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Regolith-hosted rare earth element (REE) deposits in South China supply most of the
world’s heavy REE (HREE), but the parent minerals that liberate HREE during
weathering remain uncertain because commonly invoked accessory phases are
refractory. Here we recognize that fluorite is the dominant HREE host in the granitic
bedrock of the world’s largest deposit (Shitouping; ~174,000 t HREE oxides). Fluorite
occurs in the Early Cretaceous syenogranite at a concentration of ~0.8 wt.% and
contains 4.7 wt.% REE with a LREE/HREE ratio of 0.3, accounting for 82% of the
bulk-rock HREE budget. During supergene weathering, fluorite dissolves almost

completely (> 99%), releasing HREE that adsorb onto clay minerals in the overlying
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saprolite, whereas refractory phases such as xenotime persist. Mass-balance modelling
confirms that HREE ions liberated from primary magmatic fluorite constitute the
principal source of the economic ore. Extreme magmatic fractionation enriches residual
melts in fluorine and HREE, driving fluorite crystallization and preferential HREE
incorporation. Our results imply that regolith-hosted HREE deposits require bedrocks
enriched in easily weathered HREE phases (notably fluorite) and depleted in refractory
HREE hosts (e.g., xenotime and titanite), guiding exploration to F-rich, highly

fractionated granites low in P and Ti.



38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

Rare earth elements (REE) are indispensable to advanced technologies—permanent
magnets, catalysts and high-end electronics'>. Driven by the rapid expansion of
renewable-energy and high-technology sectors, demand for REE—especially heavy
REE (HREE: Gd-Lu and Y)—has surged in recent years owing to the greater scarcity
of heavy relative to light REE (LREE: La—Eu) resources’ °.

Regolith-hosted heavy rare earth elements (HREE) deposits in South China supply
over 80 % of the world’s HREE (Fig. 1)°. In these deposits, HREE are retained in the
weathering profiles of granitic bedrocks as adsorbed ions on clay mineral surfaces (e.g.,
kaolinite and halloysite)*’. These ions are believed to be liberated during in-situ
weathering by the dissolution of primary HREE-bearing accessory minerals, such as

10 or secondary unnamed HREE minerals’.

xenotime, zircon, titanite, and synchysite
However, highly refractory minerals (e.g., xenotime, zircon, and titanite)
predominantly persist as residual phases in the regolith!!, whereas the abundance of
potentially labile minerals and their quantitative contribution to regolith-hosted HREE
ores remain unconstrained’.

Fluorite is a ubiquitous accessory mineral in highly fractionated granites (SiO2 >
70 wt.%)'*!? that are spatially and genetically linked to regolith-hosted HREE deposits
in the Nanling Region of South China”'*!°, Notable examples include the granites of
the Zudong and Dabu HREE deposits (Extended Data Fig. 1)'*!°. Although fluorite has
been reported in these granites™'*!”!%  its contribution to the HREE budget of these
deposits has not been evaluated.

Here, we document exceptionally HREE-rich fluorite from the granitic bedrock of
the Shitouping deposit—the world’s largest regolith-hosted HREE deposit, hosting
~174,000 metric tons (t) HREE oxides and ~9,300t LREE oxides. We propose that
fluorite is the principal parent mineral for HREE mineralization at Shitouping and, by

extension, in analogous global regolith-hosted HREE deposits formed by chemical

weathering of highly fractionated granites.
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HREE distribution in bedrock and weathering profile

The Shitouping regolith-hosted HREE deposit is located in the eastern Nanling Region
in South China, which hosts world’s largest concentration of regolith-hosted HREE
deposits (Extended Data Fig. 1)**!". The HREE deposits overlie an Early Cretaceous
(~140 Ma) syenogranite’’, which was the bedrock for the regolith-hosted HREE
mineralization (Fig. 2, a,b, and Extended Data Fig. 2). The syenogranite consists of ~47
wt.% quartz, ~25 wt.% orthoclase, ~17 wt.% albite, and ~3 wt.% biotite (Extended
Data Fig. 3), contains ~497 ppm REE (with ~272 ppm HREE), and an average
LREE/HREE ratio of 0.8 (Extended Data Fig. 4).

HREE in the syenogranite are sequestered in accessory minerals such as fluorite,
zircon, synchysite, columbite, thorite, samarskite, and xenotime (Fig. 2c). Fluorite
accounts for ~0.8 wt. % of the syenogranite and is the dominant HREE-bearing mineral
in the syenogranite (Fig. 2c and Extended Data Fig. 3). Fluorite appears as purple,
euhedral to subhedral grains (100-800 um), disseminated throughout the syenogranite
(Extended Data Figs. 3 and 5). Backscattered electron imaging reveals that fluorite
crystals consist of a bright, REE-enriched core (Flr-I) and a dark, REE-depleted domain
(Flr-II) that occurs as rims around Flr-I or along microfractures (Fig. 3a,b, and Extended
Data Fig. 6). Fluorite-I is generally homogeneou, whereas Flr-II exhibits a porous
texture and hosts abundant, lath-shaped synchysite inclusions (Fig. 3a,b). This textural
relationship implies that Flr-II and synchysite formed by coupled dissolution -
reprecipitation of Flr-I during chemical weathering. Electron probe microanalyzer
(EPMA) data indicate that Flr-1 contains 0.8-7.2 wt.% REE, avg. 4.7 wt.%, with an
LREE/HREE ratio of 0.1-1.1, avg. 0.3 (Fig. 3d). In contrast, Flr-1I is characterized by
a marked reduction in REE (0.3-2.8 wt.%, avg. 1.1) and a modest increase in the ratio
of LREE/HREE (0.1-1.1, avg. 0.4). Synchysite contains ~43.2 wt.% REE and exhibits
an average LREE/HREE ratio of 1.4 (Fig. 3d and Extended Data Fig. 6). Combined
TESCAN Integrated Mineral Analyzer (TIMA) and EPMA data reveal that Flr-I and
its alteration products Flr-II and synchysite contain 82 % of the HREE of the total

syenogranite budget (Fig. 4). Mass balance modeling demonstrates that REE hosted in
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Flr-II and synchysite were mobilized from primary Flr-1, without REE input from late-
stage fluids (methods section 5). Flr-I occurs as disseminated grains in the syenogranite,
rather than as open-fracture infillings. It is intergrown with magmatic biotite and
feldspar and locally occurs as inclusions within these phases. These textural
relationships (Extended Data Figs. 3 and 5), together with its trace-element signature
(e.g., Tb/Ca versus Tb/La; fig. S7)*"??, indicate that Flr-I crystallized directly from the

melt'?

. Accessory HREE-bearing minerals other than fluorite constitute less than
0.1 wt.% of the syenogranite (Fig. 2c). Hence, while xenotime contains 50.4 wt.%
HREE, it occurs in trace abundance and accounts for only ~7% of the total HREE
budget of the syenogranite (Fig. 4).

The regolith profile above the syenogranite bedrock is comprised of, from bottom
to surface, saprock (0.2—11m in thickness), saprolite (1.6-26 m in thickness), and
pedolith (0-2 m in thickness). Saprolite, the principal orebody (Fig. 2a)'°, hosts ~1,020
ppm REE and ~700 ppm HREE, with an average LREE/HREE ratio of ~0.48 (Extended
Data Fig. 4). Chemical weathering of the syenogranite bedrock to saprolite reduced the
abundance of fluorite and synchysite by ~99 % and ~95 %, respectively (Fig. 2c). In
contrast, the abundances of refractory xenotime increased by ~83 % during chemical

weathering of the bedrock to saprolite (Fig. 3c), and REE concentrations of xenotime

remain essentially constant (Fig. 3d,e).

Fluorite as the source mineral for regolith-hosted HREE ores

The fluorite (CaF:) lattice can readily accommodate REE because their ionic radii
closely match that of Ca”*. Moreover, fluorite preferentially incorporates HREE relative

to LREE, making it an efficient HREE host’*%°. Fluorite also dissolves rapidly under
supergene weathering conditions (Fig. 2c¢). Collectively, these characteristics —
combined with the near-ubiquitous occurrence of fluorite in highly fractionated granitic
rocks—establish it as a compelling primary source of HREE for regolith-hosted

deposits formed through chemical weathering of such bedrocks.
The almost complete removal of fluorite and synchysite from bedrock to saprolite

(Fig. 2c) records extensive dissolution of both minerals during supergene weathering
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by groundwater. This, coupled with fluorite accounting for 82 % of the total HREE
content of the granite bedrock, demonstrates that HREE ions liberated from primary
magmatic fluorite are the source for the regolith-hosted HREE saprolite ores. This is
further supported by the markedly higher dissolution kinetics of fluorite under
supergene weathering conditions compared to refractory HREE-bearing minerals such
as xenotime. Experimental data demonstrate that fluorite, in the presence of
low-temperature (~25°C) mildly acidic (pH 5) water, dissolves about 10—

104 mol m2s %

, which is 7 to 9 orders of magnitude faster than xenotime dissolves
(10731072 mol m2 s™") in water at such conditions”’.

To further assess REE mineral dissolution in groundwater, we calculated the
saturation index (SI) for fluorite, defined as, SI = log (IAP / Ksp), where IAP is the
ion-activity product of the dissolved mineral constituents and Ksp is the mineral
solubility product. By convention, a value of SI <0 denotes undersaturation favouring
mineral dissolution, SI =0 indicates equilibrium with no dissolution, and SI> 0 reflects
supersaturation favouring mineral precipitation. The calculated SI values for fluorite
and synchysite in groundwater are negative (groundwater data from'!, calculation based
on PHREEQC). The crystal morphologies and internal textures of fluorite and
synchysite further enhance their susceptibility to dissolution under supergene
weathering. Fluorite (especially Flr-II) is pervasively fractured and porous, and
synchysite forms lath-shaped crystals (Fig. 3a,b). These features generate high specific

surface areas, promoting mineral-water interaction and dissolution®*’.

Extreme magmatic fractionation primes bedrocks for regolith-hosted

HREE deposits

The Early Cretaceous syenogranite and its coexisting monzogranite within the
Shitouping deposit area (Extended Data Fig. 2) exhibit indistinguishable zircon U-Pb
ages, zircon Hf isotopic compositions [eHf = -4.4 to +1.2], and whole-rock Nd
isotopes [eNd) = -4.5 to -3.4], indicating derivation from partial melting of a common
crustal source’’. The HREE-enriched syenogranite, which is the bedrock of the regolith-

hosted HREE saprolite ores, exhibits a higher degree of fractionation, evidenced by
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elevated whole-rock Rb/Sr ratios®® (Fig. 5a) and strong Eu anomalies®! (Fig. 5b). These
features suggest that the HREE enrichment of the Shitouping syenogranite is governed
primarily by fractional crystallization.

A high degree of fractionation is further recorded by a distinctive trace-element
fingerprint, characterized by pronounced depletion in P (< ~70 ppm; Fig. 5¢), Ti (<
~500 ppm; Fig. 5d), and enrichment in F (Extended Data Table 1). This coupled P-Ti
depletion and F enrichment is evident not only in the Shitouping bedrock but also in
the bedrock of nearby regolith-hosted HREE deposits (e.g., Zudong and Dabu) and in
the bedrock (HM granite) of a regolith-hosted HREE occurrence in Myanmar*’. The
pattern is consistent with early crystallization of major P- and Ti-bearing phases—
apatite and Fe-Ti oxides (magnetite and ilmenite)—which progressively sequester
these elements and deplete the residual melt. Consequently, refractory HREE-hosting
minerals such as xenotime and titanite become exceedingly scarce in highly
fractionated granites®***. Despite their high mineral/melt partition coefficients for
HREE?* *°, their minute modal abundances (Fig. 5c,d) limit them to sequestering only
a negligible fraction of the bulk HREE budget. Progressive melt fractionation,
conversely, enriches fluorine in the residual melt and promotes fluorite
crystallization'””. The favorable substitution of HREE, relative to LREE, for Ca results
in high fluorite/melt partition coefficients and the preferential enrichment of HREE
(notably Gd and Y) in igneous fluorite*®.

Targeting F-rich and P-Ti poor granites

Highly fractionated granites are globally widespread. When such intrusions possess
HREE mineral assemblages comparable to the Shitouping syenogranite and undergo
weathering under warm, humid conditions (Fig. 1), they can produce regolith-hosted
HREE deposits. We propose that the formation of such deposits requires a bedrock that
is enriched in labile HREE-bearing minerals, particularly fluorite, which is common in
highly fractionated granites, while being depleted in refractory HREE-bearing minerals
such as xenotime and titanite. Therefore, exploration for regolith-hosted HREE deposits

should prioritize highly fractionated granites enriched in fluorine and depleted in



181  phosphorus and titanium.
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Methods

Sample collection from representative deposits

Bedrock samples were collected from deep drill cores, quarries, and in the vicinity of
large engineering excavations (e.g., bridges and tunnels) to ensure sample freshness. A
total of 65 fresh bedrock samples were collected from the Shitouping, Zudong, Dabu,
Zhaibei, and Heling areas (Supplementary Table 1). The principal study area was
syenogranite from the Shitouping regolith-hosted HREE deposit (Sample No. 008-2,
036-1, 042-1, 042-2, 060-3, 067-1, 067-2, 067-3, 069-2, 077-2, 077-3, 087-1, 087-3,
097-1, 097-2, 108-1, 108-3, and 128-1) (Extended Data Fig. 2). In addition, we
conducted field investigations and collected samples from other representative regolith-
hosted REE deposits in South China for geochemical comparison. The selected areas
and lithologies include: Zudong regolith-hosted HREE deposit'>—medium-grained
alkaline granite (Sample No. 24ZD-1, 24ZD-7, 24ZD-10, 24ZD-12, 247ZD-13, 24ZD-
21, 247ZD-32, 24ZD-33, ZD-3, ZD-19, ZD-26, ZD-31, ZK005-22, and ZK20-10) and
medium-grained biotite granite (Sample No. ZD-10) (Extended Data Fig. 8); Dabu
regolith-hosted HREE deposit'®—muscovite granites (Sample No. 24DB-3, 24DB-4,
24DB-8, 24DB-12, 24DB-13, 24DB-18, ZK22033-1, ZK23021-3, ZK23013-3,
ZK23061-3, ZK23148-2, and ZK23159-2) and biotite monzogranites (Sample No.
ZK23116-2 and ZK23178-3) (Extended Data Fig. 9); Zhaibei regolith-hosted LREE
deposit’'—biotite syenogranite (Sample No. 24ZB-1 to 24ZB-4, 24ZB-6, 24ZB-10,
247B-14, ZK14-11, ZK15-21, ZBB-3, ZK13-11, and ZKS28-1) and muscovitic alkali-
feldspar granite (Sample No. ZKS29-2) (Extended Data Fig. 10); and Heling regolith-
hosted LREE deposit' '—granitic porphyry (Sample No. 24HL-8) and rhyolitic tuff
(Sample No. 24HL-2, 24HL-3, 24HL-5, and 24HL-11) (Extended Data Fig. 11). In
Shitouping drill cores collected 4 saprock samples (No. 035-H21, 046-H19, 046-H20
and 139-H13, 11-19 m in depth), 6 saprolite samples (No. 025-H6, 025-H12, 025-H13,
025-H17, 046-H10 and 095-H11, 5-16 m in depth), and 4 pedolith samples (No. 062-
HI, 062-H2, 062-H3 and 139-H1, 0.5-2 m in depth).
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Whole-rock trace element analysis

Pulverized samples were digested in a sealed Teflon beaker with ultrapure HF and
HNOs at 100°C for four days. Elemental concentrations were measured using
inductively coupled plasma mass spectrometry (ICP-MS). Full analytical results are

provided in Supplementary Tables 1 and 2.

Scanning electron microscope analysis

Petrographic observations were conducted by scanning electron microscopy (SEM) on
a FEI NOVA NanoSEM fitted with an Oxford X-Max 50 detector. Analyses were
carried out at an accelerating voltage of 20 kV on carbon-coated specimens. The system
was equipped with an Oxford energy dispersive spectrometer (EDS) to enable rapid
semi quantitative elemental mapping of REE bearing phases. For both fluorite
morphotypes, imaging parameters were optimized with contrast set above 50 and
brightness above 35.

Mineralogical analyses were carried out on 25 representative carbon-coated thin
sections using a TESCAN Integrated Mineral Analyzer (TIMA). Detailed results
presented in Supplementary Table 3. Measurements were conducted on a MIRA3
scanning electron microscope at an accelerating voltage of 25 kV, a probe current of
8.24 nA, and a working distance of 15 mm, employing a pixel spacing of 3 um and dot
spacing of 9 pm. Beam current and backscatter electron (BSE) signal intensities were
automatically calibrated via a platinum Faraday cup, and EDS performance was
validated using a manganese standard. Data acquisition utilized the TIMA liberation
analysis module. An additional EDS parameter — Ce content — served to discriminate
two distinct fluorite populations in the bedrock, owing to their markedly different Ce
concentrations (Extended Data Fig. 6), with comparative imagery shown in Extended

Data Fig. 12.

Electron probe microanalysis

REE concentrations in REE-bearing minerals were determined by electron probe
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microanalysis (EPMA), using a JEOL JXA-8230 microanalyzer operated at 15kV
accelerating voltage and 5 nA beam current. Beam diameter was adjusted to 3—5 um to
match grain sizes, yielding individual REE detection limits of approximately 300 ppm.
All measurements were corrected via the ZAF procedure, and the corrected data are
presented in Supplementary Tables 4 and 5.

Electron probe mapping was employed to delineate compositional zoning in
fluorite (Extended Data Fig. 6). Analyses were conducted at 20 kV with a 1 pm beam
spot and a 300 x 300-pixel acquisition grid to ensure high spatial resolution. The
scanning area and resolution were adapted to the dimensions of individual mineral

grains.

Mass balance calculations

Mass balance calculations were performed to quantify the contribution of fluid during
the alteration of Flr-I to Flr-II and synchysite to the enrichment of REE. These
calculations are based on petrographic evidence showing that Flr-I exhibits a magmatic
origin, whereas Flr-II and synchysite pseudomorphically replace Flr-I. Assuming
isovolumetric alteration of Flr-I to Flr-II with concomitant formation of an extra volume
of synchysite, REE abundance in each mineral was expressed as ®REE (ppm), defined
as the mineral’s mass fraction (%) multiplied by its REE concentration (ppm)’*™.
Accordingly, the pre-alteration ®REE of Flr-1I (0REE pre-altered Flr-1I) was calculated
by multiplying the mass of Flr-II by the REE concentration of Flr-1. 20 fluorite grains
were analyzed (Extended Data Fig. 13), and the results are summarized in
Supplementary Table 6. The mean ®wREE pre-altered Flr-1I is ~237,517 ppm, which
closely matches the sum of the measured ®REE values for Flr-II and synchysite
(57,389 ppm + 168,879 ppm). This concordance demonstrates that the REE in Flr-II
and synchysite derive from Flr-I. Finally, mineral oREE values (e.g. ®REE Flr =
fluorite’s mass fraction X fluorite’s REE concentration) were compared to whole-rock
REE content to quantify the contribution of REE-bearing minerals to the whole-rock
REE content of the Shitouping deposit is presented in Fig. 4, with full data listed in

Supplementary Table 7.
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femtosecond-LA-ICP-MS analysis

In-situ trace element analyses of fluorite were performed with a J200 Tandem XQ
femtosecond (fs) laser-ablation system (Applied Spectra) coupled to a Thermo
Scientific iCap-RQ inductively coupled plasma mass spectrometer (ICP-MS). Helium
was used as the carrier gas and argon as the make-up gas. Single-spot analyses
comprised 105 seconds (s) total acquisition time (20 s background, 45 s ablation, 40 s
wash/washout), whereas line scans used a 120 s protocol (20 s background, 55 s
continuous ablation, 50 s wash). Line scans employed a 40 um spot and 60 um track
length at 1.0 J cm™ and 6 Hz. The National Institute of Standards and Technology
(NIST) standard reference material (SRM) 610 served as the external standard, and Ca
was used as the internal standard to correct trace-element abundances. Reference
materials (Columbia River Basalt BCR-2G, NIST SRM 610, NIST SRM 612 and
Hawaii Volcano Observatory Basalt BHVO-2G) were analyzed as quality controls, with
one standard run after every eight samples. Data reduction was performed in
ICPMSDataCal v12.2 using the internal-standard approach; internal standard elements
were chosen according to mineral phase (here, EPMA-measured Ca was used).
Locations of the fluorite analysis points are reported in Extended Data Fig. 14 and

Supplementary Table 8.
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Extended Data Fig. 5 | Occurrence of fluorite in the bedrock. a—c, Optical
photomicrographs: (a) and (c¢) in plane-polarized light, and (b) in cross-polarized light.
d, Macrophotograph acquired using a digital camera. e,f, Backscattered electron images
showing fluorite inclusions hosted in feldspar (e) and biotite (f), respectively.
Abbreviations: Ab, albite; Bt, biotite; Flr, fluorite; Or, orthoclase; Qz, quartz; Syn,

synchysite; Zrn, zircon.
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569 Extended Data Fig. 6 | Electron probe microanalyzer (EPMA) wavelength
570 dispersive spectroscopy (WDS) element maps of fluorite-synchysite aggregate.
571  Elemental concentrations in the two fluorite varieties Flr-I and Flr-II differ markedly.

572  Abbreviations: Flr, fluorite; Syn, synchysite.
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579  ref.'”) and sampling locations.
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Extended Data Fig. 12 | TESCAN TIMA results of fluorite and associated minerals
in comparison with backscatter electron images. Colored images represent TIMA
results with mineral labels listed below; grey-scale images are backscatter electron

micrographs.
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596  balance calculations are listed in Supplementary Table 6.
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Extended Data Fig. 14 | Fs-La analytical spots for two types of fluorite within the

bedrock. Elemental concentrations in fluorite are provided in Supplementary Table 8.
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Extended Data Table 1 | REE-bearing minerals in the bedrock of typical REE deposits

Area REE-bearing minerals Dominant Ref.
fluorite, bastnisite-(Ce) synchysite-(Y), xenotime,

Shitouping HREE 20
thorite
fluorite, doverite, zircon, monazite, Xxenotime, niobite,

Zudong HREE 14
pyrochlore, gadolinite
fluorite, synchysite-(Y), garnet, zircon, fergusonite or

Dabu pyrochlore-group,  xenotime, thorite, monazite, HREE 16
gadolinite
fluorite, synchysite-(Y), parisite-(Ce), apatite, zircon,

HM granite HREE 32
xenotime-(Y), monazite-(Ce), Y-Ca silicate Y-Ti oxide
fluorite, pyrochlore, garnet, zircon, thorite, xenotime,

Zhaibei monazite,  fergusonite,  samarskite,  gadolinite, LREE 37
aeschynite, euxenite Y-parisite
bastnéesite-(Ce), apatite, zircon, minor monazite,

Heling LREE 17
tourmaline, fergusonite, doverite, fluorite

Liberty Hill titanite, apatite, monazite, zircon, allanite, bastnésite LREE M
REE-fluorocarbonates, fluorite, monazite-(Ce),

Serra Verde LREE 45
xenotime-(Y), zircon, thorite,
bastnisite-(Ce), parisite-(Ce), hiortdahlite, zircon,

Puxiong thorite, apatite, titanite, Nb-U-bearing minerals, cerite- LREE 2
(Ce), britholite-(Ce), tritomite-(Ce), monazite

Ambohimir- REE-fluorcarbonates, zirconosilicates, silicates and

LREE ¥
ahavavy oxides with minor phosphates.




Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e SupplementaryTables.xlsx


https://assets-eu.researchsquare.com/files/rs-8880973/v1/5a289122a8713869b0e80c4b.xlsx

	HREE distribution in bedrock and weathering profile
	Fluorite as the source mineral for regolith-hosted HREE ores
	Extreme magmatic fractionation primes bedrocks for regolith-hosted HREE deposits
	Targeting F-rich and P–Ti poor granites
	Figures
	References
	Methods
	Sample collection from representative deposits
	Whole-rock trace element analysis
	Scanning electron microscope analysis
	Electron probe microanalysis
	Mass balance calculations
	femtosecond-LA-ICP-MS analysis

	Extended Data Figures and table

