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ARTICLE INFO ABSTRACT

Keywords: Scandium (Sc) is a dispersed element in average continental crust but can accumulate in carbonatite systems. In
Scandium the Bayan Obo carbonatite deposit, China, substantial ScoOs resources have been estimated; however, the
Thortveitite occurrence and spatial distribution of Sc remain poorly understood, impeding efforts to explore and extract these
Jervisite . . . .

Bazzit resources. This study presents novel results of geochemical, mineral and textural mapping from 270 systemat-

azzite . . . . . . . .

Carbonatite ically collected field samples and 13 representative laboratory samples, revealing the Sc distribution at various
Bayan Obo scales, from deposit down to mineral, within this complex carbonatite system.

Whole-rock analyses identified Sc anomalies (over 100 ppm) along the lithological contacts between the ore-
hosting dolomite intrusion and the surrounding slate/schist. The banded/massive ores and vein-type ores exhibit
variable yet relatively high Sc contents, ranging from 2 to 378 ppm (average 67.6 ppm) and 91 to 273 ppm
(average 153 ppm), respectively. In contrast, slate/schist shows lower Sc levels (1-218 ppm, average 38.2 ppm),
while the ore-hosting dolomite has consistently medium to low Sc contents (17-77 ppm, average 34.0 ppm).
Micro-scale analyses reveal that aegirine and Na-amphibole are common Sc carriers in all rock types except slate/
schist, in which mica and ilmenite are the major Sc-bearing minerals. Sc-rich domains (over 0.3 wt% Scp03) are
detected in polished thin sections, in which three individual Sc minerals, i.e., thortveitite, aegirine-jervisite solid
solution, and bazzite, are documented for the first time in this deposit. Variations in chemical composition and
microtexture in these Sc minerals indicate a multi-stage Sc mineralization process. These findings suggest that
hydrothermal alteration is the primary mechanism for Sc enrichment in this carbonatite system, laying a solid
foundation for future resource utilization of the Bayan Obo deposit.

1. Introduction the production and consumption of Sc remains low (30-40 t/yr), largely

due to a lack of global economic resources and industrially efficient

Scandium (Sc) has many uses in high-tech and clean energy in-
dustries, and now is considered a critical metal by many countries
(Critical Minerals Office, 2023; European Commission, 2023; USGS,
2024). It is widely used in Sc-Al alloys, solid oxide fuel cells, electronics,
lasers, and lighting to innovate and enhance product performance and
properties (Langan and Dorin, 2023; Phoung et al., 2023). Up until now,
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extraction techniques. The short in supply has resulted in high market
prices of ~ 269 $/g for Sc, about three times higher than that of gold,
and has made scandium a topical research topic worldwide (Williams-
Jones and Vasyukova, 2018; Halkoaho et al., 2020; Zhou et al., 2020,
2022; Hreus, et al., 2021; Wang et al., 2021, 2022b; Beland and
Williams-Jones, 2023; Liu et al., 2023; USGS, 2024).
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Scandium is often considered a member of the rare earth group, even
though its geochemical properties are quite distinctive compared to
lanthanides (Samon and Chassé, 2016). It rarely forms individual Sc
deposits, even though there are 23 known individual Sc minerals.
Instead, it is dispersed within the Earth’s crust, and commonly sub-
stitutes high field strength elements (HFSE) and Fe-Mg in minerals, such
as Nb-Ta-Ti-Fe oxides (Siegfried et al., 2018) and ferromagnesium sili-
cates (e.g., clinopyroxene; Williams-Jones and Vasyukova, 2018). In
general, the Sc speciation varies according to deposit type, as follows:
adsorbed Sc on goethite in the lateritic deposits (Chassé et al., 2016);
heterogeneously distributed trace Sc in kinetically controlled diopside of
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magma-type deposits (Wang et al., 2022b); and Sc within zinnwaldite
and HFSE minerals in greisen-type deposits (Hreus et al., 2021).
Therefore, clarifying the distribution of scandium resources is the basis
of Sc exploration and research.

Although Sc generally occurs in low concentrations in common
minerals and lithologies, it can occasionally achieve moderately large
quantities in carbonatite systems, such as the Elk Creek (America, 2400
t; Verbaan et al., 2018), Fen (Norway, existing thortveitite; Amli, 1977),
Kovdor (Russia, 420 t, Tolstov and Gunin, 2001; Kalashnikov et al.,
2016), Oka (Canada; Eby, 1973), and Tomtor (Russia, 39000 t, 390 ppm;
Lapin et al., 2016). In general, the formation of carbonatite REE deposits
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normally involves magmatic metal pre-enrichment, followed by hy-
drothermal remobilization and mineralization (Anenburg et al., 2021;
Yaxley et al., 2022; Chen, et al., 2024). Experimental petrology and
simulation calculations of scandium’s distribution coefficient in magma
differentiation and the migration of Sc complexes in fluids, have shown
that both magmatic (especially hydrous carbonatite-mafic magmas) and
hydrothermal (especially fluorine-rich fluids) processes can facilitate Sc
dissolution and transport (Shchekina and Gramenitskii, 2008; Martin
et al., 2013; Wang et al., 2022a). However, the enrichment character-
istics of Sc in the carbonatite system are still unclear, and the relative
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contribution of magmatic and hydrothermal processes remains elusive.

The Bayan Obo REE-Nb-Fe carbonatite deposit is considered the
largest source for future global Sc supply, with an estimated 140,000t @
100 ppm (Ma, 2012; Williams-Jones and Vasyukova, 2018). It has been
interpreted to have undergone both magmatic and multiple fluid-
overprinting processes, ranging from early alkali metasomatism to
post-depositional hydrothermal and thermal modifications (Smith et al.,
2015; Yang et al., 2017; Li et al., 2021b; She et al., 2023).

Previous major element analyses of Sc in tailings at Bayan Obo found
that Sc was enriched in some aegirine and Nb-bearing minerals
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Fig. 2. (a) The outcrop of carbonatite dyke and surrounding alkali alteration. (b) The profile of Main and West orebody. (c) The typical ore rock of Bayan Obo
deposit, sampled from the Main orebody. (d) The typical vein-type ores. (e-h) The microscopic view of banded/massive ores (e), ore-hosting dolomite (f), high-Sc

slate/schist (g), low-Sc slate/schist (h).
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(Shimazaki et al., 2008; Ma, 2012; Yang et al., 2022). However, little
work has been previously carried out to understand the distribution of Sc
within the in-situ ore zones. To fill this gap in knowledge, we system-
atically collected samples from the deposit, and investigated them in
detail using various petrographic and geochemical techniques at
different scales, with the objective of revealing the occurrence and dis-
tribution of Sc at Bayan Obo, as well as the enrichment processes that
took place. We hope that this study will provide new information for all
those interested in the Sc enrichment characteristics within carbonatite
systems.

2. Geological setting

The Bayan Obo deposit (109°58" E, 41°48'N) is located on the
northern margin of the North China Craton (NCC), which is bounded by
the Central Asia Orogenic Belt (CAOB) to the north and Qingling-Dabie-
Sulu orogen to the south (Fig. 1a).

The region mainly consists of Neoarchean to Paleoproterozoic
metamorphic basement rocks, Paleoproterozoic to Mesoproterozoic
Bayan Obo Group cover, ore-hosting dolomite, carbonatite dykes, and
Paleozoic granitoids (Fig. 1b). The basement rocks comprise granitic-
gneiss, and granodiorite (around 2588-1890 Ma; Fan et al., 2016),
distributed in the Kuangou fault region and south of the mining area.
The Bayan Obo Group, exposed in the deposit, is a series of low-grade
metamorphic sedimentary rocks, including arkosic quartzite, conglom-
erate, sandstone, limestone, slate, and interbedded slate and schist.
These meta-sedimentary rocks have undergone intense deformation,
resulting in tight folding (Ke et al., 2021; Fan et al., 2022). The ore-
hosting dolomite was originally classified as a part of the Bayan Obo
Group and named as the H8 unit. However, recent works indicated that
the ore-hosting dolomite was an igneous dolomitic carbonatite rather
than sedimentary carbonate (Chen et al., 2020; Kuebler et al., 2020;
Tang et al., 2021; Fan et al., 2022; Yang et al., 2023a; Li et al., 2024).
Radiometric dating suggested that the ore-hosting dolomite formed in
the Mesoproterozoic (zircon Th-Pb age 1301 + 12 Ma, Zhang et al.,
2017b; 1317 + 140 Ma, apatite Sm-Nd, Yang et al., 2019; hydrothermal
zircon Th-Pb 1297 + 13 Ma, Li et al., 2021a). The Palaeozoic granitoids
consist of granodiorite, monzogranite, and biotite granite (zircon U-Pb
281-262 Ma), formed synchronously with the plate subduction during
the closure of the Paleo-Asian Ocean (Fan et al., 2009). They are mainly
exposed in the south and east of the mining area (named Eastern Contact
Zone), generating skarns where in contact with ore-hosting dolomite
(Fan et al., 2004; Zhang et al., 2017a). Over 100 carbonatite dikes
intruded into the Bayan Obo Group and basement rocks, causing feni-
tization in the surrounding rocks (Fig. 2a; Liu et al., 2018). Geochemical
and geochronological studies indicate that these dykes are genetically
related to ore-hosting dolomite and are divided into ferroan, magnesian,
and calcic varieties (Ren et al., 1994; Le Maitre, 2002; Le Bas et al.,
2007; Fan et al., 2014; Yang et al., 2019).

As mentioned above, the Bayan Obo deposit is an extreme geological
entity, containing around 333 Mt REE;O3 at 2 wt% (Fan et al., 2022). It
also contains significant resources of Nb (2.16 Mt at 0.13 wt% NbOs)
and Fe (>1500 Mt at 35 wt%) (Drew et al., 1990, Bai et al., 1996). In
addition, significant ScyO3 resources have been estimated at about 0.14
Mt with an average grade of 100 ppm (Ma et al., 2012; Williams-Jones
and Vasyukova, 2018). Currently, the mined ore minerals are magne-
tite/hematite for iron and monazite/REE-fluorcarbonate for REE re-
sources, with aeschynite, columbite, ilmenorutile, pyrochlore,
fergusonite, and baotite for Nb (Fan et al., 2016; Hou et al., 2023; Ren
et al., 2023). The three largest orebodies (defined by Fe tonnage) in
Bayan Obo are named the Main, East, and West orebodies, located in the
Main, East and West open-pits, respectively (Fig. 1). The East and Main
orebodies mainly occur between the boundary of ore-hosting dolomite
and Bayan Obo Group slate/schist (Fig. 2b). The West orebody is located
mainly in the massive dolomitic carbonatite, with some slate/schist
included (Fig. 2b).
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This deposit is thought to have originally formed through carbonatite
magmatism and a reaction of REE/Na-F-rich hydrothermal fluids with
surrounding rocks (Bayan Obo Group and metamorphic basement rocks;
Fig. 2a) at ca. 1.3 Ga, and then underwent two discrete episodes of post-
ore formation hydrothermal activity at ~ 430 Ma and ~ 270 Ma (Fan
et al., 2016; Zhang et al., 2017b; Li et al., 2021b; Yu et al., 2024). Ore
zones commonly show heterogeneously banded structures defined by
irregular bands of magnetite, fluorite, REE minerals (mainly monazite
and bastnasite), apatite, aegirine, and Na-amphibole. Some thicker
bands as massive ores are also present (Fig. 2c, 2e-f). Both can be
crosscut by hydrothermal veins of coarse-grained aegirine, calcite,
fluorite, REE-fluorcarbonate (e.g., monazite, bastnasite, parasite etc.),
phlogopite, pyrite, and aeschynite (Fig. 2d). Because of the intensive
post-ore formation metamorphic and metasomatic overprints on the
originally mineralization, banded/massive type ores generally exhibit a
wide age range of ages, ca. 1300-260 Ma with two peaks at ca. 450-400
Ma, and ca. 280-260 Ma (Li et al., 2021b), while the vein-type ores
typically only have an age of ~ 440 Ma (sulfide Re-Os age, Liu et al.,
2004; Hu et al., 2009).

3. Sampling and analytical methods
3.1. Sampling strategy

The Main and East open-pits were selected as the main sampling
areas, based on geology and accessibility. A total of 265 samples were
collected, comprising 258 samples of dolomite, banded/massive ores
covering different rock types from the working platforms (Fig. 1c), as
well as 7 vein-type ores from ore surrounding dumps. In addition, 5
samples were collected from the Eastern Contact Zone to assess the in-
fluence of the granitoid intrusion (Fig. 1d). All samples were analyzed
for whole-rock major, minor and trace elements.

For in-depth investigations, representative samples were selected
using the following the criteria: must cover all of the main rock types
present at Bayan Obo mines; including both Main and East open pits;
covering the range of whole-rock Sc contents of each rock type;
including the most common mineral association of each rock type.
Finally, 13 samples, including 3 dolomites, 4 alteration ores, 3 slates,
and 3 vein-type ores, were selected for further thin-section mineral and
texture mapping, as well as in-situ laser-based analyses (Fig. 3a;
Table 1). All samples were divided into two parts, with one part for
making thin sections and the other for whole-rock analysis.

3.2. Whole rock trace element analysis

The whole-rock trace elements were analyzed at the ALS Minerals,
Guangzhou, China. Samples were first crushed using a hardened steel
jaw crusher such that 70 % of the resulting fragments passed through a
2-mm screen size. Subsequently, these fragments were then powdered in
an agate ball mill until > 85 % of them passed a 75-pm screen size. Trace
elements, including REEs, were determined using lithium metaborate
fusion digestion and ICP-MS, following ALS Geochemistry method ME-
MS81h for high-REE-contents samples (relative deviation and error <
7 %) and ME-MS81 for normal samples (relative deviation and error <
10 %). Additionally, Be, Sc, Zn, Li, and Pb were determined by four-acid
digestion followed by ICP-MS, adhering to ALS Geochemistry method
ME-MS61r (relative deviation and error < 10 %).

3.3. Scanning micro-XRF and mineral identification

The first micro-geochemical and mineral investigations for locating
Sc minerals were performed using a scanning micro-X-ray fluorescence
(u-XRF) M4 Tornado system, fitted with Bruker AMICS mineral analysis
software, at the Geological Survey of Finland (GTK). The instrument was
equipped with an Rh X-ray 30-Watt Rh anode target, two simultaneously
operating 30 mm? XFlash® silicon drift detectors (SDDs) with an energy
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Fig. 3. The spatial comparison of whole-rock Sc contents distribution and major rock type in the main and east ore bodies of the Bayan Obo deposit. (a) Geology map
of main and east mines with the representative samples named. (b) Corresponding whole-rock Sc contents distribution with the 100 ppm contours marked.

resolution of < 145 eV at 275 keps (measured on MnKa). The Rh X-ray
source was performed under maximum energy settings of 50 kV and a
beam current of 600 pA. The beam was focused by a polycapillary lens
on a fixed spot size of 20 um under 2 mbar vacuum. The samples were
mapped in separate runs using a step size of 20 ym and a pixel dwell time
of 20 ms/pixel. The qualitative elemental maps were generated using
the Bruker M4 software.

The mineral identification and characterizations were conducted
using the Advanced Mineral Identification and Characterization System
(AMICS) software. This software enabled mineral identification using
u-XRF datasets, where the collected X-ray spectral data underwent
evaluation and comparison with a reference list of known mineral
spectra. The process employed %2 fingerprinting optimal mineral clas-
sification. Further refinement of mineral classification involved various
clustering techniques and/or manual data reduction and evaluation of
XRF spectral attributes, with data reclassification performed as neces-
sary to address unclassified X-ray points (unknowns) (Bruker, 2018).
The outcome of this procedure was a mineral-class map assigning a
single or specific mineral mixture label to each pixel. This map facili-
tated the quantification of mineral properties such as modal abundance,
grain size, and mineral association.

3.4. Back-scattered electron images and electron micro-probe analysis

Areas of interest within the thin sections were then imaged and
analysed using a Scanning Electron Microscope, model Hitachi SU3900,
equipped with an Oxford Instruments EDS-spectrometer X-Max 20 mm?

(SDD).

Spot analysis and quantified wavelength-dispersive spectrometry
(WDS) analysis was obtained with a JEOL JXA-iHP200F Hyperprobe
field-emission electron microprobe analyzer (FEG-EMPA), also at GTK.
Accelerating voltage and beam current were set to 15 kV and 20nA for
the spot measurements. A defocused beam diameter set to 5 um was used
and for apatite set to 10 um. Test measurements were performed to
ensure that the set conditions did not cause element migration during
apatite measurements. The analytical results have been corrected using
the XPP on-line correction program (Pouchou and Pichoir, 1991). Nat-
ural and synthetic minerals and metals were used as standards and a
detailed description of standards and detection limits can be found in the
Supplementary material. The relative accuracy has been determined by
measuring selected secondary standards as unknowns and is better than
3 % for major elements and better than 5 % for minor elements.

Element mapping was performed on the same instrument using 20
kV accelerating voltage, 100nA beam current, and a focused beam.
Dwell time per pixel was set to 50 ms. The elements were assigned on the
spectrometers to have only two sweeps per image with the beam sen-
sitive elements F, Ca, K, and Na set to the first sweep. Images acquired
were processed by software by supplied by John Donovan, using the
mean atomic number (MAN) background correction method (Donovan
and Tingle, 1996, Donovan et al., 2021). More information can be found
in the supplementary information.



Table 1
Mineral assemblages and trace element contents of the representative samples.

Rock type Do Do Do B/M B/M B/M B/M S S S \ \ A The
average
detection
limit

Name BY153 BY35 BY28 BY111 BY136 BY06 BY25 BY260 BY52 BY226 713 191 12-2

Mineral D D (dominated), D R, P, M, D,F,R, M, A AR, F, Br, Bt, Q, Bt, C, Bt, O A A Coarse-grained A,

assemblages (dominated), M, F, R, Mz, (dominated), Mz Ap, B (Massive), Mz, B C, Py 0, Ab, (dominated), (dominated), REE

M, Mz, B Ap, B M, Mz, B (Banded) (Banded) Br, Ap,B,M  (Banded) I, Py G Q C, R, M, Ap fluorocarbonate, P,
Mz, F, Ap, Br, M

Sc 73 36 35 301 262 117 62 204 45 1.0 184 108 109 1

Nb 436 31 109 265 1250 1700 59 844 119 23 30 2930 758 1

La 9010 5680 1630 44,400 5120 6600 14,400 117 79 3.4 216 5750 15,200 3

Ce 18,000 10,150 5890 67,100 14,900 14,800 25,600 222 194 7.1 496 16,600 26,200 3

Pr 1935 1075 799 6080 2460 1665 2570 25 23 0.91 58 2010 2420 0.2

Nd 6150 3490 2620 19,150 11,000 5210 8070 102 110 4.9 201 7330 7460 0.5

Sm 434 284 148 1405 944 430 639 27 26 0.94 17 856 798 0.2

Eu 77 51 24 263 141 110 124 6.0 7.7 - 3.3 192 183 0.2

Gd 136 84 38.5 436 204 241 228 11.4 20 0.47 5.5 369 355 0.3

Tb 12.1 7.0 3.4 44 12.7 22 25 0.85 2.6 0.05 0.78 42 35 0.05

Dy 50 28 15 191 52 83 106 2.7 13 — 4.3 193 150 0.3

Ho 6.0 3.3 21 26 7.2 9.5 14 0.32 1.9 0.05 0.96 26 20 0.05

Er 10.0 6.1 4.1 42 15 15 23 0.53 3.8 - 2.9 49 36 0.2

Tm 0.83 0.58 0.42 3.2 1.6 1.2 1.8 0.05 0.40 — 0.43 3.8 2.9 0.05

Yb 4.0 2.7 2.0 13.6 9.0 4.1 7.5 0.25 2.1 - 3.1 13.4 11.3 0.2

Lu 0.38 0.28 0.24 0.99 1.03 0.34 0.72 0.05 0.26 - 0.47 1.15 1.13 0.05

Y 129 79 44 459 180 161 285 6.8 46 — 34 431 430 3

LREE 35,606 20,730 11,111 138,398 34,565 28,815 51,403 499 439.7 17.25 991.3 32,738 52,261

HREE 348.31 210.96 109.76 1215.79 482.53 537.14 691.02 22.95 90.06 0.57 52.44 1128.35 1041.33

Zr 10.0 20 10.0 30 10.0 40 60 591 295 10 22 20 90 10

Hf 1.00 1.00 1.00 3.0 1.00 1.00 2.0 37 9.2 - 4.5 2.0 6.0 1

Ta 0.50 0.50 0.50 0.50 0.50 0.50 0.50 1.1 0.50 - - - 0.50 0.5

Rb 2.0 5.0 1.00 29 1.00 1.00 2.0 120 125 211 2.6 1.00 23 1

Th 185 64 95 259 562 200 109 66 13 2.0 6.2 440 470 0.3

8] 0.30 0.30 0.30 0.50 0.30 1.8 0.30 0.83 0.29 0.49 - 5.7 0.60 0.3

Sn 28 5.0 5.0 118 67 37 18 30 6.0 - 1135 568 29 5

w 5.0 5.0 5.0 5.0 5.0 5.0 5.0 7.0 3.0 — — — — 5

Abbreviation of the rock type: Do: Ore-hosting dolomite; B/M: Banded/Massive ores; S: Slate/Schist; V: Vein type ores.

Abbreviation of the mineral:D: Dolomite; M: Magnetite; Mz: Monazite; B: Bastnasite; F: Fluorite; R: Na-amphibole; Ap: Apatite; P: Phlogopite; A: Aegirine; Br: Barite; Bt: Biotite; Q: Quartz; C: Calcite; Py: Pyrite; O:
Orthoclase; Ab: Albite; I: Ilmenite.

Trace element contents are displayed in ppm. ’-’ means below the detection limit.

™3P m7 TS
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3.5. LA-ICP-MS analysis

Trace element analyses were performed using a double-focusing
single collector inductively coupled plasma mass spectrometer (ICP-
MS) (AttoM, Nu Instruments Ltd., Wrexham, UK) coupled with an Excite
193 nm ArF excimer laser-ablation system (Photon Machines, San Diego,
USA), at the Espoo Research Laboratory of GTK. Samples were ablated in
a helium (He) atmosphere (0.4 to 0.1 1/min) within a HelEx II two-
volume ablation cell, and the ablated aerosol was carried with a He-Ar
gas mix (Ar flow = 0.85-0.95 1/min) towards the ICP. The gas mixture
was optimized daily for maximum sensitivity. The laser was set to output
5 mJ energy at 2-5 % variation. The laser energy delivered on the
samples was set between 30 % and 80 % for different minerals to achieve
optimum ablation. By focusing on a 30 um to 60 pm circular spot, the
laser generated 2-8 J/cm? fluence. In general, ferromagnesian silicates,
oxides, carbonates, phosphates, sulfides, and sulfates were ablated with
a low fluence, whereas feldspars and fluorite were ablated with a higher
fluence. The laser was run at a pulse frequency of 5 Hz for 200 shots.
Each measurement was initiated with a 20-second baseline measure-
ment followed by switching on the laser for 40 s for signal acquisition.
Analyses were made using time resolved analysis (TRA) with continuous
acquisition of data for each point (generally following the scheme of
primary standard, quality control standards, 10-20 unknowns). The 1
sigma errors of each measurement are given in S upplementary Table S2
and S4. For all mineral phases but sulfides, USGS basaltic glass GSE-2 g
was used as the primary standard; and BHVO-2 g, BCR-2 g, and NIST610
were used as quality controls for all but rutile and monazite, for which

Samples from Main and East open-pits

(a)
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matrix-matched standards were used, i.e., R10 and TS-MNZ, respec-
tively. For sulfides, pressed nano-pellets FeS1 was used as primary, FeS5
and FeS6 were used as quality controls.

Data reduction was performed with GLITTER4.4.4 software, and
reference values for the standards were taken from GeoReM. Internal
standards were a major element that had been measured by electron
microprobe or EDS or using stoichiometric value if the former two an-
alyses were not available.

3.6. Laser Raman analysis

Laser Raman spectrum was conducted using a HORIBA Jobin-Yvon
LabRam HR 800 at the Institute of Geology and Geophysics, Chinese
Academy of Sciences (IGGCAS). This system is equipped with a Peltier
cooled multichannel CCD detector and coupled with an Olympus BX41
petrographic microscope. A frequency doubled Nd: YAG laser was used
for excitation (A = 532 nm, output laser power on the sample is 50mW)
with a grating of 600 lines/mm, confocal hole set to 400 pm, and slit
width set to 100 pm. Monocrystalline silicon with a Raman shift at
520.7 cm ™! was used as a calibration standard before measurement. The
Raman spectra of the phases were acquired using a 100 x objective with
an acquisition time of 30 s with three accumulations. The Raman

spectral resolution achieved is < 1.0 em ™.
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Fig. 4. Sc contents of different rock types in the Bayan Obo deposit, with the number of samples indicated in parentheses on the x-axis. (a) Samples from Main and
East open pits. (b) Samples from the Eastern Contact Zone. Six data points for granite were taken from Yang et al., (2000). The Banded/Massive ores were further
plotted (represented by squares) according to their mineral assemblage characteristics from Supplementary table 1.
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4. Analytical results
4.1. Whole-rock Sc content

Bulk-rock Sc contents of the samples are provided in S upplementary
Table S1, with sample locations shown in Fig. 3. At the deposit scale, the
results show that the highest Sc contents (roughly > 100 ppm) are
observed near the boundary between ore-hosting dolomite and the
slate/schist. In contrast, Sc levels in the dolomite-dominated areas are
consistently moderate to low, while both relatively high and minimal Sc
values are found within the slate/schist-dominated areas.

At the individual hand sample scale, as illustrated by the box plot
(Fig. 4a), the Sc contents of the ore-hosting dolomite range from 17 to
77 ppm (interquartile range (IQR) 26-38N = 71); banded/massive ores
have 2-378 ppm (IQR 34-80, N = 120); the slates have 1-218 ppm (IQR
4-52, N = 67); the vein type samples have 91-273 ppm (IQR 108-193,
N=7).

In the profile sampled at the Eastern Contact Zone (Fig. 4b), the
granitoids display low Sc whole-rock contents of 2-10 ppm (IQR
3.5-5.5, N = 8), consistent with the results of Yang et al. (2000). The
skarn has Sc concentrations of 31 ppm and 56 ppm, which fall between
the value of genetically related granitoids and ore-hosting dolomite.

4.2. AMICS quantitative and mineral classification maps

Thirteen samples with varying whole-rock Sc contents were selected
to conduct thin-section modal weight composition mapping and
geochemical analyses. Detailed descriptions including trace element
concentrations are listed in Table 1. Mineral associations and texture as
determined by the scanning p-XRF mapping, and quantitative mineral
proportions were computed with the AMICS software (Figs. 5, 6, 7, 8).
The resulting mineral maps display only minerals with a mass percent-
age higher than 0.01 % in the sample.

(a) Ore-hosting dolomite
BY 153 (Sc=73 ppm) BY35 (Sc=36 ppm)
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The ore-hosting dolomites (BY153 with 73 ppm Sc, BY35 with 36
ppm Sc, and BY28 with 35 ppm Sc) are dominated by dolomite (>60 %)
and disseminated or slightly oriented magnetite (>5%). Additionally,
they contain subordinate and variable amounts of REE minerals, fluo-
rite, and sodium/sodium-calcium amphibole (Fig. 5a, 5b).

The banded/massive ores (BY111 with 301 ppm Sc, BY136 with 262
ppm, BY06 with 117 ppm, and BY25 with 62 ppm) typically display
intense metasomatism, and show variable mineral associations and
directional textures (Fig. 6a, 6b). In sample BY111, the major minerals
are Na-amphibole, monazite, biotite, and magnetite; BY 136, the major
phases include fluorite, dolomite, Na-amphibole, and magnetite; BY 06
comprises primarily aegirine, magnetite, and barite; and BY 25, the
major minerals are aegirine, Na-amphibole, fluorite, and barite.

Slate/schist samples (BY260 with 204 ppm Sc, BY52 with 45 ppm Sc,
and BY226 with 1 ppm Sc) generally consist of biotite, calcite, quartz,
and feldspar in different percentages and mineral textures (Fig. 7a, 7b).
Both BY 260 and BY 52 are dominated by biotite with various accessory
minerals, such as pyrite, fluorite, ilmenite, and apatite. In contrast, in
sample BY 226, the major phase is feldspar, with disseminated or
fracture-filling biotite. Notably, grains of jervisite were recorded in the
Sc-rich sample BY 260.

Vein-type ores (213 with 184 ppm Sc, 19-1 with 108 ppm Sc, 12-2
with 109 ppm Sc) are characterized by dominant aegirine, with coarse-
grained REE minerals, apatite, calcite, baryte, phlogopite, and fluorite
heterogeneously deposited across different parts of the veins (Fig. 8a,
8b).

4.3. In-situ trace elements in minerals

Trace element compositions in the major mineral phases of each
sample were determined by LA-ICP-MS (Supplementary Table S2). Fig. 9
illustrates a boxplot diagram showing Sc concentrations in major rock-
forming minerals across different rock types. Amphibole and aegirine
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Fig. 5. Mineral assemblages and main Sc container of ore-hosting dolomite with different Sc contents. (a) The thin section maps and mineral assemblages of ore-
hosting dolomite with different Sc contents. (b) The histogram of the mineral compositions of ore-hosting dolomite in Fig. 5a. (¢) Contribution of Sc resources from
different minerals of ore-hosting dolomite in Fig. 5a. The grey dash lines are the measured whole rock Sc contents of corresponding samples. The grey shadows

represent the evaluated error of the recalculated whole rock Sc contents.
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Fig. 6. Mineral assemblages and main Sc container of banded/massive type ores with different Sc contents. (a) The thin section maps and mineral assemblages of
banded/massive type ores with different Sc contents. (b) The histogram of the mineral compositions of banded/massive type ores in Fig. 6a. (c) Contribution of Sc
resources from different minerals of banded/massive type ores in Fig. 6a. The grey dash lines are the measured whole rock Sc contents of corresponding samples. The
grey shadows represent the evaluated error of the recalculated whole rock Sc contents.

in all rock types as well as mica and ilmenite in slate/schist consistently
exhibit elevated Sc (over 50-100 ppm). Notably, aegirines in vein-type
ores display relatively higher and variable Sc concentrations (46-956
ppm, averaging ca. 342 ppm) compared to those in the banded/massive
ores (67-501 ppm, averaging ca. 157 ppm). Dolomite has uniform Sc
concentrations/contents (ca. 46 ppm), lower than amphibole and
aegirine, but significantly higher than calcite (ca. 7 ppm). In contrast,
magnetite, calcite, monazite, apatite, feldspar, fluorite, and barite
consistently display low Sc contents in all rock types.

Moreover, to determine whether in-situ analysis overlooked any Sc-
rich minerals, overall Sc contents were calculated by considering min-
eral proportion and their corresponding Sc content using the following
equation, which was then compared with the XRF and ICP-MS bulk re-
sults (Fig. 5c, 6¢, 7¢, 8¢):

Crecalculated—Sc = Z(Ci.ave x P, i) =+ error (1)

where Cecqicutated—sc 1S the recalculated whole-rock Sc content, C; 4. is the
average Sc contents of mineral i, and the P; is the mineral proportion of i
in the corresponding sample (given by AMICS analysis, S upplementary
Table S3). The error adhered to the eq. (1) was calculated based on a
random error propagation equation (Zou, 2014) as follows:

error = \/> " (P¥o?) @

in which the o; is the standard deviations of C; gy

In the ore-hosting dolomite, the Crecqicutated—sc closely corresponds to
the measurements (Fig. 5¢). Dolomite exhibited relatively uniform Sc
(41.9 + 11.6 ppm, 10), whereas amphibole had a significant variability
in Sc (from 1 wt% to several tens of ppm) contents. The Sc content of
amphibole is much higher in BY-153 than BY-35, despite having much
lower amphibole contents. It implies that the Sc content of the

amphibole may be more important in determining whole rock values
than the amount of amphibole. However, more data is required to make
such a conclusion robust.

In the banded/massive ores (Fig. 6¢), the calculated overall Sc con-
centrations of samples BY111, BY06, and BY25 matched the bulk-rock
measurements, unveiling significant contributions from aegirine and
amphibole. However, the wide uncertainty ranges in the calculation
value imply the heterogeneity of the Sc content within these two major
Sc contributors in this rock type. In contrast, the calculated Sc concen-
trations of the sample BY136 are notably lower than the measured
values, persisting even after considering the uncertainty. This Sc deficit
implies the missing of some specific Sc-enriched phases in the
calculation.

In the slate (Fig. 7c), the calculated overall Sc contents closely
matched the bulk measurements. Among the predominant rock-forming
minerals, biotite emerges as the primary source of Sc, while feldspar
seems to have a negligible contribution. The varying proportions of mica
and its Sc concentration likely account for the variations in whole-rock
Sc contents. In high-Sc slates, jervisite emerges as a significant
contributor, despite its small proportion in the rock.

In vein-type ores (Fig. 8c), aegirine stands out as the primary source
of the Sc. Notably, the calculated overall Sc contents exhibit the widest
uncertainty range, generally surpassing the measurements or aligning
with the lower boundary of uncertainty with 1c error such as in samples
713 and 12-2. This underscores the substantial heterogeneity inherent
in vein-type rocks. On the one hand, Sc contents of aegirine display non-
uniformity; on the other, these rocks exhibit variable mineral associa-
tions (Fig. 2d; Fig. 8b). The latter usually overestimates the aegirine
content and further leads to a higher whole-rock Sc-calculated value
compared to the measured ones (Fig. 8c).
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whole rock Sc contents.

4.4. Chemical composition and microtexture in Sc-mineral

In addition to mineral associations, p-XRF mapping delineates the
distribution of Sc concentrations at thin section scales. The distribution
maps reveal heterogeneously scattered Sc hot-spots (>~0.3 wt% Sc) in
pixel sizes with a volume percentage lower than 0.1 %o (Fig. 10). The
compositions and microstructure of these hot spots are further studied
by BSE, EPMA, LA-ICP-MS, and laser Raman, and three distinct types of
Sc minerals are identified (Fig. 11; Tables 2, 3, 4).

The first Sc-rich mineral is thortveitite, containing the Sc concen-
tration of 48-54 wt% and is found in the banded/massive ores (Table 2,
Fig. 12a). The second Sc-mineral is a solid solution series of pyroxene
with two end members, ideal aegirine and jervisite. The Sc-bearing
aegirine occurs in both banded/massive ores and vein-type ore, with
the Scy03 contents of 0-7 wt%, while jervisite was found only in the
slate, with the ScyO3 contents of ca. 24 wt% (Table 3, Fig. 12¢, 12d). A
third Sc-rich mineral occurs in the banded/massive ores and is a hydrous
silicate mineral, exhibiting a high concentration of Be, and ScyO3 con-
tents of 13-14 wt% (Table 4, Fig. 12e, 13; Supplementary Table S4). It
thus should be bazzite, according to the major composition calculation.
However, due to particle size and quantity limitations, only the trace
element components of aegirine-jervisite and bazzite could be measured
(S upplementary Table S4).

Quantitative EPMA elemental mapping was performed on four grains
representing each of the three types of Sc-mineral. The Sc concentration
distribution maps for these grains are presented in Fig. 12, while maps
for other elements can be found in the S upplementary Figures. The Sc
distribution shows zoning textures with sharp and irregular

10

compositional boundaries in the Sc-bearing aegirine (Fig. 12g). The
concentration in the core region is up to 3-7 wt%, significantly higher
than in the rim regions. The Sc content in jervisite was relatively uniform
across the mineral, with only a limited area near fractures showing a
gradually decreasing trend in Sc concentration (Fig. 12h). The other two
types of Sc mineral demonstrate a relatively homogeneous composition
and closely coexist with Sc-bearing amphibole (Fig. 12f, 12i).

5. Discussion
5.1. Main Sc-carrying mineral

Clarifying Sc speciation is crucial for understanding the Sc enrich-
ment processes within an ore deposit. In the Bayan Obo carbonatite
system, our detailed investigation, conducted from the mine- to mineral
grain-scale, systematically reveals the main Sc-carrying minerals and the
significant enrichment in forming individual Sc phases as follows:

(1) In common rock-forming minerals, aegirine and Na-amphibole
typically exhibit the highest scandium (Sc) concentrations across all
rock types, whilst biotite and ilmenite are the primary Sc carriers in slate
and schist. The whole-rock Sc budget is influenced by both the abun-
dance of these minerals and their Sc content. Notably, the Sc concen-
tration in amphibole is significantly higher in sample BY-153 than in BY-
35, resulting in a higher whole-rock Sc content in BY-153, even though it
contains less amphibole overall. It suggests that Sc content in amphibole
may play a more critical role in determining whole-rock Sc levels than
mineral abundance alone, while additional data are needed to further
validate this observation. In contrast, magnetite, fluorite, apatite,
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Fig. 9. Sc contents of different minerals in different types of rocks, with the number of data indicated in parentheses on the bottom x-axis. The abbreviation of the
mineral type is marked at the top x coordinate. The y-axis is on a logarithmic scale. Color represents the different rock types. Amp: amphibole, Aeg: aegirine; Amp:
amphibole; Ap: apatite; Brt: barite; Cal: calcite; Dol: dolomite, Flr: fluorite; Fsp: feldspar; Ilm: ilmenite; Mag: magnesite; Mca: mica; Mnz: monazite; REE-FC: fluoro-
carbonates of rare earth elements minerals.

feldspar, barite, and REE-fluorocarbonate have very low concentrations Mg, and Ti-Nb-Ta by Sc, facilitated by a similar charge density in the
of Sc (Fig. 9). Additionally, some columbite is found to contain 1-2 wt% crystal (Samon and Chassé, 2016; Siegfried et al., 2018). It indicates that

of Scp03 as mineral inclusion in magnetite or mafic minerals, i.e. biotite, Sc extraction from ferromagnesian silicates and Ti-/Nb-bearing minerals
with a very small mineral abundance (Supplementary material; Shima- could be important for the efficient extraction of Sc resources in the
zaki et al., 2008, Yang et al., 2022). Bayan Obo deposit. Numerous roasting experiments have confirmed the

These Sc occurrences at Bayan Obo support the substitution of Fe, acid-leaching process for Sc from amphibole and aegirine (Zhang et al.,

11
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2019; Bao et al., 2022; Shao et al., 2023). It is necessary to develop a
ferromagnesian silicate-oriented beneficiation process with high sepa-
ration efficiency for Sc, as it is an unavoidable Sc extraction process but
significant environmental impacts (Wang et al., 2020). However, it is
still difficult to obtain high-grade Sc concentrates through mineral
processing to improve its separation efficiency. Acid leaching of silicates
in tailings/waste of Nb and Fe processes might be a cost-effective
alternative, considering the development potential of Nb.

12

(2) In recent years, individual Sc minerals have been frequently
discovered, mainly in pegmatites, such as Iveland-Evje, Tgrdal,
Jordanéw Slqski (Kolitsch et al., 2010; Stokkeland, 2016; Pieczka et al.,
2024a, 2024b, 2024c). However, so far only thortveitite (ScSi2O7) and
supergene mineral juonniite (CaMgSc[PO4]2-4H20) have been reported
in carbonatite-related systems (Amli, 1977; Kalashnikov et al., 2016).
This study is the first to identify three types of individual Sc silicate
minerals in the Bayan Obo carbonatite system, in samples with whole-
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Table 2
The major element concentrations of representative thortveitite given by elec-
tron micro-probe analysis in wt. %.

Sample Name 136_1-1 136_5-3 136_6-3
F 0.00 0.00 0.00
CaO 0.33 0.68 0.23
Scp03 53.95 53.47 53.32
P,0s 0.00 0.00 0.00
FeO 0.37 0.48 0.66
MnO 0.04 0.11 0.03
TiO, 0.00 0.00 0.00
K0 0.01 0.01 0.01
NbyOs 0.01 0.01 0.00
Na,O 0.00 0.01 0.01
SiOy 45.55 46.06 45.80
MgO 0.03 0.02 0.04
Aly03 0.07 0.08 0.05
Total 100.36 100.93 100.15

rock Sc contents of > 100 ppm, namely: aegirine (NaFe>*Si;Og) — jer-
visite (NaScSi»oOg) solid solutions, bazzite (Bes3ScsSigO1g), and thort-
veitite (ScoSi07).

Identifying these minerals in the deposit is still challenging due to
their extremely small abundance (<0.1 %o) and fine grain size. They are
therefore also challenging to identify under the optical microscope, thus
micron-scale XRF scanning with sufficient resolution (around 20 pm)
becomes a nearly indispensable method. However, setting small step
sizes can significantly increase the analytical time. Therefore, under-
standing the control factor of Sc distribution and identifying genuinely
promising samples and regions are crucial for locating independent Sc
minerals (see the sections below). Although they are unlikely to become
economically viable for specialized mining and recovery, the discovery
of multiple types of individual Sc-minerals confirms the extreme
enrichment of Sc in carbonatite systems and the potential for finding
new Sc-minerals in the Bayan Obo deposit.

Furthermore, the comparison of Sc distribution in other Sc-rich
carbonatites with the Bayan Obo deposit indicates that Sc occurs in
various phases in these carbonatite systems also. For example, in the Elk
Creek deposit (USA), carbonates account for 68.5 % of the total Sc
(1,644 t; Verbaan et al., 2018). The Kovdor deposit (Russia) features Sc-
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bearing baddeleyite (Kalashnikov et al., 2016), while bulk-rock Sc
contents at Tomtor (Russia) range from approximately 100-750 ppm
(Lapin et al., 2016). In the Fen deposit (Norway), Sc is reported in
thortveitite (Amli, 1977). These occurrences appear at first sight to be
inconsistent with Bayan Obo, where Sc is typically associated with mafic
minerals and HFSE-rich minerals corresponding with Sc geochemistry.
However, significant fenitization and Nb reserves have also been re-
ported in these systems, such as Fen, Elk Creek, and Tomtor. Systematic
sampling and comprehensive mineral analyses of Sc-rich fenites and
HFSE-rich minerals (e.g., Nb speciation) in these deposits may therefore
expand the knowledge of Sc speciation in these complex carbonatite
systems. An alternative explanation for this discrepancy is the difference
in ore-forming environment. Our study does not have adequate infor-
mation to resolve these issues but we provide some preliminary insight
below.

5.2. Key control on Sc distribution

The emplacement of carbonatite melts into the crust can be accom-
panied by syn-magmatic fluids, which may cause metasomatism of the
country rocks (Yaxley et al., 2022). These two processes, magma crys-
tallization and metasomatism by expelled hydrothermal fluids, differ-
ently control the distribution of economic resources in the deposit, with
Fe mineralization primarily associated with the former and REE distri-
bution driven by the latter (Anenburg et al., 2021; Chen et al., 2024).
While Sc has a much smaller ionic radius than other REEs and exhibits
characteristics of a more compatible element (Shannon, 1976, Williams-
Jones and Vasyukova, 2018), our findings at deposit- to crystal- scales
indicate that, like other lanthanides, its distribution in the Bayan Obo
carbonatite deposit is primarily controlled by hydrothermal alteration.

At the deposit-scale, rocks with high Sc concentrations commonly
occur in the strongest alkaline alteration zones, located in the vicinity of
the contact zone between the H9 slate/schist and the ore-hosting dolo-
mite (Fig. 3; Yang et al., 2023b). It is consistent with the observation that
banded/massive and vein-type ores formed by alkaline alterations
display higher Sc contents (2-378 ppm) compared to their protolith-
dolomitic carbonatite and slate/schist (Fig. 4; Liu et al., 2018; Tang
et al., 2021; Wei et al., 2022; Li et al., 2024). Despite the dolomitic
carbonatite and slate/schist generally retaining their original magmatic

Table 3

The major elements concentrations of representative aegirine-jervisite solid solution given by electron micro-probe analysis.
Sample Name 06-15_1 06-17_5 06-27_2 06-18_5 06-24_ 2 260_30-1 260_4-2 260_6-2
CaO (wt. %) 0.84 0.30 0.12 0.16 0.18 3.91 1.86 2.86
Sc03 0.26 2.94 1.20 4.43 0.88 21.95 24.47 23.04
Fey03 33.79 30.98 33.08 29.48 33.17 8.52 7.27 8.22
MnO 0.03 0.01 0.00 0.01 0.03 0.16 0.09 0.13
TiO, 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K,0 0.01 0.00 0.00 0.01 0.01 0.02 0.06 0.04
NayO 13.67 14.12 14.16 14.07 14.15 12.00 13.00 12.26
SiOy 52.82 53.19 53.10 53.60 53.13 53.14 53.62 53.62
MgO 0.34 0.10 0.03 0.05 0.04 0.77 0.33 0.60
Al,03 0.40 0.87 0.88 1.00 0.88 0.24 0.12 0.14
Total 98.83 99.44 99.28 99.86 99.18 99.86 100.09 100.10
T (ideally 2 apfu.)
Si 1.98 1.97 1.97 1.98 1.98 1.97 1.98 1.99
Al 0.02 0.03 0.03 0.02 0.02 0.01 0.01 0.01
Fe3* 0.01 0.00 0.00 0.00 0.00 0.02 0.02 0.01
T total 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
M1 (ideally 1 apfu.)
Al 0.00 0.01 0.01 0.02 0.01 0.00 0.00 0.00
Fe3" 0.94 0.86 0.92 0.82 0.93 0.22 0.19 0.22
Sc 0.01 0.09 0.04 0.14 0.03 0.71 0.79 0.74
Mg 0.02 0.01 0.00 0.00 0.00 0.04 0.02 0.03
M1 total 0.97 0.97 0.98 0.99 0.97 0.98 0.99 1.00
M2 (ideally 1 apfu.)
Ca 0.03 0.01 0.00 0.01 0.01 0.16 0.07 0.11
Na 0.99 1.01 1.02 1.01 1.02 0.86 0.93 0.88
M2 total 1.03 1.03 1.02 1.01 1.03 1.02 1.01 1.00
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Table 4
The major elements concentrations of bazzite given by electron micro-probe
analysis.

Sample name 136_10-1 136_10-2 136_10-3 136_14-1
SiO, (wt. %) 59.64 59.41 59.71 60.09
Al,03 0.20 0.18 0.22 0.36
Fe03 4.68 5.57 4.68 6.08
MnO 0.31 0.39 0.33 0.28
MgO 2.35 1.87 2.47 2.59
CaO 0.62 0.36 0.30 0.09
NaO 2.72 2.72 2.67 2.42
K0 0.19 0.20 0.21 0.21
*BeO 12.41 12.37 12.43 12.51
Scy03 14.51 14.38 14.40 13.21
*Total 97.63 97.45 97.42 97.83
*Ho0 2.37 2.55 2.58 2.16
Formula proportions normalized to 6Si atoms

T (apfu.)

Si 6 6 6 6

X (apfu.)

Al 0.02 0.02 0.03 0.04
Fe 0.35 0.42 0.35 0.47
Mn 0.03 0.03 0.03 0.02
Mg 0.35 0.28 0.37 0.39
Sc 1.27 1.27 1.26 1.15
Total X 2.03 2.03 2.04 2.06
A (apfu.)

Be 3 3 3 3

R (apfu.)

Ca 0.07 0.04 0.03 0.01
Na 0.53 0.53 0.52 0.47
K 0.02 0.03 0.03 0.03
Total R 0.62 0.58 0.58 0.50
Total Cation 11.03 11.03 11.04 11.06

ckers

is a calculated assuming Be/Si = 0.5 and Total of 100 %.
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or metamorphic characteristics, some of them are affected by hydro-
thermal alteration (Fig. 2f, 2g), and display a wide range of Sc contents,
particularly for the slate/schist (1-218 ppm). If one considers the
petrography, the high-Sc altered slate primarily comprises euhedral/
subhedral biotite, coarse-grained calcite, albite, and orthoclase, along
with some disseminated accessories such as pyrite, titanite, zircon, and
jervisite (Fig. 2g, 7; Supplementary material), which are products of
hydrothermal alteration (Li et al., 2022). In contrast, the Sc-poor slate/
schist is characterized by metamorphic micrite feldspar and dissemi-
nated anhedral biotite, typical of fresh slate (Fig. 2h, 7; Supplementary
material). Likewise, in the ore-hosting dolomite, the variation of Sc
contents is predominantly controlled by Na-amphibole which is formed
by the hydrothermal alteration (Fig. 5c; Liu et al., 2018).

At the rock- and mineral-scale, hydrothermal alteration creates
distinct mineral assemblages within the banded and massive ores
(Fig. 6a; She et al., 2021). Sc tends to concentrate in aegirine and
amphibole but is absent in minerals like fluorite, and apatite, although
all of these minerals are formed by hydrothermal alteration (Fig. 9). This
mineralogical heterogeneity explains the substantial variation in Sc
content within these ores. For example, massive ores rich in fluorite or
magnetite typically show low Sc concentrations, while those with a high
proportion of amphibole or aegirine—such as silicate-dominated
banded ores and vein-type ores—are more promising as potential Sc
resources (Fig. 4a). Besides, in addition to common rock-forming min-
erals, all observed individual Sc-minerals show evidence of hydrother-
mal metasomatism, indicated by their structural associations with
surrounding minerals (Fig. 12).

In contrast, while the magmatic dolomite in this deposit shows
relatively higher Sc contents than typical carbonatite (Wang et al.,
2021), the levels are not significantly greater than those in most ultra-
mafic or mafic rocks which generally lack substantial economic value

Fig. 12. The BSE images and EPMA mapping of Sc contents of individual Sc minerals in Fig. 11. The locations of the grains are given in Fig. 10. (a) thortveitite
(BY136_1). (b) the thortveitite grain cut by FIB showing the amphibole inclusion. It shows the amphibole inclusion in thortveitite. (c) Sc bearing aegirine (BY06_18).
(d) jervisite (BY260_33). (e) bazzite (BY136_10). (f-i) are the EPMA quantified maps of (a, c, d, e) showing Sc,O3 concentrations, with maps (f and i) in log scale. Sc-
Amp: Sc-bearing amphibole; Dol: dolomite; Tvt: thortveitite; Flr: fluorite; Pst-(Ce): Parisite-(Ce); Mag: magnetite; Bt: biotite; Bsn-(Ce): bastnasite; Sc-Aeg: Sc-aegirine;

Qz: quartz; Cal: calcite; Je: jervisite; Bz: bazzite.
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Fig. 13. The Raman spectral of the bazzite with a strong raman peak at 3597 cm-1. The position of the strong band represents the stretching modes of HO in

aquamarine structure channels (Hagemann et al., 1990).

(Wang et al., 2021). Based on observations across different scales, we
therefore suggest that Sc enrichment from subsequent hydrothermal
fluids is more influential in Sc distribution than its magmatic origins.
Fluid alteration has also been suggested as an important factor
contributing to resource enrichment in the Elk Creek and Fen carbo-
natites (Dietzel et al., 2019; Verplanck et al., 2022;), although their Sc
distribution patterns differ from the Bayan Obo, as mentioned before.
One possible explanation for this difference is the variation in fluid
composition. For instance, Elk Creek significantly lacks fluorine
compared with Bayan Obo, while F-rich fluids can promote Sc migration
into fenitizaiton zones rather than retention in carbonates (Wang et al.,
2022a). Additionally, the properties of the surrounding rocks, such as
permeability, may influence Sc distribution. In Bayan Obo, the slate/
schist/sandstone of country rocks offer higher permeability compared
with the granitic-gneisses in Elk Creek and Fen, facilitating alkaline F-
rich fluid to migrate and form extensive fenitization supporting Sc
precipitation therein.

5.3. The remobilization of Sc mineralization and implication

The diverse forms of Sc occurrences and detailed petrography reveals
a multi-stage mineralization process for Sc in the Bayan Obo deposit. Sc-
bearing Na-amphibole was altered and rimed/coated by thortveitite
(Fig. 12a, 12b), a typical reaction texture indicating the former’s earlier
formation compared to the latter. Moreover, aegirine exhibits meta-
somatic textures characterized by a high-Sc core of 3-7 wt% and a
metasomatized Sc-depleted rim around hundreds of ppm (Fig. 12¢, 12g).
Similar reaction zonings of Sc have also been observed in fluid-affected
garnet and epidote-group minerals (Ismail et al., 2014; Copjakova et al.,
2015; Steffenssen et al., 2020; Pieczka et al., 2024a), differing from
kinetic-induced texture in magmatic diopside (Wang et al., 2022b).
These microtextures point to at least two significant Sc migrations and
precipitation in the Bayan Obo deposit, with an earlier stage Sc pre-
cipitates in ferromagnesian silicates combined with alkaline alterations.
At a later stage, Sc is remobilized and forms individual Sc-minerals with
increased Sc enrichment, such as thortveitite.

It is also noteworthy that the observed reaction and metasomatic
textures are not only exclusive to Sc minerals but also occur in monazite,
bastnasite, zircon, and Nb-minerals of this deposit (Li et al., 2021a,
2021b; Zhan et al., 2023; Wang et al., 2024). The Sm-Nd, Th-Pb, and U-
Pb isotopes support the interpretation that these minerals experienced
fluid-aided modification, without significant outside lanthanides input,
in which Nb and REEs experience multiple precipitation and remobili-
zation (at ca. 1.3 Ga, 440 Ma and/or 270 Ma; Smith et al., 2015; Li et al.,
2021b; Ren et al., 2023; Yu et al., 2024; Zhu et al., 2024) with abundant
nuclidic signatures inherited from 1.3 billion years ago being partially or
completely redeployed. The similar core-rim texture of Sc and other
REEs implies the redistribution of Sc resources by subsequent fluid-
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associated events. These later alteration fluids have been categorized
into Ho0-CO2-NaCl-(F-REE) system with a high grade of fluorine (Fan
et al., 2006; Li et al., 2023; She et al., 2023), and these components,
especially F and OH, are proven to contribute significantly to the
dissolution and migration of Sc by solubility experiment (Wang et al.,
2022a, 2023), which corresponds to the highest average Sc value of vein
type ore among other rocks types (Fig. 4). This suggests that both the ca.
440 Ma and ca. 270 Ma fluoride-enriched geological events had equal
chance to play a role in remobilizing Sc and forming the metasomatism
texture of Sc-bearing minerals that we see today. Therefore, geochro-
nological studies of Sc-bearing mineral textures could be of interest in
determining whether Sc experienced similar remobilization processes
with lanthanides, and in elucidating the relationship between Sc and
later significant alteration events, thereby aiding further exploration of
Sc.

6. Conclusion

Observations at different scales have revealed the extreme enrich-
ment of Sc resources in the Bayan Obo carbonatite system. The Sc re-
sources in this deposit are commonly contained within aegirine, Na-
amphibole, as well as biotite and titanite, which frequently occur in
the banded/massive type ores, vein-type ores, and altered slate/schist.
Three individual Sc minerals (thortveitite, aegirine-jervisite solid solu-
tions, and bazzite) are identified for the first time at Bayan Obo, with a
volume ratio of less than 0.1 %e.

A hydrothermal process emerges as the main controlling factor of Sc
enrichment. Samples exhibiting intense hydrothermal alteration are
more likely to display elevated whole-rock Sc contents, especially in the
vicinity of the contact zone between the H9 slate/schist and the ore-
hosting dolomite.

The Sc concentration, texture, and assemblages of the different Sc-
bearing species implies at least two significant Sc migration and pre-
cipitation events in the geological history of the Bayan Obo deposit. It is
speculated that Sc is partially enriched through later hydrothermal
processes into individual Sc minerals from ferromagnesian silicates.
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