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A B S T R A C T

The Bayan Obo Fe-REE-Nb deposit is the world’s largest resource of REE and its origin still remains controversial.
To decipher the genesis of this unique deposit, we conducted a detailed mineralogical observations using
scanning electron microscope (SEM), cathodoluminescence (CL) and in-situ micro-analyses on chemical com-
positions of the dolomite and apatite by EPMA and LA-ICPMS techniques. A wide range in SrO contents in
dolomite mineral grains from coarse-grained dolomite marble has been observed. The SrO contents in the margin
of the dolomite mineral reach up to 1.04 wt%, while the SrO contents in the core are as low as 0.16 wt%. In
contrast, the SrO contents of the dolomite minerals of fine-grained dolomite marble are basically invariable,
mainly concentrating on the range of 0.1 wt%–0.2 wt%. The MnO and FeO concentrations of dolomite mineral
grains from the coarse-grained dolomite marble (MnO, 0.24 wt%–0.45 wt%; FeO, 2.27 wt%–3.42 wt%) are
significantly lower than those of dolomite from fine-grained dolomite marble (MnO, 0.84 wt%–3.32 wt%; FeO,
3.59 wt%–12.16 wt%). The big differences in major elements between two types of the H8 dolomite marble
imply different forming processes. Three types of apatite show big differences in cathodoluminescent signatures,
major and trace elements. Type I fluorapatite has few REE mineral inclusions and Type II fluorapatite hosts
abundant tiny REE mineral (monazite) inclusions. Type III fluorapatite from strongly deformed coarse-grained
dolomite marble forms abnormally large monocrystals with elongated orientation. Both Type I and Type II
fluorapatite from fine-grained dolomite marble samples display the heterogeneous component regions under
BSE, with obvious depletion in Na and REE in BSE-dark areas observed in the X-ray compositional maps.
Unaltered (BSE-bright) regions in Type I and Type II fluorapatite have high REE (17470–77090 ppm), Y
(714–8162 ppm), Na (2023–10258 ppm), Sr (2126–6422 ppm) concentrations, obviously different from Type III
fluorapatite (REE, 2452–7496 ppm; Y, 157–285 ppm; Na, 501–1464 ppm; Sr, 6878–9949 ppm). The REE, Na, Th
and Pb depletion in BSE-dark regions in Type I and Type II apatite correspond to two styles of REE re-
mobilization during fluid-induced dissolution-reprecipitation processes. Late-stage REE, Na, Ba, CO3

2−, SO4
2−-

rich mesothermal hydrothermal fluid evolved from carbonatite was responsible for REE leaching in Type I
fluorapatite. The Sr-rich, Na-poor, REE-poor Type III fluorapatite and associated elevated SrO contents in the
margin of dolomite imply that the deposit underwent subsequent fluid infiltration by Sr-rich, REE-poor, Na-poor
metamorphic fluid, causing the REE leaching in Type II fluorapatite and the consequent formation of monazite
inclusions. As a common REE-bearing mineral in Bayan Obo deposit, apatite displays a diversity of textures and
occurrences, fingerprints multi-stage metasomatic fluids and provides new insights into the mechanism of REE
enrichment and remobilization.

1. Introduction

The Bayan Obo REE-Fe-Nb deposit in the Inner Mongolia is the

world’s largest rare-earth element resource, accounting for approxi-
mately 80% of world’s REE reserves. Reserves for the main and east
orebodies were estimated to be 57.4 Mt at 6 wt% REE2O3 (Fan et al.,
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2014; Xie et al., 2016). The unique giant REE deposit is extremely
geologically complex with at least 11 stages from deposition, through
metamorphism and mineralization, to the intrusion of Hercynian
granitoid to the south of the deposit (Chao et al., 1992, 1995, 1997;
Smith et al., 2000). The mineral paragenesis of the Bayan Obo ore is
exceedingly complex with over 170 minerals identified (IGCAS, 1988).
Despite many studies over the last 80 years on the REE mineralogy,
mineralization age and geochemistry of the deposit, the genesis and the
mineralizing age still remain intense debate. Most scholars agree that
carbonatite dykes intruded into the basement rocks or the Bayan Obo
Group at around 1.4 Ga (Le Bas et al., 2007; Yang et al., 2011; Fan et al.,
2014, 2016; Zhu et al., 2015; Zhang et al., 2017; Liu et al., 2018b) and
remobilization of REE occurred due to subduction of the Palaeo-Asian
oceanic plate during the Caledonian (Ling et al., 2013; Campbell et al.,
2014; Lai et al., 2015; Smith et al., 2015; Zhu et al., 2015; Liu et al.,
2018b).

The origin of the ore-hosting dolomite and the timing of the main
REE mineralization are still controversial. The proposed genetic models
of the ore-hosting dolomite include carbonatitic magmatism (Yuan
et al., 1992; Le Bas et al., 1992, 1997, 2007; Yang et al., 2003, Yang and
Le Bas, 2004; Yang et al., 2011; Sun et al., 2012, 2013; Campbell et al.,
2014; Fan et al., 2014, 2016; Zhu et al., 2015; Liu et al., 2018a), hy-
drothermal alteration of sedimentary carbonate rocks (Chao et al.,
1992,1997; Wang et al., 1994; Xu et al., 2008; Yang et al., 2009, 2017;
Lai et al., 2012; Lai and Yang, 2013; Lai et al., 2015, 2016; Ling et al.,
2013; Smith et al., 2015) and submarine exhalative sedimentation (Tu,
1998; Gao et al., 1999). A close relationship between the Bayan Obo
ore-bearing dolomite and carbonatitic magma has been demonstrated.
The mineralized dolomite has obviously similar REE distribution pat-
terns with the carbonatite (Yang et al., 2009; Yang et al., 2011). The
narrow range of the near-zero δ56Fe isotope values of fine-grained iron
ores supports a magmatic origin (Sun et al., 2013). By contrast, carbon,
oxygen and magnesium isotopes in mineralized dolomite marble vary
significantly, and are distinctively different from those in mantle-de-
rived carbonatite (Yang et al., 2009; Sun et al., 2012; Ling et al., 2013;
Smith et al., 2015). There are big distinctions in chemistry between
fine-grained and coarse-grained facies of H8 marble (Yang et al., 2011;
Lai et al., 2012). Intensively REE-mineralized H8 dolomites have ob-
viously different geochemical characteristics from those of dolomites
with low REE contents (Yang et al., 2009; Lai and Yang, 2013). The
dolomite crystals show decreases in Fe, Sr and REE from rim to core and
vary greatly in REE patterns from LREE-rich in the rim to HREE-rich in
the core (Ling et al., 2013; Smith et al., 2015). Therefore, the genetic
model of metasomatism of sedimentary carbonate by REE-rich hydro-
thermal fluid cannot be ruled out.

The variable geochronological data lead to confusion in the inter-
pretations of the time and episodes of ore mineralization. The isochron
ages of Sm-Nd whole rocks of dolomite and REE minerals range from
1013 to 1592Ma, with a clear frequency peak at 1.2–1.3 Ga (Yuan
et al., 1992; Cao et al., 1994; Ren et al., 1994; Zhang et al., 1994, 2001,
2003; Liu et al., 2005; Yang et al., 2011; Zhu et al., 2015). SHRIMP Th-
Pb geochronological data reveal the age of 1325 ± 60Ma in zircon
core derived from East orebody (Campbell et al., 2014), suggesting that
the carbonatitic dykes and the H8 dolomite are broadly con-
temporaneous. The Mesoproterozoic carbonatite magmatism, asso-
ciated with the final breakup of Columbia supercontinent (Zhao et al.,
2003, 2004; Zhang et al., 2009), probably contributed to the formation
of the giant REE deposit. However, Th-Pb isotopic measurements of the
REE minerals, such as monazite and bastaesite from orebodies mostly
yield early Palaeozoic ages from 555Ma to 398Ma (Chao et al., 1992,
1995, 1997; Ren et al., 1994; Wang et al., 1994).

The objective of the present study is to further investigate the
genesis of the Bayan Obo REE deposit accomplished by a detailed re-
search by observations under SEM and CL, in-situ micro-analyses on the
chemical compositions of the dolomite and apatite by EPMA and LA-
ICPMS. Apatites derived from different rock types have distinctive

abundances of trace elements and display different chondrite-normal-
ized REE patterns (Belousova et al., 2002). Cathodoluminescence is an
important property of apatite that is caused by transition metal, REE
and anion substitution (Waychunas, 2002). The concentrations of ac-
tivators, particularly Mn/Fe, Na, S, and REE can be easily changed
during hydrothermal mineralization and alteration. Therefore, CL
properties combined with chemical compositions of apatite provide fast
screening tools to assess multistage hydrothermal alteration (Bouzari
et al., 2016). Apatite from the Bayan Obo deposit displays a diversity of
textures and occurrences. Some scholars classified it into different types
validly. Campbell and Henderson (1997) recognized four distinctive
types of fluorapatite examined by cathodoluminescence properties and
electron probe microanalyses. Deng et al. (2017) classified three types
of apatite by different occurrences and chemical compositions with
distinctly different Y/Ho ratios. In this study, we have identified three
types of apatite based on the mineral morphology, internal structural
features and trace elements composition. Based on the former studies of
the apatites from the Bayan Obo deposit, we further investigated the
heterogeneous composition zones and internal structure even in in-
dividual apatite particles. This study concentrates on the REE miner-
alization and remobilization in apatite and implies that two styles of
REE leaching controlled by the fluids of different components, pro-
viding new insights into studying the behavior of REE during miner-
alization and hydrothermal metasomatism.

2. Geological setting

The Bayan Obo REE-Fe-Nb deposit is located in Inner Mongolia at
the northern margin of North China Craton (NCC), separated from the
Inner Mongolia Hercynian massif to the north by the Wulanbaolige
deep fracture (Fig. 1a). The deposit possesses in excess of 57.4 Mt REE
reserves with an average grade of 6% REE2O3 (Fan et al., 2014; Xie
et al., 2016). It is also the largest niobium (Nb) deposit in China and a
major iron deposit. The Bayan Obo Group was deposited in the Meso-
proterozoic-Neoproterozoic (Liu et al., 2016; Zhong et al., 2015; Lai
et al., 2016; Liu et al. 2017) and has been subdivided into eighteen
lithological units, H1-H18 in ascending order (Bai and Yuan, 1985;
IGCAS, 1988), principally consisting of low grade metamorphic clastic
rock sequences, for instance, sandstones, slates, and carbonate. The Fe-
Nb-REE deposit is contained within the H8 dolomite marble of Bayan
Obo Group (Fig. 1b). The depositional age of the H8 dolomite marble
was constrained by the U-Pb data from detrital zircons of the Hala-
huogete (H7) formation of the Bayan Obo Group as 1710 ± 29Ma
(Zhong et al., 2015) and Re-Os geochronology of the black schist from
Bilute (H9) with an age of 1447 ± 42Ma (Liu et al., 2016).

The H8 dolomite marble unit hosting the majority of the ore, is
confined to the south of Kuangou fault. The mine is composed of East,
Main and West orebodies, showing as three spindles and occupying an
area of approximately 18 km west to east and>1 km north to south
(Fig. 1a). The major ore minerals are monazite and (Ca-) REE fluor-
ocarbonates, aeschynite and pyrochlore (Nb, REE), magnetite and he-
matite (Fe). Main gangue minerals include fluorite, barite, alkali am-
phibole, apatite, quartz and aegirine.

Detailed geological mapping has shown that there are nearly one
hundred carbonatite dykes occurring adjacent to the Bayan Obo deposit
(Fig. 1a). The majority of carbonatite dykes cut the Archean Wu Tai
gneiss and some dykes intruded into the Bayan Obo group. They are
usually 0.5 to 2.0m wide and 10–200m long. Carbonatite dykes can be
divided into three types: dolomite, co-existing dolomite-calcite and
calcite type. These dykes fenitized the country rocks on both sides of the
contact zones. Zircon from the carbonatite dykes yielded an upper in-
tercept age of 1417 ± 19Ma and monazite gave an Sm-Nd isochronal
age of 1275 ± 87Ma (Fan et al., 2014), consistent with the Sm-Nd
isochronal age of the whole rock (1354 ± 59Ma) (Yang et al., 2011).

Later REE veins are also clearly identified in outcrop by the dis-
tinguishing feature of including very coarse-grained huanghoite,
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monazite and (Ca-) REE fluorocarbonates and accompanied gangue
minerals fluorite, aegirine, alkali amphibole, biotite and pyrite. The
late-stage veins cut across the massive Fe-Nb-REE ore. The Sm-Nd iso-
tope age of REE minerals is 420 ± 46Ma (Chao et al., 1995, 1997),
gangue mineral is 442 ± 42Ma (Hu et al., 2009) and Re-Os isochronal
age of pyrite is 439 ± 86Ma (Liu et al., 2004). A significant thermal
event of Caledonian age resulted in the REE reactivation and the for-
mation of late-stage veins. This event also affected the ore body and
carbonatite dykes indicated by the facts that hydrothermal overgrowth
of the ore body zircon has a U-Pb age of 455 ± 28Ma (Campbell et al.,
2014) with the U-Pb age on the core of zircon 1325Ma and

hydrothermal zircons from the Wu dyke have a Caledonian age with the
U-Pb age 381 ± 4Ma (Liu et al., 2018a,b).

The H8 dolomite marble is grouped into coarse-grained (H8c) and
fine-grained (H8f) types based on grain size (Le Bas et al., 1997; Yang
and Le Bas, 2004). The coarse-grained (> 1 mm) variety is sparsely
distributed along the south of the Kuangou fault (Fig. 1a), mainly
consisting of coarse-grained dolomite and minor rounded, elongate
apatite. Most apatite crystals are subprismatic to elongate with an or-
ientation paralleling the lineation of the dolomite which resulted from
shearing and deformation. The fine-grained variety constitutes the
major REE ore-host rock. It occurs to the south of Kuangou fault zone,

Fig. 1. (a) Geological sketch map of the Bayan Obo REE deposits (modified after Yang et al., 2011a); (b) geological cross section of the No. 10 exploration line in the
main ore-body (Liu et al., 2006).
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continuously distributed along the Bayan Obo syncline (Fig. 1b). It is
composed mainly of dolomite and ankerite, with variable monazite,
bastnaesite, magnetite, fluorite and barite. Compared to the coarse-
grained dolomite marble, the fine-grained variety is far richer in REE,
containing a great quantity of rare earth minerals. REE ores occur as
massive, banded and disseminated mineralization (Fig. 2). Dis-
seminated REE ores contain clusters of fine-grained monazite, with
bastnaesite and magnetite grains filling micro fractures in dolomite
(Fig. 2f). Banded REE-Nb-Fe ores are characterized by intervals of
bands in very fine (mm-cm) scale, defined by concentrations of REE
minerals (apatite, monazite and bastnaesite), magnetite, fluorite, rie-
beckite, aegirine and barite (Fig. 2c–e). Based on petrography, apatite
formed earlier as fine aggregates, followed by the intimate intergrowth
of bastnaesite and barite. The widespread replacements of the host
dolomite by sodium metasomatism and fluorine metasomatism are re-
presented by aegirine, riebeckite and fluorite bands. We observe the
spatial interval distribution of aegirine, magnetite and REE in the ore
rocks (Fig. 2d). Dark-purple fluorites occur as ribbons in fluorite-REE-
magnetite banded ores (Fig. 2e) and in the form of disseminated vein-
lets in the dolomite type REE ores.

3. Analytical methods

3.1. Scanning electron microscope

The scanning electron microscope (SEM), cathodoluminescence
observations and energy dispersive spectroscopy (EDS) analyses were
made in the Key Laboratory of Crust-Mantle Materials and
Environments, University of Science and Technology of China, Chinese
Academy of Sciences. A MIRA 3 LMH (FE-SEM) was used to take BSE
images and equipped with EDAX GENESIS APEX to identify minerals
and perform compositional X-ray maps of apatite. Apatite grains were
separated from samples HNB52 (REE mineralized dolomite marble),
09BY161 (apatite, magnetite, rare-earth fluorocarbonate banded ore),
BY09 (apatite-bearing coarse-grained dolomite marble), mounted in
epoxy resin, polished down to near half sections, and then

photographed in reflected and transmitted light. Different chemical
component zones and internal structure of mineral grains were ob-
served using the back-scatter electron (BSE) and cathodoluminescence
(CL) image technique. The samples were coated slightly with carbon to
prevent charging before SEM analyses. The resolution of the electron
microscopic image was 2.0 nm at 30 kV. All measurements were carried
out using an accelerating voltage of 15 kV, a beam current of 20 nA on
polished sections of samples in situ.

3.2. Electron microprobe analysis

Representative minerals from the H8 dolomite marble samples in
polished sections were analyzed using an EPMA-1720H electron mi-
croprobe at the Key Laboratory of Nanjing Institute of Geology and
mineral Resources. Appropriate matrix-specific standards and optimal
instrumental conditions were carefully chosen with respect to different
minerals. For the dolomite minerals, the standards are SrSO4 for Sr,
MnSiO3 for Mn, BaSO4 for Ba, apatite for P, quartz for Si, magnesite for
Mg, siderite for Fe, cerusite for Pb and calcite for Ca. The measurements
were performed using at 15 kV accelerating voltage and a 10 nA beam
current, with an electron beam of 30 μm. As for apatite, the beam spot
diameter was set at 1–2 μm. The accelerating voltage and beam current
was 15 kV and 10 nA, respectively. The Kα line was chosen for the
analyses of Mg, F, Ca, Al, P, S, Cl, Fe, K, Na and Si. The Lα line was
chosen for As, Sr, La, Ce, Pr, Nd, Sm, Eu, Gd, Ba, Dy, Yb and Y. The Mα
line was chosen for Th, U and Pb. The standards utilized for analyzing
the apatite minerals are SrSO4 for S and Sr, K-feldspar for K, BaSO4 for
Ba, pyrope for Mg and Fe, FeAsS for As, jade for Na and Al, synthetic Yb
for Yb, LaF3 for F, monazite for Th, U, Pb, synthetic REE oxides, REEF3
for REE, jade for Si, apatite for P and diopside for Ca. Raw data were
corrected using standard ZAF correction procedures.

3.3. In-situ trace element analysis by LA-ICP-MS

Apatites were separated from intensively REE-mineralized H8 do-
lomite and weakly REE-mineralized H8 dolomite samples. Major and

Fig. 2. Field photographs of East orebody,
carbonatite dyke and major mineralization
types from the Bayan Obo deposit. (a)
Mining pit of the East orebody; (b) outcrop
of the carbonatite dyke located in Jianshan;
(c) apatite- REE (bastnaesite) – magnetite
banded ore; (d) aegirine, magnetite and REE
banded mineralization; (e) fluorite-REE-
magnetite banded ores; (f) fine-grained do-
lomite with disseminated REE mineraliza-
tion; (g) later riebeckite vein filling the
joints in the H8 dolomite; (h) replacement of
the host dolomite by fluorite. Ap – apatite;
Mag - magnetite; Aeg – aegirite; Fl – fluorite;
Dol – dolomite; Rie – riebeckite.
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trace element concentrations in apatite were measured in situ on po-
lished epoxy resin by Laser Ablation Inductively-Coupled Plasma Mass
Spectrometry (LA-ICP-MS) at the In situ Mineral Geochemistry Lab, Ore
deposit and Exploration Centre (ODEC), Hefei University of
Technology, China. The analyses were carried out on an Agilent 7900
Quadrupole ICP-MS coupled to a Photon Machines Analyte HE 193-nm
ArF Excimer Laser Ablation system. Helium was applied as a carrier gas.
Argon was used as the make-up gas and mixed with the carrier gas via a
T-connector before entering the ICP. The following basic set of isotopes
for apatite were monitored: 23Na, 31P, 43Ca, 55Mn, 85Rb, 88Sr, 89Y, 139La,
140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er,
169Tm, 172Yb, 175Lu, 178Hf, 208Pb, 232Th, 238U. Each analysis was per-
formed by a uniform spot size diameter of 25 μm at 8 Hz with energy of
12mJ/cm2 for 40 s after measuring the gas blank for 20 s. Standard
reference materials BCR-29, glass standard NIST 610 and NIST 612
were used as external calibration standards. Every 10–15 sample ana-
lyses were followed by analyses of standard reference materials. The
off-line data process was performed using LaTEcalc software (Hou
Zhenhui, personal communication) with calcium as the internal stan-
dard element obtained by EPMA. The preferred values of element
concentrations for the USGS reference glasses are from the GeoReM
database (Jochum and Nohl, 2008).

4. Petrography

4.1. Dolomite

Two types of the dolomite marble are identified based on structural
and textural features. Coarse-grained dolomite marble is intermittently
distributed along the south of the Kuangou fault, the northern limb of
the Bayan Obo syncline. Sample BY09 was collected near the fault and
has an orientation paralleling the lineation of sheared dolomite (Fig. 3a,
c). The dolomite mineral is up to 1.2 mm×0.4mm in size. Euhedral,
prismatic apatite is distributed along the dolomite layers. It is com-
monly observed that fine-grained dolomite marble is metasomatized to
aggregates of fluorite ± monazite ± bastnaesite ± magnetite
(Fig. 3b, d). Fine-grained dolomite marble samples BY19, HNB20,

HNB23, HNB28 were analyzed to find the distinctions in chemistry of
dolomite mineral from that of coarse-grained type of H8 marble.

Marginal metasomatic texture and metasomatic perforation texture
are universal phenomena, which are the results of newly added hy-
drothermal fluids interacting with the original dolomites along the
margin or the crack/cleavage of dolomite (Fig. 4). Disseminated, vein-
like monazites fill in fractures and grain boundaries in dolomite marble,
implying that the dolomite was earliest phase. Intensely mineralized
fine-grained dolomite is rich in metasomatic fluorite. The fluorite oc-
curs as veins accompanied by abundant bastnaesite or as tiny droplets
distributing within the dolomite minerals. Large dolomite grains are
surrounded or replaced by numerous smaller dolomite grains and fine-
grained REE minerals (Fig. 4a, b, d). We observe that magnetite and
riebeckite encompass the coarse grained dolomite relic which retains
relatively completed cleavage reflecting monomineral crystal structure
(Fig. 4c, f). Large relict pods of dolomite are retained in intensely
fluorine metasomatic rock in which a relative abundance of rare earth
minerals are distributed along the contact zones between the dolomite
and fluorite (Fig. 4e).

4.2. REE-Bearing minerals

Apatite, monazite and bastnasite are representative REE minerals in
the Bayan Obo deposit. In general, three types of fluorapatite are
identified based on occurrences, associated minerals and internal
structures under SEM and cathodoluminescent imaging. Type I and
Type II fluorapatite are from fine-grained intensively mineralized do-
lomite marble samples. Type I fluorapatite has few REE mineral in-
clusions. Type II fluorapatite hosts abundant tiny REE mineral inclu-
sions. Type III fluorapatite is from the coarse-grained weakly
mineralized dolomite marble with an orientation paralleling the
lineation of sheared dolomite.

Type I fluorapatite is mainly from apatite- REE (bastnaesite) -
magnetite banded ore (sample 09BY161) which is the product of strong
REE mineralization, constituted by 60% to 80% fluorapatite and REE-
bearing minerals (Fig. 5a, b). Type I fluorapatite is typically anhedral
granular and has sizes of 30–50 μm. As these microscope photos reveal,

Fig. 3. (a) Photomicrograph of Bayan Obo coarse-
grained dolomite marble near the south of Kuangou
fault, cross-polarized light, strongly deformed; (b)
Photomicrograph of Bayan Obo fine-grained dolo-
mite marble containing clusters of monazite and
magnetite, cross-polarized light; (c) back-scattered-
electron image of coarse-grained dolomite marble
with weak mineralization; (d) back-scattered-elec-
tron image of fine-grained dolomite marble. Dol –
dolomite; Ap – apatite; Mag – magnetite; Mnz –
monazite.
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bastnaesite associated with barite occurs as veins or bands crosscutting
the Type I fluorapatite and infilling the fractures of magnetite grains,
which indicates that apatite and magnetite formed earlier than the
bastnaesite and barite (Fig. 6a). Type I fluorapatite has several notable
features as follows:

1) Its chemical composition is heterogeneous even in the same fluor-
apatite under BSE imaging, the BSE-bright and BSE-dark regions
occur in the same apatite crystal. Some dark zones occur as poly-
gonal to irregular patches which are closely related to micro-cracks
in the interior of apatite crystal and show sharp contact with the
BSE-bright areas (Fig. 6b). The BSE-dark rims along the apatite grain
are also observed and may show slightly variable thicknesses, dis-
playing blurred boundary with the bright area.

2) There are numbers of grains displaying etch pits and pores, some-
where with very small floccules on crystal surface in the analysis of
SEM. It is a symbol of dissolution texture, which demonstrates that
the Type I fluorapatite grains have undergone latter hydrothermal
alteration.

3) Few REE mineral inclusions are observed in the interior of the Type I
fluorapatite, only some REE mineral (bastnaesite and monazite)
grains (10–20 μm) filling the gaps and clearances between the
fluorapatite particles.

Type II fluorapatite is mainly from apatite-monazite mineralized
dolomite marble (sample HNB52). Based on the petrology, apatite
shows as fine-grained assemblages with most crystals< 40 μm.

Monazite has at least two different textural forms in the ore sample
HNB52, corresponding to two different generations. The first genera-
tion is monomineral veinlets or bandlets, distributed along fractures
and grain boundaries in the dolomite, with most monazite grains of
75–100 μm, prismatic (Fig. 5c). Another generation of monazite occurs
as solid inclusions (5–30 μm long) dispersedly distributed inside the
Type II fluorapatite aggregates (Fig. 5d). The small monazites are in-
timately connected with the BSE-dark areas in the Type II fluorapatite
(Fig. 6c, d). Type II fluorapatites consist of a high proportion of severely
REE-depleted altered zones and show different levels of darkness and
irregular zoning patterns under BSE imaging, indicating that they have
undergone strong fluid reaction. Different levels of brightness are de-
rived from variable degrees of hydrothermal metasomatism. The slight
dark regions occur as irregular net veins or veinlets, meandering
through the fluorapatite grain. The deeper dark areas appear as patches
(20–40 μm long), sometimes occupying the whole fluorapatite mineral.
The most important feature of the Type II fluorapatite is that they host
abundant tiny REE mineral inclusions within the leached areas. Those
inclusions commonly appear as subhedral to anhedral grains, most
5–10 μm long, some up to 30 μm, having close genetic connection with
the BSE-dark apatite (Fig. 6c, d). The distribution of BSE-dark regions
and associated REE (small monazite inclusions) minerals (most< 30
μm) tend to correlate with the routes for fluids, namely along grain
rims, brittle fractures or micro-cracks in apatite. The density of tiny
monazite inclusions is basically proportional to the area ratio of the
BSE-dark regions. Occasionally, hematite occurs as tiny veins filling in
the fractures between grains (Fig. 6d).

Fig. 4. Photomicrographs of metasomatic textures.
(a) Clusters of REE minerals filling in fractures and
grain boundaries in dolomite; (b) the superposition of
hematitization on early REE mineralization and pre-
existing dolomite; (c) magnetite encompassing the
coarse grain dolomite relic; (d) fluorite droplets dis-
tributing within the dolomite mineral which retains
relatively completed cleavage, REE veins filling the
cracks in dolomite; (e) Large relict pods of dolomite
retained in intensely fluorine metasomatic rock; (f)
coarse grain dolomite remained in riebeckite vein.
Dol – dolomite; Ap – apatite; Mag – magnetite; Fl –
fluorite; Py – pyrite; Rie – riebeckite.
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The Type III apatite derived from the coarse-grained dolomite
marble (sample BY09) is subprismatic to elongate, having an orienta-
tion paralleling the lineation of sheared dolomites (Fig. 5e, f). This
lineation may result from strongly deformation interpreted to be related
to the regional thrusting and folding. Apatite is the dominant REE mi-
neral with most crystal sizes of 200 μm (Fig. 6e, f). Occasionally, minor
monazite occurs as tiny inclusions (10 μm). The representative char-
acter of the Type III fluorapatite is abnormal large monocrystal with
elongated orientation with respect to the c-axis of fluorapatite. Cracks
can always be associated with the BSE-dark regions due to the fluid
infiltration. The paths of fluids following irregular cracks and micro-
fractures of the apatite, occur as dark-veins of different levels of
brightness overprinting the bright regions. Faintly visible BSE-dark
veinlets intersect and form tangled and disordered nets in the slightly
altered regions (Fig. 6f).

High resolution maps of trace elements in three distinct types of
apatite minerals are show in Figs. 7–9. In Type I fluorapatite, the BSE-
bright areas are obviously richer in Ce and Nd elements, slightly richer
in Na, slightly depleted in Ca compared with the dark areas appearing
as patches under BSE imaging (Fig. 7). In Type II fluorapatite, element
mapping reveals severe depletion of Ce, Nd and Sm contemporaneously
with significant Na loss in altered areas (Fig. 8). The degree of these
losses is positively correlated to the level of brightness in BSE image.
Variations of Ca and P show their reverse trends with REE. The al-
teration-related areas in Type II fluorapatite, occurring as irregular
veinlets and deeper dark patches under BSE, have elevated contents of
Ca and P. Other elements such as Y, Sr, Th and Pb show no differences

in BSE-bright and BSE-dark regions because the contents are nearly
equal or below the detection line in both areas. As shown in the map-
ping of elements (Fig. 9), Type III apatites are abnormally large
monocrystals cut by Sr, Si-rich veinlets. The slightly dark areas have a
little lower concentrations of Na, Ce and Nd. The contents of P, F, Sm,
Ba, S, Th and Pb in faintly visible BSE-dark veinlets and irregular BSE-
dark regions are basically same as other areas in single apatite.

Cathodoluminescent images of different types of apatite from Bayan
Obo deposit are shown in Fig. 10. Although the color of three types of
apatite are nearly same, glow blue to grey, the internal textures of three
Types of apatite are quite different. In Type I fluorapatite (Fig. 10a, b),
grey-blue luminescent anhedral apatites show grey patches which mark
alteration of the primary apatite grains. Gray areas under CL corre-
spond to areas with Na and LREE depletion shown in the mapping of
trace elements. The tremendously complex inner structure is the typical
characteristic of Type II fluorapatite (Fig. 10c, d). In Type II fluor-
apatite, unaltered apatites fluoresce grey-blue and have been replaced
by a variety of blue-luminescent apatites (brighter color under CL),
producing a “messy” texture (Fig. 10d), which is the evidence of per-
vasive fluids alteration. The blue-luminescent altered apatites corre-
spond to the dark areas under BSE imaging and are close related to the
non-luminescent REE mineral inclusions (Fig. 10c). Type III apatite
prisms fluoresce grey-blue and are fractured by irregular light grey,
dark grey-fluorescent veins (Fig. 10e, f). The REE mineral inclusions are
non-luminescent.

Fig. 5. Thin section photomicrographs of three types
of apatites. (a) Type I fluorapatite from apatite – REE
(bastnaesite) – magnetite banded ore (sample
09BY161), crosscut by bastnaesite+ barite vein; (b)
Type I fluorapatite occurring as fine-grained ag-
gregates; (c) apatite–monazite mineralized dolomite
marble (sample HNB52) with the first generation of
monazite occurring as monomineral veinlets or
bandlets; (d) Type II fluorapatite aggregates with
abundant monazite inclusions, accompanied by the
hematitization; (e) Type III apatite from the coarse-
grained dolomite marble (sample BY09) having an
orientation paralleling the lineation of sheared do-
lomite; (f) large-grained subprismatic to elongate
Type III apatite with rare REE minerals. Dol – dolo-
mite; Ap – apatite; Mag - magnetite; Brt - barite; Bast
- bastnaesite; Mnz - monazite; Hem - hematite.
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5. Results

Chemical compositions of dolomite and fluorapatite from Bayan
Obo determined by electron-microprobe are shown in Tables 1 and 2.
Trace element results of fluorapatite analyzed by LA-ICP-MS are pre-
sented in Table 3.

5.1. Dolomite

For coarse-grained dolomite marble (sample BY09), we analyzed the
chemical compositions of dolomite minerals from the rim to the core.
Wide variations of the SrO contents were observed across the profile in
dolomite mineral from coarse-grained dolomite marble. Two profiles
are shown in Fig. 11, where the SrO contents in the margin of the do-
lomite mineral reach up to 1.04 wt%, while SrO contents in the core as
low as 0.16 wt% (one point low to 0.04 wt%), similar to the SrO con-
tents of the sedimentary carbonates. The MnO contents across the
profile of the individual dolomite mineral are relatively homogeneous.
The MnO contents from several profiles of the coarse-grained dolomite
mineral are from 0.24 wt% to 0.45 wt% and the majority of MnO
contents are round 0.3 wt% − 0.4 wt%. The FeO contents of the coarse-

grained dolomite mineral are from 2.27 wt% to 3.42 wt% without sig-
nificant changes from the rim to the core of the single dolomite mineral
grain (Table 1).

Due to the limit of the beam spot diameter (30 μm) and the grain
size of the dolomite from fine-grained dolomite marble, the whole do-
lomite grain was detected. The SrO contents of the dolomite minerals of
fine-grained dolomite marble are below 0.28 wt%, mainly con-
centrating on the range of 0.1 wt% − 0.2 wt%, which are obviously
different from those of dolomite minerals from the coarse-grained do-
lomite. The dolomite minerals from the fine-grained dolomite marble
contain high levels of Mn (0.84 wt% − 3.32 wt% MnO), compared with
those from coarse-grained dolomite marble (Fig. 12a). The FeO con-
tents of the dolomite minerals from the samples HNB28, HNB23,
HNB20 and BY19 are 3.59 wt% − 4.59 wt%, 9.42 wt% − 10.59 wt%,
4.29 wt% − 12.16 wt% and 6.75 wt% − 9.78 wt% respectively
(Table 1), dramatically higher than those from the coarse-grained do-
lomite. The fine-grained dolomite contains higher REE, Mn and Fe
compared to the coarse-grained dolomite. The dolomite grains from the
coarse-grained dolomite display distinctively larger variations of Sr
contents than those from the fine-grained dolomite (Fig. 12b).

Fig. 6. Back-scattered-electron images of three types
of apatites. (a) bastnaesite associated with barite
occurring as veins or bands crosscutting the Type I
fluorapatite and infilling the fractures of magnetite
grains; (b) chemical heterogeneous composition
zones in Type I fluorapatite with a few tiny REE mi-
nerals in the etch pits and pores; (c) Type II fluor-
apatite hosting abundant tiny REE mineral inclu-
sions; (d) Type II fluorapatite showing different levels
of darkness and irregular zoning patterns with he-
matite occurring as tiny veins filling in the fractures
between grains; (e) Type III apatite as the dominant
REE-bearing mineral in the coarse-grained dolomite
marble; (f) occasionally minor tiny monazite inclu-
sions within Type III apatite. Ap - apatite; Mag -
magnetite; Brt - barite; Bast - bastnaesite; Mnz -
monazite; Dol - dolomite; Hem – hematite.
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5.2. Apatite

The unaltered regions of Type I and Type II fluorapatite from fine-
grained dolomite marble samples (HNB52, 09BY161) contain high le-
vels of F (4.18–6.47 wt%), Na2O (0.15–1.48 wt%) and REE2O3

(0.73–7.17 wt%), with moderate amounts of SrO (0.21–0.88 wt%). In
contrast, the apatite from the coarse-grained dolomite marble sample
(BY09) contains slightly lower F (3.75–5.21 wt%), much lower REE2O3

(0.24–0.85 wt%) and Na2O (0.02–0.20 wt%) and exceptionally high
level of SrO (0.24–1.29 wt%, most of data in the range of 0.95–1.29 wt
%) (Table 2).

Results of LA-ICP-MS analyses (Table 3) show that the unaltered
fluorapatites from fine-grained dolomite marble samples (Type I and
Type II fluorapatite) and the apatites from the coarse-grained dolomite
marble samples (Type III fluorapatite) have obviously different REE
distribution patterns (Fig. 13). These three types of apatite can also be
discriminated by the plot of Y vs. Sr (Fig. 14e). The unaltered fluor-
apatites from fine-grained dolomite marbles have high REE and Y
concentrations (total REE= 17470–77090 ppm) without obvious Eu
anomalies. The unaltered regions of Type I fluorapatite show slightly
high Na (2023–3407 ppm), moderate Sr (2126–2984 ppm) and high
REE contents (total REE=17470–25639 ppm, Y= 714–1482 ppm),
displaying LREE-rich patterns ((La/Yb) CN= 45 to 93) (Fig. 13a) with
slightly positive Ce anomalies (δCe= 1.20–1.31) and negative Eu
anomalies (δEu=0.78–0.96). The BSE-bright areas in Type II apatite
are characterized by the highest Na, REE abundances
(Na=6073–10258 ppm, total REE=38746–77090 ppm,

Y=4428–8162 ppm) and strong enrichments in the light REE ((La/Yb)
CN=36 to 82), with no anomalies of Eu (δEu=0.97–1.02) and slightly
positive Ce anomalies (δCe=1.05–1.12) (Fig. 13b). The unaltered re-
gions in Type II apatite contain high level of Na (6073–10258 ppm) and
relatively high amounts of Sr (4421–6422 ppm) compared to the un-
altered areas in Type I fluorapatite (Fig. 14c, e).

Type III fluorapatite is abnormally large monocrystals with elon-
gated orientation with respect to the c-axis of fluorapatite, occurring as
colorless prisms. Values of total REE and Y cover a range of
2452–7496 ppm and 157–285 ppm respectively. The REE+Y and Na
(496–1464 ppm) compositions of the Type III fluorapatite are one
magnitude lower than those of the unaltered regions in Type I and Type
II fluorapatite (Figs. 13c, 14c). The Type III fluorapatite is relatively
lower in Th and Pb, 0.76–8.19 ppm and 1.39–4.28 ppm respectively
(Fig. 14f). The contents of U in the apatite are below the LA-ICPMS
detection limits. Nevertheless, the concentrations of Sr
(6878–9949 ppm) surpass those of the other two Types of fluorapatite
(Fig. 14e). The chondrite-normalized REE patterns exhibit variably
LREE-rich patterns ((La/Yb) CN= 13–155) (Fig. 13c) with slightly ne-
gative Eu anomalies (0.89–1.03) and weakly positive Ce anomalies
(1.01–1.16).

Type I and Type II fluorapatite have undergone hydrothermal al-
teration, having bright and dark regions under BSE imaging. In both
Type I and Type II fluorapatite, Na, REEs contents in bright domains are
noticeably higher than those of dark areas (Figs. 13, 14c, d). In contrast,
the BSE-dark regions are richer in CaO, P2O5 versus the unaltered BSE-
bright regions (Table 2). The leaching of REE was also accompanied by

Fig. 7. High resolution mapping for Type I fluorapatite. The bright areas under BSE imaging are obviously richer in Ce and Nd elements, slightly richer in Na, slightly
depleted in Ca compared with the dark areas appearing as patches. Bast - bastnaesite; Brt – barite.
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Fig. 8. High resolution mapping for Type II fluorapatite. Severe depletions of Ce, Nd and Sm are accompanied by significant Na loss in BSE-dark areas. The BSE-dark
areas occur as irregular veinlets and deeper dark patches and have elevated contents of Ca and P.

Fig. 9. High resolution mapping for Type III apatite. Type III apatites are abnormally large monocrystals and are cut by Sr, Si-rich veinlets.
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the removal of Th and Pb (Fig. 14f). In Type II fluorapatite, the linear
decrease of Th, Pb was observed from unaltered regions to altered re-
gions in apatite.

In Type I fluorapatite, the Na2O contents are reduced from 0.15 to
0.44 wt% in the bright areas to 0.01–0.09 wt% in the dark areas.
Conversely, the BSE-dark regions in Type I fluorapatite have elevated
CaO, P2O5 and BaO (Table 2). The contents of BaO in the bright areas of
apatite are particularly low, below microprobe detection limits, while
the values reach up to 0.05 wt% in the BSE-dark areas. The LA-ICPMS
data (Table 3) of Type I fluorapatite are in good agreement with the
microprobe data. BSE-dark areas also show variable degrees of deple-
tion in LREE in the chondrite-normalized REE patterns, with total REE
contents of 2481–20300 ppm, Y= 442–2069 ppm, (La/Nd)CN=6–46
(Fig. 13a). The altered regions show no obvious Eu anomalies
(0.94–1.03) and varied positive Ce anomalies (1.02–1.56). The altered
regions have similar concentrations of Sr (most in the range of
2277–2674 ppm) to the unaltered regions (Sr contents:
2126–2984 ppm) in Type I fluorapatite. The most obvious attribute of
Type I fluorapatite is that the contents of Pb are relatively high,
92.5–109 ppm in BSE-bright areas and 62.7–98.8 ppm in BSE-dark
areas. However, Type I fluorapatite has low Th contents of
2.12–6.34 ppm in BSE-bright areas and most of 1.65–4.5 ppm in BSE-
dark areas, respectively (Table 3). The contents of U in the apatite are
below the LA-ICP-MS detection limits, consistent with the fact that the

whole deposit is extremely depleted in U element.
Type II fluorapatite hosts abundant tiny REE mineral inclusions

which are associated with the BSE-dark apatite. Values of Na2O and SrO
cover a range of 0.10–0.71 wt% and 0.54–1.06 wt% in the dark areas,
and 0.89–1.48 wt% and 0.35–0.62 wt% in bright areas. The clear cov-
ariation between Na and REEs indicates that apatite incorporates rare
earth elements and Y mainly via the coupled substitution Na+ +
(REE+Y)3+ = 2Ca2+ (Fig. 14a). The altered (BSE-dark) regions
contain significantly lower Na2O, REE, slightly lower Y
(3161–5464 ppm) and higher CaO, P2O5, SiO2, FeO and SrO contents
than the unaltered (BSE-bright) regions in Type II fluorapatite. CaO and
P2O5 in the dark areas increase by 4 wt% and 1–2wt% respectively
(Table 2). The BSE-bright apatite is Th, Pb-rich over the BSE-dark
apatite in Type II fluorapatite (Fig. 14f). The Th contents are reduced
from 8.48 to 30.5 ppm in the bright areas to 0.10–9.67 ppm in the dark
areas. The Pb abundances decrease from 26.6 to 60.7 ppm in the bright
areas to 2.27–22.3 ppm in the dark areas. Results of LA-ICPMS analyses
show that BSE-dark regions exhibit intense LREE depletion with convex
upward shaped REE patterns (Fig. 13b) (total REE=9135–32949 ppm,
(La/Nd) CN=2–37). The Type II fluorapatites in BSE-dark regions have
δEu of 0.94–1.20 and δCe of 0.84–1.24, respectively.

The SrO contents of the altered regions in Type II fluorapatite vary
from 0.54 to 1.06 wt%, which are dramatically higher than those of the
altered regions in Type I fluorapatite (0.20–0.65 wt%, most between

Fig. 10. Cathodoluminescent and BSE
images of three types of apatite from Bayan
Obo deposit. (a) Chemical heterogeneous
composition zones in Type I fluorapatite
under BSE; (b) in Type I fluorapatite, grey-
blue luminescent anhedral apatites dis-
playing grey patches under CL; (c) altered
areas in Type II fluorapatite occurring as
irregular veinlets and dark grey patches
under BSE; (d) in cathodoluminescent image
of Type II fluorapatite, grey-blue lumines-
cent unaltered apatite replaced by a variety
of blue- apatite, producing a “messy” tex-
ture; (e) BSE image of Type III apatite; (f)
grey-blue luminescent Type III apatite prism
fractured by irregular light grey, dark grey-
luminescent veins. (For interpretation of the
references to color in this figure legend, the
reader is referred to the web version of this
article.)
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0.20 and 0.38 wt%). The altered regions in Type I and Type II fluor-
apatite also have differences in the BaO, SO3, SiO2 and FeO contents.
Altered (BSE-dark) regions in Type I fluorapatite contain higher BaO
and slightly higher SO3 than the altered (BSE-dark) regions in Type II
fluorapatite.

6. Discussion

6.1. Coarse-grained dolomite (H8c) and fine-grained dolomite (H8f)

Contrasting the major elements of dolomite minerals from the
coarse-grained dolomite (H8c) and fine-grained dolomite (H8f), we
discover that dolomite from H8f contains higher REE, Mn, Fe, lower Sr,
compared to that from the H8c. In the H8c, SrO contents in the rim of
the dolomite minerals reach up to 1.04 wt%, while SrO contents in the
core as low as 0.16 wt% (one point low to 0.04 wt%). Yang and Le Bas
(2004) suggested that SrO and MnO contents of carbonate minerals can
be used as important parameters to distinguish sedimentary carbonate
and carbonatite. Carbonate minerals from carbonatites typically con-
tain both SrO and MnO higher than 0.15 wt%. However, the dolomite
from H8c possesses abnormally low SrO contents in the core, maybe
retaining the feature of the sedimentary carbonates. Yang et al. (2011)
proposed that major element contents of the whole rock of coarse-
grained dolomite marble are comparable to those of the calcite-dolo-
mite carbonatite dykes and interpreted the high Sr of the coarse-grained
H8 as a primary magmatic signature. Petrological observation and ex-
perimental studies prove that carbonate minerals crystallized from
primitive carbonatite magma may have higher SrO than those from
evolved carbonatite magma, while Mn, REE, U, Th, F and Ba increase in
the residual melt (Wyllie et al., 1996; Le Bas et al., 1997; Le Bas and
Srivastava, 1989). The hypothesis of igneous carbonatite origin of
coarse-grained H8 is inconsistent with the fact that abrupt rise in SrO
contents in the rim and abnormally low SrO contents in the core. The
high SrO contents in the margin of dolomite from H8c can be inter-
preted as the result of sedimentary original dolomite marble being
undergone the fluid metasomatism (Smith et al., 2015). Newly formed
Sr-rich apatite shows elongated orientation paralleling the lineation of
sheared coarse-grained dolomite (Fig. 5e), implying that the apatite was
generated during deformation and metamorphism processes. The rim of
dolomite grains may be exposed to Sr-rich and REE-depleted meta-
morphic fluid alteration. Lai et al. (2016) demonstrated that the geo-
chemical signatures of the dolomite minerals in the fine-grained dolo-
mite are similar to those in the coarse-grained dolomite, enriched in
MREE, both different from dolomite minerals from carbonatite dykes,
which are characterized by enriched in light REE. The carbon and
oxygen isotopes of dolomite from ore body host H8 marble are dis-
tinctively different from those from mantle-derived carbonatite (Yang
et al., 2009). Paradoxes exist based on the facts that the whole rock
geochemistry of fine-grained dolomites (H8f) has the extremely high
REE geochemical characteristics, while a considerable proportion of
individual fine-grained dolomite minerals with low SrO, REE contents
are quite different from those of dolomite minerals from carbonatite
dykes (Lai et al., 2016). The very high REE contents of the fine-grained
mineralized dolomite bulk rocks can be explained by the enrichment of
accessory phases, such as apatite, monazite and bastnaesite. Metaso-
matic textures exhibiting that coarse-grained dolomite relics are sur-
rounded by the REE minerals and gangue minerals, which are ubiqui-
tous in the REE mineralized dolomite. Therefore, both coarse-grained
dolomite (H8c) and fine-grained dolomite (H8f) are probably sedi-
mentary carbonate, weakly mineralized H8c being altered by SrO-rich,
REE-relatively depleted metamorphic fluid and intensively mineralized
H8f related to REE, Fe-rich hydrothermal solution may derived from
carbonatite.
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6.2. Types of apatite

Apatite serves as one of the main carriers of REE elements for Bayan
Obo deposit, as well as concentrating high contents of Sr, Th, U and Pb.
Apatite is a superb mineral as a geochemical tracer of metasomatic
fluids because it can be chemically altered by aqueous brines, pure H2O,
and aqueous fluids containing CO2, HCl, H2SO4, and/or F (Harlov,
2015). Apatite can fingerprint the existence, nature and evolution of
mineralizing hydrothermal fluids utilizing cathodoluminescence and
trace element geochemistry. Zirner et al. (2015) proposed that oscilla-
tory zonation, overgrowth and conversion textures in the apatite from
Ilimaussaq complex rock under back-scattered electron (BSE) are re-
lated to magmatic differentiation, hydrothermal metasomatic over-
print, respectively. Li and Zhou (2015) studied the Yinachang Fe-Cu-
(REE) deposit in Southwestern China, identifying two types of fluor-
apatite which display the altered zonation under BSE imaging. Bouzari
et al. (2016) once used the cathodoluminescent and textural char-
acteristics to identify specific types of hydrothermal alteration related
to porphyry copper deposits. These above examples demonstrated that
REE can be mobilized during multiple stages of hydrothermal activity.
We separated the apatite into three groups based on detailed miner-
alogical observations under microscope, scanning electron microscope
and cathodoluminescence. Distinct internal structures and chemical
compositions of three types of apatite and different types of metaso-
matic alteration observed in BSE-dark areas provide useful tools to re-
strict sources of hydrothermal and metasomatic fluids.

Although displaying similar gray/glow blue luminescence con-
tributed to the Eu2+ activation, the three types of apatite display dif-
ferent inner structures (Fig. 10). Under CL, altered areas are relative to
gray blue-luminescent apatites in Type I apatite. On the contrary, al-
tered areas are corresponding to the bright color-luminescent apatites
in Type II apatite. Type III fluorapatite prisms are cut by gray/dark-
luminescent veinlets. The wide range of colors and different textures of
apatite under CL are caused by concentrations and types of activators,
depending on its origin and affected by associated alteration processes
(Bouzari et al., 2016). Le Bas et al. (1992) reported the grey/blue CL in
apatites from the carbonatite dykes to the north of East orebodies and in
coarse-grained H8 marble at Bayan Obo. Campbell and Henderson
(1997) observed that apatite related to the main period of REE mi-
neralization is pink/cream/grey under CL. In our study, three types of
apatite display glow blue /gray CL, which is quite similar to the

descriptions in Le Bas et al. (1992). Marshall (1988) and Ting (1994)
suggested that the blue luminescence of Eu2+ containing, or vacancy-
activated is a typical feature of apatite from carbonatite. However,
apatites from some metamorphic rocks also display blue/grey CL (Deng,
1980; Xu et al., 2006). The main activators controlling CL properties of
apatite are Mn2+, Dy3+, Eu3+, Sm3+, Eu2+, producing CL peaks in the
visible yellow green, yellow, red, orange, blue part of the spectrum
respectively (Deng, 1980; Marshall,1988; Liu and Hua, 2003).

In-situ micro-analyses on chemical compositions by EPMA and LA-
ICP-MS techniques verify the correctness of categorizations. REE, Na-
rich primary apatites display similar phenomena that concentrations of
Na and LREE are reduced in the altered zones in Type I and Type II
apatite. Altered areas are relative regular patches in Type I apatite,
complex shapes and irregular veins in Type II apatite (Figs. 7,8,10).
Type III apatite monocrystals are cut by Sr, Si-rich veinlets (Fig. 9).
From the plot of Y vs. Sr (Fig. 14e), the plot of Na vs. REE+Y
(Fig. 14c), and the plot of Pb vs. Th+U (Fig. 14f), these three types of
apatite can be easily distinguished. Both the Type I and the Type II
fluorapatite are obviously richer in REE and slightly higher in F content
compared with Type III apatite, suggesting that the former two are
intimately associated with igneous carbonatite. It is clear that carbo-
natite is an important source of REE in Bayan Obo. The mineralized
hydrothermal fluids are rich in REE, demonstrated by the REE daughter
minerals in fluid inclusions (Fan et al., 2003). Type III apatite possesses
the highest Sr contents and the lowest REE+Y and Na contents, im-
plying the different fluid source.

For REE-uptake in apatite, several charge-compensating coupled
substitution mechanisms have been proposed (Roeder et al., 1987;
Ronsbo, 1989; Pan and Fleet, 2002). The most important two me-
chanisms are:

+ + =
+ + +Na REE Y Ca( ) 23 2 (1)

+ + = +
+ + + +Si REE Y Ca P( )4 3 2 5 (2)

The Y+REE (apfu) displays a clear positive covariance with Na
(apfu) and no obvious correlation with Si (apfu) (Fig. 14a, b), indicating
that Y3+ and REE3+ are charge-balanced through the following cou-
pled substitution formula (1).

The plot of Y vs. Sr can sufficiently separate the three types of
apatite and the Type II fluorapatite displays the distinctive enrichment
in Y, followed by the Type I fluorapatite (Fig. 14e). Fluid inclusions in
gangue and REE ore phases from the Bayan Obo Fe- REE-Nb deposit

Fig. 11. SrO compositional variation from the rim to the core in dolomite mineral from coarse-grained dolomite. The data of dolomites were obtained by EPMA.
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record a protracted history of fluid-rock interaction, with distinct fluid
compositions related to distinct paragenetic stages in the mineraliza-
tion, indicating significant REE mobility under a wide range of chemical
and P-T conditions (Smith et al., 2000). The Y concentrations in the
hydrothermal solution varied with the precipitated mineral associations
in different paragenetic stages and the predominant complex ligands in
the fluid (Broom-Fendley et al., 2017). Type II fluorapatite formed
earlier than Type I fluorapatite which contemporaneously precipitated
with fluorite or precipitated from a solution suffering the extraction of
fluorite. A specific REY distribution with positive YN anomaly com-
monly occurred in hydrothermal fluorites. Y acts as a Lu-like heavy
pseudolanthanide in fluorine-rich solutions and YF2+ may be more
stable than any REEF2+ (Bau and Dulski, 1995). In Bayan Obo, fluorite
is characterized by LREE enrichment relative to MREE and HREE and
contains different levels of Y positive anomaly, indicating F-com-
plexation predominantly controlling the distribution of Y and REE (Xu
et al., 2012). Large scale fluorite precipitation can lead to the Y de-
pletion in the residual solution.

Despite that three types of apatites are entirely different in Th+U

and Pb compositions (Fig. 14f), they are all extremely U-depleted
(< 0.07 ppm). Therefore, radiogenic Pb was primarily derived from the
radiogenic decay of the Th. Low U abundance and high common lead
contents are characteristics of the whole deposit, discouraging us to get
the valid U-Pb age of mineralized time. The contents of Pb in Type I
fluorapatite are dramatically high, ranging from 60 ppm to 110 ppm.
Whereas, the amounts of Th in Type I fluorapatite are low and not
enough to produce the radiogenic Pb abundance. Consequently, we
conclude that the majority of Pb in Type I fluorapatite was added
during precipitating from a migrated REE-rich hydrothermal solution,
which contained a high amount of Pb. The great mobility of Pb, de-
monstrated by various hydrothermal experiments, facilitates its mi-
gration from the crystal structure into fluid. As the hydrothermal fluid
continues to migrate, the Pb successively increases during the fluid
interacting with the pre-existing Th-rich minerals and country rocks.
Type I fluorapatite inherited the Pb enrichment from the evolved hy-
drothermal solution.

EPMA and LA-ICPMS data have demonstrated that the dark regions
in the Type I and Type II fluorapatite are strongly depleted in the Na,

Fig. 12. Plot of MnO vs. SrO (a), FeO vs. SrO (b) for coarse-grained and fine-grained dolomite marble. The plotted data of dolomites were obtained by EPMA.
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LREE and Pb. The mapping of elements also displays the loss of LREE
and Na. Mobilization of the lanthanides from the apatite is interpreted
as the product of interaction with fluids percolating through the rocks.

Experimental studies proved that the REE mobilization and redis-
tribution in apatite may occur during hydrothermal overprinting by
dissolution-reprecipitation processes (Harlov et al., 2003, 2005;
Kusebauch et al., 2015; Putnis and Austrheim, 2010). In the Bayan Obo
deposit, both apatite and amphibole show compositional variations that
are consistent with multiple generations of fluid influx into the de-
posits, even within a single paragenetic stage (Campbell and
Henderson, 1997; Smith, 2007; Liu et al., 2018a). Apatite textures and
compositions are powerful tool in deciphering the REE mineralization
as well as metasomatic processes (Broom-Fendley et al., 2016, 2017).
Fluid compositions are the crucial factor controlling the style of REE
transportation, deposition and remobilization in hydrothermal system.

6.2.1. REE-rich mesothermal hydrothermal fluid responsible for REE
leaching in Type I fluorapatite

Chemical compositions are heterogeneous in Type I fluorapatite,
BSE-bright and BSE-dark regions occurring in the same apatite crystal.
Zoned granular apatite crystals (fine grained) from H8 dolomite were
also described by Le Bas et al. (1992). Few REE mineral inclusions are
observed in the interior of the Type I fluorapatite. One interpretation
for the lack of monazite inclusions in the Type I fluorapatite could be
that the fluid was enriched in Na and Ca. Previous experiments showed
that Na- or Ca-rich fluids cannot induce the formation of REE mineral
inclusions in apatite (Broman et al.,1999) as the Na and Ca can freely
enter the apatite structure to maintain charge balance and to stabilize
the LREE (Harlov and Förster, 2003; Harlov et al., 2005). Type I
fluorapatite is mainly derived from apatite-REE (bastnaesite)-magnetite
banded ore (sample 09BY161). Based on petrography, bastnaesite as-
sociated with barite occurs as veins or bands crosscutting the Type I
fluorapatite and infilling the fractures of magnetite grains, suggesting
that apatite and magnetite formed earlier than the bastnaesite-barite
vein. Giere (1996) proposed that phosphate ions are important com-
plexing agents of the REE, especially at high temperatures. Migdisov
et al. (2016) pointed out that phosphate complexes are unlikely to
contribute significance to the mobility of REE due to the extremely low
solubility of solid REE phosphates. Therefore, they act as depositional
ligands rather than a transporting ligand in ore processes, precipitating
from the fluid together with the REE at the early stage. The contents of
BaO in the BSE-dark areas of Type I apatite reach up to 0.053wt%,
apparently higher than those in BSE-bright areas. The SrO contents
maintain relatively invariable. The Type I fluorapatite may has been
leached by the fluid with a high capability to dissolve LREEs. LREEs
leached from the fluorapatite were migrated into the low pH, SO4

2-

-rich fluids, leaving behind a reprecipitated LREE-depleted fluorapatite.
Sulfate ligand and the condition of low pH encourage REE mobility.
Elevated concentrations of rare earth elements were presented in acid-
sulfate and acid-sulfate-chlorite hydrothermal waters (70–93 °C) which
interacted with their host rhyolitic volcanic in Yellowstone National
Park (Lewis et al., 1998). As the SO4/F increases in the fluid, sulfate
complexes account for the majority of dissolved LREEs in the water.
Decrease of pH leads to apatites dissolution, liberating LREEs into fluids
or forming new minerals during hydrothermal alteration with high
activity of SO4

2- and low-pH condition (Hikov, 2011).
Sulfate ligand complexing with REE may have been related to the

last stage of hydrothermal activity in the carbonatite complex
(Enkhbayar et al., 2016). Hydrothermal metasomatic fluid in this stage
is rich in SO4

2-, Ba and REE verified by the fact that bastnaesite and
barite are closely associated and that barite hosts high amounts of Ce,
Nd, Sm and Pb observed in the compositional X-ray maps of Type I
apatite. Contributions of sulfate species to the mass of dissolved Nd are
very significant at high (> 300 °C) temperature expanding the range of
pH over which Nd can be stabilized in F- bearing solutions. Complexes
involving sulfate ions could play a significant role in REE transportation
by weakly acidic hydrothermal solution even in the presence of fluoride
ions (Migdisov and Williams-Jones, 2008; Migdisov et al., 2016). The
development of porosity is clear evidence of the dissolution reaction

Fig. 13. Chondrite-normalized REE abundance diagrams for three types of
apatites measured by LA-ICPMS. (a) Chondrite-normalized REE patterns for the
bright and dark areas in Type I fluorapatite; (b) chondrite-normalized REE
patterns for the bright and dark areas in Type II fluorapatite; (c) chondrite-
normalized REE patterns for Type III fluorapatite. In (a) and (b), the black lines
represent the unaltered regions in apatite and the red lines represent the altered
regions. Normalization values from Sun and McDonough (1989). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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due to the fluid infiltrating through apatite. The reprecipitated REE-
depleted fluorapatite preserves the shape and crystalline orientation of
the individual crystal. The distribution of altered apatite is associated
with the cracks and micro-fractures, which facilitates the transfer of Na,
REE, Pb, Th to the SO4

2-, CO2-dominated mesothermal hydrothermal
fluid. The dissolution-reprecipitation of the fluorapatite proceeded via a
reaction:

− + + +

= − +

+ − +

+ − −REY rich fluorapatite Ca PO F Ba CO SO

REY poor fluorapatite Ca PO F monazite REE PO

REE fluorocarbonate barite BaSO

[ ( ) ]

[ ( ) ] [( ) ]

[ ]

5 4 3
2

3
2

4
2

5 4 3 4

4 (3)

Fig. 14. Cationic plots of Na vs. (REE+Y) (a), Si vs. (REE+Y) (b) for different fluorapatite domains. The plotted data for different types of apatite were obtained by
EPMA. (c) Plots of Na vs. (REE+Y) for different apatites obtained by LA-ICPMS as well as illustrate a positive, linear relationship between Na and LREE+Y. (d)
Plots of (La/Yb)N vs. the total REE for different fluorapatite domains with the altered regions in Type I and Type II apatite both display the depletion in LREE. Plots of
Y vs. Sr (e) and Pb vs. (Th+U) (f) for different apatite domains. The plotted data were obtained by LA-ICPMS.
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6.2.2. Fluid-induced dissolution-reprecipitation causing internal
redistribution within Type II fluorapatite

Previous studies of natural assemblages as well as experimental
investigations implied that monazite associated with fluorapatite is a
potential tracer of metasomatic processes(Bonyadi et al., 2011; Harlov
et al., 2005; Li and Zhou, 2015; Zirner et al., 2015; Feng et al., 2016). In
our study, REE-leached apatite, and monazite inclusions hosted within
this apatite are probably the results of fluid-induced alteration of apa-
tite via dissolution-reprecipitation processes, which have been widely
recognized (Harlov et al., 2002, 2003, 2005, 2005; Torab and Lehmann,
2007; Bonyadi et al., 2011). Experimental studies of the reaction of
REE-rich apatite with a range of solutes at a wide range of temperatures
and pressures have proven that monazite inclusions form most readily
from HCl, KCl or H2SO4 dominated fluids that are deficient in Na and Ca
(Harlov and Förster, 2003; Harlov et al., 2005). The type II apatite
displays different chemical composition zones, and the altered apatite
displays the typical Na, REY losses. Removal of Na and Si, resulting in
charge imbalance, frees the (Y+REE) to react with P to form monazite
and/or xenotime, either as inclusions in the apatite or as grains on the
surface of the apatite (Harlov et al., 2005). The monazite inclusions
have close genetic connection with the BSE-dark apatite, proving that
Type II apatite formed as a result of the metasomatic overprint. The SrO
contents of the altered regions in type II fluorapatite are extremely
high, demonstrating that overprinting fluid is rich in Sr. The copreci-
pitation of hematite and REE minerals in the micro-pores implies a
relatively high oxidation state of the metasomatic fluid. The activity of
Ca and Na of the fluid must have been low, otherwise the formation of
monazite inclusions would be retarded. Oxidized, Sr-rich, Na-depleted,
REE-poor metamorphic fluid is responsible for the metasomatic event.
Removal of Na at high REE levels from the apatite results in the apatite
breaking down to provide the material necessary REY, P for the nu-
cleation and growth of the monazite. The chemical reaction can be
simplified as:

− + = +

−

REY rich fluorapatite fluid monazite REY

poor fluorapatite (4)

Abundant micro-porosities and micro cracks in leached apatite are
necessary to serve as the channels for fluid infiltration and as nucleation
sites for monazite inclusions (Harlov and Förster, 2003). The leached
apatite-growth of new monazite texture indicates a dissolution-re-
precipitation process, implying later stage hydrothermal metasomatism
and REE remobilization in the geological history. Heterogeneous com-
positional zones under BSE prove that apatite is susceptible to meta-
morphic-hydrothermal perturbation. The higher 87Sr/86Sr ratios in the
recrystallized dolomite and apatite compared with the primary apatite
and dolomite also demonstrate that carbonatite-original REE ores have
undergone subsequent thermal perturbation induced by Sr-rich, but
REE-poor, metamorphic fluid (Song et al., 2018).

6.2.3. Metamorphic fluid leading to the formation of Type III fluorapatite
Type III fluorapatite from coarse-grained dolomite (H8c) is sub-

prismatic to elongate with an orientation paralleling the lineation of the
dolomite. This lineation may result from strong deformation interpreted
to be related to the regional thrusting and folding. Most apatite crystals
are 400–600 μm long, with width of 200 μm. The REE+Y and Na
compositions of Type III fluorapatite are one magnitude lower than
those of the unaltered regions in Type I and Type II fluorapatite,
whereas the Sr contents are abnormally higher than those of the un-
altered regions in Type I and Type II apatite. Compositions of Sr, F, Th
and Pb of Type III fluorapatite are comparable to those of the altered
regions in Type II fluorapatite to a certain extent. Therefore, the Type
III apatite is inferred to have crystallized from a different fluid source
which is rich in Sr and depleted in REE. Deng et al. (2017) suggested
that the Sr-rich metasomatic fluid affected the primary apatite and led
to the LREE depletion and the elevated Sr contents. This metamorphic

fluid was derived from sedimentary rocks. Considering that the c-axes
of Type III fluorapatite are parallel to the lineation of the dolomite
which are resulted from regional thrusting and folding, the source of
Type III fluorapatite may be the Sr-rich, but REE-poor, metamorphic
fluid (Wang et al., 1994; de Jong et al., 2006; Ling et al., 2013; Lai
et al., 2015).

6.2.4. Factors controlling the different styles of REE remobilization
The altered regions in Type I and Type II fluorapatite have differ-

ences in the SrO, BaO, SO3, SiO2 and FeO contents. CL features are
significantly different between altered areas in Type I and Type II
fluorapatite. Altered areas occur as grey-luminescent patches in Type I
fluorapatite and display as complex bodies with a variety of blue-lu-
minescent in Type II fluorapatite. The REE+Y and Na compositions of
Type III fluorapatite are one magnitude lower than those of the un-
altered regions in the Type I and Type II fluorapatite. These evidences
prove that REE remobilization processes occur in different metasomatic
events. Multi-phase, fluid-mineral interactions are ubiquitous in the
Bayan Obo deposit (Campbell and Henderson, 1997; Deng et al., 2017;
Smith et al., 2015). The large variations in fluid chemistry indicated by
the evidences of fluids inclusions pointed to successive episodes of
mineralization involving fluids of different compositions. Multistage
histories of deposition and remobilization of REE existed in the Bayan
Obo deposit (Smith et al., 2000, 2015; Kynicky et al., 2012). The dif-
ferent styles of REE remobilization may be mainly controlled by the
components of the metasomatic fluids, e.g. the activity of Ca and Na.

In the main REE mineralization stage, the REE-rich fluorapatite
formed together with monazite (Fig. 15a). The large grained monazites
of the early generation in ores are proposed to be precipitated from the
primary carbonatite-related hydrothermal fluid especially at higher
temperature. The Type I fluorapatite formed later than Type II fluor-
apatite and also precipitated in the REE mineralization stage, intimately
associated with REE-rich hydrothermal solution derived from igneous
carbonatite. Subsequently, the altered regions in Type I fluorapatite
were formed by the SO4

2-, CO2-dominated mesothermal hydrothermal
fluid metasomatism (Fig. 15b). The fluid enriched in Na, Ba, SO4

2-,
interacted with REE-rich fluorapatite via dissolution-reprecipitation
processes. Sulfate ligand and the condition of low pH encouraged the
rare elements mobility, causing the leaching of REE from REE-rich
fluorapatite precursor, leading to a significant amount of LREE deple-
tion in altered fluorapatite. The metasomatic fluid was probably late-
stage evolved hydrothermal solution derived from carbonatitic, alkaline
igneous, or other igneous-related REE- and Fe-rich magmatic systems
(Smith and Henderson, 2000). The leached apatite-monazite inclusion
texture in Type II fluorapatite implies a much later hydrothermal
overprinting event (Fig. 15c). The oxidized, Sr-rich, Na-depleted, REE-
poor fluid interacted with the fluorapatite, leading to the LREE extreme
depletion in BSE-dark fluorapatite, numerous REE mineral inclusions
and a “mottled” texture under CL. Meanwhile, the Type III apatite in the
coarse-grained dolomite crystallized from the Sr-rich, Na-depleted and
REE-poor metamorphic fluid accompanied by extensional regional
compressional deformation.

7. Conclusion

Based on results of the two types of dolomite marble and three types
of fluorapatite, we draw the conclusions as follows:

1) The coarse-grained and fine-grained dolomite marble were formed
by different geological processes. The dolomite from coarse-grained
dolomite marble shows the parallel lineation and abnormally high
SrO contents in the rim and significantly low SrO contents in the
core. The dolomite from fine-grained dolomite marble hosting REE
reserves contains high levels of Mn and Fe. Metasomatic textures are
ubiquitous in fine-grained mineralized dolomite.

2) Three types of apatites show big differences in cathodoluminescent
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signatures. Both Type I and Type II fluorapatite are heterogeneous in
chemical compositions under BSE. The typical REE-rich feature of
unaltered regions in Type I fluorapatite and Type II fluorapatite
supports the primary REEs derived from a carbonatite source. The
fluid responsible for the strong LREE depletion in Type I fluorapatite
was rich in REE, Na, Ba, CO3

2– and SO4
2-, similar to carbonatite-

related REE-rich mesothermal hydrothermal fluid. Whereas, the
metamorphic fluids contributed to the internal REE redistribution in
Type II fluorapatite and formation of the Type III fluorapatite.

3) The Bayan Obo deposit had experienced multistage hydrothermal
metasomatism. Primary REEs were derived from a carbonatite
source. The Sr-rich, Na-depleted and REE-poor metamorphic fluid
flowed into the deposit and resulted in REE remobilization.
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