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Abstract
Weathering crusts after granites are the most important source of heavy rare-earth elements (HREE) 

worldwide. Although HREE in these deposits is known to be inherited from parental rocks, the origin 
of HREE enrichment and the reasons why it is rare outside of China remains unclear. Here, we report 
the occurrence of variably organized nanoparticles of Ce-poor (<0.2 wt%), Nd-Y-rich bastnäsite-(La), 
and associated cerianite in parental granites from a HREE deposit, South China. The mineral contains 
high-HREE abundances (up to 13 wt% Y2O3). Synchrotron radiation-induced X‑ray diffraction and 
high-resolution transmission electron microscopy analyses suggest that the mineral grew as disor-
dered nanocrystals and (nearly) coaligned nanoparticle aggregations, thus supporting “nonclassical” 
crystallization mechanisms by particle attachment under hydrothermal conditions. The nanocrystal-
line Ce-poor, Nd-Y-rich bastnäsite-(La) precipitated at rapidly decreasing temperature related to the 
influx of externally derived fluids, which caused CO2-H2O immiscibility and REE supersaturation. 
This interpretation is supported by petrographic data and microthermometric analysis of fluid inclu-
sions in quartz. Unusually high fO2 resulted in Ce oxidation and decoupling from trivalent lanthanides, 
producing polycrystalline mineralization.
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Introduction
The rare-earth elements (REE), generally defined as the 

lanthanides plus yttrium (Y), are considered critical raw materi-
als because of their extensive applications in renewable energy 
solutions and modern technologies (Kalvig and Machacek 2018). 
Recently, concerns over the perceived imbalance between the 
increasing demand for these resources and their supply short-
ages have led to a surge in REE exploration worldwide since 
China, the largest REE producer in the past 30 years, reduced 
its REE export quota (Gulley et al. 2018). Heavy REE (HREE 
= Gd-Lu+Y) are much less abundant than light REE (LREE = 
La-Eu) and are anticipated to be associated with the highest sup-
ply risk in the foreseeable future (Balaram 2019). The majority 
of economically exploitable HREE resources are associated with 
regolith-hosted ion-adsorption deposits (IAD) in South China (Li 
and Zhou 2020). The HREE are adsorbed as ionic complexes 
onto clay minerals in weathering crusts developed over igneous, 
mostly granitoid rocks (Bao and Zhou 2008). These deposits 
account for about 80% of the global HREE supply (Bernhardt 

and Reilly 2020). The forms of REE adsorption on clays re-
ported to date primarily include readily leachable eightfold- to 
ninefold-coordinated outer-sphere hydrated complexes, which 
are dominantly attached to the clays kaolinite and halloysite 
(Borst et al. 2020). Although weathering of granitoids under 
warm and humid conditions plays an important role in REE 
fractionation and enrichment, this process is expected to yield 
high LREE/HREE ratios in IAD because LREE is hosted in 
phases relatively more susceptible to weathering in comparison 
with HREE-enriched phases (Estrade et al. 2019; Prameswara et 
al. 2021). Geologically similar IAD was identified elsewhere in 
Southeast Asia (Sanematsu et al. 2013) and Madagascar (Janots 
et al. 2015), and these deposits generally exhibit stronger enrich-
ment in LREE than HREE. The extent of relative enrichment and 
fractionation among leachable REE is believed to be controlled 
by the nature of the precursor bedrock and REE-hosting minerals 
in that rock (Li et al. 2017a; Estrade et al. 2019). Therefore, one 
essential question that needs to be addressed to understand the 
origin of IAD is how HREE-rich minerals form in their precur-
sor granitoid rocks.

Xu et al. (2017) reported three types of previously unidenti-
fied, Ce-poor, LREE- and HREE-enriched minerals in the South 
China granites. The weathering profiles inherited the REE 
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