Bull. Natl. Mus. Nat. Sci., Ser. C, 34, pp. 1-26, December 22, 2008

A Reconnaissance Study on Minerals from the Bayan Obo
Nb-REE-Fe Deposit, Inner Mongolia, China

Hidehiko Shimazaki', Ritsuro Miyawaki', Kazumi Yokoyama',
Satoshi Matsubara', Zhuming Yang?, and Masako Shigeoka'

' Department of Geology and Paleontology, National Museum of Nature and Science, 3-23-1,
Hyakunin-cho Shinjuku, Tokyo 169-0073, Japan (e-mail: caw40120@pop21.odn.ne.jp)
2Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029, P. R. of China

Introduction

The Bayan Obo ore deposit is a famous,
world-class, giant Nb-REE-Fe deposit located in
Inner Mongolia, China, situated in approximately
80 kilometers south of the border between China
and Mongolia, at 109°57'E and 41°46'N. The
deposit is contained within the sediments of the
Proterozoic Bayan Obo Group, which consist
predominantly of sandstones and slates, with the
exception of the H8 dolomite marble unit, which
hosts the vast majority of the ore. The paragene-
sis of the deposit is extremely complex, from de-
position, through metamorphism and mineraliza-
tion, to the intrusion of Hercynian granitoids to
the south of the deposit (e.g. Chao et al., 1997).

The size of the deposit is about 18km long
along east-west direction, and 0.5-5km wide
along north-south direction. It includes several
orebodies, among which the Main and East ore-
bodies are the two major Nb-REE-Fe orebodies.
Based on the mineralization characteristics, all
the ores can be classified into three main types:
Nb-REE-Fe ore, Nb-REE ore, and Nb ore. More
than 190 mineral species have been identified
from the Bayan Obo deposit. The complicated
mineralogy of the deposit has been described in
detail by previous workers (e.g. Zhang and Tao,
1986). The main economic minerals include
magnetite, hematite, bastnisite-(Ce), monazite-
(Ce), and pyrochlore.

Samples and Analytical Methods

Through one and half day survey on the Bayan
Obo deposit in 2004, one of the authors (RM)
collected about 30 samples. Among them, 26
samples were investigated in the present study
mainly for mineral composition of each sample
and chemical composition of constituent miner-
als. The samples were collected mostly in the
Main and East orebodies, and in the surrounding
areas of the deposit. The working number (TS),
National Museum registration number, and rock
name of each sample is listed in Table 1. Al-
though the genesis of the deposit has been con-
troversial for many years, the rock mainly con-
sisting of carbonates with REE minerals and/or
Nb minerals is tentatively named carbonatite in
the present study.

A preliminary study of thin sections of sam-
ples was carried out for qualitative and semi-
quantitative analysis of the constituent minerals
using an electron microscope equipped with an
energy dispersive spectrometer (JEOL 5400 with
fully quantitative Link Systems model QX2000)
employing an operating voltage of 15kV and
Faraday cup current of 1nA. A quantitative
analysis was consequently performed using an
electron microprobe analyzer equipped with a
wave length spectrometer (JXA 8800 of JEOL)
employing an operating voltage of 15kV and a
current of 20 nA, with a beam diameter of about
2 um. The following minerals and synthetic ma-
terials were used as standards: wollastonite for Si
and Ca, anatase for Ti, sillimanite for Al,
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Table 1. Working and registration numbers and rock names.

Working No. Registration No. Rock Name Locality
TS-1 NSM-MF15339  Weathered carbonatite (?) Northern erea
TS-2 NSM-MF15340  Carbonatite North eastern erea
TS-3 NSM-MF15341 Carbonatite Northern erea
TS-4 NSM-MF15342  Chert Northern erea
TS-5 NSM-MF15343 Aegirine rock Northern erea
TS-6 NSM-MF15344  Aegirine rock Northern erea
TS-7 NSM-MF15345  Carbonatite North eastern erea
TS-8 NSM-MF15346  Felsic alkali rock North eastern erea
TS-9 NSM-MF15347  Carbonatite South of East Orebody
TS-10 NSM-MF15348  Weathered carbonatite Northern erea
TS-11 NSM-MF14696  Fluorite rock South of East Orebody
TS-12 NSM-MF15349  Carbonatite South of East Orebody
TS-13 NSM-MF15350  Carbonatite with huanghoite-(Ce) band South of East Orebody
TS-14 NSM-MF15351 Carbonatite with monazite-(Ce) band South of East Orebody
TS-15 NSM-MF15352  Cerium ore (Fluorite-bastnisite rock) East Orebody
TS-16 NSM-MF15353 Cerium ore (Fluorite-bastnésite rock) East Orebody
TS-17 NSM-MF15354  Carbonatite (?) South of East Orebody
TS-18 NSM-MF15355  Carbonatite Main Orebody
TS-19 NSM-MF15356  Phlogopite-richterite rock South of East Orebody
TS-20 NSM-MF15357  Magnetite-apatite rock East Orebody
TS-21 NSM-MF15358  Richterite-humite-group mineral-fluorite rock ~ South of East Orebody
TS-22 NSM-MF15359  Monazite-(Ce)-fluorite rock Main Orebody
TS-23 NSM-MF15360  Magnetite-apatite rock East Orebody
TS-24 NSM-MF15361 Carbonatite with huanghoite-(Ce) band South of East Orebody
TS-25 NSM-MF15362  Carbonatite South of East Orebody
TS-26 NSM-MF15363 Magnetite-barite rock Main Orebody

Mg,Si0, for Mg, Fe,SiO, for Fe, rhodonite for
Mn, albite for Na, CaF, for F, ScP;O,, for Sc,
YP;O,, for Y, SnSe for Sn, ThO, for Th,
FeNb,O, for Nb, MnTa,O, for Ta, LaP,O,, for
La, CeP;0,, for Ce, PrP;0O,, for Pr, NdP;O,, for
Nd, SmP,0,, for Sm, GdP;O,, for Gd, DyP0,,
for Dy, and ErP;O,, for Er.

Some of grains analyzed by the electron mi-
croprobe were picked up from the thin sections
for X-ray diffraction investigations. The X-ray
powder diffraction patterns were obtained using a
Gandolfi camera of 114.6 mm diameter employ-
ing Ni-filtered CuKo radiation, recorded on
imaging plates, and processed with a Fuji BAS-
2500 bio-imaging analyzer using a computer pro-
gram by Nakamuta (1999).

Brief Description of Samples

The following is brief description of samples.
Constituting minerals are listed in Table 2.
TS-1: Weathered carbonatite (?) (Plate 1-A).

Sample TS-1 is a massive, dark brown rock
mainly consisting of calcite. Small amounts of
forsterite, iron oxide and sulfide are included.

TS-2: Carbonatite (Plate 1-B). Sample TS-2 is
a massive, white carbonatite mainly consisting
of calcite, with dark brown, irregular-shaped
micaceous parts mainly consisting of phlogo-
pite. Small amounts of barite, fluorapatite,
clinopyroxene, fluorbritholite-(Ce), and py-
rochlore are observed.

TS-3: Carbonatite (Plate 1-C). Sample TS-3 is
a massive, brown carbonatite mainly consist-
ing of calcite, with small amounts of phlogo-
pite, magnesioriebeckite, barite, monazite-
(Ce), pyrochlore, and allanite-(Ce). Fine-
grained quartz is also observed as an alteration
product of amphibole.

TS-4: Chert (Plate 1-D). Sample TS-4 is a
massive, gray- to white-colored chert, mostly
composed of quartz of variable grain sizes.
Small amounts of K-feldspar, chlorite, zircon,
pyrochlore, iron oxide, and ilmenite are ob-
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Plate 1 Photographs of samples. A to H correspond to the samples TS-1 to TS-8.
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served.

TS-5:  Aegirine rock (Plate 1-E). Sample TS-5
is a massive, pale green aegirine rock with ir-
regular-shaped, light brown calcite-quartz ag-
gregates and dark green to black magnesior-
iebeckite aggregates. Small amounts of barite,
fluorapatite, fluorite, pyrochlore, ferro-
columbite, and baotite are observed.

TS-6: Aegirine rock (Plate 1-F). Sample TS-6
is a massive, pale green aegirine rock with ir-
regular-shaped, yellow to light brown calcite
aggregates, and dark green to black magne-
sioriebeckite aggregates. Small amounts of K-
feldspar, barite, fluorapatite, phlogopite, iron
oxide, pyrochlore, monazite-(Ce), and zircon
are recognized.

TS-7: Carbonatite (Plate 1-G). Sample TS-7 is
a massive, gray carbonatite, mainly composed
of calcite and dolomite. Small amounts of phl-
ogopite, pyrochlore, fergusonite-(Ce), humite-
group mineral, barite, and iron oxide are rec-
ognized.

TS-8: Felsic alkali rock (Plate 1-H). Sample
TS-8 is a massive, coarse-grained, gray rock
with igneous texture. Large amounts of K-
feldspar and quartz are present. Small amounts
of aegirine-augite, magnesioriebeckite, phlo-
gopite, fluorapatite, zircon, titanite (sphene),
calcite and iron oxide are observed.

TS-9: Carbonatite (Plate 2-I). Sample TS-9 is a
massive, gray carbonatite, composed of calcite
and minor ankerite. Small amounts of fluorite,
phlogopite, huanghoite-(Ce), barite, monazite-
(Ce), bastnisite-(Ce), thorianite, thorite, rich-
terite-arfvedsonite (?), humite-group mineral,
iron oxide and sulfide, galena, and sphalerite
are recognized.

TS-10: Weathered carbonatite (Plate 2-J). Sam-
ple TS-10 is a massive, brown carbonatite
mainly consisting of calcite. Small amounts of
barite, bastnisite-(Ce), parisite-(Ce), allanite-
(Ce), ilmenite, iron oxide, goethite, and quartz
are observed.

TS-11: Fluorite rock (Plate 2-K). Sample TS-
11 is a massive, dark purplish-colored fluorite
rock. Tiny grains of barite, norsethite, zhang-

peishanite, and iron oxide are scarcely scat-
tered in fluorite matrix. Thin dolomite veinlets
cutting fluorite are recognized.

TS-12: Carbonatite (Plate 2-L). Sample TS-12
is a massive, gray carbonatite with phlogopite
flakes. The matrix of the rock consists of
major calcite and minor dolomite. Besides phl-
ogopite, small amounts of tremolite-richterite,
barite, chevkinite-perrierite-(Ce), monazite-
(Ce), Dbastnésite-(Ce), fluorbritholite-(Ce),
gadolinite-(Ce), ilmenite, iron oxide and sul-
fide, goethite, and galena are recognized in the
sample.

TS-13: Carbonatite with huanghoite-(Ce) band
(Plate 2-M). Sample TS-13 is a massive, gray
carbonatite with a reddish band of one cen-
timeter width. The carbonatite consists of cal-
cite and dolomite, with minor fluorbritholite-
(Ce), bastnisite-(Ce), cordylite-(Ce), humite-
group mineral, barite, tremolite-richterite, phl-
ogopite, fluorapatite, norsethite, iron oxide,
and galena. The reddish band is composed of
huanghoite-(Ce), fluorite, and humite-group
mineral with its clayey alteration product. This
clayey material causes reddish color of the
band.

TS-14: Carbonatite with monazite band (Plate
2-N). Sample TS-14 is a massive, gray carbon-
atite with brown monazite-(Ce)-bearing bands
of one centimeter width in maximum. The car-
bonatite consists of calcite and dolomite, with
minor humite-group mineral, barite, fluorap-
atite, fergusonite-(Ce), iron oxide (magnetite),
and galena. The brown band is composed of
fluorite, monazite-(Ce), and humite-group
mineral with serpentine as an alteration prod-
uct. Thin calcite veinlets are also present in the
sample.

TS-15: Cerium ore (Plate 2-O). Sample TS-15
is a massive fluorite-bastnésite-(Ce) rock with
dark purplish (fluorite) and greenish gray
(bastnésite-(Ce), phlogopite, and monazite-
(Ce)) bands. Fluorite band is almost mono-
mineralic with tiny pyrochlore grains, and flu-
orite grains show purplish color at their central
parts under the microscope. REE-bearing band
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Plate 2 Photographs of samples. I to P correspond to the samples TS-9 to TS-16.
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consists of bastnésite-(Ce), phlogopite, and
monazite-(Ce), with minor fluorapatite, ae-
girine, iron oxide and sulfide, and sphalerite.

TS-16: Cerium ore (Plate 2-P). Sample TS-16

is a banded fluorite-bastnésite-(Ce) rock, with
dark purplish (fluorite) and gray (bastnésite-
(Ce) and monazite-(Ce)) bands with thickness
of one to several millimeters. Fluorite band
consists of fluorite and rounded aggregates of
iron oxide with tiny ferrocolumbite grains.
REE-bearing band consists of bastnésite-(Ce),
with minor parisite-(Ce), monazite-(Ce), py-
rochlore, aeschynite-group mineral, ilmenoru-
tile, fluorapatite, barite, iron oxide, and iron
sulfide. Thin veinlets of calcite with dolomite
are present.

TS-17: Carbonatite (?) (Plate 3-Q). Sample

TS-17 is a massive, greenish gray rock, mainly
composed of dolomite with minor calcite.
Quartz is observed in a part of the thin section,
as fine, angular grains making aggregate of
amoeba-like form in fine-grained carbonate
matrix. This texture suggests that the rock
could not be simply classified as carbonatite.
Small amounts of fluorite, bastnisite-(Ce),
parisite-(Ce), barite, monazite-(Ce), fluorap-
atite, richterite-arfvedsonite, phlogopite, and
iron oxide are present.

TS-18: Carbonatite (Plate 3-R). Sample TS-18

is a massive, gray carbonatite with fibrous,
pale blue richterite-arfvedsonite vein of one
centimeter width. Carbonatite consists of cal-
cite and dolomite, with minor barite, fluorap-
atite, bastnasite-(Ce), huanghoite-(Ce), mon-
azite-(Ce), iron sulfide, and galena.

TS-19: Phlogopite-richterite rock (Plate 3-S).

Sample TS-19 is a massive, black rock mainly
consisting of phlogopite and tremolite-rich-
terite. Calcite and dolomite make small aggre-
gates in the silicate matrix. Small amounts of
monazite-(Ce), thorianite, barite, iron oxide
and sulfide, goethite, ilmenite, and sphalerite
are recognized.

TS-20: Magnetite-apatite rock (Plate 3-T).

Sample TS-20 is a weakly banded, black rock,
mainly composed of magnetite-hematite and

fluorapatite. Thin, mono-mineralic fluorite
bands are observed. Small grains of monazite-
(Ce) are also aggregated making thin bands.
Small amounts of barite, bastnédsite-(Ce),
parisite-(Ce), chevkinite-perrierite-(Ce), and
aeschynite-group mineral are recognized. Fine
calcite veinlets cut the banding structure of the
rock.

TS-21: Richterite-humite-group mineral-fluo-

rite rock (Plate 3-U). Sample TS-21 is a rock
with weak banding structure. Tremolite-rich-
terite makes dark green bands, and humite-
group mineral makes brown-colored bands due
to the color of its clayey alteration product.
Fluorite, iron oxide, and iron sulfide are com-
mon. Small amounts of calcite, dolomite,
ankerite, barite, pyrochlore, bastnisite-(La),
parisite-(Ce), cordylite-(Ce), huanghoite-(Ce),
cebaite-(Ce), aeschynite-group mineral, fergu-
sonite-(Ce), fluorbritholite-(Ce), monazite-
(Ce), bafertisite, sphalerite, and galena are pre-
sent.

TS-22: Monazite-fluorite rock (Plate 3-V).

Sample TS-22 is a massive to weakly banded
monazite-(Ce)-fluorite rock. Monazite-(Ce)
makes white to light brown bands, whereas
fluorite makes purple bands with small
amounts of dolomite and ankerite. Magnetite
and hematite also make discontinuous bands to
lenses. These bands include small grains of
bastnisite-(Ce), aeschynite-group mineral, flu-
orapatite, tremolite-richterite, phlogopite, and
ilmenite. Fine veinlets of quartz, barite, and
goethite are observed.

TS-23: Magnetite-apatite rock (Plate 3-W).

Sample TS-23 is a massive, black magnetite
ore with gray bands mainly consisting of fluo-
rapatite and monazite-(Ce). The latter bands
also include small amounts of fluorite, quartz,
and dolomite. Small amounts of barite, py-
rochlore, bastnésite-(Ce), aeschynite-group
mineral, ferrocolumbite, ilmenite, ilmenoru-
tile, and tetradymite (?) are recognized.

TS-24: Carbonatite with huanghoite-(Ce) band

(Plate 3-X). Sample TS-24 is a massive, brown
carbonatite with a huanghoite-(Ce) band. The
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Plate 3 Photographs of samples. Q to X correspond to the samples TS-17 to TS-24.
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sample is similar to TS-13 as to their mineral
assemblages, and consists of calcite and
dolomite, with minor fluorite, barite, fluorap-
atite, bastndsite-(Ce), parisite-(Ce), cordylite-
(Ce), monazite-(Ce), zircon, humite-group
mineral (norbergite) with serpentine, which
gives the sample brownish appearance, thori-
anite, norsethite, iron oxide and sulfide, and
galena. The band of less than one centimeter
width consists of huanghoite-(Ce), tremolite-
richterite, and phlogopite, with minor barite,
fluorapatite, norsethite, bastnisite-(Ce),
parisite-(Ce), and fluorite.

TS-25: Carbonatite (Plate 4-Y). Sample TS-25
is a massive, gray carbonatite mainly consist-
ing of dolomite, with minor fluorite, barite,
fluorapatite, phlogopite, tremolite-richterite,
bastnésite-(Ce), cordylite-(Ce), huanghoite-
(Ce), calcioancylite-(Ce), fluorbritholite-(Ce),
thorite, humite-group mineral, iron oxide and
sulfide, and galena.

TS-26: Magnetite-barite rock (Plate 4-Z). Sam-
ple TS-26 is a massive, dark gray rock, mainly
composed of magnetite, partly replaced by
hematite, and barite. Minor amounts of fluo-
rite, fluorapatite, bastnisite-(Ce), phlogopite,
allanite-(Ce), and paragonite are recognized.

Occurrence and Chemical Composition
of Minerals

As given in the previous chapter, mineral com-
position of samples remarkably varies sample to
sample, and shows rather complicated feature.
About fifty mineral species were recognized in
the studied samples as listed in Table 2. Among
them, selected are eighteen species which seem
worthy to be considered, and occurrence and
chemical composition of these minerals will be
presented in this chapter. Those minerals are
shown in Table 2 with asterisk marks following
mineral names.

1. Zhangpeishanite
This is a new mineral found in a sample (TS-
11) during the present study. The mineral occurs

sparsely as transparent, colorless, minute round-
ed grains smaller than 100 um in diameter in
purple-colored fluorite (Plate 4-1). Chemical
composition of this mineral was determined as
BaFCl. It is tetragonal with space group P4/nmm.
Zhangpeishanite is a member of the matlockite
group, and is the Ba-dominant analogue of mat-
lockite (PbFCI) and rorisite (CaFCl). The name
is for Professor Zhang, Peishan (born in 1925), a
mineralogist, of Chinese Academy of Sciences,
in recognition of his remarkable contributions to
the mineralogy of Bayan Obo. The mineral and
mineral name were approved by the IMA. De-
tailed description of the mineral is given by Shi-
mazaki et al. (2008a).

2. Ferrocolumbite

Ferrocolumbite, FeNb,O,, is a relatively un-
common accessory mineral in Bayan Obo ores,
and was found in three samples (TS-5, TS-16,
and TS-23) in this study. Under the microscope,
ferrocolumbites occur as small, reddish brown
grains with a size of less than several tens to sev-
eral hundreds of microns.

The analytical results of ferrocolumbites in the
samples TS-5 and TS-23 are shown in Table 3.
Standard deviation for the average value is given
as one sigma throughout all tables in the present
paper. Very small amounts of tantalum, yttrium,
and tin were recognized. A marked variation in
TiO, content was also identified.

It is worthy to note that small amount of scan-
dium is present in ferrocolumbites of TS-16 and
TS-23, whereas the ferrocolumbite of TS-5 is es-
sentially Sc-free. The Sc,O, content ranges from
0.20 to 0.25 wt% with an average value of 0.22%
for TS-16 ferrocolumbites, whereas it ranges
from 0.56 to 1.04 wt% with an average value of
0.67 wt% for TS-23 ferrocolumbites as shown in
Table 3. Besides the elements presently exploit-
ed, such as Nb, REE, and Fe, scandium and thori-
um have been considered as possible byproducts
from this deposit (Wang, 2004; Che ef al., 2006),
and it is important to the mining activity to clari-
fy in which minerals those elements are included.
Some details on the distribution of scandium in
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Table 3. Analytical results of Sc-free and Sc-bearing ferrocolumbites (TS-5, 11 analyses and TS-23, 15 analyses).
Sample TS-5 TS-23
Range Average Std. No. of atoms Range Average Std. No. of atoms
(Wt%) £ dev. (0=6) (Wt%) £ dev. (0=6)
Nb,O; 67.66-76.12  72.65 2.35 1.822 68.89-78.19  71.73 2.22 1.795
TiO, 1.56-9.52 5.12 2.34 0.214 2.04 2.96-7.91 6.08 1.43 0.253 2.05
Ta,0O5  0.00-0.25 0.14 0.09 0.002 0.00-0.30 0.12 0.09 0.002
FeO 14.13-19.09  17.15 1.63 0.794 16.07-18.22  16.76 0.60 0.775
MnO 1.98-6.09 3.68 1.25 0.173 2.77-3.32 3.03 0.15 0.142
MgO 0.30-0.44 0.36 0.04 0.030 101 0.08-0.17 0.13 0.02 0.011 0.98
Sc,0;  0.00-0.04 0.01 0.02 0.001 ' 0.56-1.04 0.67 0.13 0.032 '
Y,0, 0.18-0.62 0.33 0.13 0.010 0.14-0.36 0.22 0.06 0.007
SnO, 0.00-0.03 0.01 0.01 0.000 0.14-0.66 0.38 0.13 0.008
Total 99.45 99.12

studied minerals are given in a separate paper
(Shimazaki et al., 2008Db).

3. Fergusonite-(Ce)

Fergusonite-(Ce), (Ce, La, Y)NbO,, tetragonal,
is also a relatively uncommon accessory mineral
in Bayan Obo ores, and was found in three sam-
ples (Samples TS-7, TS-14, and TS-21) in the
present study. Fergusonite-(Ce) usually occurs as
reddish brown-colored, tiny grains with several
tens microns diameter, rimming pyrochlore ag-
gregates (TS-7) or near the boundary planes of
monazite-(Ce) bands (TS-21). Fergusonite-beta-
(Ce), monoclinic, is a mineral firstly described
from the Bayan Obo deposit, and the material
called fergusonite-(Ce) in the present study is
possibly fergusonite-beta-(Ce). Fergusonite-(Ce)
in TS-7 is in the metamict state with no X-ray
diffraction peaks. Fergusonite-(Ce) in TS-14 gave

extremely broad and weak X-ray diffractions.
Owing to the crystallographic natures, it was im-
possible to determine their crystal systems,
tetragonal or monoclinic for the present materi-
als.

The analytical results of Fergusonite-(Ce) of
TS-7 and TS-14 are shown in Table 4. Remark-
able differences are present between the minerals
from the two samples as to yttrium and thorium
contents. Fergusonite-(Ce) of TS-21 shows mod-
erate yttrium contents (0.77-1.70 Y,0,) and low
thorium contents (0.11-0.45 ThO,). Large varia-
tion in thorium contents of Bayan Obo fergu-
sonite-(Ce) is also recognized by Zhang et al.
(1995). It is worth noting that fergusonite-(Ce) in
the present study is associated with humite group
minerals, and is concordant with the description
that the mineral occurs in “magnesian skarn” in
the Bayan Obo deposit by Zhang and Tao (1986).

Plate 4 Photographs of samples (Y and Z) and some representative photomicrographs of minerals (1 to 6). Y
and Z correspond to the samples TS-25 to TS-26. 1: Photomicrograph of zhangpeishanite in TS-11, taken in
plane-polarized light. The width of photo is about 250 um. 2: Photomicrograph of bafertisite in TS-21, taken
in plane-polarized light. The width of photo is about 1 mm. 3 and 4: Photomicrographs of huanghoite-(Ce) in
TS-13, taken in plane-polarized light and under crossed polars. The width of photo is about 1 mm. 5 and 6:
Photomicrographs of phlogopite with reverse pleochroism in TS-13, taken in plane-polarized light. The latter
photo shows 90° clockwise rotated position of the former photo. Note that the phlogopite crystal elongates
along c-axis with the trace of basal cleavage perpendicular to the elongation. The width of photo is about 1
mm. Mineral names abbreviation is as follows. Bft: bafertisite, Cly: clayey material, Fbr: fluorbritholite-(Ce),
Flr: fluorite, Fsd: Fe-sulfide, Gln: galena, Hgh: huanghoite-(Ce), Hgm: humite-group mineral, Phl: phlogo-

pite, Rch: richterite, and Zpn: zhangpeishanite.
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Table 4. Analytical results of fergusonite-(Ce) (TS-7, 5 analyses and TS-14, 11 analyses).

Sample TS-7 TS-14
Range Average Std. No. of atoms Range Average Std. No. of atoms
(Wt%) dev. (0=4) (Wt%) dev. (0=4)
Nb,O; 43.66-45.48 44.74  0.65 0.993 1.00 44.01-47.14 4556  0.74 1.005 101
Ta,05  0.00-0.57 026  0.23 0.003 ) — — — — i
La,0, 11.00-12.47 11.63  0.58 0.211 4.03-7.29 6.05 1.03 0.109
Ce,0; 26.63-28.18 2724  0.51 0.490 20.53-25.41 23.61 1.51 0.423
Pr,0, 3.354.11 3.69 025 0.066 3.26-4.03 358 022 0.064
Nd,0; 10.66-12.25 1142  0.57 0.201 11.11-16.27  13.74 1.77 0.240
Sm,0; 0.01-0.40 026  0.15 0.004 0.21-1.44 0.78  0.32 0.013
Gd,0; 0.00-0.48 0.13  0.18 0.002 1.01 0.24-1.16 0.62 029 0.010 0.95
Dy,0; 0.02-0.13 0.07  0.04 0.001 0.49-1.07 0.74  0.15 0.007
Y,0, 0.19-0.33 0.26  0.06 0.003 1.45-5.48 2.89 1.30  0.038
CaO 0.31-0.57 0.43  0.08 0.023 0.13-0.92 0.41 0.23 0.021
FeO 0.00-0.13 0.06  0.05 0.002 0.01-0.44 0.17  0.14  0.007
ThO,  0.30-0.61 048 0.14 0.005 0.52-4.74 1.81 1.52 0.020
Total 100.67 99.96

4. Aeschynite-group minerals

Aeschynite-group minerals, AB,X,-type REE
and Nb-Ti oxides, are found in four samples, TS-
16, TS-20, TS-21, and TS-22. Aeschynite-group
minerals occur usually as tiny, yellowish brown
to reddish brown grains under the microscope.

In most analyses, the number of cerium ex-
ceeds the number of neodymium, and the number
of titanium exceeds the number of niobium, and
the minerals belong to aeschynite-(Ce). However,
analyses for TS-16 show almost equal amounts
of cerium and neodymium, and they are named
aeschynite-(Ce) or aeschynite-(Nd) by the pre-
dominance of cerium or neodymium as given in
Table 5-1. On the contrary, among analyses for
TS-22, one analysis shows the excess of niobium
over titanium, and indicates the presence of
niobo-aeschynite-(Ce) in part. The analytical re-
sults of aeschynite-(Ce) and niobo-aeschynite-
(Ce) of TS-22 are given in Table 5-2. Yttrium
and thorium contents are variable as seen in these
tables.

In the monograph on minerals from the Bayan
Obo deposit, Zhang and Tao (1986) put one
chapter titled “Some mineralogical problems of
aeschynite-group minerals of Bayan Obo and
other places”, and discussed about complexity of

their chemical composition and classification.
They recognized five species in Bayan Obo sam-
ples as aeschynite-(Ce), aeschynite-(Nd), niobo-
aeschynite-(Ce), niobo-aeschynite-(Nd), and ti-
tanian aeschynite-(Ce). The first three were also
recognized in the present study. If niobo-
aeschynite-(Nd) is confirmed, it will be a new
mineral, and it is thought to be highly possible on
the basis of compositional ranges obtained in the
present study. Yang et al. (2001) also recognized
these four members of aeschynite-group minerals
from the Bayan Obo deposit, and discussed the
correlation among cations and coupled substitu-
tion in these minerals. Zhang and Tao (1986) de-
scribed that aeschynite-group minerals in the
Bayan Obo deposit are transparent under the mi-
croscope, but are amorphous in X-ray diffraction
analyses due to metamictization.

5. Pyrochlore

Pyrochlore, NaCaNb,O4(F, OH), was found in
ten samples, TS-2 to TS-7, TS-15, TS-16, TS-21,
and TS-23. Pyrochlore occurs usually as color-
less to pale yellow, rounded grains, and is
isotropic under the microscope. It is a common
mineral in Bayan Obo ores, and is the most im-
portant niobium mineral in the mine.
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Table 5-1. Analytical results of aeschynite-(Ce) and aeschynite-(Nd) (TS-16).

Sample Aeschynite-(Ce) Aeschynite-(Nd)

Wt% No. of atoms (O=6) Wt% No. of atoms (O=6)
TiO, 25.59 1.179 27.00 1.258
Nb,O; 30.24 0.838 2.02 28.59 0.801 2.06
La,0, 0.78 0.018 0.54 0.012
Ce,0, 12.15 0.273 12.71 0.289
Pr,0, 3.13 0.070 2.82 0.064
Nd,0, 12.35 0.271 14.44 0.320
Sm,0, 2.31 0.049 2.57 0.055
Gd,0, 1.95 0.040 1.76 0.036
Dy,0, 1.25 0.025 1.04 0.92 0.018 1.00
Er,0, 0.29 0.006 0.14 0.003
Y,0, 4.25 0.139 2.20 0.073
CaO 1.60 0.105 1.11 0.074
FeO 0.46 0.024 0.31 0.016
ThO, 1.18 0.016 3.05 0.043
Total 97.53 98.16

Table 5-2. Analytical results of aeschynite-(Ce) and niobo-aeschynite-(Nd) (TS-22, 8 analyses and 1 analysis).

Sample Aeschynite-(Ce) Niobo-aeschynite-(Ce)
Range (wt%)  Average  Std.dev.  No. of atoms (O=6) Wt % No. of atoms (O=6)

TiO, 22.28-28.88 26.10 2.26 1.197 206 21.25 0.966 201

Nb,O4 29.08-36.88 31.24 3.07 0.862 ) 38.20 1.045 )

La,0, 2.43-3.33 3.00 0.32 0.068 2.40 0.054

Ce,0, 18.80-21.07 20.10 0.84 0.450 18.96 0.421

Pr,0, 2.64-3.52 3.08 0.23 0.068 2.81 0.062

Nd,0, 9.44-10.62 9.90 0.35 0.216 8.95 0.194

Sm,0, 0.67-1.18 0.94 0.17 0.020 1.07 0.022

Gd,0, 0.21-0.58 0.40 0.12 0.008 102 0.57 0.011 1.05

Dy,O, 0.06-0.36 0.23 0.10 0.005 ' 0.21 0.004 ’

Er,0, 0.00-0.58 0.07 0.08 0.001 0.12 0.002

Y,0, 0.44-0.98 0.72 0.20 0.023 1.13 0.036

CaO 1.77-2.36 2.00 0.19 0.131 3.20 0.208

FeO 0.34-0.46 0.39 0.04 0.020 0.67 0.034

ThO, 0.27-0.54 0.42 0.08 0.006 0.12 0.002

Total 98.59 99.66

Representative results of chemical analyses of
pyrochlore are given in Table 6. Titanium con-
tents are very variable from sample to sample.
Fluorine contents are also variable. Certain
amounts of REE are always contained in the min-
eral. These varieties are also described by Zhang
and Tao (1986).

6. Norsethite

Norsethite, BaMg(CO,),, is a relatively un-
common accessory mineral in the Bayan Obo de-
posit, and was recognized in three samples, TS-
11, TS-13, and TS-24. Norsethite occurs as tiny
grains in fluorite, similar to zhangpeishanite, in
TS-11, and as aggregates of grains of several tens
to one hundred microns diameter in carbonatite
parts of TS-13 and TS-24.
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Table 6. Analytical results of pyrochlore (TS-3, 3 analyses and TS-7, 10 analyses).
Sample TS-3 TS-7
Range Average Std. No. of atoms Range Average Std. No. of atoms
(Wt%) dev. (0=6.5) (Wt%) dev. (0=6.5)
Nb,O; 55.41-57.38 56.54 0.83 1.580 67.78-69.58 68.84 0.57 1.886
TiO,  7.56-8.89 8.23 0.54 0.382 1.96 0.24-0.45  0.31 0.06 0.014 1.91
Ta,0; 0.00-0.10 0.03 0.05 0.001 0.05-0.70  0.42 0.21 0.007
Na,0 6.25-6.67 6.48 0.18 0.777 493-544 512 0.14 0.601
CaO 14.26-15.35 14.90 0.47 0.989 17.38-18.50 18.26 0.31 1.186
FeO 0.22-0.56 0.36 0.14 0.019 1.51-1.85 1.71 0.10 0.086
MnO — — — — 0.12-0.19  0.16 0.02 0.008
MgO — — — — 0.05-0.12  0.08 0.02 0.008
AlLO, — — — — 0.11-0.17  0.15 0.02 0.011
Y,0, 0.37-0.49 0.41 0.05 0.013 0.00-0.26  0.11 0.08 0.003
La,0; 0.64-0.86 0.74 0.09 0.017 2.04 0.55-0.87 0.7 0.09 0.016 1.99
Ce,0; 5.10-6.06 5.58 0.39 0.126 1.94-2.33  2.14 0.15 0.047
Pr,0, 0.65-1.06 0.88 0.17 0.020 0.00-0.34  0.16 0.11 0.004
Nd,O0; 2.16-3.24 2.73 0.44 0.060 0.36-0.69  0.52 0.09 0.011
Sm,0; 0.14-0.36 0.26 0.09 0.006 0.00-0.19  0.06 0.07 0.001
Gd,0, — — — — 0.00-0.46  0.09 0.17 0.002
Dy,0; 0.13-0.21 0.17 0.03 0.003 — — — —
ThO, 0.38-0.85 0.69 0.22 0.010 0.04-0.59  0.29 0.15 0.004
F 3.80-4.17 4.03 0.17 0.788 0.79 4.13-4.42 426 0.08 0.817 0.33
O=F -1.70 -1.79
Total 100.33 101.59
Table 7. Analytical results of norsethite (TS-24, 5 analyses).
Range (wt%) Average Std. dev. No. of atoms (0=2)
BaO 50.17-51.48 50.91 0.42 0.846
CaO 0.35-0.47 0.42 0.04 0.019 0.90
SrO 0.34-0.43 0.37 0.03 0.009 ’
Na,O 0.16-0.26 0.20 0.04 0.017
TiO, 0.11-0.23 0.17 0.04 0.005
MgO 15.57-16.86 16.20 0.41 1.024 111
FeO 0.94-1.40 1.15 0.16 0.041 ’
MnO 0.98-1.27 1.15 0.11 0.041
CO,* 34.50 2
Total 105.07

* Calculated on the basis of ideal formula (C=2).

Representative results of chemical analysis of
norsethite are given in Table 7. Compared to the
ideal composition, a relatively large amount of
MgO was determined in the analysis.

7. Bastnisite-(Ce)
Bastnisite-(Ce), (Ce,La,Nd)(CO,)F,  was
found in 15 samples, TS-9, TS-10, TS-12, TS-13,

TS-15 to TS-18, and TS-20 to TS-26. Bastnisite-
(Ce) occurs usually as transparent, colorless
grains with high indices and high birefringence
under the microscope. It is a common mineral in
Bayan Obo ores, and is one of the most impor-
tant REE minerals in the mine.

Bastnisite-(Ce) frequently occurs with other
fluorocarbonate minerals like parisite, cordylite,
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and huanghoite. In particular, the assemblage of
bastnésite-(Ce) and parisite-(Ce) is common, and
observed in half of samples which contain
bastnésite-(Ce).

Results of chemical analyses of bastnésite-
(Ce) in the sample TS-17 are given in Table 8-1.
In the table, two kinds of bastnisite-(Ce), “Ca-
free” and “Ca-bearing”, are given. All analytical
results of bastndsite-(Ce) in the samples other
than TS-17, are similar to that of “Ca-free” in
Table 8-1. Only in TS-17, “Ca-bearing”
bastnésite-(Ce) is recognized as shown in the
table. The phase has high CaO content with low
F content and low total weight percents. This
variation is interpreted as that some synchysite-
(Ce), CaCe(CO,),F, layers are regularly stacked
in bastndsite-(Ce) structure (e.g. Yang et al,
1998). Following to this change, the La content
decreases drastically, and those of other RE ele-
ments, such as Pr and Nd, markedly increase. In
the sample TS-17, these two kinds of bastnésite-
(Ce) coexist without those of any intermediate
compositions between them.

In the present study, bastnisite-(La) was also
recognized in sample TS-21. The analytical re-
sults are shown in Table 8-2. In this sample, the
other REE carbonates, such as, parisite,
cordylite, and huanghoite, are present. However,
none of them showed the predominance of La
over Ce.

As stated above, most analytical results show
that the studied bastnisite-(Ce) is “Ca-free”, and
generally contain a relatively large amount La
and a small amount of Nd. However, the La and
Nd contents are variable sample to sample, and
bastnésite-(Ce) with relatively low La and high
Nd contents is also present as shown in Table 8-2
(sample TS-12).

Zhang and Tao (1986) reported in detail
bastnésites-(Ce) from the Bayan Obo deposit.
They recognized bastnisite-(Ce) only, but neither
bastnisite-(La), bastndsite-(Nd), nor bastnisite-
(Y). According to their description, the distribu-
tion of REE in their samples of bastnisite-(Ce) is
mostly Ce>La>Nd, whereas some of them show
Ce>Nd>La.

8. Parisite-(Ce)

Parisite-(Ce), CaCe,(CO,);F,, was found in
eight samples, TS-10, TS-16, TS-17, TS-20, TS-
21, TS-23 and TS-24. Parisite-(Ce) occurs usual-
ly as transparent, colorless small grains with high
indices and high birefringence under the micro-
scope. It is a relatively common REE mineral in
Bayan Obo ores.

Representative results of chemical analyses of
this mineral in the sample TS-24 are given in
Table 9. In all analytical results of the mineral in
the present study indicate that fluorine is strongly
depleted, and only reaches to 4.5 wt% at the max-
imum. However, in the description by Zhang and
Tao (1986), this kind of F depletion was not rec-
ognized.

9. Cordylite-(Ce)

Cordylite was defined previously as
BaCe,(CO,);F, for a long time (e.g.
Gains et al, 1997), but redefined as

(Na,_,Ca,,,)BaCe,(CO,),F by Giester et al
(1998). This mineral is common in the Bayan
Obo deposit, and Fu and Su (1987) determined
its chemical composition as NaBaCe,(CO,),F,
and named it baiyuneboite. In addition, Shen and
Mi (1991) determined crystal structure of the
mineral  with  chemical composition of
(Ca, 5L, 5)BaCe,(CO;),F from this deposit, and
they proposed in 1992 a general chemical formu-
la of cordylite as (Na,_,Ca,,)BaCe,(CO;),F.
Giester et al. (1998) checked the minerals from
four localities, including those from type locality
and the Bayan Obo deposit, and authorized this
formula.

This mineral was found in four samples, TS-
13, TS-21, TS-24, and TS-25 in the present
study. The appearance under the microscope is
quite similar to those of other fluorocarbonates
like bastnésite and parisite. The results of chemi-
cal analyses of cordylite-(Ce) from these four
samples indicate that there are two significant
characteristics on the chemical formula of this
mineral. One is a deficiency of fluorine, and the
other is an excess of calcium. The sample in TS-
21 gave an X-ray diffraction pattern identical to
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Table 8-1. Analytical results of bastnasite-(Ce) (TS-17, 9 analyses for Ca-free and 6 analyses for Ca-bearing).

Sample TS-17 (Ca-free) TS-17 (Ca-bearing)
Range Average Std. No. of atoms Range Average Std. No. of atoms
(Wt%) £ dev. (0=1.5) (Wt%) £ dev. (0=1.5)

La,0, 29.78-39.76 33.10  3.12 0.446 12.38-13.70 1323 045 0.172

Ce,0; 29.93-36.39 33.92 1.96 0.453 30.12-33.60  32.14 1.15 0415

Pr,0, 1.43-2.37 2.00 0.29 0.027 3.84-4.46 423 020 0.054

Nd,O; 3.56-5.97 513 0.78 0.067 12.56-14.57 13.75  0.66  0.173

Sm,0; 0.04-0.32 0.22  0.08 0.003 0.79-1.30 096 0.17 0.012

Gd,0;, 0.00-0.38 0.09 0.13 0.001 0.18-0.89 0.40 023  0.005

Tb,0, — — — — — — — —

Dy,0,  — — = M h00022 008 009 0001 M7

Er,04 — — — — — — — —

Y,0, 0.00-0.11 0.04  0.04 0.001 0.07-0.51 028 0.16  0.005

ThO, 0.00-0.09 0.02  0.03 0.000 0.91-1.28 .15 0.12  0.009

CaO 0.05-0.22 0.09  0.05 0.004 4.76-5.71 5.41 0.31 0.204

SrO 0.00-0.04 0.01 0.01 0.000 0.81-1.12 098  0.11 0.02

BaO 0.00-0.16 0.04  0.06 0.001 0.00-0.33 0.13  0.13 _ 0.002

F 8.28-8.72 848  0.16 0.979 | 6.79-8.29 7.61 046  0.849 |

H,0* 0.09 0.021 0.64 0.151

O=F —3.57 —3.20

CO,* 20.07 1 20.77 1

Total 99.73 98.56

* Calculated on the basis of ideal formula (F+OH=1, C=1).

Table 8-2. Analytical results of bastndsite-(La) (TS-21, 7 analyses) and bastnisite-(Ce) (TS-12, 5 analyses).

Sample TS-21 TS-12
Range Average Std. No. of atoms Range Average Std. No. of atoms
(Wt%) £ dev. (0=1.5) (Wt%) £ dev. (0=1.5)
La,0; 35.09-36.58 35.86  0.46 0.482 15.06-19.75  16.93 1.78 0.230
Ce,0; 31.25-32.18 31.80 0.31 0.424 36.01-37.00 36.46 041 0.493
Pr,0,  1.57-2.01 175 0.14 0.023 3.66-4.42 409 033 0.055
Nd,0; 4.67-4.92 481 0.08 0.063 12.19-15.32  14.02 1.22 0.185
Sm,0;  0.00-0.45 023 0.14 0.003 0.73-1.20 097 017  0.012
Gd,0, — — — — 0.03-0.42 0.19 0.16  0.002
Tb,0, — — — — — — — —
Dy,0, — — — — 1.00 0.00-0.16 0.10  0.06  0.001 1.01
Er,0, — — — — — — — —
Y,0, — — — — 0.15-0.34 025  0.08 0.005
ThO,  0.05-0.34 0.19  0.10 0.002 0.03-0.19 0.13  0.06  0.001
CaO 0.06-0.25 0.13  0.06 0.005 0.26-0.91 0.50 0.25 0.020
SrO 0.00-0.05 0.03  0.02 0.001 0.00-0.07 0.02  0.03 0.000
BaO — — — — 0.00-0.39 0.13  0.16 _ 0.002
F 8.91-9.28 9.05 0.12 1.042 1.04 7.76-7.98 7.88  0.01 0.919 1
H,0 — 0 ) 0.33 0.081
O=F —3.81 —3.32
CO,* 20.11 1 19.857 1
Total 100.15 98.54

* Calculated on the basis of ideal formula (F+OH=1, C=1).
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Table 9. Analytical results of parisite-(Ce) (TS-24, 8 analyses).

Range (wt%) Average Std. dev. No. of atoms (0=4)
CaO 9.75-10.75 10.38 0.36 1.012
SrO 0.09-0.48 0.29 0.12 0.015 1.03
BaO 0.00-0.19 0.07 0.07 0.003
La,0, 13.72-14.96 14.24 0.43 0.478
Ce,0, 29.28-30.62 29.80 0.42 0.992
Pr,0, 3.19-3.75 3.38 0.16 0.112
Nd,0, 10.57-12.05 11.24 0.46 0.365
Sm,0, 0.49-0.74 0.60 0.08 0.019 198
Gd,0, 0.00-0.37 0.16 0.14 0.005 ’
Tb,0, 0.00-0.16 0.05 0.05 0.002
Dy,0, 0.00-0.08 0.03 0.03 0.001
Er,0,4 0.00-0.17 0.06 0.05 0.002
Y,0, 0.00-0.18 0.11 0.07 0.005
F 4.18-4.53 4.40 0.13 1.266 5
H,0* 1.21 0.734
O=F —1.85
CO,* 24.16 3
Total 98.33

* Calculated on the basis of ideal formula (F+OH=2, C=3).

the database (ICDD #27-34).

Representative analytical results are given in
Table 10, and the number of atoms in the chemi-
cal formula is calculated on the basis of 4.5 oxy-
gen atoms except CO,. As shown in the table,
fluorine occupies only about 76 to 85% of the
site, and this is a common feature through all
cordylites analyzed in the present study. The
number of sodium is 0.4 to 0.45, and the number
of calcium is always excess over the value given
by (1—Na)/2 (Table 10). The latter feature indi-
cates the necessity of re-definition of this mineral
as to the calcium content, in particular, the min-
eral with more than 0.4 Ca in the (Na, Ca) site, as
exemplified by TS-21 in Table 10.

The deficiency of fluorine and the excess of
calcium bring the excess of positive charge. One
solution is to suppose that oxygen could replace
fluorine, such as (Ca,Na)BaCe,(CO;),(O, OH, F).
However, according to the results of TS-21
(Table 10), the excess of positive charge is possi-
bly compensated by the deficiency of REE. Obvi-
ously further study is necessary on cordylites
from the Bayan Obo deposit.

As to the distribution of REE in cordylites in
the deposit, Zhang and Tao (1986) recognized

two types, such as Ce>La>Nd and Ce>Nd>La.
In the present study, this tendency is also noticed.
For example, the mineral from TS-13 shows
Ce>Nd>La (Table 10), but cordylites from
other three samples show Ce>La>Nd. In partic-
ular, the sample TS-21 includes bastndsite-(La),
and shows relative enrichment of lanthanum in
the sample (Table 10).

10. Huanghoite-(Ce)

Huanghoite-(Ce), BaCe(CO;),F, is a common
fluorocarbonate mineral in the Bayan Obo de-
posit, and found in six samples (TS-9, TS-13,
TS-18, TS-21, TS-24, and TS-25) in the present
study. The appearance under the microscope is
similar to common carbonate minerals, and show
parallel, elongated rectangular shape, indicating
that the mineral makes parallel aggregates of
platy crystals (Plates 4-3 and 4-4).

Representative results of chemical analyses are
shown in Table 11. Most of obtained analyses are
similar to that given in Table 11. The ratio of bar-
ium to REE is almost 1: 1, but fluorine is always
deficient, and occupies only 50 to 60% of the
site. The rest could be OH radical. However, such
a large deficiency of fluorine was not recognized
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Table 10. Analytical results of cordylite-(Ce) (TS-13, 5 analyses and TS-21, 10 analyses).

Sample TS-13 TS-21
Range Average Std. No. of atoms Range Average Std. No. of atoms
(Wt%) dev. (0=4.5) (Wt%) dev. (0=4.5)
BaO  23.63-25.77 2459  0.77 1.094 1.09 23.75-26.39 2552  0.84 1.096 1.10
Na,O 1.80-2.22 200 0.14 0.439 1.73-2.17 1.89  0.14 0401
SrO 1.07-1.40 1.27  0.11 0.084 0.72 0.31-0.52 0.46  0.07 0.029 0.73
CaO 2.13-3.92 315 0.64 0.383 4.46-4.81 465  0.12 0.546
La,0, 5.80-7.17 6.44  0.55 0.270 18.10-19.50 1894 046  0.766
Ce,0; 19.32-22.15 2094 093 0.871 18.59-19.93 19.20  0.51 0.770
Pr,0;  2.76-3.97 336 0.40 0.139 1.01-1.87 1.49 030  0.060
Nd,0, 11.37-14.05 12.09 1.03 0.490 3.52-3.92 3.66 0.14  0.143
Sm,0;  0.40-0.95 0.70  0.21 0.027 2 0.08-0.30 0.15  0.07  0.006 2
Gd,0, 0.02-0.34 0.17  0.14 0.006 0.00-0.15 0.05  0.05 0.002
Tb,0, — — — — — — — —
Dy,0;  0.00-0.14 0.03  0.06 0.001 — — — —
Er,0, — — — — — — — —
Y,0, 0.00-0.13 0.04  0.05 0.002 0.00-0.14 0.07  0.05 0.004
ThO,  0.00-0.34 0.18  0.11 0.005 0.00-0.16 0.06  0.07 0.001
F 2.17-2.72 236  0.19 0.847 | 2.13-2.23 218  0.04  0.755 |
H,O0* 0.20 0.153 0.33 0.245
O=F —0.99 —0.92
CO,* 25.80 4 26.73 4
Total 102.33 104.46

* Calculated on the basis of the general formula (Na, Ca, [1)Ba(Ce, Ca),(CO;),F

in previous works (e.g. Zhang and Tao, 1986).

As mentioned previously, the sample TS-21 is
relatively enriched in lanthanum, and this nature
is markedly indicated in huanghoite-(Ce) analy-
ses, too (Table 11).

11. Cebaite-(Ce)

In addition to huanghoite, a rare earth fluoro-
carbonate with higher barium contents was rec-
ognized in the TS-21. It was identified as cebaite-
(Ce), Ba,Ce,(CO,)sF,, with the chemical compo-
sition and X-ray diffraction pattern. The deficien-
cy of fluorine, ca. 1.2 in the empirical formula,
indicates a replacement of F with (OH) in ce-
baite-(Ce) from Bayan Obo. Some grains showed
La-dominance over Ce (Table 12) among the rare
earth elements.

12. Calcioancylite-(Ce)

The mineral in the sample TS-25 with a con-
siderable amount of strontium gives an X-ray dif-
fraction pattern identical to those of ancylite-

(Ce), calcioancylite-(Ce) and kozoite-(Nd). It is
calcioancylite-(Ce) having a chemical composi-
tion of solid solution towards to ancylite-(Ce), in-
dicating that more than 35% of the Ca site is re-
placed by Sr (Table 13). It is richer in rare earth
elements in comparison to the ideal composition,
[CaCe](CO;),[(OH)(H,0)]. A part of (OH) is
replaced with F suggesting a fluorine end
member in  ancylite  group  minerals,
[CaCe](CO5),[F(H,0)].

13. Fluorbritholite-(Ce)

Fluorbritholite-(Ce), (Ce, Ca);[(Si, P)O,](E, OH),
is a relatively common accessory mineral in the
Bayan Obo deposit, and appears with or without
fluorapatite. The mineral is observed in five sam-
ples (TS-2, TS-12, TS-13, TS-21, and TS-25), as
rounded, short prismatic grains, very similar to
apatite in appearance under the microscope
(Plate 4-5 and 4-6).

Representative results of chemical analyses are
shown in Table 14. In most analyses, the number
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Table 11. Analytical results of huanghoite-(Ce) (TS-21, 7 analyses and TS-24, 6 analyses).

Sample TS-21 TS-24
Range Average Std. No. of atoms Range Average Std. No. of atoms
(Wt%) dev. M=2) (Wt%) dev. M=2)

BaO  34.25-3749 3544 1.02 0.965 38.02-39.04  38.43 0.32 1.010
CaO 0.08-0.29 0.17  0.09 0.012 0.99 0.08-0.14 0.11 0.02 0.008 102
Na,0  0.00-0.08 0.05  0.02 0.007 ’ — 0.00 — 0.000 ’
SrO 0.02-0.26 0.12  0.08 0.005 0.01-0.15 0.09  0.05 0.003
La,0; 11.56-16.07 14.04 1.65 0.360 8.70-10.53 10.03 0.62 0.248
Ce,0;, 18.18-19.55 1894 0.4l 0.482 19.02-20.25 19.58  0.44 0.481
Pr,0, 1.34-2.09 1.65 022 0.042 2.13-2.56 232 015 0.057
Nd, 0, 3.66-6.38 4.62 1.00 0.115 7.01-8.78 7.61 0.60 0.182
Sm,0;  0.00-0.52 027  0.18 0.006 101 0.00-0.55 0.25 0.20 0.006 0.98
Gd,0; 0.00-0.34 0.08 0.12 0.002 ’ 0.02-0.23 0.11 0.08 0.002 '
Tb,0, — — — — — 0.00 — —
Dy,O, — — — — — 0.00 — —
Er,0, — — — — — 0.00 — —
Y,0, 0.00-0.28 0.11 0.11 0.004 0.00-0.13 0.03 0.05 0.001
ThO, — — — — 0.00 0.00-0.28 0.12  0.11 0.002 0.00
F 2.77-3.54 3.01 0.23 0.662 | 2.39-2.81 272 0.15 0.576 1
H,0* 0.73 0.338 0.95 0.424
O=F —1.27 —1.14
CO,* 21.08 2 21.84 2
Total 99.04 103.05

* Calculated on the basis of an ideal formula (F+OH=1, C=2).

Table 12. Analytical results of cebaite-(La) (TS-21, 3 analyses).

Range (wt%) Average Std. dev. No. of atoms (M=5)

BaO 42.47-43.07 42.84 0.26 2.847
CaO 0.27-0.32 0.30 0.02 0.055 295
Na,O 0.07-0.11 0.09 0.01 0.030 ’
SrO 0.17-0.33 0.23 0.07 0.022
La,0, 13.89-16.93 14.94 1.41 0.934
Ce,0, 13.10-15.22 14.24 0.87 0.884
Pr,0, 0.85-1.42 1.12 0.23 0.069
Nd,0, 1.84-2.79 2.44 0.43 0.148
Sm,04 0.00-0.17 0.06 0.08 0.003 205
Gd,0, 0.00-0.24 0.11 0.10 0.006 ’
Tb,0, — — — —
B0, - — - -

e — — — —
Y,0, 0.00-0.02 0.01 0.01 0.001
F 2.19-2.38 2.29 0.08 1.228 1.95
H,0* 4.42 0.726 )
O=F —0.96
CO,* 21.60 5
Total 103.73

* Calculated on the basis of an ideal formula (OH=(2—F)+(REE**—2), C=5).
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Table 13. Analytical results of calcioancylite-(Ce) (TS-25, 8 analyses).
Range (wt%) Average Std. dev. No. of atoms (M=2)

CaO 4.65-6.81 5.80 0.76 0.395
SrO 5.76-8.69 7.13 0.96 0.262 0.67
BaO 0.26-0.70 0.47 0.14 0.012
La,0, 17.03-22.09 19.40 1.48 0.454
Ce,0, 26.11-30.10 28.59 1.32 0.665
Pr,0, 2.14-2.91 2.48 0.22 0.057
Nd,0, 5.21-7.65 6.33 0.72 0.143
Sm,0, 0.03-0.49 0.30 0.15 0.006 133
Gd,0, 0.00-0.32 0.17 0.11 0.004 ’
Tb,0, — — — —
Dy,0; — — — —
Er,04 — — — —
Y,0, — — — —
ThO, 0.00-0.27 0.10 0.10 0.001
F 2.09-2.95 2.50 0.25 0.503
O=F —1.05
CO,* 23.07 2
H,0* 5.11 2.164
Total 100.40

* Calculated on the basis of ideal formula (H,O=M?>", OH =REE*", C=2).

of fluorine in the unit formula is nearly one or
more, and confirms that the mineral belongs
to fluorbritholite. As shown in Table 14 (TS-12),
essentially P,Os-free fluorbritholites are present
in the studied samples. The end-member of
fluorbritholite-(Ce) could be expressed as
Ce,Cay(SiO,);F, and the number of calcium in
the unit formula could not be less than two. How-
ever, as shown in the table, some analyses show a
deficiency of calcium, much less than two. Ex-
cess of positive charge by REE over three seems
to be compensated by producing a vacant posi-
tion, such as that the total number of Ca and REE
are less than five.

In the monograph by Zhang and Tao (1986),
two examples of britholite-(Ce) analyses are
given. One has an excess, 4.50 wt%, fluorine, to
be fluorbritholite-(Ce), and the other is F-free,
obviously to be britholite-(Ce).

14. Gadolinite-(Ce)

Gadolinite-(Ce), Ce,Fe’*Be,Si,0,, is usually
found in alkali pegmatites and alkali granites,
and has not yet been reported from the Bayan
Obo deposit. Through the study on sample TS-

12, some REE minerals are recognized as scat-
tered around tremolite-richterite aggregates.
Among them, a REE-bearing mineral with much
amount of Si, with low amount of Ca, and actual-
ly free from Ti and P, is noticed as tiny grains.
The chemical composition clearly indicates that
the mineral could not be chevkinite-perrierite-
(Ce), monazite-(Ce), bastnisite-(Ce), or fluor-
britholite-(Ce), but is possibly gadolinite-(Ce).
The X-ray diffraction pattern of this grain gave a
pattern of gadolinite-datolite group mineral. Al-
though beryllium could not be analyzed at pre-
sent, the analytical results are very consistent to
the consideration that this is gadolinite-(Ce), the
Ce-predominant member of the gadolinite-dato-
lite group, as shown in Table 15.

15. Bafertisite

Bafertisite, BaFe?*TiOSi,0,(OH,F),, was a
rare mineral firstly described from the Bayan
Obo deposit, and was found only in one sample
(TS-21) in the present study. Under the micro-
scope, the mineral occurs as brown, tiny, elongat-
ed crystals associated with huanghoite (Plate 4-
2).
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Table 14. Analytical results of fluorbritholite-(Ce) (TS-12, 11 analyses and TS-21, 9 analyses).

Sample TS-12 TS-21
Range Average Std. No. of atoms Range Average Std. No. of atoms
(Wt%) dev. (0=12.5) (Wt%) dev. (0=12.5)
CaO 6.66-8.38 7.66  0.60 1.133 13.62-14.85 14.03 041 2.028
FeO 0.14-0.40 024  0.04 0.028 0.09-0.30 0.18  0.07  0.020
La,0, 12.08-19.13 1589  0.85 0.807 13.71-16.70  15.44 1.66  0.766
Ce,0; 32.55-35.02 33.41] 1.33 1.687 29.12-30.44 28.78  3.17 1.420
Pr,0, 3.46-4.60 4.03  0.18 0.202 2.89-3.67 318 024  0.156
Nd,0, 10.64-16.84 13.61 1.01 0.671 8.76-10.35 9.57 045 0.461
Sm,0; 0.59-1.79 1.07  0.25 0.051 4.63 0.61-1.10 083 0.14  0.039 5.05
Eu,04 — — — — 0.50-0.82 0.66  0.10  0.030
Gd,0; 0.00-0.78 032 0.19 0.015 0.09-0.86 0.53  0.21 0.024
Tb,0, — — — — 0.00-0.21 0.08  0.07  0.004
Dy,0, 0.00-0.18 0.10  0.11 0.004 0.31-0.68 048  0.11 0.021
Y,0; 0.07-0.57 027  0.15 0.020 0.86-1.20 1.04  0.10  0.074
ThO,  0.02-1.06 032  0.13 0.010 0.00-0.29 0.14  0.10 _ 0.004
SiO,  21.53-22.58 2220  0.59 3.065 307 18.50-20.01 19.34 048  2.607 2.90
P,O; 0.00-0.05 0.01 0.3 0.001 : 1.97-3.36 259 044 _ 0.295 :
F 1.93-2.69 239 039 1.042 1.04 2.29-3.57 2.57 040 1.094 1.09
O=F —1.01 —1.08
Total 100.51 98.36

The results of chemical analyses are shown in
Table 16. Some amounts of manganese are pre-
sent in the mineral as Zhang and Tao (1986) de-
scribed.

16. Chevkinite-Perrierite-(Ce)

Chevkinite-perrierite group minerals have rel-
atively complicated chemical compositions, with
a general formula of A,BC,(Si,0,),04, where
A=Ca, REE, Th; B=Fe, Mn, Mg; and C=Ti,
Mg, Fe, Al. The mineral seems relatively rare in
the Bayan Obo deposit, and was found in two
samples (TS-12 and TS-20) in the present study.
Under the microscope, the mineral occurs as
brown, tiny, elongated grains of several tens to
100 microns long, closely associated with other
REE minerals like monazite-(Ce), bastnésite-
(Ce), and fluorbritholite-(Ce) (TS-12), or accom-
panied with magnetite aggregates (TS-20). The
results of chemical analyses of the minerals in
TS-12 and TS-20 are given in Table 17.

The relationship between chevkinite and per-
rierite, whether dimorphs or not, has been con-
troversial for a long time. A single-crystal dif-
fraction work is the conclusive determination of

the type of crystal structure, chevkinite or per-
rierite, for these minerals (e.g., the crystal struc-
ture of rengeite with the perrierite structure;
Miyawaki et al., 2002). However, the X-ray dif-
fraction technique could not be applied to a sin-
gle crystal of the material due to its scarcity and
fine grain size. According to the discrimination
diagram with a criterion of the relative abun-
dance of CaO and FeO* for distinguishing be-
tween the two minerals, which was proposed by
Macdonald and Belkin (2002), Shimazaki et al.
(2008b) assigned the minerals in TS-12 and TS-
20 as chevkinite-(Ce) and perrierite-(Ce), respec-
tively. These two minerals were also identified
from the Bayan Obo deposit in previous works;
chevkinite-(Ce) (Zhang and Tao, 1986) and per-
rierite-(Ce) (Zhang et al., 1995).

17. Baotite

Baotite, Ba,(Ti, Nb, Fe’*);0,,(Si,0,,)Cl, is
also a rare mineral firstly found in the Bayan Obo
area, and found in one sample (TS-5) in the pre-
sent study. It occurs as tiny, brownish grains, and
is pleochroic under the microscope.

The results of chemical analyses of the mineral
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Table 15. Analytical results of gadolinite-(Ce) (TS-12, 7 analyses).

Range (wt%) Average Std. dev. No. of atoms*
FeO 6.91-7.69 7.31 0.23 0.543 0.80
MgO 1.73-2.02 1.91 0.09 0.253 )
La,O, 11.06-12.81 11.65 0.56 0.382
Ce,0, 26.70-28.85 27.62 0.73 0.899
Pr,0, 3.27-3.78 3.48 0.20 0.113
Nd,0, 11.15-13.43 12.70 0.71 0.403
Sm, 0, 0.78-1.46 1.14 0.18 0.035 1.94
Gd,0, 0.00-0.48 0.17 0.17 0.005 '
Dy,0, 0.46-0.64 0.57 0.06 0.016
Y,0, 0.04-0.37 0.18 0.11 0.009
CaO 0.61-1.09 0.76 0.15 0.072
ThO, 0.06-0.35 0.20 0.09 0.004
Sio, 22.73-24.19 23.21 0.50 2.062 2.06
BeO** 9.37 2 2
H,0%** 0.69 0.407
Total 100.96

*(Si+REE+Ca+Th=4)
** Calculated on the basis of ideal formula.

Table 16. Analytical results of bafertisite (TS-21, 3 analyses).

Range (wt%) Average Std. dev. No. of atoms (0O=9)
BaO 26.86-28.82 27.60 0.87 0.932
CaO 0.34-1.82 1.03 0.61 0.095 1.05
Na,O 0.10-0.15 0.12 0.02 0.020
FeO 23.79-24.60 24.15 0.34 1.739 1.98
MnO 3.08-3.46 3.32 0.17 0.242 )
TiO, 12.93-13.90 13.45 0.40 0.872
Nb,O; 0.86-1.33 1.10 0.19 0.043 0.92
Ta,O4 — — — —
Sio, 23.73-24.43 24.00 0.30 2.067 2.07
F 1.81-1.91 1.86 0.04 0.505 5
H,0* 2.60 1.495
O=F —0.78
Total 98.45

* Calculated on the basis of ideal formula (F+OH=—2).

in TS-5 are given in Table 18. An excess of num-
ber of atoms in the site for Ti, Nb, and ferric
iron, is recognized. However, the presence of Ba,
Si, and Cl, with adequate numbers of atoms, that
is 4:4:1, confirms that this is baotite. It is re-
ported that the mineral mainly occurs along
quartz veins in siliceous sedimentary rocks, but
occurs also in the Main and East orebodies with
aegirine, richterite, and albite (Zhang and Tao,
1986), and the occurrence in TS-5 seems to cor-

respond to the latter case.

18. Phlogopite-group minerals

Phlogopite, KMg;AlSi;0,,(F, OH),, and relat-
ed minerals are common in the deposit, and ob-
served in 15 samples in the present study, such
as, in TS-2, TS-3, TS-6 to TS-9, TS-12, TS-13,
TS-15, TS-17, TS-19, TS-22, and TS-24 to TS-
26. Subhedral to euhedral, platy crystals of sever-
al tens to several hundreds microns are common,



A Reconnaissance Study on Minerals from the Bayan Obo Nb-REE-Fe Deposit, Inner Mongolia, China 23

Table 17. Analytical results of chevkinite-(Ce) (TS-12, 4 analyses) and perrierite-(Ce) (TS-20, 10 analyses).
Sample TS-12 TS-20
Range Average Std. No. of atoms Range Average Std. No. of atoms
(Wt%) £ dev. (0=22) (Wt%) £ dev. (0=22)
La,0; 13.74-18.02 1590 1.881 1.231 La,0; 7.19-9.11 831 0.696 0.610
Ce,0;, 23.47-2597 2464 0885 1.895 Ce,0; 17.89-20.61 19.81 0.483 1.445
Pr,0, 1.81-2.45 2.18 0.238 0.167 Pr,0, 1.97-2.51 227 0.166 0.165
Nd,0; 6.07-7.53 7.05  0.969 0.529 Nd,0, 6.83-7.70 720 0.289 0.513
Sm,0; 0.05-0.51 031 0168 002 ;o0 SmO, 022064 040 0116 0028
Gd,0; 0.00-0.21 0.07 0.086 0.005 ’ Gd,0; 0.00-0.45 0.15 0.135 0.010 ’
Dy,0; 0.00-0.20  0.07 0.081 0.005 Dy,0, 0.00-0.17  0.05 0.061 0.003
ThO, 0.00-0.20 0.07 0.082 0.003 ThO, 0.01-0.25 0.08 0.079 0.004
CaO 0.39-0.91 0.57 0208 0.128 CaO 3.95-5.19 473  0.407 1.010
Y,0, 0.00-0.12 0.05 0.052 0.006 SrO 1.87-2.68 241 0245 0.277
FO 898978 948 0310 00— — R0 523861 668 0925 —000—00
TiO, 14.56-15.73 15.00 0.439 2.365 417 TiO, 17.01-18.34 17.70  0.061 2.647
ALO;  0.38-2.29 1.70  0.771 0.421 : Nb,O;  0.16-0.92 0.49 0220 0.044 334
MgO 1.45-1.61 1.53  0.057 0.722 Sc,0;  2.82-3.64 326 0255 0.565
SiO,  19.57-20.98 20.38 0.512 4.285 4.29 ALO,  130-2.59  2.03 0356 _0.476
Si0,  20.50-21.75 21.14 0453 4215 422
Total 99.00
Total 96.71
Table 18. Analytical results of baotite (TS-5, 5 analyses).
Range (wt%) Average Std. dev. No. of atoms (0=29)
BaO 35.73-39.02 37.51 1.18 3.865 3.90
MnO 0.07-0.26 0.16 0.06 0.036 )
TiO, 27.70-31.45 30.14 1.43 5.939
Nb,O4 13.02-14.70 13.75 0.80 1.630 321
Ta,O4 0.00-0.35 0.14 0.13 0.010 ’
Fe,O, 2.73-3.75 3.18 0.40 0.627
SiO, 15.30-16.11 15.57 0.28 4.091 4.09
Cl 2.08-2.14 2.12 0.03 0.941 0.94
0=Cl —0.48
Total 102.09

and usually show colorless to light brown
pleochroism under the microscope. It is worthy
to note that phlogopites in a few specimens (e.g.
TS-13, TS-24, and TS-25) show unusual, reverse
pleochroism, that is, Z'=colorless and X'=light
brown. Some grains are elongated along c-axis
with the trace of basal cleavage perpendicular to
the elongation (Plates 4-5 and 4-6). It is known
that the phlogopite with this optical anomaly has
been described from kimberlites and carbonatites
(e.g. Shinno and Suwa, 1981), and reverse

pleochroism in Fe?*- and Fe**-bearing phlogo-
pite is attributed to tetrahedrally coordinated fer-
ric iron.

Chemical composition of phlogopites and re-
lated minerals in the studied samples shows
rather complicated feature. Almost half of the an-
alytical results show chemical composition close
to normal phlogopite, KMg,;AlSi;O,,(OH, F),.
However, even in those analyses, some excess of
silica and some deficiency of alumina are com-
monly observed as shown in Table 19-1, reflect-
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ing Al-depleted nature of the mineralization in
Bayan Obo. The rest of analyses, of unusual phl-
ogopite, could be divided into two groups, Ba-
bearing group and Si-rich group.

The Ba-bearing phlogopite is known as ki-
noshitalite, and ideal chemical formula of the
end-member is written as BaMg;Al,Si,0,,(OH),.
In the present study, grains of phlogopite with
variable amounts of barium, up to 20 wt% BaO,
are recognized in some samples as shown in
Table 19-1. Table 19-1 shows an example of
analyses with Ba more than 0.5 in the site for K
(TS-17). Although due to Al-poor environments,
the number of Al is less than the expected value
to balance the excess positive charge by Ba in-
stead of K, and the excess positive charge seems
to be partly compensated by the deficiency of
atoms in the site for K, this mineral could be
called kinoshitalite.

The other group of analytical results is charac-
terized by enrichment of Si, more than 3, up to 4,
in the ideal formula, with strong depletion of Al.
There seem to be two types present. One (Type 1)
is iron-bearing phlogopite with reverse pleochro-
ism. Chemical composition of an example from
TS-24 is given in the first column of Table
19-2. A considerable amount of iron exists.
Considering that the mineral shows reverse
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pleochroism, total iron was assigned to ferric and
ferrous by the calculation to achieve that the total
number of atoms of silicon, titanium, aluminum
and ferric iron is four in the tetrahedral site.
Alumina is almost completely depleted, and
the tetrahedral site for aluminum in normal
phlogopite unit formula is occupied by ferric
iron and less silicon. In general, ferric-rich
end-member is known as tetraferriannite,
K(Fe**, Mg),Fe’*Si,0,,(OH, F),, and tetrafer-
riphlogopite, ~ K(Mg, Fe*"),Fe**Si,0,,(OH, F),.
The studied mineral could be the F-bearing
tetraferriphlogopite,  that K(Mg, Fe*");-
(Fe**, Si, A1)Si,0,,(OH, F),.

The other type (Type 2) of Si-enrichment is as-
sociated with the void of octahedral Mg, as
shown in the second column of Table 19-2. In
this example, alumina is again much depleted,
and the tetrahedral site is completely occupied by
silicon. The excess positive charge is balanced by
0.5 void in octahedral site, and the end-member
could be presented as KMg, ;[ ], sSi,0,,(OH, F),.
The mineral with a similar composition is known
in  muscovite subgroup as  montdorite,
(K, Na)(Fe**, Mn**, Mg), 5[0, sS1,0,,(F, OH),.
Thus, the studied mineral could be the
Mg-analogue of montdorite, that is, K(Mg,
Fe?"), ;[0,551,0,((OH, F),. The material with

is,

Table 19-1. Analytical results of phlogopite and kinoshitalite (TS-17, 3 analyses and 16 analyses).

Sample TS-17 Phlogopite TS-17 Kinoshitalite

Range Average Std. No. of atoms Range Average Std. No. of atoms

(Wt%) £ dev. (0=11) (Wt%) £ dev. (0=11)
SiO,  43.36-4527 4458  0.86 3.192 320 33.65-37.49 3583 1.38  2.749 276
TiO, 0.02-0.34 0.15 0.14 0.008 ) 0.10-0.32 0.19  0.07 _ 0.011 )
ALO, 9.30-10.28 9.72 041 0.819 0.82 11.84-13.63 12.84 047 1.159 1.16
MgO  21.63-22.24 22.00 0.27 2.363 21.25-25.01 2325  0.03 2.675
FeO 8.56-9.02 874 020 0.522 2.89 3.88-9.01 5.43 1.58 0.347 3.03
MnO 0.02-0.05 0.03  0.01 0.002 0.05-0.15 0.08  0.03 0.005
CaO 0.09-0.35 0.17  0.12 0.013 0.02-0.26 0.17 1.31 0.014
BaO 0.00-1.70 0.64 0.75 0.018 0.94 16.66-20.69  18.92 1.08 0.569 085
Na,0  0.17-0.36 0.26  0.08 0.036 ’ 0.84-1.90 136 0.42 0.202 ’
K,0 8.72-10.06 9.53 0.8 0.871 0.07-1.47 0.62 042 0.061
F 2.96-3.43 321 0.19 0.726 0.73 2.85-3.63 318  0.25 0.770 0.77
O=F —1.35 —1.34
Total 97.68 100.53
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Table 19-2. Analytical results of phlogopites (TS-24, 5 analyses and 15 analyses).

Sample TS-24 (Type 1) TS-24 (Type 2)
Range Average Std. No. of atoms Range Average Std. No. of atoms
(Wt%) dev. (0=11) (Wt%) dev. (0=11)
SiO,  45.04-46.83 4598 0.733 _3.000 3.00 SiO,  56.04-60.57 5839 1.400 4.003 4.00
0.373 TiO, 0.00-0.06  0.01 0.016 _0.001 )
TiO, 0.00-0.04  0.01 0.016 0.001 1.00 ALO; 0.03-1.40 041 0423 _0.033 0.03
ALO;  0.05-0.97 031 0.352 0.027 ’ MgO 24.02-25.23 2430 0.330 2.499
Fe,0; 12.39-16.23* 10.89 1.299* _0.599 FeO 0.40-2.42 1.17  0.480 0.067 2.57
FeO 3.56 0.217 MnO 0.00-0.05 0.02 0.015 _0.001
MgO 22.83-24.33 2349 0.584 2.585 281 CaO 0.01-0.09  0.04 0.025 0.003
MnO 0.06-0.21 0.16 0.053 _0.01 BaO 0.00-0.15 0.03  0.043 0.001 0.75
CaO 0.00-0.05 0.02 0.019 0.002 Na,0  0.03-0.11 0.06 0.023  0.008 '
BaO 0.21-0.46  0.27 0.096 0.008 1.00 K,0 7.96-9.06 844 0.339 _0.739
Na,0  0.07-0.13 0.09 0.022 0.013 ’ F 237-356  3.01 0.302 _0.652 0.65
K,O  10.04-10.81 10.40 0.258 _0.974 O=F —1.27
F 1.86-2.84 215 0363 _0.498 0.50
O=F —0.91 Total 94.61
Total 96.42

*: Range and standard deviation of iron analyses are given for Fe,O, values.
The amounts of ferric and ferrous iron were calculated to satisfy that the total number of atoms in the tetrahedral

sites is four.

this chemical composition is called tetrasilicic
potassium fluor mica, KMg, s0J,s51,0,,F,, and
stably synthesized (e.g., Toraya et al., 1976).

These two types of Si-enrichment are together
recognized in one sample (TS-24). Both analyti-
cal results show low total weight percents, and
the site for K is not fully occupied in the latter
case. It is obvious that further precise study is
necessary to establish the new end-members re-
lated to phlogopite above proposed.

In the monograph of Bayan Obo mineralogy
by Zhang and Tao (1986), one example of chemi-
cal analysis of biotite is listed, and 1.57 wt% of
BaO is reported in it. However, no description
about kinoshitalite from the deposit is given. One
example of phlogopite analysis shows 3.20 Si
and 0.69 Al in the formula unit, indicating the Si-
rich and Al-poor feature of the mineral. One ex-
ample of the phlogopite with reverse pleochroism
is also listed.

Conclusion

Through microscopic and EPMA analytical

study on thin sections of 26 samples from the

Bayan Obo deposit and its surrounding areas,

many new data on the mineralogy of the deposit

were obtained. Among them, main contribution
of the present study to the Bayan Obo mineralo-
gy is as follows.

1) Zhangpeishanite, BaFCl, a new mineral, was
found.

2) The occurrence of bastnisite-(La) was newly
established from the deposit. Ca-bearing
bastnisite-(Ce), probably making mixed-layer
structure with synchysite-(Ce), is present.

3) A Ca-rich cordylite-(Ce) (Ca>0.5 in the unit
formula) was found, strongly suggesting the
necessity of re-definition of cordylite-group
minerals. The studied cordylites-(Ce) are
mostly depleted in fluorine.

4) Fluorbritholite-(Ce) was confirmed. Essen-
tially P,Os-free end-member fluorbritholite-
(Ce), Ca,Ces(Si0,);F, is present. In this phase,
however, Ca is much depleted, less than 2 in
the formula unit, and the excess charge seems
to be balanced by the excess of REE, more
than 3.
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5) Gadolinite-(Ce) is present in the deposit.

6) Both chevkinite-(Ce) and perrierite-(Ce) are
concluded to be present on the basis of their
chemical compositions. Small amounts of Sc
are contained in perrierite-(Ce).

7) Rare minerals like bafertisite and baotite,
both firstly described from the deposit, are rec-
ognized, and their chemical compositions were
presented.

8) Among Ba-bearing phlogopite samples in
the deposit, the presence of kinoshitalite was
confirmed. On the basis of many analytical
results of phlogopite in the deposit, two
Si-enriched and Al-depleted phlogopites
are  recognized, tetra  ferriphlogopite,
K(Mg, Fe*"),(Fe*", Si, Al)Si;0,,(F, OH), and
Mg-analogue of montdorite, KMg,[],s-
Si,0,0(F, OH),.

The present report is only results of a recon-
naissance study of the 26 samples. The authors
believe that these samples from the Bayan Obo
areas are treasure boxes, and that further detailed
and precise study on these samples brings great
contribution to the world of mineralogy, as well
as petrology and geochemistry.

References

Chao, E. C. T., Back, J. M., Minkin, J. A., Tatsumoto, M.,
Wang, J., Conrad, J. E., MaKee, E. H., Hou, Z., Meng,
Q. and Huang, S. (1997) The Sedimentary Carbonate-
hosted Giant Bayan Obo REE-Fe-Nb Ore Deposit of
Inner Mongolia, China: A Cornerstone Example for
Giant Polymetallic Ore Deposits of Hydrothermal Ori-
gin. U. S. Geol. Surv. Bull., 2143, 65p.

Che, L. P, Zhang, F. G. and Zhao, C. H. (2006) Discus-
sion on recovering of thorium and scandium from ores
of Bayan Obo deposit. /n Commission on Geology,
Mining and Ore-dressing of Rare Earths (ed.) Proceed-
ing of Symposium on Comprehensive Utilization and
New Material Development of Rare Earths Resources,
and Environmental Protection in China. 72-80, Chi-
nese Society of Rare Earths (in Chinese).

Fu, P. and Su, X. (1987) Baiyuneboite — a new mineral.
Acta Mineral. Sinica, 7, 289-297 (in Chinese with Eng-
lish abstr.).

Gaines, R. V., Skinner, H. C. W., Foord, E. E., Mason, B.
and Rosenzweig, A. (1997) Dana’s New Mineralogy.
8th edn., John Wiley & Sons.

Giester, G., Ni, Y. X., Jarosch, D., Hughes, J. M., Ronsbo,
J., Yang, Z. M. and Zemann, J. (1998) Cordylite-(Ce):
A crystal chemical investigation of material from four
localities, including type material. Amer. Mineral., 83,
178-184.

Macdonald, R. and Belkin, H. E. (2002) Compositional
variation in minerals of the chevkinite group. Mineral.
Mag., 66, 1075-1098.

Miyawaki, R., Matsubara, S. and Miyajima, H. (2002)
The crystal structure of rengeite, Sr,ZrTi,(Si,0,),04.
Jour. Mineral. Petrol. Sci., 97, 7-12.

Shen, J. and Mi, J. (1991) Crystal structure of
(Ca, 50, 5)BaCe,(CO,),FE. Acta Petrol. Mineral., 10,
246-251 (in Chinese with English abstr.).

Shimazaki, H., Miyawaki, R., Yokoyama, K., Matsubara,
S. and Yang, Z. M. (2008a) Zhangpeishanite, a new
mineral in fluorite from Bayan Obo, Inner Mongolia,
China. European Jour. Mineral. 20, 1141-1144.

Shimazaki, H., Yang, Z. M., Miyawaki, R. and Shigeoka,
M. (2008b) Scandium-bearing minerals in the Bayan
Obo Nb-REE-Fe deposit, Inner Mongolia, China. Re-
source Geol., 58, 80—86.

Shinno, I. and Suwa, K. (1981) Mdssbauer spectra of phl-
ogopites showing reverse pleochroism with special ref-
erences to asymmetric quadrupole splitting. Jour:
Petrol. Mineral. Econ. Geol., 76, 122—129 (in Japanese
with English abstr.).

Toraya, H., Iwai, S., Marumo, F., Daimon, M. and Kondo,
R. (1976) The crystal structure of tetrasilicic potassium
fluor mica, K(Mg,Fe’"),Si,0,,(OH,F),. Zeits.
Kristal., 144, 42-52.

Wang, B. L. (2004) Discussion on distribution and recov-
ery of rare resource scandium in Bayan Obo. /n Com-
mission on Geology, Mining and Ore-dressing of Rare
Earths (ed.) The Proceedings of Symposium on Com-
prehensive Utilization and Sustainable Development of
Rare Earths Resources in China. 19-21, Chinese Soci-
ety of Rare Earths (in Chinese).

Yang, Z. M., Tao, K. J. and Zhang, P. S. (1998) The sym-
metry transformations of modules in bastnaesite — va-
terite  polysomatic Neues Jahrb. Mineral.
Monath., 1998, 1-12.

Yang, Z. M., Smith, M., Henderson, P, LeBas, M. J., Tao,
K. J. and Zhang, P. S. (2001) Compositional variation
of aeschynite-group minerals in the Bayan Obo Nb-
REE-Fe ore deposit, Inner Mongolia, China. European
Jour. Mineral., 13, 1207-1214.

Zhang, P. S. and Tao, K. J. (1986) Bayan Obo Mineralogy.
Science Publication, Co., Beijing, 208 p. (in Chinese
with English abstr.).

Zhang, P. S., Yang, Z. M., Tao, K. J. and Yang, X. M.
(1995) Mineralogy and Geology of Rare Earths in
China. Science Press, Beijing, 209 p.

series.



