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Abstract
Regolith-hosted rare earth elements (REEs) deposits received great attention due to the increasing 

incorporation of REEs in modern technologies. In lateritic Sc deposits and ion-adsorption deposits 
(IADs), Sc behaves quite differently from REEs: REEs adsorb as outer-sphere complexes on clay 
surface in IADs, while Sc could enter the lattice of clay minerals in lateritic Sc deposits. The unique 
behavior of Sc has not been well understood yet. Here, by using first-principles molecular dynamics 
techniques, we show that the complexation mechanisms of Y3+ and Sc3+ on clay edge surfaces are dis-
tinctly different. Y3+ preferentially adsorbs on Al(OH)2SiO site with its coordination water protonated. 
Sc3+ is found to behave similarly to other first-row transition metals (e.g., Ni2+) due to its smaller ionic 
radius and prefers adsorbing on the vacancy site, from where Sc3+ can be readily incorporated in the 
clay lattice. The H2O ligands of Sc3+ get deprotonated upon complexation, providing new binding sites 
for further enrichment of Sc3+. These processes prevent Sc3+ from being leached during weathering 
and lead to the formation of Sc-rich clay minerals found in lateritic deposits. Based on these results, 
it is revealed that the small ionic radius and high affinity to enter the vacancy on edge surfaces make 
Sc compatible with clay minerals and are the origin of its unique geochemical behavior.
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Introduction
Rare earth elements (REEs, i.e., scandium, yttrium, and 15 

lanthanoids) are finding increasing use in modern high-tech 
industries such as electronics manufacture, green energy tech-
nologies, and military applications (Chakhmouradian and Wall 
2012; Williams-Jones and Vasyukova 2018), and they have been 
classified as strategic and critical elements worldwide (Haxel 
2002; Gulley et al. 2018; Zhai et al. 2019). Among different 
REEs deposits, regolith-hosted deposits have received signifi-
cant attention due to the enrichment and ease of extraction of 
high-value elements (Zhou et al. 2020). Ion-adsorption deposits 
(IADs) developed in South China are currently the dominant 
sources for heavy REEs (Hoshino et al. 2016), while the lateritic 
deposits recently found in Australia are regarded as a potential 
long-term Sc resources (Jaireth et al. 2014; Chassé et al. 2016; 
Chassé et al. 2019). Clay minerals played a pivotal role during 
the formation of these deposits (Li et al. 2017; Chassé et al. 2019; 
Borst et al. 2020; Elliott 2020; Li and Zhou 2020). In IADs, REEs 
were believed to be weakly adsorbed on clay minerals (i.e., in 
outer-sphere complexes) due to their easily extractable behavior 
(Bao and Zhao 2008; Borst et al. 2020). In lateritic Sc deposits, 
however, Sc was found to be incorporated in the lattice of clay 
minerals before its association with goethite (Chassé et al. 2019).

The unique behavior of Sc compared with REEs regarding 
the interaction with clay minerals is still poorly understood. 

Sc and REEs exhibit very high hydration enthalpy (Rizkalla 
and Choppin 1991; Cotton 2013), and therefore, they all form 
outer-sphere complexes on clay basal surfaces. Thus, it can be 
deduced that the uniqueness of Sc originates from its interaction 
with the clay edge surface. However, the role clay edges play in 
the partitioning of Sc and REEs remains unclear. Recently, Borst 
et al. (2020) presented X-ray absorption fine structure (EXAFS) 
evidence confirming that outer-sphere complexes on basal sur-
faces are the dominant forms of REEs in IAD. The existence of 
inner-sphere complexes on clay edges, however, could not be 
excluded by the authors, especially when the pH increment with 
depth was considered (Li et al. 2019, 2020; Huang et al. 2021). 
Indeed, there are several experimental studies that support the 
existence of inner-sphere complexes on clay edges in mildly 
acidic to basic conditions (Stumpf et al. 2002; Kowal-Fouchard 
et al. 2004; Takahashi et al. 2004; Verma et al. 2014; Zhou et 
al. 2021, 2022). Using polarized EXAFS technique, Schlegel 
(2008) and Finck et al. (2009, 2017) investigated the complex-
ation of Y3+ and Lu3+ on hectorites and suggested the existence 
of inner-sphere complexes on the edge surfaces that coordinated 
to both octahedral and tetrahedral sheets. The structures of such 
inner-sphere complexes, however, were not unambiguously 
determined. For example, both six- and eightfold coordination 
have been suggested for Y3+ (Schlegel 2008; Finck et al. 2017). 
The complexation mechanism of Sc3+ on clay edge surfaces has 
not been studied to the best of our knowledge. Similar to Sc3+, 
Ni2+ could be enriched in phyllosilicates in lateritic deposits, 
where Ni2+ is incorporated in the lattice of clay minerals (Butt 
and Cluzel 2013). It was found that clay edge surfaces acted as 
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