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ARTICLE INFO ABSTRACT

Keywords: The Bayan Obo REE-Nb-Fe deposit, which reserves the current largest REE resources globally, also hosts over
Nb mineralization 70% of China’s Nb resources. Unlike many world-class carbonatite-related Nb deposits (e.g. Morro dos Seis Lagos
Nb-bearing minerals and Arax4, Brazil) with igneous or secondary origin, Nb was mainly stored in Nb-bearing minerals (aeschynite,
Hydrothermal ilmenorutile, baotite, fergusonite etc.) of hydrothermal origin at Bayan Obo, supported by evidence from pet-

Bayan Obo REE-Nb-Fe deposit rography, element and isotopic geochemistry. Although igneous fersmite and columbite were occasionally dis-

covered in local carbonatite dykes, the Mesoproterozoic and Paleozoic hydrothermal metasomatism occurred in
the ore-hosting dolomite, related to carbonatite intrusion and the closure of Paleo-Asian Ocean respectively, has
played a more significant role during the ultimate Nb enrichment. REE, however, was significantly enriched
during both the carbonatite-related magmatic and hydrothermal processes. Consequently, there was differ-
entiated mineralization between REE and Nb in the carbonatite dykes and the ores. Niobium mineralization at
Bayan Obo is rather limited in Mesoproterozoic carbonatite, whereas more extensive in the metasomatized ore-
hosting dolomite, and generally postdating the REE mineralization at the same stage. According to mineral
geochemistry, Bayan Obo aeschynite was classified into 3 groups: aeschynite-(Nd) with convex REE patterns
(Group 1); aeschynite-(Ce) (Group 2) and nioboaeschynite (Group 3) with nearly flat REE patterns. Aeschynite
(Group 1), ilmenorutile and fergusonite precipitated from Paleozoic hydrothermal fluids with advanced frac-
tionation of Ce-rich REE minerals. The Mesoproterozoic hydrothermal Nb mineralization, represented by ae-
schynite (Group 3) and baotite, occurred postdating REE mineralization at same stage. Besides, fersmite and
aeschynite (Group 2) precipitated from the Mesoproterozoic REE-unfractionated melt and hydrothermal fluids,
respectively. All above Nb-bearing minerals exhibit extreme Nb-Ta fractionation as a primary geochemical
characteristic of mantle-derived carbonatite. The forming age of the aeschynite megacrysts (Group 1) has not
been accurately determined. However, the potential age was constrained to ~430 Ma or alternatively
~270-280 Ma subjected to subduction and granite activity, respectively. These aeschynite crystals inherited
REEs from multiphase former REE mineralization, with an intermediate apparent Sm-Nd isochron age between
the Mesoproterozoic and the Paleozoic REE mineralization events.

1. Introduction Canada (Mackay and Simandl, 2014; USGS, 2019). Globally, most Nb
deposits are closely related to carbonatite, alkali granitoids, pegmatite

Niobium is a critical element for steel and nuclear industries. Over and their weathered layers, among which carbonatite is the major host
90% of the current Nb resources are stored and produced in Brazil and of high grade Nb ores (Simandl et al., 2018). The largest and second
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Fig. 1. Geological settings of the Bayan Obo REE-Nb-Fe deposit (modified after Yang et al. (2011a). Location of Bayan Obo in China has been marked in figure b).

And the area of Fig. 2 has been represented by rectangle within.

largest Nb deposits worldwide, both related to fresh or weathered
carbonatite, are Morro dos Seis Lagos deposit (2897.9 Mt@2.81%
Nb,Os) and Araxa deposit (2608Mt@1.75% Nb,Os) in Brazil, respec-
tively (Mackay and Simandl, 2014; Giovannini et al., 2017). The world-
class Nb deposits are commonly accompanying with Ta, REE, W, Sn or P
resources, but rather uncommon to accommodate REEs of comparable
reservoir to Nb.

The Bayan Obo REE-Nb-Fe deposit is famous for its globally largest
REE reservoir. Actually, it also hosts over 70% of China’s current Nb
resources, and contains many Nb-bearing minerals that were firstly
discovered, such as fergusonite-(Ce) and baotite (Zhang et al., 2000; He
et al., 2018). Although this deposit is characterized by large Nb ore
tonnage with relatively low average Nb oxide grade (2.2 Mt@0.13%
Nb,Os; Fan et al., 2016), Nb is heterogeneously distributed and locally
enriched to 0.35 wt% of Nb,Os in the ores (Zhang and Mu, 2006),
comparable with some other valuable carbonatite-related Nb deposits.
The origin of Nb has been assumed exactly the same as REEs at Bayan
Obo, which originated from the Mesoproterozoic carbonatite melts
(Smith and Spratt, 2012). However, the enrichment mechanism of Nb
lacks detailed research, and the relationship between Nb and REE mi-
neralization related with carbonatite has never been discussed properly.
Since the distribution of Nb and REEs are not always coincident at
Bayan Obo. For example, in most of the local carbonatite dykes, mod-
erate REE enrichment is common while Nb-bearing minerals are rare

(Wang et al., 2002; Yang et al., 2003, 2009, 2011a). In the metaso-
matized ore-hosting dolomite, diverse types of ores present relatively
inconsistent preference for Nb or REE (Liu, 1985; Bai et al., 1996).
Therefore, it is essential to explore the independent Nb behavior during
the magmatic-hydrothermal evolution of carbonatite.

Various kinds of Nb-bearing minerals have been discovered in the
Bayan Obo REE-Nb-Fe deposit, including aeschynite, pyrochlore, co-
lumbite, ilmenorutile, fergusonite, baotite, fersmite and so on. The
aeschynite is the dominant Nb-bearing mineral in the Bayan Obo’s ore-
hosting dolomite, compared with pyrochlore, which is the major host
for global carbonatite-related Nb resources (Cordeiro et al., 2011;
Neumann and Medeiros, 2015; Hou et al., 2018). Complex Nb-bearing
species imply complicated Nb precipitation process. Besides, the com-
positions of these Nb-bearing species vary significantly. According to
the lanthanide fractionation and the Nb-Ti replacement in A and B
lattice positions respectively, the aeschynite and fergusonite of Bayan
Obo were classified into Ce-, Nd- and Y-rich species with Ti- or Nb-rich
cations (Zhang and Tao, 1987; Yang et al., 2001). Variable composi-
tions suggest evolving hydrothermal fluids or complex metasomatic
process. In addition, in situ major and trace element analyses of Nb-
bearing minerals have been recently used for recognition and portrayal
of multistage magmatic-hydrothermal processes (Nasraoui and Bilal,
2000; Timofeev and Williams-Jones, 2015; Walter et al., 2018), which
is urgent for further understanding of Nb mineralization at Bayan Obo.
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Therefore, in-situ geochemical analyses, based on integral petrographic
observation, are necessary to reveal the origin of Nb-bearing minerals
and complex Nb enrichment processes.

There are dozens of geochronological works about the formation
age of Bayan Obo carbonatite dykes, ore-hosting dolomite, local hy-
drothermal alteration and REE mineralization, which have been re-
viewed in Figs. S1 of Liu et al. (2020). Supported by Sm-Nd model ages
of REE minerals and bulk ores, a Mesoproterozoic REE mineralization
event related to carbonatite intrusion and a Paleozoic REE re-mobili-
zation event related to subduction have been recognized (Hu et al.,
2009; Yang et al., 2011). However, there has been no direct dating of
Bayan Obo Nb-bearing minerals yet, which was simply regarded formed
simultaneously to the REE minerals. Therefore, it is difficult to discuss
the relationship between the Bayan Obo REE and Nb mineralization
based on published dating results. Preliminary dating of aeschynite
megacrysts would be introduced in this study, in order to provide direct
geochronological constraint on the latest Bayan Obo Nb mineralization
event.

This research aims to report petrography and geochemistry of var-
ious Nb-bearing minerals, interpret the origin of these minerals and the
detailed process of Bayan Obo Nb mineralization, and attempt to figure
out the relationship between Nb and REE enrichment in carbonatite-
related magmatic-hydrothermal processes.

2. Geological settings

The Bayan Obo REE-Nb-Fe deposit is located on the north margin of
the North China Craton (NCC) (Fig. 1). Archean and Paleoproterozoic
metamorphic basement rocks are preserved in this region (Liu et al.,
2011). During the breakup of Columbia Supercontinent, a series of
Paleo-Mesoproterozoic (~1.8-1.4 Ga; Zhong et al., 2015; Liu et al,
2016) terrigenous sedimentary rocks, named as the Bayan Obo Group,
developed on local rift basins. Subsequently, this sedimentary sequence
was intruded by Mesoproterozoic carbonatite dykes (~1.4-1.2 Ga;
Yang et al., 2011b; Fan et al., 2014). During the Paleozoic closure of the
Paleo-Asian Ocean, both the basement and sedimentary rocks were
folded and fractured extensively, and typical REE-rich vein-type of ores
were formed simultaneously along extensional faults (Hu et al., 2009).
Granite-diorite stocks intruded the Bayan Obo region, as response to the
Permian continental collision between the NCC and the Siberian Craton
(Fan et al., 2009). Since then, the geological settings of Bayan Obo have
rarely been changed.

Majority of the REE-Nb-Fe resources are hosted in a nearly E-W-
trending dolomite unit (Fig. 2a, d). The open pits, primarily designed to
mine iron ore bodies, are extensively alkali-fluorine altered and REE-Nb
mineralized as well (Fig. 2b, c¢). The major open pits include the East
and Main open pits, and the currently largest West open pit. Besides,
the entire dolomite unit, including the least altered dolomite outside
the open pits, exhibits REEs and Nb backgrounds prominently higher
than that of the average crust and the Bayan Obo Group, indicating a
carbonatitic origin of REE and Nb (Liu et al., 2020). Carbonatite dykes
intruding the Bayan Obo Group accommodate the rest of REE-Nb re-
sources, with rare iron oxides (Yang et al., 2003). The sample locations
and corresponding Nb-bearing minerals have been summarized in Table
S1.

3. Methods

The backscatter electron imaging and energy dispersive spectrum
analyses were conducted on a FEI Nova Nano SEM 450 scanning elec-
tron microscope, at the State Key Laboratory of Continental Dynamics,
Northwest University, China. The acceleration voltage was set as
20.0 kV, with a probe diameter of 4 pum.

The electron microprobe analyses (EMPA) of Nb-bearing minerals
were conduct on a JXA-8530F Plus at the State Key Laboratory of
Nuclear Resources and Environment, East China University of
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Technology, China. The acceleration voltage was set as 15.0 kV, with a
probe diameter of 2 pm. The natural and synthetic standard materials of
analyzed elements are introduced as following: natural fluorite for F,
tugtupite for Cl, olivine for Mg, jadeite for Al, almandine garnet for Si,
niobate for Sr, barite or niobate for Ba, zirconia for Zr, rutile for Ti,
calcite for Ca, magnetite for Fe, bustamite for Mn, synthetic phosphate
(REEPs0,,4) for lanthanide series metals and Y, corresponding oxides
for U, Th and Pb, and finally pure metals of Nb and Ta for these ele-
ments. All REEs have been analyzed for fergusonite. But only nine REEs
have been analyzed for aeschynite and fersmite, e.g. La, Ce, Pr, Nd, Sm,
Eu, Gd, Dy, Ho. None REEs have been analyzed for baotite and co-
lumbite.

In-situ REE and trace element components of Nb-bearing minerals
were performed on thin sections under an Agilent 7700x, connected
with the laser ablation system (GeoLasPro), at State Key Laboratory of
Ore Deposit Geochemistry, China. The analytical laser beam has a
diameter of 32 um, energy density of 5 J and ablation frequency of
5 Hz. Nitrogen was applied as the carrier gas. The sample ablating time
was set to 40 s and the entire time of each run was set to 90 s. NIST-610
was selected as external standard material since there is no available
international standard material of Niobium oxides. Considering poten-
tial problem with absolute concentration, these analytical results were
only used to calculate REE patterns, Y/Ho and Nb/Ta ratios. Each
10-15 spot analyses of Nb-bearing minerals were followed by two in-
ternational standard material analyses. Ti was set as the internal stan-
dard of aeschynite, ilmenorutile and baotite which has been formerly
analyzed by EMPA. The internal standard of fersmite was set to Ca. The
trace and REE element composition (e.g. content of Y, Nb, Ba, lantha-
nides, Ta, Th and U) was calculated and corrected with assistance of
software ICPMSDataCal v10.7 (Liu et al., 2008).

Aeschynite monominerals were collected from 7 samples that con-
tain megacrysts of aeschynite under the binocular. The grinded ae-
schynite was then dissolved in HClO4-HNO3-HF acid solution. It is no-
ticeable that new white sandy precipitate was formed at the bottom of
Teflon vessels when HF was expelled before sample introduction to the
ICP-MS, and there is no former research mentioned this phenomenon.
The white precipitate should be pure Nb,Os, whose solubility is sensi-
tive to HF activity in solution (Timofeev et al., 2015), which is sig-
nificantly distinct from the original semitransparent dark brown ae-
schynite ([REE,Ca](Nb,Ti)>O¢) powder. The trace element analyses of
these aeschynite monominerals were performed on an Agilent ICP-MS
7700 at Key Laboratory of Mineral Resources in Western China (Gansu
Province), Lanzhou University. The external standard material is BCR-
2, and all analytical results were calibrated against a set of multi-ele-
ment standard solutions. Solution of all 7 samples contains extremely
high REE and Ti content, with Nb composition 1-3 orders of magnitude
lower than chemical formula of these aeschynite (analyzed by EMPA),
furtherly demonstrating that the new precipitate is pure niobium
pentoxide.

For each sample, 100 mg aeschynite powder was decomposed in a
mixture of HClIO4-HNO3-HF in the Teflon vessels. Sm-Nd and Rb-Sr
were separated from the solution using resin AG 50 W-X12 and HDEHP-
coated Teflon powder, respectively. 8’Rb/%6Sr and *3Sm/***Nd ratios
were calculated with formerly ICP-MS-analyzed Rb, Sr, Sm and Nd
composition, and with newly measured 8”Sr/6Sr and ***Nd/***Nd. Rb-
Sr and Sm-Nd isotopes were analyzed on a Finnigan MAT 262 TIMS at
University of Science and Technology of China. In these analyses, the
87Sr/%6Sr ratios were normalized to %°Sr/®%Sr = 0.1194 and the
143N d/**Nd ratios to **Nd/***Nd = 0.7219. The Nd standard solution
(La Jolla) has ***Nd/***Nd ratio of 0.511869 = 6 (20) and the Sr
standard (NBS 987) has ®Sr/%°Sr ratio of 0.710249 = 12 (20).
Detailed description of sample preparation for the isotopic analyses has
been published in Chen et al. (2000, 2007).
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Fig. 2. Typical ores or ore-hosting dolomite with Nb-bearing minerals a) the typical ore zonation inside the East and Main open pits (adapted from IGCAS (1988)); b)
field photography of fluorite-rich massive ores; c) field photography of aegirine-rich massive ores; d) the slightly-altered ore-hosting dolomite with slate enclaves
from the Bayan Obo Group; e) dark brown aeschynite megacrysts in the massive REE-Fe ores (19BYO03); f) aeschynite megacrysts (dark brown long prismatic
minerals) in the aegirine-rich REE-Fe ores (19BY05); g) aeschynite megacrysts in the aegirine-rich REE-Fe ores (19BY07). Nb-bearing minerals are invisible in field

photography.

4. Petrography
4.1. Aeschynite

Aeschynite is one of the most common Nb-bearing minerals at
Bayan Obo. Aeschynite was observed from 16 samples, including
fluorite-rich REE-Fe ores (No. 17BY04, 17BY31, 17BY37), sodium-am-
phibole-rich REE-Fe ores (17BY135, 17BY136), aegirine-rich REE-Fe
ores (17BY197), slightly-altered ore-hosting dolomite (14BY4-15), and
vein-type of ores or veinlets cutting through the above ores (14BY2-25,
14BY4-13, 19BY02-19BY07, 16BY29).

In the fluorite-rich REE-Fe ores (No. 17BY04, 17BY31, 17BY37),
aeschynites are interstitial to magnetite aggregates (17BY04, 17BY31-2;
Fig. 3a) or intercepted by megacrysts of iron oxides and sodium am-
phiboles successively (17BY37; Fig. 3b). In sample 17BY31-3, biotite
and dolomite matrix were the relatively earlier formed minerals, in
which the fine-grained aggregates of aeschynites occasionally replaced
monazite of similar grain size, then replaced by megacrysts of iron

oxides (Fig. 3¢, d).

In the sodium-amphibole-rich REE-Fe ores (17BY135, 17BY136),
aeschynite crystallized among magnetite crystals along the mica-
fluorite vein (17BY135-1; Fig. 3e) or replaced phlogopite among mag-
netite grains (Fig. 3f), or associated with chevkinite and then corroded
fluorite and micas (17BY135-3; Fig. 3g), or replaced sodium amphibole,
fluorite and their associated bastnaesite and thorite, then intercepted by
sub-euhedral iron oxides crystals (17BY136; Fig. 3h).

In aegirine-rich REE-Fe ores (17BY197), an aeschynite crystal with
complex annulus is surrounded and corroded by dolomite and apatite
(Fig. 3i). The darker annulus in BSE images may have been hydrated.
Similarly, in the slightly-altered ore hosting dolomite (14BY4-15), an-
hedral aeschynite has also been hydrated with similar dark rim (Fig. 3;j).
Moreover, sample 14BY4-15 contains orientated aggregates of mon-
azite, fluorite, quartz and iron oxides, in the direction of lineation of
these aeschynites, excluding their primary origin.

Aeschynite megacrysts in the vein-type of ores (14BY4-13, 19BY02-
19BY07) are generally associated with calcite aggregates, but barely
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Fig. 3. Petrography of aeschynite in
fluorite-rich REE-Fe ores, sodium-amphi-
bole-rich REE-Fe ores, aegirine-rich REE-Fe
ores and slightly-altered ore-hosting dolo-
mite, Bayan Obo. a) interstitial aeschynite
between iron oxides in the fluorite-rich ore,
BSE images of 17BY31; b) aeschynite is
associated with fluorite, and replaced by
iron oxides and sodium amphibole in the
fluorite-rich ores, BSE image of 17BY37; c)
Aes<(Nd) fine-grained aeschynite replaced monazite,
BSE image of 17BY31; d) image of box in
c), shot under plane polarized light; e) ae-
schynite crystalized along the mica-fluorite
vein cutting through the sodium-amphi-
bole-rich REE-Fe ores, BSE image of
17BY135; f) aeschynite megacryst has been
corroded by phlogopite in the sodium-am-
phibole-rich ores, 17BY135 under plane
polarized light (ppl); g) aeschynite is asso-
ciated with chevkinite and surrounded by
fluorite and iron oxide, BSE image of
17BY135; h) aeschynite and bastnaesite
were replaced by sodium amphiboles and
fluorite in the sodium-amphibole-rich ores,
BSE image of 17BY136; i) in aegirine-rich
REE-Fe ores, aeschynite with complex an-
nulus is surrounded and corroded by do-
lomite and apatite, BSE image of 17BY197;
j) aeschynite with dark rims in the slightly-
altered ore-hosting dolomite, BSE image of
14BY4-15. Abbreviation of minerals: Aes-
aeschynite, IO-iron oxides, Bt-biotite, Fl-
fluorite, Na-amp-sodium amphibole, Mca-
mica, Phl-phlogopite, Mag-magenetite,
Chv-chevkinite, Trt-thorite, Bast-bastnae-
site, Dol-dolomite, Cal-calcite, Ap-apatite.

Aes{(Nd)

associated with REE-minerals (fluorocarbonates and monazite), which megacrysts are also discovered in the aegirine-rich REE-Fe ores or
are common in typical REE-rich vein-type of ores. Other associated massive REE-Fe ores (Fig. 2e—g). The aeschynite in sample No. 14BY4-
minerals include megacrysts of fluorite, pyrite, iron oxides and barite, 13 envelops euhedral sodium amphiboles (long prismatic crystals with

with aggregates of sodium amphibole or aegirine. Euhedral aeschynite developed cleavages along b axis), and has been corroded by
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Fig. 4. Petrography of aeschynite in the vein-type of ores or veinlets cutting through other kinds of ores, Bayan Obo a) aeschynite that is associated with sodium
amphibole, and aeschynite-(Nd) surrounding the sodium amphibole inclusions, BSE image of 14BY4-13; b) aeschynite is rimmed by ilmenorutile and surrounded by
pyrite and amphiboles, BSE image of 14BY2-25; c) aeschynite megacryst cut by pyrite veinlet, BSE image of 19BY03; d-e) fibrous aeschynite aggregates associated
with barite, d) is BSE image of 19BY04, e) was captured under ppl; f) euhedral aeschynite in the massive aegirine-rich ores, 19BY05 under ppl; g) euhedral aeschynite
in calcite vein, 19BY07 under ppl; h) aeschynite vein in the sodium-amphibole-rich ores, BSE image of 16BY29. Abbreviation of minerals: Irt-ilmenorutile, Py-pyrite,
Mon-monazite, Brt-barite. Other abbreviations are the same as those in above figures.

surrounding sodium amphibole aggregates (Fig. 4a). Therefore, ae-
schynites in this sample were formed simultaneously to the sodium
amphiboles. Aeschynite in sample No. 14BY2-25 is rimmed by ilme-
norutile and surrounded by pyrite and amphiboles (Fig. 4b), aeschynite
megacryst in 19BY03 is cut by pyrite veinlet (Fig. 4c), and fibrous ae-
schynite aggregates in 19BY04 are associated with barite and replaced
fine-grained monazite aggregates (Fig. 4d, e). Euhedral aeschynite in

19BYO05 and 19BYO06 replaced massive aegirine-rich ores (Fig. 4f). The
rest of aeschynites in the vein-type of ores are presented as discrete
euhedral prismatic megacrysts in the calcite-dominated veins, as in
19BY02 and 19BYO07 (Fig. 4g). Thus, the aeschynite in the vein-type of
ores was one of the last formed minerals during the Paleozoic hydro-
thermal activities. In general, aeschynites in the vein-type ores are
rarely associated with other REE-rich minerals, except 19BY04, in
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Fig. 5. Petrography of ilmenorutile and fersmite in different kinds of ores and the ore-hosting dolomite, Bayan Obo a) ilmenorutile associated with apatite and micas
in aegirine-rich REE-Fe ores, BSE image of 17BY179; b) ilmenorutile associated with pyrite in aegirine-rich ore-hosting dolomite, image of 15BY99 under reflection
light; c) interstitial ilmenorutiles, with aeschynite inclusions, crystallized among iron oxide crystals in the fluorite-rich REE-Fe ores, BSE image of 17BY04; d) fersmite
replaced by iron oxides in coarse-grained ore-hosting dolomite, BSE image of 06B283; e) fersmite associated with iron oxides in the same sample as d), BSE image; f)
discrete anhedral fersmite in fine-grained ore-hosting dolomite, BSE image of 05B184. Abbreviation of minerals: Irt-ilmenorutile, Aeg-aerigine, Fsm-fersmite, Par-

parisite. Other abbreviations are the same as those in above figures.

which aeschynite replaced monazite aggregates. In the weakly-altered
dolomite (16BY29), there is aeschynite veinlet cutting through it
(Fig. 4h).

4.2. Ilmenorutile

Ilmenorutile was occasionally observed in our samples. For ex-
ample, the ilmenorutile is associated with iron oxides, apatite and micas
in aegirine-rich REE-Fe ores (17BY197; Fig. 5a), associated with pyrite
in aegirine-rich ore-hosting dolomite (15BY99; Fig. 5b), or present as
interstitial ilmenorutile veins among magnetite aggregates in the
fluorite-rich REE-Fe ores (17BY04; Fig. 5¢), associated with fluorite and
containing aeschynite inclusions. Besides, aeschynite in 14BY2-25 has
ilmenorutile rim, which also indicate that the ilmenorutile crystallized
postdating the aeschynite during the Paleozoic hydrothermal activities.

4.3. Fersmite

Fersmite has been rarely observed in our samples. However, there is
close association of fersmite and iron oxides in the coarse-grained ore-

hosting dolomite (sample No. 06B283; Fig. 5d, e). With assistance of
energy disperse spectroscopy, partial “fersmite” crystals in the same
sample are actually columbite-(Mg) with similar brightness as that of
fersmite in BSE images. The ‘wormlike’ Ca-rich Nb oxides (fersmite,
CaNb,O¢) and Mg-Fe-rich Nb oxides (columbite-(Mg),
(Mgo.sFeo.4Mng 1)1, 0Nb2Og) replaced the dolomite host and were then
replaced by iron oxides from the margins or fractures of fersmite ag-
gregates. Discrete anhedral fersmite grains were also observed in the
fine-grained ore-hosting dolomite (sample No. 05B184; Fig. 5f). In
general, fersmite is rare in extensively metasomatized ore-hosting do-
lomite or ores observed in this study.

4.4. Columbite

Columbite is also rare compared with other Nb oxides, such as ae-
schynite and ilmenorutile. However, there is columbite in the aegirine-
rich REE-Fe ores (sample No. 17BY06; Fig. 6a) associated with anhedral
barite, which has been regarded to have a Paleozoic hydrothermal
origin. Besides, columbite also crystallized among fine-grained mon-
azite and iron oxide in the apatite-rich REE-Fe ores (sample No.
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Fig. 6. Petrography of columbite, Baotite and fergusonite in different kinds of ores and the ore-hosting dolomite, Bayan Obo a) columbite associated with anhedral
barite in the aegirine-rich REE-Fe ores, BSE image of 17BY06; b) columbite at the boundaries between aggregates of iron oxides and monazite, in the apatite-rich
REE-Fe ores, BSE image of 17BY196; c) anhedral baotite filling fractures of aggregates of aegirine and iron oxides, in the aegirine-rich REE-Fe ores, BSE image of
17BY06; d) fergusonite with dark rims in the fluorite-rich ore-hosting dolomite, BSE images of 14BY3-4. Abbreviation of minerals: Clb-columbite, Bao-baotite, Ferg-

fergusonite. Other abbreviations are the same as those in above figures.

17BY196; Fig. 6b). Both the monazite and iron oxide aggregates are
directionally aligned, indicating these minerals were crystallized under
prominent stress. Moreover, a few discrete euhedral columbite grains
have been observed in the fine-grained ore-hosting dolomite (sample
No. 05B184).

4.5. Baotite

Baotite was firstly discovered at Bayan Obo and was named after the
nearest city of Baotou. This kind of mineral seems to prefer aegirine-
rich REE-Fe ores (sample No. 17BY06, 17BY10) as host rock, filling
fractures of iron oxides and aegirine aggregates (Fig. 6¢). Baotite pre-
sents as pale yellow-brown transparent crystals under the plane po-
larized light. These anhedral baotite crystals are shaped and restricted
by the cleavages of the iron oxides, indicating the baotite crystallized
postdating the formation of aegirine-rich ores, which has definite hy-
drothermal origin.

4.6. Fergusonite

Fergusonite-(Y) has been observed in the fluorite-rich dolomite
(sample No. 14BY3-4), with dark brown color under plane polarized
light. It replaced fluorite vein and micas slabs, eroding both the later-
formed iron oxides and the earlier-formed dolomite matrix compared
with fluorite and micas (Fig. 6d). Thus, fergusonite-(Y) is the latest
crystallized minerals in the fluorite-rich dolomite, even after the Pa-
leozoic formation of micas. It is also noticeable that the margin of the
fergusonite has been altered and presents lower brightness in BSE
images. This phenomenon indicates the decrease of average atomic
weight of the margin, may due to the introduction of more hydroxyl
and fluorine during the hydration reaction.

The petrogenesis of the mentioned minerals has been summarized in
Fig. 7 and there is detailed description in the discussion.

5. Analytical results
5.1. Major elements of Nb-bearing minerals

Aeschynite (AB,Og) group minerals in Bayan Obo contain Nb and Ti
cations in B site and LREE (mainly Ce, Nd and Sm) cations in A site
(Fig. 8). According to nomenclature of aeschynite based on Ce/Nd and
Ti/Nb ratios (Yang et al., 2001; Bermanec et al., 2008), aeschynite with
Ti or Nb as dominating cation in B site was named as “aeschynite” and
“nioboaeschynite” respectively, with suffix of “-Ce”,“-Nd” or “Y” when
its corresponding concentration exceeds the rest of REEs. The chemical
structures of aeschynite have been calculated in 6 oxygen atoms per
formula (Table 1; Whole list in Table S2). The EMPA results show that
aeschynite in the fluorite-rich or sodium-amphibole-rich REE-Fe ores,
and those aeschynite megacrysts in the vein-type of ores generally have
Ce/Nd ratios < 1. Meanwhile, small portion of aeschynite in the vein-
type of ores (19BY04), and almost all aeschynite in the aegirine-rich
REE-Fe ores and the slightly-altered ore-hosting dolomite contain more
Ce than Nd in chemical formulas. As for Ti/Nb ratios of aeschynite,
regardless of the ore types of host rocks, most analyzed aeschynites
belong to “aeschynite” rather than “nioboaeschynite”, except those in
the slightly-altered ore-hosting dolomite and those in sample 14BY2-25
(pyrite-sodium-amphibole vein) that relatively lack of Ti. The EMPA
results also show that partial aeschynite in the fluorite-rich REE-Fe ores,
slightly-altered ore-hosting dolomite and vein-type of ores, as well as
nearly all analyzed aeschynite in aegirine-rich REE-Fe ores contain sum
weight < 100%, may due to epigenetic alteration or because some
major elements have been missed during EMPA, which are likely to be
the undetected REEs. Therefore, accurate analyses of whole lanthanides
in different aeschynite were then performed on a LA-ICPMS.

Based on limited published EMPA data, only half of the lanthanides
(La, Ce, Pr, Nd, Sm, Eu, Gd, Dy) in Bayan Obo aeschynite have con-
centration far above the detection limit of EMPA, thus not all lantha-
nides were analyzed (IGCAS, 1988; Yang et al., 2001; Smith and Spratt,
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Fig. 7. Petrogenesis of common minerals in the ores and ore-hosting dolomite, East and Main open pits of the Bayan Obo REE-Nb-Fe deposit (Modified after Liu et al.
(2018a) *Igneous columbite with dash line is summarized according to Le Bas et al. (1992). **Barite was occasionally observed in the banded ores. However, these
barites are regarded to have similar origin as barite in the Paleozoic vein-type of ores. ***Pyrite is a kind of characteristic Paleozoic gangue mineral in the Bayan Obo
ore and ore-hosting dolomite, regardless of its occurrence, because of similar S isotope (Liu et al., 2018b).

2012). The XLREO (light rare earth element oxides) of these aeschynite
would be presented hereto according to EMPA. As for XLREO, the un-
altered aeschynite in the fluorite-rich REE-Fe ores contain XLREO of
16 wt%-32 wt%, mostly between 24 wt% and 32 wt%, more than the
altered aeschynite in the same type of ores, with ZLREO of 16 wt
%-19 wt%. The aeschynite in the sodium-amphibole-rich REE-Fe ores
(ZLREO: 24 wt%-30 wt%), slightly-altered ore-hosting dolomite
(XLREO: 23 wt%-28 wt%) and vein-type of ores ((XLREO: 22 wt
%-29 wt%) has ZLREO in the range of the unaltered aeschynite in
fluorite-rich ores. While aeschynite in the aegirine-rich ores contain
REE oxides of 8 wt%—23 wt%, similar to the altered aeschynite in the
fluorite-rich ores. The classification of Bayan Obo aeschynite would be
described in the following section, combined with REE and trace ele-
ment characteristics.

Ilmenorutile ((Ti,Nb,Ta,Fe)O,) is also termed as niobian rutile
(Silvola, 1970). llmenorutile in the aegirine-rich REE-Fe ores (17BY197;
15BY99) have formula between (TigosNbg o2Fedd)1.000> and
(Tio.goNbo.osFea be)1.0102. However, interstitial ilmenorutile veins in
the fluorite-rich REE-Fe ores (17BY04) contain sum weight far < 100
wt%, indicating extensive element exchange or epigenetic hydration
(Table 2).

Fersmite (CaNb,Og) in the slightly-altered ore-hosting dolomite
(06B283; 05B184) has a formula of (CagosMgo.02Mng 01)0.99
(Nby.93Tag o3Fed $2)1.0s06, Which is rather close to the ideal chemical
formula. Fersmite in 05B184 may have total weight as low as 96.13 wt
%, with small amount of F~ in the lattice, indicating alteration by

fluorine-rich fluids (Table 3; Whole list in Table S3).

Analyzed columbite (FeNbO,) in Bayan Obo has significantly
varying major components (Table 4; Whole list in Table S4). Columbite
grains in the apatite-rich REE-Fe ores (sample No. 17BY196) have a
formula of (Ml’lo'87Fe%;2)1'09(Nb1'93Ti0'01)1'9406 if Calculating in 6
oxygen atoms, which belongs to columbite-(Mn), or Manganoco-
lumbite, according to the nomenclature of Cerny and Ercit (1989) and
Tindle and Breaks (2000). While columbite in the fine-grained ore-
hosting dolomite (sample No. 05B184) has different major components,
with chemical formula of (Fe(2)§4Ml'l0A20Mg0A03)1.07(Nb1.90Ti0A09)1.9906.
These columbite grains was named as columbite-(Fe) or ferrocolumbite.
Columbite in the third sample, coarse-grained ore-hosting dolomite
(sample No. 06B283), presents distinct major components compared
with  the former grains, with chemical formula of
(Mgo.s4Fed 3, Mn,11Ca0,01)1.03(Nb1.95T20.03)1.0806, which should be
named as columbite-(Mg) or Magnocolumbite. The columbite-(Mg)
contains Ta,Os between 1.41 and 2.71 wt%, while Ta,Os content of the
other two kinds of columbite was undetectable by EMPA. In addition,
columbite-(Mg) is closely associated with fersmite and iron oxides.
Fersmite in the same sample (06B283) present average chemical for-
mula of  (Cag.97Cep 02L0.01Ndo.01M80.01Mn0,01)1.03(Nb; 93Tag o3Fe
3 ¥2)1.0806. It is noticeable that the Ta could only be detected in co-
lumbite-(Mg) and fersmite in sample No. 06B283.

Baotite (Ba,TigSi4O.gCl) at Bayan Obo is special for its significant
Nb content, which has been found in carbonatite or lamproite dykes
(Cooper, 1996; Kullerud et al., 2012). The chemical formulas of baotite
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Fig. 8. Major element composition and classification of aeschynite (Aes).
in the aegirine-rich REE-Fe ores are than Nd in A site, with relatively lower XLREO components (8 wt

(Ba3.06570.04)4.00(Ti4.62Nb2 02F€3 57)7.01813.76027.00Cl1 02 (sample No.
17BY06) and (Ba4A085r0.02)4A10(Tis.26Nb1A70Feg.;4)7.91Si3A82027.49
Cly.93(17BY10), if calculating in 16 cations of the formula (Table 5).

Fergusonite (REENbO,) at Bayan Obo is characterized by Yttrium
that plays as the dominating REE in lattice (Table 6; Whole list in Table
S5). Analyzed fergusonite comes from the fluorite-rich ore-hosting do-
lomite (14BY3-4), with dark rims in BSE images. The brighter core is
unaltered with F < 0.01 wt% and Nb,Os > 45.2 wt%. Meanwhile,
the dark rim contains more Si, Mn, Fe, Th cations and more F replacing
the oxygen atoms, with decreased Nb,Os (42.0 wt%-43.4 wt%) and
Y,0s5. All analyzed fergusonite spots, both on the core and the altered
rim, present unique LREE-depleted and HREE-enriched chondrite-nor-
malized REE patterns.

5.2. REE and trace elements analyzed by (LA *+ ) ICP-MS

In-situ REE and trace element analyses have been conducted on
aeschynite, ilmenorutile, fersmite and baotite (Table 7; Whole list in
Table S6). The chondrite normalized REE patterns were calculated and
plotted based on these in-situ REE concentration (Fig. 9).

Based on the major and rare earth elements obtained by EMPA and
LA-ICPMS, the Bayan Obo aeschynite in this study was generally di-
vided into three groups. Group 1: Aeschynite-(Nd), the major kind of
aeschynite, which is characterized by dominating Nd and Ti cations in
the A and B sites of aeschynite, with relatively high ZLREO components
(16%-32%) and convex chondrite-normalized REE patterns, relatively
lacks La and HREEs. Almost all aeschynite in the fluorite-rich and so-
dium-amphibole-rich REE-Fe ores, and most of aeschynite megacrysts
in the vein-type of ores belong to this group. As exception, the altered
aeschynites in the fluorite-rich ores keep similar Nb/Ti, Ce/Nd ratios
and REE patterns to the unaltered, with prominent decrease of SLREO
(16 wt%—-19 wt%). Group 2: Aeschynite-(Ce), which contains more Ce

10

%-25 wt%). Aeschynite in the aegirine-rich ores belong to this group.
Although with lower XLREO, aeschynite in the aegirine-rich ores pre-
sent nearly flat REE patterns. In addition, aeschynite vein cutting
through the ore-hosting dolomite also belongs to this group (19BY04).
Group 3: Nioboaeschynite, which contain more Nb in B sites of ae-
schynite lattice, with relatively high ZLREO components (25 wt
%28 wt%). Aeschynite in the slightly-altered ore-hosting dolomite
belongs to this group, presenting flat LREE-MREE patterns that lack of
HREE, with generally higher Ce/Nd ratios than aeschynite of Group 1
with similar convex REE patterns. As exception, megacrysts of ae-
schynite in a pyrite-sodium-amphibole vein (14BY2-25) also belong to
this group but with Nd as dominating REE cation.

Ilmenorutile has the most variable REE and REE patterns, in-
cluding convex patterns with high *REE and right-downward patterns
with moderate to low XREE (Fig. 9f). Fersmite presents consistently
LREE-enriched patterns. Finally, fergusonite prefers to carrying HREE
and therefore exhibits unique HREE-enriched patterns compared with
the rest of Nb-bearing minerals (Fig. 9g). Baotite lacks REEs except Gd
and its REE pattern would not be furtherly discussed.

All analyzed Bayan Obo aeschynite grains contain Y/Ho ratios
(8.6-21.0) lower than the primitive mantle (PM) Y/Ho ratios (27.7 for
Sun and McDonough (1989) and 28 = 3 for Bau (1996)). It is no-
ticeable that aeschynite (Group 2 and 3) in the aegirine-rich REE-Fe
ores (8.6-11.5) and slightly-altered ore-hosting dolomite (9.9-14.3)
present relatively lower Y/Ho ratios, which was caused by HREE en-
richment in these aeschynite. Nb-Ta fractionation is very prominent in
aeschynite, ilmenorutile and baotite with extremely high Nb/Ta ratios
(1163-107229). Specifically, aeschynite in the aegirine-rich REE-Fe
ores (1313-2853) and slightly-altered ore-hosting dolomite
(1950-3254) present relatively lower Nb/Ta ratios, due to relatively
enriched Ta (Aes. Group 2&3: 109.6-331.3 ppm) compared with ae-
schynite hosted in other types of ores (Aes. Group 1: < 100 ppm).
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Table 1
Major element composition of Bayan Obo aeschynite.
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Aeschynite in fluorite-rich REE-
Fe ores (n = 28)

Aeschynite in sodium-
amphibole-rich REE-Fe ores

Aeschynite in aegirine-rich REE-
Fe ores (n = 12)

Aes in slightly-altered ore-
hosting dolomite (n = 8)

Aeschynite in vein-type of ores or
veinlets (n = 45)

(n = 18)
min max ave min max ave min max ave min max ave min max ave

TiO, 20.35 34.31 26.76 17.98 28.02 23.59 22.48 28.58 26.12 19.96 23.61 21.72 16.73 32.31 25.24
Nb,Os 16.29 35.33 24.36 23.19 37.97 30.34 21.61 28.60 24.93 25.65 40.09 35.23 20.44 39.71 29.34
TayOs 0.01 0.01 0.01 0.02 0.23 0.14 0.08 0.16 0.12 0.11 0.21 0.17 0.03 0.16 0.08
Fe,O; 0.49 1.78 0.91 0.63 1.74 1.02 0.51 3.99 2.87 0.31 3.43 1.05 0.31 2.33 0.82
MgO 0.01 0.06 0.02 u.d. 0.57 0.08 0.01 0.07 0.03 u.d. 0.08 0.02 u.d. 0.16 0.04
Al,O; ud. 0.12 0.04 0.01 0.02 0.02 u.d. 0.02 0.01 u.d. 0.05 0.02 0.01 0.12 0.04
Si0, ud. 2.09 0.54 0.01 1.72 0.26 0.03 4.76 3.18 1.75 2.28 2.02 ud. 3.53 0.62
CaO 0.71 1.51 1.06 0.90 2.35 1.51 1.48 3.32 2.61 2.63 3.88 3.32 0.58 3.19 1.40
MnO  0.02 0.06 0.04 u.d. u.d. u.d. 0.04 0.34 0.19 0.31 0.34 0.33 u.d. u.d. u.d.

SrO u.d. 0.06 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.10 0.04 u.d. 0.16 0.05
Y,03 0.26 2.71 0.74 0.29 0.76 0.47 0.43 5.87 4.09 0.36 1.02 0.59 0.39 1.86 0.90
ZrOy 0.01 0.04 0.02 0.01 0.08 0.04 0.01 0.02 0.01 u.d. u.d. u.d. u.d. 0.05 0.02
BaO 0.02 3.02 0.73 0.03 0.26 0.11 0.19 0.42 0.26 0.01 0.18 0.09 0.01 0.25 0.11
La,03 0.06 1.59 0.69 0.07 2.64 0.58 0.02 4.36 1.19 1.57 4.05 3.29 0.03 2.71 0.66
Ce;0; 4.94 17.21 11.08 9.02 20.18 11.97 3.25 23.50 9.52 15.10 18.63 17.31 7.12 15.44 10.02
Pr,0; 0.39 1.93 1.15 0.64 2.04 1.27 0.22 1.85 0.71 1.18 1.83 1.55 0.48 1.65 0.86
Nd,O; 11.86 22.60 16.35 13.14 19.71 17.88 2.96 9.58 6.17 8.40 9.80 8.85 6.57 19.91 16.64
Sm,03 1.98 4.98 3.55 0.59 4.34 3.18 1.24 2.60 1.92 1.29 3.55 1.93 1.17 6.81 4.05
Euy03 1.01 2.15 1.66 0.92 1.80 1.49 0.65 1.31 1.03 0.84 1.38 1.00 0.69 2.25 1.67
Gd,03 0.33 2.04 1.14 0.21 1.40 0.86 0.19 2.59 1.77 0.78 1.31 0.94 0.70 2.15 1.40
Dy,03 0.08 1.76 0.55 0.10 0.55 0.33 0.14 5.34 3.27 0.40 1.47 0.67 0.13 1.13 0.59
Ho,O3; 0.03 0.43 0.18 0.01 0.51 0.16 0.07 0.95 0.57 0.08 0.15 0.11 0.01 0.65 0.21
ThO, 1.05 19.83 8.01 0.63 9.23 5.11 0.32 3.66 2.04 0.09 0.78 0.27 0.20 11.65 4.95
U0, 0.02 0.12 0.06 0.01 0.01 0.01 0.01 0.14 0.07 ud. 0.13 0.05 0.01 0.11 0.04

F 0.03 0.37 0.21 0.01 0.33 0.13 0.03 0.45 0.21 0.09 0.41 0.25 0.01 0.31 0.11
Total  94.69 101.54 99.11 98.53 101.41 100.01 87.48 99.45 92.52 94.34 101.17 98.85 81.93 101.87 99.20

Calculate in 6(0O + F)

B 1.91 2.09 2.01 1.91 2.04 2.01 1.98 2.05 2.01 1.98 2.01 2.00 1.97 2.08 2.04

Ti 0.95 1.56 1.27 0.85 1.34 1.11 1.05 1.29 1.19 0.90 1.10 0.99 0.86 1.49 1.17

Nb 0.49 0.99 0.69 0.67 1.08 0.86 0.59 0.80 0.69 0.72 1.09 0.96 0.57 1.09 0.82

Ta <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005
Fe3+ 0.02 0.08 0.04 0.03 0.08 0.05 0.02 0.18 0.13 0.01 0.16 0.05 0.01 0.12 0.04

XA 1.00 1.22 1.07 1.01 1.14 1.04 1.05 1.14 1.10 1.01 1.19 1.06 0.98 1.06 1.01

Mg < 0.005 0.01 < 0.005 u.d. 0.05 <0.005 < 0.005 0.01 < 0.005 u.d. 0.01 < 0.005 u.d. 0.02 < 0.005
Al u.d. 0.01 <0.005 <0.005 <0.005 <0.005 u.d. <0.005 <0.005 u.d. <0.005 <0.005 <0.005 0.01 < 0.005
Si u.d. 0.13 0.02 < 0.005 0.11 0.01 < 0.005 0.29 0.19 < 0.005 0.14 0.03 u.d. 0.24 0.02

Ca 0.05 0.10 0.07 0.06 0.16 0.10 0.10 0.22 0.17 0.18 0.25 0.22 0.04 0.22 0.09

Mn <0.005 <0.005 <0.005 u.d. u.d. u.d. < 0.005 0.02 0.01 < 0.005 0.02 < 0.005 u.d. u.d. u.d.

Sr u.d. <0.005 <0.006 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 ud. 0.01 < 0.005
Y 0.01 0.09 0.02 0.01 0.03 0.02 0.01 0.19 0.13 0.01 0.03 0.02 0.01 0.06 0.03

Zr <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 u.d. u.d. u.d. u.d. < 0.005 < 0.005
Ba < 0.005 0.08 0.02 < 0.005 0.01 < 0.005 < 0.005 0.01 0.01 <0.005 <0.005 <0.005 <0.005 0.01 < 0.005
La < 0.005 0.04 0.01 < 0.005 0.06 0.01 < 0.005 0.10 0.02 0.04 0.09 0.07 < 0.005 0.06 0.02

Ce 0.11 0.38 0.25 0.21 0.45 0.27 0.07 0.53 0.21 0.34 0.41 0.38 0.16 0.34 0.23

Pr 0.01 0.04 0.03 0.01 0.05 0.03 < 0.005 0.04 0.02 0.03 0.04 0.03 0.01 0.04 0.02

Nd 0.26 0.51 0.37 0.29 0.44 0.40 0.07 0.21 0.13 0.18 0.22 0.19 0.16 0.44 0.37

Sm 0.04 0.11 0.08 0.01 0.09 0.07 0.03 0.06 0.04 0.03 0.08 0.04 0.03 0.14 0.09

Eu 0.02 0.05 0.04 0.02 0.04 0.03 0.01 0.03 0.02 0.02 0.03 0.02 0.02 0.05 0.04

Gd 0.01 0.05 0.02 < 0.005 0.03 0.02 < 0.005 0.05 0.04 0.02 0.03 0.02 0.02 0.04 0.03

Dy < 0.005 0.03 0.01 < 0.005 0.01 0.01 < 0.005 0.11 0.06 0.01 0.03 0.01 < 0.005 0.02 0.01

Ho < 0.005 0.01 < 0.005 <0.005 0.01 < 0.005 < 0.005 0.02 0.01 <0.005 <0.005 <0.0056 <0.005 0.01 < 0.005
Th 0.01 0.29 0.12 0.01 0.13 0.07 < 0.005 0.05 0.03 < 0.005 0.01 <0.005 < 0.005 0.16 0.07

0) <0.005 <0.005 <0.005 <0005 <0.005 <0.005 <0.005 <0.005 <0.005 u.d. <0.005 <0.005 <0.005 <0.005 < 0.005
F < 0.005 0.08 0.03 < 0.005 0.06 0.02 < 0.005 0.09 0.04 0.02 0.08 0.05 < 0.005 0.06 0.01

Meanwhile, fersmite contains Nb/Ta ratios (14.3-36.4, ave, 24.4) lower
than other Nb-bearing minerals but generally comparable to or slightly
higher than mantle values (17.39 for PM in Sun and McDonough
(1989)), because fersmite contains extremely high Ta composition
(9772-29,837 ppm). Ilmenorutile associated with aeschynite (17BY04)
presents higher Nb/Ta ratios (36,853-47,122) than ilmenorutile from
other samples (62.6-3098).

Monominerals of aeschynite megacrysts from seven samples have
been picked out from diverse ores or ore-hosting dolomite and were
then dissolved. Trace elements were analyzed to obtain accurate com-
position of HREE, Ta, Rb, Sr, Sm and Nd (Table 8). The content of Rb,
Sr, Sm and Nd were measured for the following isotopic analyses. The
REE content measured by ICP-MS was slightly over half of the values
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obtained by LA-ICPMS, indicating aeschynite in the monomineral
samples were not completely separated from associated REE- and Nb-
depleted minerals, and monazite or fluorocarbonate, which contain
much higher XREE than aeschynite were unlikely to be comprised in the
seven monomineral collections. The Y/Ho ratios of these aeschynite
megacrysts display in a range of 14.2-21.0. Meanwhile, Ta is rather
rare in these aeschynite with Nb/Ta ratios of 370.0 for 19BY04 and
973.8-9469.2 for the rest of samples.

5.3. Rb-Sr, Sm-Nd isotopic components of aeschynite megacrysts

The Rb-Sr and Sm-Nd isotopic ratios of the seven aeschynite dis-
solution have been measured (Table 9). These megacrysts of aeschynite



Precambrian Research 348 (2020) 105864

S. Liu, et al.

pn ‘pn 5000 > ‘pn ‘pn ‘pn pn pn ‘pn ‘pn 5000 > ‘pn 5000 > 5000 > 5000 > n
5000 > pn 5000 > 5000 > 500°0 > 5000 > 500°0 > pn pn ‘pn 5000 > ‘pn 100 200 200 I
5000 > 5000 > 5000 > 5000 > 5000 > 5000 > pn 500°0 > P 5000 > 50070 > 5000 > 5000 > 5000 > 5000 > ad
5000 > 5000 > 5000 > 5000 > 5000 > 5000 > 500°0 > 500°0 > 5000 > 5000 > 5000 > 5000 > 5000 > 5000 > 5000 > eg
5000 > 5000 > 5000 > 5000 > 5000 > 5000 > pn 5000 > ‘pn 5000 > ‘pn ‘pn 5000 > ‘pn 5000 > 1z
5000 > 5000 > pn 500°0 > 500°0 > 5000 > pn 5000 > ‘pn 5000 > 5000 > 5000 > 5000 > 500°0 > 5000 > A

‘P P P o pn 5000 > pn 5000 > 5000 > pn pn ‘pn pn S00°0 > P 18

200 200 100 200 200 600 00 900 00 90°0 500 010 LT0 LT°0 ST'0 ad
5000 > 5000 > pn 5000 > 500°0 > P 5000 > ‘pn 5000 > ‘pn pn 5000 > 5000 > 500°0 > 5000 > uN

100 5000 > 100 5000 > 5000 > 5000 > 5000 > 5000 > 5000 > 5000 > 5000 > ‘pn 200 200 200 2o}
5000 > 5000 > 5000 > P P P 5000 > 5000 > ‘pn 5000 > ‘pn ‘pn 5000 > 5000 > 5000 > v

pn P ‘pn 5000 > ‘pn pn pn 5000 > 5000 > 5000 > pn 5000 > 100 5000 > 5000 > SN
500°0 > 500°0 > pn 5000 > pn P 5000 > 5000 > 500°0 > pn 500°0 > 5000 > ‘pn P pn el

200 200 100 200 200 80°0 00 900 00 900 500 010 €20 £2°0 £2°0 aN

960 960 16°0 96°0 960 980 £6'0 06'0 £6°0 06'0 160 £8°0 650 650 09°0 1L

0z W 27D

LT°00T 88°001 24001 5001 +2°001 08'86 59'66 69'66 91°001 +0'66 8€°001 £6'66 ve'€6 90'v6 +8°06 [e101
‘pn ‘pn £0°0 ‘pn pn pn pn pn pn P 100 ‘pn 200 500 £0°0 2on
000 ‘pn 500 500 000 000 £0°0 ‘pn P pn 100 P op'e TLs L0¥ ZouL
pn 200 100 £0°0 010 80°0 pn 800 ‘pn 000 200 00 €20 120 020 0ad
€0 020 01’0 Se'0 0£°0 0£°0 ST'0 ST'0 520 zz0 92°0 120 850 L¥'0 A oed
020 910 90°0 120 920 100 ‘pn 500 ‘pn +0°0 pn ‘pn 900 ‘pn 00 20z
00 100 pn 200 100 100 pn 200 ‘pn 200 $0°0 100 €00 $0°0 910 e
‘pn ‘pn ‘pn ‘pn ‘pn 100 pn 200 200 ‘pn ‘pn pn ‘pn 200 ‘pn ois
£L1 191 €Tl 1T 6S'T s 88°'¢ TS v8'e 0g's 8p'y L0°8 z9'Tl S9'11 £T°01 024
100 200 pn 200 100 pn 100 ‘pn 100 pn pn 100 1o 810 1o Oun
650 820 S0 62°0 62°0 100 £0°0 200 £0°0 100 100 P €80 80 0’1 o

100 100 200 ‘pn pn pn 000 000 ‘pn 100 ‘pn ‘pn 110 1ro €10 EQTY

P P pn 200 pn P pn 100 200 100 pn 200 020 €10 910 o3I

100 Sz'0 pn €0 ‘pn ‘pn L0°0 200 610 ‘P zro €10 ‘P ‘pn ‘pn so%eL

95°¢ 9z'e S1T 90°¢ e L0°TT 509 688 659 906 Ly'L €St 61°0€ 15°6C 8'8T SO%aN
89'€6 50'S6 TL'96 ¥S'v6 LY'v6 02'6L 2v'68 12°s8 7'68 65'v8 96'L8 b1'9L 06'St crsy vS'Sh 2011
T-66A95T T-L6TALLT PPU-L6TALLT Qpu-L6TAALT T-b0A4LT TU-0AALT

aMmnIousdwW(I 0qO uekeq Jo uonisodurod juswa(e Iofey

¢ 9lqelL

12



S. Liu, et al.

Table 3
Major element composition of Bayan Obo fersmite.

06B283 (n = 7) 05B184
min max ave
TiO, ud. 0.02 0.01 3.21 3.37
Nb,Os5 76.04 78.26 77.08 62.52 63.93
TayOs 1.22 2.36 1.87 0.10 0.19
Na,O ud. u.d. u.d. 5.85 5.93
MgO 0.11 0.33 0.18 0.04 0.04
Al,03 ud. 0.03 0.03 0.04 0.02
SiO, u.d. 0.05 0.04 0.09 0.02
CaO 15.57 16.59 16.28 15.55 15.55
Fe 05 0.27 0.94 0.60 0.46 0.55
MnO 0.18 0.24 0.20 0.04 0.05
SrO u.d. u.d. u.d. 0.37 0.33
Y,03 0.09 0.21 0.14 0.03 0.03
ZrOy ud. 0.08 0.05 ud. 0.00
BaO u.d. 0.10 0.05 0.08 0.10
LayO3 0.05 0.43 0.27 0.09 0.07
Ce,03 0.82 1.91 1.14 1.08 1.11
Pr,03 0.07 0.18 0.13 0.06 0.10
Nd,O3 0.24 0.92 0.55 0.68 0.69
Sm,03 ud. 0.21 0.11 0.02 0.05
Eu,03 u.d. 0.16 0.08 0.02 0.13
Gd,03 ud. 0.22 0.14 u.d. 0.05
Dy,03 u.d. 0.21 0.15 0.06 ud.
Ho,03 u.d. 0.21 0.14 0.03 0.40
ThO, u.d. 0.05 0.01 0.56 0.66
U0, ud. 0.02 0.01 u.d. ud.
F u.d. u.d. u.d. 5.18 5.53
Total 98.21 99.74 98.99 96.13 98.90
Calculate in 6(0 + F)
B 1.96 1.99 1.98 1.59 1.59
Ti ud. 0.00 0.00 0.12 0.13
Nb 1.91 1.94 1.93 1.45 1.44
Ta 0.02 0.04 0.03 0.00 0.00
Fe3+ 0.01 0.04 0.02 0.02 0.02
XA 1.03 1.07 1.05 1.51 1.48
Na u.d. u.d. u.d. 0.58 0.57
Mg 0.01 0.03 0.01 0.00 0.00
Al ud. 0.00 0.00 0.00 0.00
Si ud. 0.00 0.00 0.00 0.00
Ca 0.93 0.98 0.97 0.86 0.83
Mn 0.01 0.01 0.01 0.00 0.00
Sr u.d. u.d. u.d. 0.01 0.01
Y 0.00 0.01 0.00 0.00 0.00
Zr ud. 0.00 0.00 u.d. 0.00
Ba ud. 0.00 0.00 0.00 0.00
La 0.00 0.01 0.01 0.00 0.00
Ce 0.02 0.04 0.02 0.02 0.02
Pr 0.00 0.00 0.00 0.00 0.00
Nd 0.00 0.02 0.01 0.01 0.01
Sm u.d. 0.00 0.00 0.00 0.00
Eu u.d. 0.00 0.00 0.00 0.00
Gd u.d. 0.00 0.00 u.d. 0.00
Dy u.d. 0.00 0.00 0.00 0.00
Ho u.d. 0.00 0.00 0.00 0.01
Th ud. 0.00 0.00 0.01 0.01
18] u.d. 0.00 0.00 u.d. u.d.
F u.d. ud. u.d. 0.84 0.87

present radiogenic Sr isotopic composition, with 8’Sr/%6Sr varying in
the range of 0.705921 =+ 0.000011 to 0.706381 =+ 0.000010. The
87Rb/5°Sr ratios of all samples are below 0.23 (0.010-0.225). As for the
147Sm/**Nd ratios, all samples gave values between 0.11 and 0.16.
And the '**Nd/***Nd ratios of these aeschynite solution are scattered
between 0.511642 + 0.000008 and 0.512762 = 0.000008.
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6. Discussion
6.1. Hydrothermal origin of Nb-bearing minerals

Aeschynite-associated minerals generally have hydrothermal ori-
gins. For example, the fluoritization has been demonstrated occurred
during two hydrothermal metasomatism events, a Mesoproterozoic one
triggered by carbonatite intrusion and a Paleozoic one subjected to
subduction of Paleo-Asian oceanic crust (Liu et al., 2018b), corre-
sponding to two REE mineralization events. Meanwhile, the alkali si-
licates (e.g. aegirine, Na-amphibole, and phlogopite) within the ore-
hosting dolomite were product of typical carbonatite-related hydro-
thermal alteration (Liu et al., 2018a; Wang et al., 2019). Disseminated
and massive magnetite aggregates in the ore-hosting dolomite have
similar trace element characteristics to hydrothermal magnetite in
skarn Fe deposits (Huang et al., 2015). Besides, mica slabs and pyrite
megacrysts in the typical vein-type of ores have Paleozoic Rb-Sr
(459 *= 41 Ma or 309 = 12 Ma) and Re-Os isochron ages
(439 + 86 Ma), respectively (Liu et al., 2004; Hu et al., 2009; Yang
et al., 2007), therefore regarded as characteristic Paleozoic gangue
minerals. On the contrary, some minerals in the ore-hosting dolomite
have explicit Mesoproterozoic primary origin, such as the coarse-
grained dolomite and apatite with Sm-Nd isochron age of
1341 *= 160 Ma and 1317 * 140 Ma (Chen et al., 2019; Hu et al.,
2019; Yang et al., 2019; Liu et al., 2020). All above minerals would help
to form the paragenesis of Nb-bearing minerals.

Based on petrographic observation, aeschynites in the fluorite-rich
or Na-amphibole-rich ores (Group 1) are generally fine-grained and
interstitial to magnetite grains, replacing massive sodium-amphiboles,
fluorite as well as micas. And a few euhedral aeschynite megacrysts
(also Group 1) in the vein-type of ores are associated with barite and
sulfide (Liu et al., 2004). Therefore, the aeschynite of Group 1 has
apparent Paleozoic hydrothermal origin. However, aeschynite of Group
2 (Aes. in aegirine-rich ores) is corroded by apatite, a kind of primary
gangue mineral with multiphase hydrothermal overprints (Hu et al.,
2019; Ren et al., 2019; Yang et al., 2019). Meanwhile, aeschynites of
Group 3 in the slightly-altered ore-hosting dolomite are directionally
aligned and associated with fluorite and iron oxides. In summary, a
hydrothermal origin was supported for aeschynite of Group 1 and 3
according to petrography, while determining the origin of aeschynite of
Group 2 needs further geochemical evidence. Besides, considering there
is no associated Paleozoic gangue minerals, aeschynite of Group 2
(except 19BY04) and 3 were formed during the Mesoproterozoic car-
bonatite-related magmatic-hydrothermal processes.

Ilmenorutiles are associated with Paleozoic hydrothermal minerals,
micas and sulfide, crystallized as interstitial grains among massive
magnetite aggregates, or enclaved aeschynite fragments, indicating a
Paleozoic hydrothermal origin.

‘Wormlike’ fersmites are associated with or replaced by anhedral
magnetite in the slightly-altered ore-hosting dolomite (both coarse- and
fine-grained ore-hosting dolomite). The coarse-grained dolomite has
been proved to be primary in origin (Chen et al., 2019; Liu et al., 2020),
and fersmite observed in this study is likely to have an igneous origin.
Interstitial anhedral columbite in the aegirine-rich and apatite-rich ores
are closely associated with barite, massive or banded magnetite ag-
gregates. A Paleozoic hydrothermal origin was suggested for these co-
lumbite grains. Even though euhedral primary columbites have been
reported in local calciocarbonatite dykes (Le Bas et al., 1992), co-
lumbite in the open pits presents distinct petrographic characteristics.
Besides, in the observed carbonatite dykes, columbite is too rare to
support extensive Nb mineralization from the carbonatite melt. Anhe-
dral baotite was formed postdating the Mesoproterozoic massive iron
oxides with no associated Paleozoic gangue minerals. While fergusonite
replaced fluorite vein and micas slabs, indicating its Paleozoic hydro-
thermal origin.

Based on geochemical

characteristics, analyzed aeschynite,
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Table 4
Major element composition of Bayan Obo columbite.

Columbite-(Mn)17BY196 (n = 8) Columbite-(Fe)05B184 (n = 4) Columbite-(Mg)06B283 (n = 7)

min max ave min max ave min max ave
TiO, 0.23 0.32 0.26 1.97 2.23 2.06 u.d. 0.04 0.03
Nb,Os 73.00 75.98 74.93 72.93 75.55 74.67 77.23 79.85 78.57
TayOs u.d. 0.08 0.04 u.d. 0.03 0.03 1.41 2.71 2.07
MgO 0.04 0.08 0.06 0.31 0.36 0.33 6.14 6.77 6.53
SiO, ud. 0.02 0.01 u.d. ud. ud. 0.02 0.11 0.06
CaO 0.13 0.37 0.29 0.03 0.06 0.04 0.12 0.17 0.14
MnO 17.56 18.21 18.00 3.32 4.48 4.14 2.04 2.62 2.36
FeO 4.19 5.33 4.72 17.43 18.66 17.89 7.71 8.79 8.18
Y,03 0.22 0.66 0.52 0.08 0.10 0.09 0.05 0.13 0.07
ZrOy u.d. u.d. u.d. u.d. 0.03 0.03 0.02 0.24 0.10
BaO u.d. 0.08 0.05 0.01 0.10 0.06 u.d. 0.17 0.07
PbO 0.26 0.39 0.31 0.23 0.34 0.28 0.30 0.39 0.34
ThO, ud. 0.07 0.03 ud. 0.05 0.05 ud. 0.03 0.02
U0, u.d. 0.03 0.02 u.d. 0.05 0.05 u.d. 0.04 0.02
Total 97.32 100.78 99.18 98.01 100.30 99.61 96.83 100.21 98.48

Calculate in 60
B 1.93 1.96 1.94 1.98 1.99 1.99 1.97 1.98 1.98
Ti 0.01 0.01 0.01 0.08 0.10 0.09 ud. 0.00 0.00
Nb 1.92 1.95 1.93 1.89 1.91 1.90 1.94 1.96 1.95
Ta u.d. 0.00 0.00 u.d. 0.00 0.00 0.02 0.04 0.03
XA 1.10 1.17 1.14 1.06 1.09 1.08 1.03 1.06 1.05
Mg 0.00 0.01 0.00 0.03 0.03 0.03 0.52 0.55 0.54
Si u.d. 0.00 0.00 u.d. u.d. u.d. 0.00 0.01 0.00
Ca 0.01 0.02 0.02 0.00 0.00 0.00 0.01 0.01 0.01
Mn 0.84 0.90 0.87 0.16 0.21 0.20 0.09 0.12 0.11
Fe2+ 0.20 0.25 0.22 0.81 0.89 0.84 0.35 0.41 0.37
Y 0.01 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00
Zr ud. ud. ud. ud. 0.00 0.00 0.00 0.01 0.00
Ba u.d. 0.00 0.00 0.00 0.00 0.00 u.d. 0.00 0.00
Pb 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01
Th ud. 0.00 0.00 ud. 0.00 0.00 ud. 0.00 0.00
U ud. 0.00 0.00 ud. 0.00 0.00 ud. 0.00 0.00
Table 5

Major element composition of Bayan Obo baotite.

17BY06-1 17BY06-2 17BY10-1

Si0, 14.25 14.31 14.12 14.41 13.90 14.41 14.12 14.84 14.27 14.41

TiO, 23.94 23.97 23.26 24.54 20.17 24.00 27.76 27.81 24.66 25.51

FeO 5.11 5.65 5.74 5.57 6.76 5.91 3.65 3.82 4.89 4.70

Nb,Os 16.37 16.46 16.56 16.30 19.51 16.52 13.32 13.09 15.34 15.12

MgO u.d. u.d. u.d. u.d. u.d. 0.01 u.d. 0.01 u.d. u.d.

Al,03 ud. 0.04 0.02 0.03 u.d. 0.03 0.01 0.02 u.d. 0.00

CaO 0.02 0.00 u.d. ud. 0.01 u.d. 0.05 0.03 0.01 0.05

MnO 0.02 ud. 0.03 0.03 0.01 0.01 0.01 0.04 0.03 0.04

SrO 0.27 0.19 0.24 0.36 0.15 0.35 0.07 0.01 0.14 0.22

BaO 38.57 37.67 37.86 38.53 38.38 38.61 40.31 38.69 38.41 39.48

cal 2.25 2.31 2.28 2.29 2.23 2.30 1.79 218 2.16 2.18

Total 100.81 100.62 100.11 102.06 101.13 102.14 101.09 100.54 99.89 101.70

Calculate in 240

Si 3.90 3.90 3.89 3.88 3.86 3.89 3.81 3.97 3.91 3.89

B 8.09 8.20 8.18 8.18 8.21 8.20 8.05 8.01 8.09 8.06

Ti 4.91 4.90 4.81 4.95 4.20 4.86 5.61 5.58 5.07 5.16

Fe2+ 1.16 1.28 1.32 1.25 1.56 1.33 0.82 0.85 1.12 1.06

Nb 2.02 2.02 2.06 1.98 2.44 2.01 1.62 1.58 1.90 1.84

A 4.19 4.07 4.14 4.14 4.21 4.15 4.29 4.09 4.16 4.24

Mg u.d. u.d. ud. ud. ud. < 0.005 ud. < 0.005 ud. u.d.

Al ud. 0.01 0.01 0.01 ud. 0.01 < 0.005 0.01 ud. < 0.005

Ca 0.01 < 0.005 u.d. u.d. < 0.005 u.d. 0.01 0.01 < 0.005 0.01

Mn 0.01 u.d. 0.01 0.01 < 0.005 < 0.005 < 0.005 0.01 0.01 0.01

Sr 0.04 0.03 0.04 0.06 0.02 0.05 0.01 < 0.005 0.02 0.03

Ba 4.13 4.02 4.09 4.07 4.18 4.09 4.26 4.06 4.13 4.18

Cl 1.04 1.06 1.06 1.04 1.05 1.05 0.81 0.99 1.00 0.99
ilmenorutile and fersmite contain Y/Ho ratios consistently lower than ratios (Liu et al., 2020). While in an aqueous system, the Y/Ho ratios
values of chondrite or primitive mantle, while the Y/Ho ratios of baotite would be either elevated as in seawater or hydrothermal fluorite, or
are much higher than mantle values (Fig. 10.). Carbonatite and the decreased as in hydrothermal carbonates, both deviating from the
unaltered coarse-grained ore-hosting dolomite keep the chondritic chondritic value anyway and varying in a large range (Bau, 1996).
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Table 6
Major element composition of Bayan Obo fergusonite.

14BY3-4 dark (n = 8) 14BY3-4 bright (n = 5)

min max ave min max ave
Nb,Os 45.27 47.35 46.43 42.02 43.44 42.67
TiO, 0.04 0.23 0.14 0.18 0.45 0.30
MgO u.d. u.d. u.d. 0.01 0.06 0.04
SiO, u.d. 0.02 0.01 1.78 2.88 2.54
CaO 0.06 0.25 0.13 1.04 1.43 1.25
FeO 0.06 0.25 0.15 1.10 2.01 1.70
MnO u.d. 0.11 0.04 0.44 1.11 0.78
SrO u.d. 0.04 0.04 0.02 0.04 0.03
Y,03 20.18 21.44 20.75 11.98 16.31 13.44
Lay03 u.d. 0.08 0.05 0.04 0.10 0.06
Ce,03 0.13 0.34 0.25 0.39 0.93 0.63
Pr,03 ud. 0.06 0.03 0.02 0.08 0.05
Nd,0s3 0.78 1.60 1.12 1.31 2.65 1.91
Smy03 1.24 1.93 1.59 1.84 2.94 2.49
Eu,03 0.62 1.25 0.87 1.06 1.82 1.54
Gd,03 5.79 6.80 6.48 5.11 6.28 5.89
Tb,03 0.76 0.99 0.85 0.65 1.16 0.96
Dy,03 9.02 9.97 9.44 7.37 8.58 7.95
Ho,03 2.26 3.09 2.67 0.92 1.70 1.31
Er,03 2.62 3.84 3.33 0.87 1.97 1.30
Tmy03  0.62 1.30 0.86 0.77 0.94 0.84
Yb,03 0.89 1.89 1.47 0.11 0.72 0.37
Luy03 2.22 2.54 2.34 0.38 1.84 1.01
ThO, 0.24 0.70 0.44 2.37 3.66 3.19
U0, 0.01 0.05 0.03 0.00 0.08 0.04
F u.d. 0.07 0.06 0.25 0.40 0.33
total 97.99 100.42 99.44 90.05 94.80 92.43
Calculate in 4(0 + F)
B 0.99 1.00 0.99 0.92 0.96 0.94
Nb 0.98 1.00 0.99 0.91 0.94 0.92
Ti < 0.005 0.01 0.01 0.01 0.02 0.01
ZA 1.00 1.03 1.02 1.09 1.16 1.13
Mg u.d. u.d. u.d. < 0.005 < 0.005 < 0.005
Si ud. < 0.005 < 0.005 0.09 0.14 0.12
Ca < 0.005 0.01 0.01 0.05 0.07 0.06
Fe < 0.005 0.01 0.01 0.05 0.08 0.07
Mn u.d. < 0.005 < 0.005 0.02 0.04 0.03
Sr ud. < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
Y 0.51 0.54 0.52 0.31 0.43 0.34
La u.d. < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
Ce < 0.005 0.01 < 0.005 0.01 0.02 0.01
Pr u.d. < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
Nd 0.01 0.03 0.02 0.02 0.05 0.03
Sm 0.02 0.03 0.03 0.03 0.05 0.04
Eu 0.01 0.02 0.01 0.02 0.03 0.03
Gd 0.09 0.11 0.10 0.08 0.10 0.09
Tb 0.01 0.02 0.01 0.01 0.02 0.02
Dy 0.14 0.15 0.14 0.12 0.13 0.12
Ho 0.03 0.05 0.04 0.01 0.03 0.02
Er 0.04 0.06 0.05 0.01 0.03 0.02
Tm 0.01 0.02 0.01 < 0.005 0.01 0.01
Yb 0.01 0.03 0.02 < 0.005 0.01 0.01
Lu 0.03 0.04 0.03 0.01 0.03 0.01
Th <0.005 0.01 < 0.005 0.03 0.04 0.03
18] < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005
F u.d. 0.01 < 0.005 0.04 0.06 0.05

Aeschynites of Group 2 with annulus, although replaced by apatite in
the aegirine-rich ores, present Y/Ho ratios lower than chondritic value,
verifying their hydrothermal origin. However, fersmite exhibits Y/Ho
and Nb/Ta ratios close to the mantle/chondritic values, verifying
fersmite as the only kind of analyzed mineral with evident igneous
origin (columbite and fergusonite excluded, lack of data).

Based on Sr-Nd isotopic components, if calculated at the same age,
aeschynite megacrysts are characterized by initial 8Sr/3°Sr ratios in-
termediate between the values of carbonatite/ore-hosting dolomite and
Permian granitoids (Fig. 13d). It is suggested that the radiogenic Sr
components were introduced through crustal-contaminated
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hydrothermal fluids, instead of carbonatite-related magma or hydro-
thermal fluids.

In summary of petrographic, geochemical and isotopic evidence, we
propose that the formation of aeschynite (both the Mesoproterozoic and
the Paleozoic), ilmenorutile, baotite, columbite and fergusonite in the
slightly-altered ore-hosting dolomite and different types of ores are
attributed to hydrothermal Nb mineralization (Fig. 7). Aeschynite of
Group 1 was formed in the Paleozoic hydrothermal fluids, and the
Group 2 and 3 were formed in the Mesoproterozoic carbonatite-derived
hydrothermal fluids. Fersmite in the slightly-altered ore-hosting dolo-
mite likely have an igneous origin, similar to the euhedral columbites in
calciocarbonatite dykes (Le Bas et al., 1992). Columbites in this study
contain significantly variable major components but have consistent
Paleozoic hydrothermal origin. Moreover, columbite has potential to
record magmatic-hydrothermal evolution of the carbonatite, which
deserves further detailed research. Baotite has a Mesoproterozoic hy-
drothermal origin. While ilmenorutile and fergusonite were formed at
the Paleozoic. Considering aeschynite is the dominating Nb-bearing
mineral in the East and Main open pits (Hou et al., 2018), a major
hydrothermal origin of Nb mineralization in the Bayan Obo ore-hosting
dolomite (East and Main Open Pits) was supported by this study.

6.2. Extreme Nb-Ta fractionation of Nb-bearing minerals

Analyzed aeschynites are extremely depleted in Ta (far below the
detection limit of EMPA). It indicates that: (1) the precipitation of ae-
schynite accompanied significant Nb-Ta fractionation, or (2) the fluids
had suffered Nb-Ta fractionation preceding the hydrothermal Nb mi-
neralization. The former assumption is unlikely because both Nb and Ta
are extremely rare in aeschynite-associated ore-forming minerals, e.g.
fluorite, aegirine, sodium amphibole and dolomite (Liu et al., 2018a,
2018b; Chen et al., 2019). Moreover, different kinds of bulk ores (Nb/
Ta: 76-1665, n = 640; IGCAS, 1988; Zhang et al., 2003), especially the
high-grade ones suffered extensive fluorine-alkali metasomatism (Nb/
Ta: 54-262, n = 219; IGCAS, 1988), whole rock of the ore-hosting
dolomite (Nb/Ta: 152-5479, n = 18; Sun et al., 2014; Chen et al.,
2019) and local carbonatite dykes (Nb/Ta: 14-82, n = 8; Yang et al.,
2011a) all present higher Nb/Ta ratios than the average crust (11.4;
Rudnick and Gao, 2003), primitive mantle (17.8; McDonough and Sun,
1995) and global carbonatite (34.9, n = 104; Chakhmouradian, 2006).
The Bayan Obo carbonatite dykes have Nb/Ta ratios in the similar
range as the bulk ores or the ore-hosting dolomite (Fig. 11). And the
enclaved H9 slate layer in the ore-hosting dolomite (Fig. 2), which also
suffered extensive alkaline alteration (Zhang et al., 1997; Xiao et al.,
2012; Liu et al., 2018a), presents as variable Nb/Ta ratios as the car-
bonatite and ores (17.1-1769; Zhang et al., 2003). Therefore, it is more
reasonable for the second hypothesis that the Nb-Ta fractionation oc-
curred during the generation of carbonatite magma or related hydro-
thermal fluids, rather than fractional crystallization during the Nb mi-
neralization process. The high Nb/Ta ratio is a geochemical feature
inherited from the carbonatite-related magmatic-hydrothermal system.

The Bayan Obo carbonatite has been regarded as mantle-derived
primary carbonatite according to the facts that: (1) there is no exposed
or drilled associated alkali igneous rocks; (2) its composition evolves
from dolomitic- to calcio-carbonatite, which is contradict to the evo-
lution of high-fractionated carbonatite derived from the crust (Lee and
Wyllie, 1998). The carbonated peridotite, especially carbonated lher-
zolite, has been experimentally demonstrated as a potential source of
primary dolomitic carbonatite melt (Wallace and Green, 1998), and the
low-degree melting of the HFSE®* -enriched amphibole- or phlogopite-
bearing lherzolite may play significant role in causing fractionation
among HFSEs, especially causing higher Nb/Ta ratios of the fractional
carbonatitic melt than the primitive mantle value (Chakhmouradian,
2006). The extreme Nb-Ta fractionation in Bayan Obo carbonatite and
ores, therefore, is inherited as a primary geochemical characteristic of
mantle-derived carbonatite. Hydrothermal Nb-bearing minerals in this
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study are the prime carrier of Nb with extreme Nb/Ta ratios.

As comparison, during the magmatic-hydrothermal evolution of
alkali granite, another common Nb-Ta host worldwide, the Nb/Ta ra-
tios of granite-related Nb-bearing minerals decrease while Ta content
increases, which seems contradicted to the hydrothermal origin of
Bayan Obo Nb resources in the open pits (Zhu et al., 2015; Wu et al.,
2018; Xie et al., 2018). However, there are several significant but ig-
nored facts. (1) Global carbonatite melt (Nb/Ta: 25-39; Ta: 12-18 ppm)
is characterized by far higher Nb/Ta ratios and less Ta than alkali
granite melt (Nb/Ta: mostly < 10; Ta: mostly 10-200 ppm), especially
the Bayan Obo carbonatite (Nb/Ta: 21-86; Ta: mostly < 1.8 ppm)
(Table S7a). (2) Extreme depletion of Ta in Bayan Obo carbonatite
makes Ta enrichment in subsequent hydrothermal process more diffi-
cult than Nb. The Bayan Obo Nb-bearing minerals contain Ta (max
2.7 ppm) much less than granite-related minerals (0.7-63.3; mostly >
2 ppm) (Table S7b). (3) The least Nb/Ta ratio of the major Bayan Obo
Nb-bearing mineral (~25) is higher than the value of most granite-re-
lated Nb-bearing minerals (< 24) (Table S7b). Due to the general high
Nb/Ta ratio and low Ta content of Bayan Obo carbonatite, the mass
balance would be met if only small amount of low Nb/Ta (~8.5 as some
ilmenorutile) Nb-bearing mineral fractionated from the hydrothermal
fluids, while the rest of minerals still have rather high Nb/Ta ratios. (4)
The Bayan Obo carbonatite dykes generally contain lower Nb and Ta
than the recrystallized fine-grained ore-hosting dolomite (Table S7a),
and the heterogeneous Nb distribution in the ore-hosting dolomite in-
dicates significant involvement of hydrothermal Nb enrichment. (5)
The most common primary Nb-host worldwide, pyrochlore, is ex-
tremely Nb-enriched and Ta-depleted. Theoretically, its extensive pre-
cipitation would cause extreme Nb-Ta fractionation in the residual melt
and related hydrothermal fluids. However, the limited Nb-Ta content in
Bayan Obo carbonatite demonstrates that the Nb-Ta fractionation
caused by primary minerals is not prominent. (6) Nb-bearing minerals
in this study have Nb/Ta ratios as variable as alkali granite-related
hydrothermal ones (Table S7b). Therefore, the hydrothermal Nb-
bearing minerals related to carbonatite are able to have high Nb/Ta
ratios and high Nb content.

6.3. Relationship between REE and Nb mineralization

Although some Nb-bearing minerals are enriched in REEs, such as
aeschynite and fergusonite, REE mineralization in Bayan Obo is re-
presented by extensive precipitation of monazite and fluorocarbonates,
which extremely lack of Nb. REE and Nb have long been regarded as
cogenetic resources, both originated from carbonatite magma, trans-
ported through the same batches of melts or hydrothermal fluids and
coprecipitated during the same metasomatic process (Smith and Spratt,
2012; Yang et al., 2017). As for direct source of REE and Nb, there is no
other rocks that was able to provide as large amount of Nb and REE as
in Bayan Obo deposit, except carbonatite. The rest of widespread rocks,
including the Archean basement rock, the Mesoproterozoic metasedi-
mentary rocks, as well as the Paleozoic granitoids-diorite, all contain
disproportionate REE and Nb to the current reserves (Liu et al., 2011).
However, in this study, it is proposed that the transportation and mi-
neralization of REE and Nb present systematic difference. The Bayan
Obo carbonatite, as magmatic host for both REE and Nb, is character-
ized by variable REE and limited Nb composition (mostly < 250 ppm)
(Le Bas et al., 1992; Tao et al., 1998; Wang et al., 2002; Yang et al.,
2003; Fei, 2005; Yang et al., 2009, 2011; Lai et al., 2012; Ling et al.,
2013). Meanwhile, the ore-hosting dolomite, which suffered slightly
hydrothermal alteration, contains XREE in similar range of carbonatite,
but much more variable Nb content, with half of the collected Nb
content over 250 ppm (Fig. 12). In addition, extensively metasomatized
ores have average Nb content (441 ppm —986 ppm) higher than that of
the ore-hosting dolomite (374 ppm) and the carbonatite (125 ppm). The
above phenomenon indicates that REE would be enriched during both
the magmatic and hydrothermal processes, while Nb enrichment in
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carbonatitic melt is limited. Alternatively, hydrothermal processes
played more significant role in Nb enrichment.

Le Bas et al. (1992) used to recognize a few crystals of pyrochlore
and ferrocolumbite in a local calciocarbonatite dyke, and defined their
primary origin. There was barely other petrographic evidence of Nb-
bearing minerals in other carbonatite dykes, which verifies our petro-
graphic observation. The scarcity of Nb-bearing minerals conforms to
the limited Nb composition in carbonatite dykes. In contrast, the hy-
drothermal Nb-bearing minerals, including aeschynite, columbite, il-
menorutile, fergusonite and baotite in this study, are more common
hosts for Nb in the ore-hosting dolomite and high-grade ores. Besides,
most of the hydrothermal Nb-bearing minerals have no closely asso-
ciated fluorocarbonate or monazite, indicating the REE-Nb fractiona-
tion during their transport and deposition.

The aeschynites of Group 1 (Aeschynite-Nd), namely the Paleozoic
aeschynite in the fluorite-rich ores, sodium-amphibole-rich ores and
aeschynite megacrysts, are generally not associated with fluor-
ocarbonate or monazite, and crystalized from REE-rich, relatively
LREE-depleted and low-Ce/Nd fluids. These REE characteristics in-
dicate a former fractionation of high-Ce/Nd REE minerals from the
hydrothermal fluids. Bastnaesite and monazite in the ore-hosting do-
lomite are generally belong to the Ce-rich species and characterized by
high Ce/Nd ratios (> 1.0) (IGCAS, 1988; Smith et al., 2000), playing as
the major repository of Cerium. Thus it is very likely that the prominent
Paleozoic REE mineralization occurred independently ahead of the
formation of Group 1 aeschynite.

Moreover, the complex annulus (bright and dark annulus under
BSE) of aeschynite-(Ce) in the aegirine-rich ores (Group 2) present
variable REE patterns, relatively high Ce/Nd ratios for the bright an-
nulus and opposite for the dark (Table S2), suggesting its precipitation
accompanied repeatedly variable LREE composition in the hydro-
thermal fluids, which was controlled by precipitation of LREE-enriched
minerals. Therefore, the Mesoproterozoic aeschynite in the aegirine-
rich ores was formed nearly simultaneously to the Mesoproterozoic REE
mineralization in the massive ores. As for small portion of Group 2
aeschynite (Paleozoic Aes. megacryst) that replaced REE minerals
(19BY04), its high Ce/Nd ratio was caused by extraction of LREE
(especially Ce) from earlier deposited REE minerals.

Nioboaeschynite (Group 3) presents higher Ce/Nd ratios, indicating
that the precipitation of Mesoproterozoic aeschynite in the slightly-al-
tered ore-hosting dolomite was not significantly influenced by REE
mineralization. Since the carbonatite-derived fluids are LREE-enriched
(Biihn and Rankin, 1999), the high-Ce/Nd aeschynite also suggests
limited precipitation of Ce-rich monazite and fluorocarbonate in the
ore-hosting dolomite, which is consistent with its lower ZREE compared
with diverse types of ores (Liu et al., 2020).

As primary Nb-bearing mineral, fersmite is characterized by LREE-
rich patterns and high Ce/Nd ratio similar to calciocarbonatite dykes
(Yang et al., 2011a), without hydrothermal extraction of LREE from the
melt. Ilmenorutiles from different samples have significantly variable
REE patterns. And the drastically variable XREE of ilmenorutiles was
possibly caused by Ti-REE exchange in lattice. The most REE-enriched
ilmenorutile has low Ce/Nd ratio, supporting an early LREE fractiona-
tion from the Paleozoic hydrothermal fluids. Fergusonite extremely
lacks of LREE, and may precipitate postdating the extensive LREE
fractionation from the Paleozoic hydrothermal fluids. Since baotite and
columbite are REE-depleted accessory minerals and not associated with
REE minerals in the ores, their REE characteristics have no essential
relationship with REE mineralization.

In summary, the Bayan Obo Nb mineralization generally occurred
postdating REE mineralization at the same stage, whereas high Ce/Nd
ratios of the previously formed REE minerals might be occasionally
inherited. As exception, aeschynite of Group 2 deposited simulta-
neously to the REE mineralization, however, spatially separated in the
studied thin section.

The major Nb species in aqueous solution is still lack of
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Fig. 9. Chondrite normalized REE patterns of Bayan Obo Nb-bearing minerals (analyzed by LA-ICPMS) a) Aeschynite in the fluorite-rich REE-Fe ores (F-RF); b)
aeschynite in the sodium-amphibole-rich REE-Fe ores (Amp-RF); c) aeschynite in the aegirine-rich REE-Fe ores (Aeg-RF); d) aeschynite in the slightly-altered ore-
hosting dolomite (Dol); e) aeschynite megacrysts in the vein-type of ores (V); f) variable REE patterns of ilmenorutile from the aegirine-rich Nb-REE ores (lower
SREE) and fluorite-rich REE-Nb ores (higher SREE); g) chondrite normalized REE patterns of fersmite, baotite (based on LA-ICPMS) and fergusonite (based on

EMPA).

experimental determination. But during our digestion of aeschynite, it
dissolved prominently in the mixture of HF and oxidizing acid solution
(e.g. inverse aqua regia), rather than solution of any single acid.
Increasing HF concentration or decreasing pH has also been experi-
mentally demonstrated beneficial to the digestion of Nb,Os (Timofeev
et al.,, 2015). Based on thermodynamic experiment, REE would be
mainly transported by F~, Cl ™, CO5% and SO,%~ in aqueous solutions,
among which F- is significant for Nb transport, while the rest are
noneffective for dissolution of Nb oxides in our pretreatment and
available papers (Smith and Spratt 2012; Migdisov et al., 2016).
Therefore, REE-rich but F-poor fluids, e.g. carbonatite-derived CO»-rich
carbothermal fluids, are unable to carry substantial Nb. While HF-rich
oxidizing aqueous hydrothermal fluids are proper candidates for Nb
transport. The distinct complexing preference of REE and Nb in aqueous
solution may cause their differentiated mineralization that has been
occasionally observed in Bayan Obo.

6.4. Age of Paleozoic hydrothermal Nb mineralization

Based on petrographic and geochemical evidence, the
Mesoproterozoic and Paleozoic Nb mineralization have been classified.
Due to the small grain size and scarcity of aeschynite and columbite in
the aegirine-rich ores and slightly-altered ore-hosting dolomite, the age
of Mesoproterozoic Nb-mineralization was not directly determined.
Isochron ages of the Paleozoic aeschynite megacrysts have been
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calculated in this study. These ages are displayed in Table 9 and
Fig. 13a and b. Four of the seven aeschynite megacrysts are able to
constrain a Rb-Sr isochron age of 290.3 + 15.1 Ma (MSWD = 8.2).
Meanwhile, five of the seven samples provide a Sm-Nd isochron age of
658.4 + 36.0 Ma (MSWD = 3.8).

6.4.1. Rb-Sr isochron age of aeschynite megacrysts

The interpretation of these isochron ages would be oversimplified, if
regarding them as the forming age of Paleozoic aeschynite. The Rb-Sr
isochron age of aeschynite megacrysts is similar to but slightly older
than the age of Permian granite-diorite (263-281 Ma) at Bayan Obo,
which was caused by collision between the Siberian Plate and the North
China Craton (Fan et al., 2009). Meanwhile, a series of Permian granite-
diorite stocks emplaced the north margin of North China Craton during
the closure of Paleo-Asian Ocean: Jibei diorite with zircon U-Pb age of
288( + 5)-280( = 6) Ma (Wang et al., 2007); Guyang granite with
zircon U-Pb age of 282 + 3 Ma (Zeng et al., 2008). The Rb-Sr isochron
age of aeschynite megacrysts is slightly older than the above stocks,
may because of the limited aeschynite samples and relatively poor
precision of Rb-Sr dating compared with in situ zircon dating. But it is
more likely that the Rb-Sr age of aeschynite was modified by the in-
trusion of Permian granite.

However, it still lacks of evidence about the accurate forming age of
these aeschynite. Contradict evidences are common in Bayan Obo ores.
For example, the aeschynite megacrysts in this study were mostly
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Table 8

REE, other minor and trace element composition (ppm) of aeschynite monominerals analyzed by ICP-MS.

Precambrian Research 348 (2020) 105864

19BY01 19BY02 19BY03 19BY04 19BY05 19BY06 19BY07 BCR-2
Sc 2.0 8.6 10.0 2.8 4.9 2.2 99.6 32.2
Ti 268,463 44,735 81,132 22,187 124,721 103,368 32,328 14,575
Rb 0.2 23.9 21.3 15.7 19.4 18.1 54.9 46.1
Sr 242.4 719.8 877.1 4439 249.9 3077 2869 327.3
Y 136.0 9345 8727 7881 7388 8141 9728 33.2
Zr 1.4 35.6 33.0 45.1 24.9 48.5 31.8 239.6
Nb 3068 527.1 1816 182.3 6649 3467 36,294 3.9
Mo 1.5 0.2 0.2 u.d. 0.3 0.2 0.1 369.2
Sn 131.3 226.5 436.4 38.9 916.4 145.4 59.3 2.7
Sb u.d. u.d. u.d. u.d. 0.7 0.2 u.d. 0.5
Te ud. 2.2 2.6 0.7 2.3 0.2 0.7 1.3
Cs u.d. 0.1 ud. u.d. u.d. u.d. u.d. 1.3
Ba 1221 811.7 1498 18,744 375.1 31,739 4413 796.4
La* 307.3 3347 4106 21,009 2345 20,731 13,572 23.5
Ce* 1757 44,769 54,855 94,214 31,975 111,553 72,306 52.9
Pr* 435.1 15,529 17,355 17,220 11,196 20,082 13,630 6.2
Nd* 2837 126,425 141,006 90,010 91,412 116,450 67,746 27.0
Sm* 501.8 33,448 36,039 17,283 24,589 23,194 14,301 6.0
Eu* 78.3 5975 6149 3875 4424 4823 3651 1.7
Gd* 130.8 9935 9805 8127 7496 9769 7935 6.5
Tb* 12.2 986.5 999 892.5 761.0 1106 1114 1.0
Dy* 49.7 4081 4106 3608 3116 4493 5189 6.2
Ho* 6.5 528.8 536.9 441.9 408.2 524.8 683.1 1.2
Er* 13.3 972.4 1024 750.1 779.6 851.7 1194 3.5
Tm* 1.0 73.0 68.0 53.5 58.7 48.1 86.3 0.5
Yb* 4.1 253.1 251.0 179.5 209.5 153.2 267.6 3.2
Lu* 0.3 17.6 16.9 12.6 15.4 9.7 17.5 0.4
Hf 0.4 6.9 7.8 9.1 7.5 8.3 9.0 7.7
Ta 0.3 0.3 0.5 0.5 0.8 3.6 23.9 1.1
Re ud. 0.1 0.1 0.1 0.1 0.1 0.2 ud.
Pb 12.3 1397 1546 566 1680 784.4 358.6 11.0
Th* 411.1 44,405 49,553 7020 29,287 7070 8908 4.6
18} 1.4 146.3 176.5 694.4 203.3 847.3 275.6 2.1

* Elements with asterisk were analyzed after extra about 500-times dilution of the diluted solution prepared for other elements.

collected from aeschynite-calcite veins cutting through other types of
ores. However, at Bayan Obo, typical early Paleozoic vein-type of ores
(~430-440 Ma) are generally composed of megacrysts of pyrite (other
sulfides are not as common), fluorite, Na-amphibole, aegirine, fluor-
ocarbonates (e.g. huanghoite), barite and phlogopite occasionally.
Among all above minerals, pyrite, molybdenite and phlogopite have
been used for the directly dating of the typical vein-type of ores, and all
results support a 430-440 Ma modification event inside the ore-hosting
dolomite (Chao et al., 1992; Liu et al., 1996; Liu et al., 2004; Hu et al.,
2009). Besides, Chao et al. (1991) has drawn a Th-Pb isochron of
huanghoite (2 point) and aeschynite (2 point) with age of
438 = 25 Ma, supporting a ~440 Ma Nb mineralization event. These
huanghoite and aeschynite were collected from an aegirine vein cutting
through the banded ores. However, in both Smith et al. (2014) (Fig. 2b
in that study) and this study, aeschynite megacrysts were often col-
lected from calcite-rich veins, which have different mineral

Table 9
Rb-Sr, Sm-Nd isotopic ratios of aeschynite monominerals.

assemblages from the typical early Paleozoic veins. It is uncommon for
aeschynite in the calcite vein to associate with sulfide, phlogopite or
huanghoite which have solid forming-age. Therefore, there is still a lack
of direct evidence whether the calcite-aeschynite vein was formed si-
multaneously or co-genetic to the typical pyrite-rich veins between 430
and 440 Ma.

On the other hand, it is quite likely that the 290 Ma Rb-Sr age in this
study is a modified age of formerly crystalized aeschynite. The Permian
granite has influenced the Bayan Obo ore-hosting dolomite extensively,
which is always ignored by researchers that tries to simplify a two-stage
metallogenic model. In the deeply drilled ore-hosting dolomite, phlo-
gopite has a Rb-Sr isochron age of about 309 * 12 Ma (Yang et al.,
2007), supporting the extensive modification of Permian granite to the
ore-hosting dolomite. However, it is also possible that the Permian age
of aeschynite megacrysts indicates a Nb remobilization event within the
Nb-bearing ore-hosting dolomite when granite intruded at about

19BY01 19BY02 19BY03 19BY04 19BY05 19BY06 19BY07
Rb (ppm) 0.20 23.9 21.3 15.7 19.4 18.1 54.9
Sr (ppm) 242 720 877 4439 250 3077 2869
87Rb/5%Sr 0.002 0.096 0.070 0.010 0.225 0.017 0.055
878r,/86sr 0.706381 0.706254 0.706231 0.705954 0.706381 0.705956 0.705921
(% 2sy) 0.000010 0.000011 0.000011 0.000008 0.000010 0.000009 0.000011
Sm (ppm) 502 33,448 36,039 17,283 24,589 23,194 14,301
Nd (PPm) 2837 126,425 141,006 90,010 91,412 116,450 67,746
1979m /1 *Nd 0.1069 0.1600 0.1545 0.1161 0.1626 0.1204 0.1276
143Nd/MNd 0.511642 0.512762 0.511804 0.511649 0.511870 0.511656 0.511619
(* 2s) 0.000008 0.000008 0.000009 0.000009 0.000008 0.000009 0.000009
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Fig. 1.0. Y/Ho ratios of Bayan Obo Nb-bearing minerals (Abbreviations see the
above figures) Shadowed area represents aeschynite.

270 Ma. The aeschynite megacrysts are characterized by less radiogenic
87Sr/86Sr ratios (290.3 Ma) compared with granite, but more radiogenic
Sr composition than that of local carbonatite, the fresh and the altered
ore-hosting dolomite. Therefore, crustal contamination of the Paleozoic
Nb-bearing hydrothermal fluids, either from the metasedimentary rocks
or the granite stock, have to be involved in the formation of these ae-
schynite. The granite might provide heat that reset the Rb-Sr system
and material that increase the 8 Sr/5°Sr ratios. The distribution of Nb
ore is rather random in the open pits, but generally with low Nb grade
and high REE grade. Fe-poor tail rocks around the Bayan Obo open pits
(East and Main Open Pits) contain rare earth oxides (REO) in the range
of 0.83-5.37 wt%, while the average weight percentage of Nb,Os
is < 0.117 wt% (0.055-0.117 wt%) (Hao, 2017). Meanwhile, there are
several major Nb ore bodies located outside the current open pits and
next to the contact zone between the Permian granite stock and the
eastern frontier of ore-hosting dolomite. Taking the so-called 2% Nb ore
body on the contact zone as an example, the ore-hosting dolomite
contains only 0.35 wt% of REO while extremely enriching Nb,Os
(0.35 wt%) (Zhang and Mu, 2006). This evidence refers a Nb re-en-
richment process within the ore-hosting dolomite under influence of
Permian granite intrusion, without prominent REE re-enrichment. De-
spite of this, the Paleozoic Nb resources was unlikely to be originated
from the Permian granite, which is not even alkaline as some Nb-Ta-
rich granites in Southern China, but rather originated from re-
mobilization of precursory Nb resources within the ore-hosting dolo-
mite, under influence of heats or hydrothermal fluids subjected to the
Permian granitic melt. Afterall, the average Nb composition of bulk
Bayan Obo granite is only 16-19 ppm, an order of magnitude lower
than local carbonatite dykes, excluding this genetic possibility (Zhang
et al., 2003).

In summary, the classic two-stage metallogenic model is primarily
designed for REE mineralization. The mineralization or remobilization
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of Nb and Fe may not be restricted by this model, and has never been
seriously discussed. As the first introduction of REE and Nb to the ore-
hosting dolomite, the Mesoproterozoic REE-Nb mineralization related
to carbonatite magmatism is well accepted. The early Paleozoic
(~430 Ma) REE mineralization, represented by typical REE-pyrite-rich
veins, has been demonstrated with solid geochronological evidence.
The 440-430 Ma Nb mineralization in the aegirine vein was reported by
Chao et al. (1991). There are two possible geological processes that
would cause the local Paleozoic Nb mineralization/remobilization in
the calcite veins: the ~430 Ma subduction or the ~270 Ma granite
intrusion. Neither interpretation was able to be excluded with over-
whelming evidence yet. It is worthy to stress again that the Paleozoic
Nb mineralization was remobilization of carbonatite-introduced Nb
within the ore-hosting dolomite. There were no external Nb resources
originated from the Permian granite magma.

6.4.2. Sm-Nd isochron age of aeschynite megacrysts

There is no reported geological event corresponding to the Sm-Nd
isochron age of this study, which is intermediate between the age of
Mesoproterozoic carbonatite intrusion (~1.3 Ga) and the incipient
closure of the Paleo-Asian Ocean (~430 Ma). Therefore, the age of
658.4 Ma should be regarded as an apparent age as result of incomplete
reset of the Sm-Nd isotopic system.

Based on the '**Nd/'**Nd evolution line of these aeschynite
(Fig. 13c), the lines of five samples intersect each other at around
658 Ma, and the intersection lies on the Nd evolution line of Bayan Obo
REE repository (BYRR). The BYRR as a whole, due to the significant
REE background in different kinds of ores and ore-hosting rocks, gen-
erally has persistent Sm-Nd isotopic evolution towards later modifica-
tion (Zhu et al., 2015). However, specific monominerals in BYRR, such
as fluorite, fluorocarbonate, monazite, phlogopite or aeschynite in this
study, might reach local re-equilibrium of Sm-Nd isotopes after heat
events and prominent REE re-mobilization. At Bayan Obo, only the
Paleozoic subduction event has reset the Sm-Nd systems of above mi-
nerals extensively (Chao et al., 1991; Hu et al., 2009; Liu et al., 2018b),
indicating there is no prominent REE-remobilization event during the
granite activity. Since the intersection of aeschynite lines was situated
on the Nd evolution line of BYRR, REEs in the aeschynite were origi-
nated from the REE repository that was introduced to by Mesoproter-
ozoic carbonatite melts. Most aeschynite megacrysts inherit REE from
both the Mesoproterozoic and the Paleozoic REE mineralization, with
an intermediate Sm-Nd isochron age between two major REE miner-
alization events. As exception, 19BY07 has a Nd evolution line crossing
the BYRR line at ~430 Ma, indicating that Paleozoic REE mineraliza-
tion provided majority of its REE.

6.4.3. Future research on Paleozoic Nb mineralization

Since neither Rb-Sr or Sm-Nd isochron age in this study was able to
provide precise forming age of aeschynite megacrysts, it is important to
distinguish the contribution of early Paleozoic hydrothermal event
(~430 Ma) from that of the granite intrusion (~270 Ma) in the future
research. The Nb-rich ore-hosting dolomite near the eastern contact
zone has potential to verify the granite-related Nb remobilization pro-
cess. This process is special because the Nb enrichment is independent
from the REE enrichment. The fractionation between REE and Nb is
critical to further discussion on the carbonatite-related REE-Nb miner-
alization relationship.

7. Conclusions

1. Multiple kinds of Nb-bearing minerals in the ore and ore-hosting
dolomite of the Bayan Obo REE-Nb-Fe deposits, including aeschy-
nite, ilmenorutile, baotite and fergusonite, have hydrothermal ori-
gins, while fersmite presents igneous origin and columbite may re-
cord both the magmatic and hydrothermal origins which needs
further research.
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