis (White and Ireland, 2012). Such samples were excluded from
age calculations.

Zircon dating results for rock samples from units H3, H4, H8, and H9
are summarized in Supplementary Table 2. Twelve analyses of H3
samples yielded ages of 2574 + 25 to 972 + 29 Ma. Most H4 zircons
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Fig. 10. Backscattered-electron images of samples from unit H8. (A) Fluorite overprinting dolomite overprinted by barite, with monazite overprinting both; (B)
barite, magnetite, fluorite, and bastnésite overprinting dolomite and magnetite, with fluorite overprinted by bastnésite; (C) fluorite overprinting dolomite over-
printed by barite, with both overprinted by bastnasite; (D) barite, magnetite, fluorite, and bastnasite overprinting dolomite and magnetite, with fluorite overprinted
by bastnasite; (E) barite, magnetite, fluorite, and bastnasite overprinting dolomite and magnetite, with fluorite overprinted by bastnasite; (F) fluorite overprinting
dolomite overprinted by barite, with both overprinted by monazite. Brt, barite; Bsn, bastnasite; Dol, dolomite; Fl, fluorite; Mnz, monazite; Mag, magnetite.

have ages of 1865 + 20 to 240.2 + 2.8 Ma. H8 zircons yielded ages of
2523 + 28 to 157.2 + 1.9 Ma. Eleven H9 analyses yielded a concordant
age of 132 + 2 Ma (mean-squared weighted deviation [MSWD] = 2.7;
Fig. 13). SHRIMP U-Pb dating of detrital zircons from the units H2-H9
thus yielded an extensive range of ages, from 2574 + 25 to 132 + 2 Ma
(Fig. 14).

4.4. Borehole description

Borehole WK22-02 is in the core area of the Bayan syncline (Fig. 15)
in the East orebody, with an opening angle of 89° and direction 342°,
and a depth of 1506 m. Borehole samples indicate that the upper 807 m
is slate (H9), comprising mainly siliceous (K-rich) and carbonaceous
slate that is free of Fe and REE mineralization. The borehole penetrates
dolomite below 807 m and extends to 1506 m depth. The whole dolo-
mite section contains REE mineralization, with an average content of
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4.63%. The magnetite orebody also occurs in this section at 1140-1222
m depth, with a grade of up to 50%.

Borehole WK22-60 is in the core of the Bayan syncline (Fig. 15), with
an opening angle of 89° and direction of 162.5°, and there are plans to
drill into the Dongjiegele orebody to a depth of 862 m. Core samples
indicate that the slate section (unit H9) extends from the surface to a
depth of 107 m, and comprises mainly siliceous and carbonaceous slate,
free of Fe and REEs. The borehole penetrates dolomite between 107 m
and 856 m. The dolomite section contains REE resources with an
average content of 3.56%, with no obvious magnetite enrichment.

The orebody exploration profile on line 22 and a comparison of data
from the WK22-02 and WK22-60 boreholes indicated that it was difficult
to correlate the orebodies owing to the subsurface structural constraints
of the syncline. The Dongjielegle Fe orebody extends to the south in the
inferred core area and a major syngenetic fault is present in the upper Fe
orebody, which extends downward almost vertically with a tendency to
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Table 1
REE and trace element compositions of H3-H9 units in the Bayan Obo deposit.
Sample No. BY 94-3 BY 94-4 BY 94-5 BY 94-7 BY 94-10 BY 94-14 BY 94-16 BY 94-18 BY 94-19
Unit H4 H9 H4 H8 H8 H3 H5 H7 H3
Rb 2.50 74.7 182 0.40 1.30 225 51.5 7.90 286
P 131 171 218 2575 1833 43.7 175 131 349
Sr 152 41.9 154 3150 1770 201 304 139 133
Ba 2415 679 1665 4140 9100 3970 166 399 2030
Th 2.32 2.58 9.12 137 125 1.76 6.96 5.30 25.0
8] 3.66 0.58 0.58 0.40 0.50 0.64 0.61 4.57 3.07
Nb 68.6 187 141 403 377 35.0 8.10 15.1 25.4
Zr 148 199 220 5.50 5.50 26.0 24.0 22.0 229
Hf 3.40 5.50 5.30 0.50 0.20 0.90 0.70 0.50 6.60
Ti 0.17 0.14 0.29 0.10 0.07 0.35 0.08 0.02 0.43
La 63.8 12.3 120 4730 9740 4.70 55.7 364 144
Ce 165 26.9 275 12,700 17,950 9.20 119 682 303
Pr 17.4 2.89 28.0 1300 1655 0.99 12.1 64.4 29.8
Nd 47.6 9.10 829 <1.00 2.00 5.10 38.9 202 88.3
Sm 4.73 1.19 9.63 347 448 1.02 3.91 17.2 12.4
Eu 0.85 0.21 1.84 60.8 77.4 0.35 0.92 3.5 2.62
Gd 1.63 0.52 3.34 116 140 0.5 2.54 7.34 8.30
Tb 0.17 0.05 0.32 12.6 15.1 0.06 0.34 0.84 1.24
Dy 0.72 0.19 1.45 42.5 46.5 0.31 2.04 4.24 7.06
Ho 0.11 0.04 0.21 5.34 5.72 0.06 0.37 0.66 1.45
Er 0.25 0.14 0.48 8.80 9.30 0.18 1.02 1.75 4.03
Tm 0.04 0.03 0.06 0.75 0.75 0.03 0.14 0.22 0.60
Yb 0.35 0.27 0.34 2.80 3.10 0.24 0.95 1.20 3.72
Lu 0.09 0.06 0.05 0.28 0.33 0.05 0.12 0.18 0.58
Y 2.60 1.10 4.5 120 132 1.60 10.3 20.3 39.8
(La/Yb)n 130 329 253 1212 2254 14.0 42.1 217 27.8
(La/Sm)y 8.44 6.47 7.79 8.53 13.6 2.88 8.91 13.2 7.26
SEu 0.94 0.82 0.99 0.93 0.94 1.50 0.89 0.95 0.79
8Ce 1.21 1.11 1.16 1.26 1.1 1.05 1.12 1.09 1.13
>REE 303 53.9 523 19,327 30,093 22.8 237 1349 607
LREE 299 52.6 517 19,138 29,872 21.4 230 1333 580
HREE 3.32 1.27 6.19 189 221 1.40 7.38 16.2 26.4
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Fig. 11. (A) Primitive-mantle-normalized trace-element and (B) chondrite-normalized REE variation diagrams for samples from units H2-H9.

dip to the south at depth. In terms of shape and appearance, the Dong-
jielegle orebody is narrow and disseminated compared with the East
orebody, which has a more complete structure. The two orebodies are
very different in terms of scale, occurrence, and spatial form, so it is
difficult to correlate them at depth.

In the WK22-02 borehole in the East Bayan orebody, the orebodies
occur at depths of 1140-1222 m, different to the orebody distribution
elsewhere in the syncline (orebodies are found at ~800 m in the syncline
core). The dip of the strata does not change substantially throughout the
borehole (it is consistently inclined southward), and the syncline
structural style is inconsistent with the structural characteristics of the
syncline. After the drilling, the strike of the ore body provides a clear
direction for future deep prospecting, and differs from previous under-
standing. From the cross-section of the East and Dongjiegele orebodies,
the deep occurrence of dolomite revealed by borehole WK22-02 is
inconsistent with that revealed at the surface of borehole ZK22-60. The
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dolomite at the surface inclines to the north, whereas that which occurs
in the in deep strata inclines to the south. This cannot be explained by
current stratigraphic and structural syncline models, with there being
little evidence of a syncline.

5. Discussion
5.1. Evidence for the absence of Bayan syncline

The deposit, hosted by the Bayan Obo Group, is thought to include
units H1-H9, from bottom to top. However, the distribution of these
units is irregular and complicated, with intrusions occurring between
them (Li et al., 1996; Zhang et al., 2003; Fan et al., 2016; Wang et al.,
2019).

Based on this and previous studies (Li et al., 1996; Zhang et al., 2003;
Fan et al., 2016; Wang et al., 2019), the Bayan Obo Group can be
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Fig. 12. Cathodoluminescence images of detrital zircons from samples of units H2-H9. (A, B) Sample BY94-4, H9; (C, D) sample BY94-5, H4; (E, F) sample BY94-6,

H8; (G, H) samples BY 94-7 and BY 94-10, H8; (I, J) sample BY 94-19, H3.

roughly described as follows. It comprises, in ascending order: unit H1, a
dark-gray metamorphosed gravel-bearing coarse-grained feldspar-
quartz sandstone interbedded with metamorphosed conglomerate of
variable thickness, intercalated with metamorphosed coarse-grained
feldspar—quartz sandstone, with parallel bedding and imbricate dark-

12

gray metamorphosed fine-grained feldspar; H2, quartz sandstone
including dark-gray or grayish white metamorphosed fine-grained
feldspar-quartz sandstone, and grayish white metamorphosed quartz
sandstone; H3, argillaceous slate and quartz sandstone; H4, siliceous
slate and quartz sandstone; H5, carbonatized argillaceous slate, slate
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Fig. 13. Zircon SHRIMP U-Pb dating concordia diagram for sample BY94-
4 (H9).

intercalated with sandstone, and limestone; H6, carbonatized meta-
morphosed fine quartz sandstone and metamorphosed medium- to fine-
grained quartz sandstone; H7, sandstone interbedded with carbonatite,
slate, and microcrystalline limestone; H8, altered coarse- or fine-grained
carbonatite; H9, silty slate, carbonaceous siliceous slate, calcareous K-
rich slate, with biotitization.

Late Proterozoic units in the West orebody are the same as those in
the Main and East orebodies. These units are in conformable contact,
apart from unit H8, which intrudes units H3, H4, and H5, with feniti-
zation at the contacts (Liu et al., 2011). Unit H8 was assumed to be the
eighth unit in the Bayan Obo Group succession, but units H4 and H8 are
in direct contact with a possible thickness of 1000 m (Figs. 4 and 5).
Units H5-H7 of the H1-H9 cross-section are missing, and no faults have
yet been found to explain their absence between units H8 and H4. This
may be due to alteration of the original sedimentary sequence by hy-
drothermal fluids, resulting in the lack of strata and unconformable
contact between units H4 and H8 (Figs. 1, 4, and 5), with high-level
syngenetic faults providing upward channels for hydrothermal activity.

Furthermore, the petrology and mineralogy of unit H9 on either side
of the syncline hinge are not comparable. Previous work indicates that
unit H9 comprises interlayered metadiabase, trachyte, rhyolite dacite,
quartzite, dolomite, biotitite, andalusite-biotite hornfels, and carbona-
ceous sericite slate (Yuan et al., 1995), the first four of which are igneous
rocks containing quartzite and dolomite as lenses or interlayers, whereas
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the latter five have undergone metasomatism or metamorphism. These
rocks occur mainly within trachyte or on its margins. Based on a cross-
section of the southern margin of the main orebody (Fig. 4) and
petrography, this study has shown that the unit comprises mainly
trachyte, metadiabase, quartzite, dolomite, biotitite, riebeck-
ite—feldspatite, carbonaceous slate, and altered equivalents. The
compact, platy, grey trachyte with a microcrystalline texture has the
appearance of siliceous rock with no obvious mineral grains, and had not
been studied previously due to limitations on exploration. It is clear now
that unit H9 occurs as stratified or stratoid beds dipping southeast and
overlying unit H8. It has been partly metamorphosed during the intru-
sion of unit H8, with the formation of ultramafic dikes, dolomite, and
quartz veins. Nb, REE, and Fe mineralization are highly developed in the
contact between units H8 and H9, together with the occurrence of bio-
tite, riebeckite—feldspatite, and carbonaceous slate (Fig. 3C, D). Unit H9
thus comprises a series of interlayered igneous rocks, formed before the
intrusion of unit H8 (Fig. 3C, D).

It was previously considered that ore mineralization in Bayan Obo is
structurally controlled by the Bayan syncline (e.g., Lai et al., 2015 and
Yang et al., 2016). It is assumed that the H8 orebody occurs in both limbs
of the syncline. The south limb is small and hosts the Dongjiegele ore-
body, and the much larger north limb hosts the East orebody. However,
the above assumption is possibly based on the hypothesis that unit H8 is
sedimentary dolomite and correlation of the north and south orebodies
is poorly constrained. Based on our field and petrographic studies of the
H1-H9 cross-section, the stratigraphic sequence to the north of the
syncline is distinct from that in the south (Figs. 4 and 5). Furthermore,
deep-drilling exploration indicates that the East orebody is very thick
and continuously extend to the deep beyond exploration limitation
(Fig. 15). Its steep dipangle (70°-80°) is consistent from surface to
depth, with no reduction in dip angle. In contrast, the Dongjiegele
orebody is relatively narrow and disseminated. There are major differ-
ences between the so-called two limbs in terms of thickness, occurrence,
types of ores and their grades and spatial distribution, and they cannot
be connected according to the characteristics of synclinal structure.
Indeed, the deep-drilling exploration (WK22-02 and WK22-61; Fig. 15)
revealed no syncline core at depth. It is therefore likely that the syncline
does not exist, with the H8 orebody most likely being a carbonatitic
igneous conduit extending to depth.

Earlier field observations by Liu et al. (2012) indicate that the H8
orebody is not layered rock, with no bedding or fixed sequence and,
importantly, it intrudes surrounding rock. Le Bas et al. (1997) suggested
that the laminar structures of the orebody were due to tectonic defor-
mation, with fenite alteration in unit H8 indicating a magmatic carbo-
natite origin. The reported stratoid structure is likely a result of magma
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flow rather than sedimentary bedding. Our mineralogy results and
previous work (e.g., Yang et al., 2003; Le Bas et al., 2007) indicate that
the H8 orebody has mineralogical and whole-rock geochemical char-
acteristics (e.g., high REE, Ba, Th, and Nb) distinct from those of con-
tacting units. Further Sr-Nd-Mg-B geochemical studies also support an
igneous origin for the H8 orebody (e.g., Song et al., 2018; Yang et al.,
2019; Chen et al., 2020; Kuebler et al., 2020).

5.2. Zircon SHRIMP U-Pb dating and its implications for REE
mineralization

Various isotopic systems have been applied to different minerals to
determine the formation ages of units H1-H9, yielding the following age
data (Table 2): 1675-1648 Ma for H1 (Institute of Geochemistry, Chi-
nese Academy of Sciences, 1988); a Sm-Nd age of 1232 + 65 Ma for
calcite veins in H2 (Zhang et al., 1994); Rb-Sr and U-Pb ages of 730 and
1676 Ma, respectively, for slate in H3 (Xiao, 1979; Jiang, 1982); detrital
zircon U-Pb ages of 2596-2379 and 1946-1761 Ma for quartz sandstone
in H4 (Yang et al., 2012); and 40Ar39Ar ages of 1180-640 Ma for
alkaline amphibole veins in H6 (Conrad and McKee, 1992). Unit H9 has
been dated by the Sm-Nd, K-Ar, Rb-Sr, U-Pb, Hf isotopic systems,
yielding ages of 1096 + 56, 1208 + 123, 1096, 246-236, 354-314, 1728
+ 5, and 1505 Ma for slate and zircons (Institute of Geochemistry,
Chinese Academy of Sciences, 1988; Jiang, 1982; Lai et al., 2015; Liu
et al., 2001; Wang et al., 1991; Yuan et al., 2000; Zhang et al., 1997).
Here, the ages of detrital zircons from units H2-H8, as determined by
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SHRIMP analyses, vary considerably between samples from individual
units (2574 + 25 to 132 + 2 Ma; Supplementary Table 2), overlapping
previously reported ages for the Bayan Obo ore field.

As the main host of REE mineralization, unit H8 has been extensively
dated using a wide range of methods including whole-rock and mineral
Sm-Nd isochron, amphibole Ar-Ar, pyrite Re-Os, and La-Ba isotopic
dating, and in situ U-Th-Pb zircon and REE analyses (e.g., monazite and
bastnasite), yielding ages of 1683, 1588, 1500, 1400, 1300, 555-398,
and 260 Ma (e.g., Institute of Geochemistry, Chinese Academy of Sci-
ences, 1988; Liu et al., 2001, 2004; Song et al., 2018; Wang et al., 1994;
Yang et al., 2019; Yuan et al.,, 1992a,b; Zhang et al., 2003), with
frequency-distribution peaks at ca. 1.3 Ga and 400 Ma. However, the
REE-rich intrusive carbonatite dykes adjacent to the orebodies have a
consistent age of ca. 1.3 Ga (Yang et al., 2011a; Fan et al., 2014; Zhang
et al., 2017).

There is a current consensus that the REE mineralization was origi-
nally a product of carbonatite magmatism at ca. 1.3 Ga (e.g., Smith et al.,
2016; Lai et al., 2015; Song et al., 2018; Yang et al., 2019), most likely
related to the breakup of the Columbia supercontinent (Fan et al., 2016)
and a late hydrothermal REE re-distribution event. The younger ages
(ca. 440 Ma) may be related to subduction of the Paleo-Asian oceanic
plate during the Silurian (Wang et al., 1994; Chao et al., 1997), but
whether the late hydrothermal activity included protracted multiple
events or a single episode is still debated. Song et al. (2018) reported
single Sm—Nd monazite ages of 913-360 Ma with single-stage evolution,
and suggested that the ca. 1.3 Ga primary REE ores underwent multiple
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Table 2
A summary of previously-reported ages for H2-H9 units in the Bayan Obo
deposit.

Unit  Method Subject Age (Ma) References.
H2 Sm-Nd Carbonate vein 1223 + Zhang et al. (1994)
65
H3 Rb-Sr Dark slate 730 Xiao (1979)
U-Pb Dark slate 1676 Jiang (1982)
U-Pb Zircons in H3 2574 + this study
25 ~ 972
+ 29
H4 U-Pb Detrital zircon from 2379 ~ Yang et al. (2012)
quartz sandstone 2596
1761 ~
1946
U-Pb Zircons in H4 1865 + this study
20 ~
207.8 =
2.3
Hé6 40Ar-39Ar Cut H6 alkaline 640 ~ Conrad and McKee
amphibole vein 1180 (1992)
H8 Th-Pb Monazite 1683 Institute of
Geochemistry, Chinese
Academy of Sciences
(1988)
U-Pb Apatite 1588 Institute of
Geochemistry, Chinese
Academy of Sciences
(1988)
Pb-Pb Whole rock and 1500 Institute of
galena Geochemistry, Chinese
Academy of Sciences
(1988)
Pb-Pb Dolomite 1500 + Liu et al. (2001)
400
Th-Pb Monazite and 555 ~ Wang et al. (1994)
barium- 398
fluorocarbon
strontium
U-Pb Zircons in H8 2523 + this study
28 ~
205.6 +
2.6
U-Pb Zircons in H8 1960 + this study
29 ~
157.2 =
1.9
U-Pb Zircons in H8 786.5 £ this study
8.4 ~
119+ 1.4
H9 Sm-Nd K-rich slate 1096 + Zhang et al. (1997)
56
Sm-Nd Carbonaceous slate 1208 + Zhang et al. (1997)
123
Sm-Nd Slate 1096 Yuan et al. (2000)
K-Ar Slate 236 ~ Institute of
246 Geochemistry, Chinese
Academy of Sciences
(1988)
Rb-Sr Dark slate 314 ~ Jiang (1982)
354
U-Pb Zirconite rich in 1728 £ 5 Wang et al. (1991)
potassium slate
Model age Slate 1505 Lai et al. (2015)
of Hf
U-Pb Zircons in H9 132+ 2 this study

late hydrothermal modifications induced by Sr-rich, REE-poor meta-
morphic fluids derived from nearby sedimentary rocks. A recently study
by Li et al. (2021) determined monazite and bastnasite Th-Pb ages
clustering at 450-400 or 280-260 Ma, suggesting two discrete episodes
of post-ore hydrothermal activity after the primary REE ore was formed
at ca. 1.3 Ga. However, Zhu et al., (2015) reviewed Sm-Nd isotopic age
data to constrain the chronology of REE mineralization events at Bayan
Obo, concluding that the series of ages between 1400 and 400 Ma
resulted from thermal disturbances rather than additional
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mineralization events. Similarly, Campbell et al. (2014) identified zir-
cons from the East orebody with magmatic cores and skeletal rims in CL
images, with Th-Pb ages of ca. 1.3 Ga and 450 Ma, respectively, sug-
gesting two stages of magmatic to hydrothermal evolution.

Twenty-seven zircon ages were obtained for the H8 orebody in this
study, with wide-ranging values of 1960 + 29, 786.5 + 8.4, 160.5 + 1.9,
and 119 + 1.4 Ma (Supplementary Table 2), but most are not consistent
with the hydrothermal episodes (400-500 and 260-280 Ma) recorded in
the deposit. Recently, Li et al. (2021), using NanoSIMS, found that
monazite and bastnasite in the orebody have commonly undergone
fluid-aided alteration, with Pb having been lost or its distribution
changed in the altered REE minerals. The ages of minerals thus likely
represent partial or total isotopic resetting, with no meaningful
geological implications. It seems that relative to the Sm-Nd isotopic
system, the U-Th-Pb system is more susceptible to fluid-induced
metasomatic alteration (Li et al., 2021). Considering that the zircons
studied here lack high U, Th, and Pb contents, and have undergone Pb
loss, with 11 zircon ages younger than 200 Ma being acquired from the
SHRIMP U-Pb concordia diagram, we suggest that most zircon ages
represent fluid-assisted resetting ages, and caution should be exercised
in explaining U-Th-Pb dating results for Bayan Obo REE deposits.

6. Conclusions

Our field investigation of the H1-H9 cross-section of the Bayan Obo
deposit indicates that units H5-H7 are missing from previously proposed
Bayan syncline strata. The occurrences of unit H9 on either side of the
syncline are not comparable. Deep-drilling exploration reveals that the
East orebody has a steep dip angle and extends continuously to depth
with no change in dip, indicating that the syncline does not exist. The
mineralogical and REE geochemical characteristics of the H8 orebody
are distinct from those of the other units. Based on the reported intrusion
of unit H8 in surrounding rock and isotopic geochemistry, we suggest
that the H8 orebody is a carbonatitic igneous conduit rather than being
of sedimentary origin. U-Pb dating of detrital zircons from units H2-H9
yielded protracted ages from 2574 + 25 to 132 + 2 Ma, overlapping
those of units H1-H9 and the main REE mineralization periods. These
complicated orebody ages represent fluid-assisted resetting ages.
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