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A B S T R A C T

Rare earth elements (REE) are essential for advanced technologies and energy security. Understanding REE 
occurrences and speciation is critical for developing resource extraction technologies for diverse feedstocks. This 
study evaluated the speciation of yttrium (Y) in three types of natural ores and their processed waste streams 
using synchrotron X-ray absorption spectroscopy (XAS). The study materials included: Type-1 (granite-regolith 
ore), Type-2 (bauxite-kaolin ore), and Type-3 (sand fractions from processed bauxite-kaolin ore). Both Type-1 
and Type-2 materials were kaolinite-rich and showed strong correlations between the fraction of adsorbed Y, 
predicted by linear combination fitting of the XAS data, and measured ion-exchangeable Y from assay. Adsorbed 
Y species (kaolinite and ferrihydrite) were the dominant Y speciation in Type-1 materials, which substantially 
decreased from 88.7–89.5% to 33.7–37.0% after the ion-exchange experiment. Similarly, the adsorbed Y species 
also decreased from 52.5–61.8% to 20.4–26.5% in Type-2 materials. The non-exchangeable fractions were pri
marily associated with Y-bearing phosphates and Y-bearing zircon in Type-2 materials. On the other hand, Type- 
3 materials were clay-deficient and showed drastically different Y speciation. Y-bearing phosphates accounted 
for the majority (~80–97%) of the Y speciation, including Y-bearing xenotime (~53–78%) and Y-bearing 
monazite (~16–30%). These associations highlighted the inherent variability in Y extractability from multi- 
mineral assemblages typical of these natural ores and their process waste streams containing both Y-bearing 
clays and non-clay phases. Considering the usefulness of treating Y as a proxy for predicting the behavior of other 
heavy REE (HREE), future advances in HREE extraction technologies can be achieved by combining mineral
ogical observations with insights from XAS analyses.

1. Introduction

Rare earth elements (REE: Sc, Y and La–Lu) are critical mineral 
resources vital for many important modern technologies and products 
(Long et al., 2010). Examples include neodymium (Nd) used in perma
nent magnets for electric vehicles and wind turbines, as well as yttrium 
(Y) used in metal alloys, visual displays, and laser systems (Van Gosen 
et al., 2019). Prior to manufacturing of these and other technologies 
using REE, mineral resources are mined from highly weathered crustal 
rocks such as regolith-hosted or lateritic deposits in East Asia, in addi
tion to well-known hard rock deposits such as Mountain Pass and Bayan 
Obo (e.g., Li and Zhou, 2020; Li et al., 2017; Sanematsu and Watanabe, 

2016; Bao and Zhao, 2008). REE are released from host minerals (e.g. 
phosphates, carbonates) and redistributed by solutions within regolith 
through “lateritic weathering” processes acting on parent rocks 
(Verplanck, 2017; Xu et al., 2017). REE ions are effectively sorbed onto 
mineral surfaces from these weathering solutions through outer-sphere 
and/or inner-sphere complexation reactions (Borst et al., 2020; Maur
ice, 2009; Langmuir, 1997).

Typically, regolith-hosted ion-adsorbed REE deposits contain large 
fractions of their REE enrichments associated with clay-rich assem
blages. They are therefore often referred to as ion-adsorption clay (IAC) 
deposits (Beard et al., 2025; Li et al., 2017). Within IAC deposits, ion- 
sorbed REE comprise >50% of the total REE inventory (Liang et al., 
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2025; Li et al., 2019, 2020; He et al., 2016; Ruan et al., 2005). Clay 
minerals (kaolinite and halloysite, in particular) are major sorbents for 
the REE in the regolith-hosted REE deposits (Li and Zhou, 2020, 2023). 
Lower fractions of the REE are also associated with other secondary 
minerals such as iron-oxyhydroxides (Wang et al., 2021; Chasse et al., 
2019). IAC deposits are mined for their large portions of highly 
extractable REE (e.g., Brahim et al., 2022; Borst et al., 2020; Long et al., 
2020; He et al., 2016; Xiao et al., 2015; Moldoveanu and Papangelakis, 
2012, 2013, 2016). These deposits represent more than 80% of the 
global supply of mined heavy REE (HREE; Van Gosen et al., 2019; Li 
et al., 2017; Yang et al., 2013; Ruan and Jun, 2011; Wu et al., 1990, 
1996).

While many economically significant deposits are found in East Asia, 
sedimentary-hosted resources with similar REE enrichment style are 
found in the Southeastern U.S. associated with the Piedmont Province 
and Upper Coastal Plain. Ion-exchangeable REE and secondary REE- 
phosphate minerals have been identified in the Piedmont regolith 
associated with granitic bedrocks (Cheshire et al., 2018; Bern et al., 
2017). Significant REE enrichments were also found in kaolinite-rich 
strata of the Upper Coastal Plain formed initially by the transport and 
deposition of siliciclastic sediments sourced from weathered Piedmont 
Province rocks. The kaolin ore deposits also contained secondary REE- 
bearing phosphate minerals (crandallite and florencite; Cheshire et al., 
2018). These secondary REE-phosphate minerals pointed to the redis
tribution of REE from detrital grains present in the original siliciclastic 
sediments building out the Coastal Plain during the late Mesozoic to 
Cenozoic eras (Boxleiter and Elliott, 2023; Cheshire et al., 2018; 
Cheshire, 2011). Chemical weathering processes mobilized REE from 
and within these kaolinite-rich, sedimentary deposits in the Upper 
Coastal Plain. REE were accumulated as ion-sorbed clays within strata 
underlying the weathered bauxite zones in these deposits (e.g., Ander
sonville mining district; Boxleiter et al., 2024).

Taken together, these ion-sorbed clays in the Upper Coastal Plain are 
potential REE resources in the U.S. These findings opened questions 
regarding the total speciation of REE in the kaolinite-rich strata. The 
REE in these sedimentary rocks are likely derived from the mixture of 
potential mineral carriers, including ion-adsorbed clays, associated with 
different fractions: clay-rich (raw) fractions, clay-rich (ion-exchange 
treated) fractions, and non-clay fractions. Therefore, the testable hy
potheses in this study were focused on determining the breakdown of 
REE speciation for each of these fractions in order to determine their 
contribution to the whole rock.

These hypotheses are: (1) the raw, clay-rich fraction contains the 
highest proportion of surface-bound (ion-adsorbed) REE associated with 
kaolinite-clay content; and, (2) residues from ion-exchange treatment of 
raw samples, as well as the non-clay fraction, contain the highest pro
portion of lattice-bound (crystal structure) REE associated with primary 
or inherited detrital minerals. These hypotheses were tested using syn
chrotron X-ray absorption spectroscopy (XAS). This technique was 
notable and utilized as an in-situ, element-specific approach suitable for 
low concentration elements in complex heterogenous matrices.

Recent studies showed that kaolinite and other clay minerals could 
be identified as sorbents for REE using XAS-based techniques, (Bishop 
et al., 2024; Borst et al., 2020). These studies showed the nature of the 
molecular-scale interactions between REE and mineral surfaces as inner 
and/or outer sphere sorbed species. However, these studies were based 
on data measured from pure and/or lab-doped reference compounds. 
Few studies to our knowledge have translated XAS-based characteriza
tion techniques to natural ore samples with multi-mineral assemblages 
(clay and non-clay minerals), such as though in regoliths and clastic 
sedimentary rocks.

In this study, linear combination fitting (LCF) of XAS data in 
conjunction with mineralogy and geochemistry results were used to 
determine the relative percent of the speciation for Y – a representative 
proxy for HREE – in three types of samples derived from regolith-hosted 
and sedimentary-hosted IAC ores deposits in East Asia and the 

southeastern U.S., respectively. The insight gained from this approach 
provided a more comprehensive understanding of the occurrences and 
speciation of Y in these highly weathered materials, as well as their 
associated waste byproducts. An understanding of the characteristic 
heterogeneity and speciation of Y, and, more broadly all REE, provides 
insights for possible strategies and technologies for the extraction of 
these critical mineral resources from mined ores and their gangue 
fractions (mine waste tailings).

2. Materials and methods

2.1. Sample materials

Clay-rich (kaolinite and/or halloysite-dominated) granite-regolith 
from southeastern China, as well as sedimentary bauxite-kaolin ores and 
their sand-size fractions from the bauxite-kaolin ores of the southeastern 
U.S. were chosen for this study (Fig. 1). These three different types of 
study materials are described in detail below and in Table 1.

Granite-regolith ores (Type-1). The Type-1 materials are regolith 
samples containing 50–70% ion-exchangeable REE. They were collected 
and studied from the Zudong deposit, Jiangxi Province, South China (Li 
et al., 2019). The Type-1 material is composed of clay-rich (kaolinite 
and/or halloysite-dominated) regolith overlying weathered bedrocks 
including granites and similar crystalline rocks in southeast China. 
These regoliths are considered world-class IAC reserves for ion- 
exchangeable REE having significant fractions of the HREE (Y, Tb–Lu).

Bauxite-kaolin ores (Type-2). Clay-rich, bauxite-kaolin ore samples 
were collected and studied from geologic drill core (5 cm diameter core) 
from the Andersonville mining district, western Georgia, Upper Coastal 
Plain (Boxleiter et al., 2024). The samples were composed of 0.75 m 
length intervals of core (dried, crushed, split, and milled) collected from 
a depth of 12 to 21 m below surface. The section was typical of the 
bauxite-kaolin deposit type which can be found throughout the Ander
sonville district, as well as eastern Alabama (Eufaula district) and central 
Georgia (Wilkinson County). These deposits are characterized by three 
major zones: an upper kaolin zone, a middle bauxite zone, and a lower 
kaolin zone. Weathering processes mobilized and fractionated REE in 
these sections to form REE accumulations as IAC at the base of the 
bauxite zone and underlying the bauxite zone (Boxleiter et al., 2024).

Sand fractions, bauxite-kaolin ores (Type-3). Sand-size fractions were 
separated from the clay-rich, whole rock samples of bauxite-kaolin 
collected from core (Wilkinson County, central Georgia; Ashcraft, 
2025). These gangue (sand) fractions are typically discarded during 
processing of mined kaolin ores and are predominantly comprised of 
non-clay minerals (quartz, Fe-sulfide, Ti-minerals, zircon, monazite, 
xenotime, and other heavy-minerals; Ashcraft et al., 2025). An addi
tional sample of the sand-size fraction from the Buffalo Creek Member of 
the Cretaceous Gaillard Formation was studied. The Buffalo Creek 
Member represents a prominent kaolin lithology and major minable unit 
in the Sandersville district, which is part of the Georgia kaolin belt, but 
located just east of the bauxite-kaolins mined from the Wilkinson County 
district. The Buffalo Creek kaolins and other lithologies in the Sand
ersville district generally lack any bauxite formation. The Buffalo Creek 
Member was studied alongside the bauxite-kaolin samples because it is 
comparable in age and mineral content to the lower kaolin zones of the 
bauxite-kaolin deposits.

2.2. Mineralogy and geochemistry characterization

The mineralogy and geochemistry of the XAS study samples were 
referenced from their parent studies: Type-1 materials (Li et al., 2019); 
Type-2 materials (Boxleiter et al., 2024); and, Type-3 materials 
(Ashcraft, 2025). In these parent studies, X-ray diffractometry (XRD) 
was used to identify the major minerals present. The XRD data was 
accompanied by scanning electron microscopy (SEM) data for mineral 
ID confirmation. The elemental compositions of major/minor, trace, and 
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REE were determined using a combination of X-ray fluorescence (XRF) 
and inductively coupled plasma optical emission and mass spectrometry 
(ICP-OES/MS; Activation Laboratories Ltd., Ontario, Canada, and ALS 
Chemex, Guangzhou, Co.). Listed in the Table 2 are the summarized 
mineralogy and major/minor oxide geochemistry of the XAS study 
samples per their parent study (“Reference ID”).

The clay-rich Type-1 and Type-2 materials were fractioned into 
whole rock and residue fractions following the ion-exchange treatments 
using magnesium-sulfate solutions (Boxleiter et al., 2024). The residues 
of the Type-1 and Type-2 materials following ion-exchange treatment 
showed no changes in mineralogy or major/minor oxide composition. 
Minor amounts of Mg uptake in the Type-2 materials were noted due to 
the use of magnesium-sulfate solutions. Type-3 materials were frac
tioned into sand-size, heavy fractions by dispersing the mineral powders 
with sodium carbonate and sodium hexametaphosphate in water to 
produce a mineral grain slurry. Sand and silt-clay fractions were sepa
rated by physical screening of the slurry using an ASTM 325 mesh screen 
while rinsing with deionized water (see Text S1 in the Supplementary 
Information). The sand-size fractions were further separated into heavy 
and light mineral fractions by dense liquid separations using lithium 
tungstate (LMT or LST, ρ = 2.85–2.95 g/mL; see Text S2). Quartz is a 
non-REE-bearing mineral and typically predominant in the coarse 
fractions of mined kaolins (Elliott et al., 2018). The quartz (~2.65 g/ 
cm3) was separated from the coarse fractions to concentrate potential 

REE-bearing heavy-minerals (ρ >2.95 g/cm3), therefore, producing a 
more REE-concentrated “heavy fraction” (HF) for XAS analyses. Resid
ual light minerals (kaolinite, quartz) were found in the heavy fractions 
in varying amounts due to particles agglomerating and other effects 
which contribute to imperfect separations using dense liquids.

2.3. Synchrotron X-ray spectroscopy and microscopy analyses

2.3.1. XAS analysis
Bulk X-ray absorption near-edge structure (XANES) spectra of Y K- 

edge were collected at Beamline 6-BM at National Synchrotron Light 
Source (NSLS-II) in Brookhaven National Laboratory (Upton, NY) and 
Beamline 11–2 at Stanford Synchrotron Radiation Lightsource (SSRL) in 
the SLAC National Accelerator Laboratory (Menlo Park, CA). Fine- 
ground sample powders were mounted onto acrylic sample holders 
and sealed with Kapton tape for data collection in fluorescence mode. 
XANES spectra were collected with an edge energy of 17,038.4 eV. 
Y2(CO3)3 was used for energy alignment. Multiple scans (4–6) were 
collected for each sample, depending on Y concentration and data 
quality.

Y was used as a representative proxy for the HREE. Y was conducive 
for approximating the behavior of other HREE (e.g. Dy, Ho) due to 
similar charge and ionic radius (Taggart et al., 2018; Bunzli, 2013; 
Tanaka et al., 2008). Y also presented an analytical advantage for 

Fig. 1. Sampling locations for the original sample reference IDs used in this study.
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detection because it was typically the most abundant HREE in the types 
of material used in the study (Boxleiter and Elliott, 2023; Elliott et al., 
2018). Y was known to be associated with minerals such as Y-adsorbed 
kaolinite, Y-bearing phosphates (xenotime, monazite), and zircon in 
highly weathered materials (e.g. Ashcraft, 2025; Boxleiter et al., 2024; Li 
et al., 2019).

2.3.2. Micro X-ray fluorescence (μ-XRF) mapping and μ-XANES analysis
μ-XRF coupled with μ-XANES analyses were performed at Beamline 

2–3 at SSRL. These coupled analyses were used for Type-3 materials 
which were characterized as both bulk powder samples (macro-scale) 
and mounted grain specimens (micro-scale). The mounted grain speci
mens were prepared as epoxy-embedded thin sections. Bulk XANES and 
μ-XANES analyses complemented each other to provide a more 
comprehensive view of spatially resolved elemental speciation and 
distribution.

The bulk and micro-scale speciation of Y may differ from each other, 

especially for natural samples due to their complex systems and the ore 
deposits they are found in. Interactions between Y-bearing minerals and 
the weathering processes occurring in ore deposits produce many 
geochemically distinct micro-environments. Discrete, localized differ
ences in Y-bearing phases, such as secondary crystal overgrowths, may 
not be detectable in bulk powder sample measurements by XANES if 
they occur at low relative percentages (typical error range for μ-XANES 
and LCF is ~10%). For example, crystal overgrowths of xenotime were 
known to be found in association with detrital zircon grains in some 
Type-3 materials (Boxleiter and Elliott, 2023). The representativeness of 
μ-XANES/μ-XRF analyses is important to note due to the subjectivity of 
randomly selected areas for scanning regions of interest (ROI) from thin- 
sections, at the micron-level (Wen et al., 2025; Liu et al., 2019).

Coarse μ-XRF mapping was conducted for Y at 17200 eV with 100 μm 
step sizes and 20–25 ms dwell times. Coarse mapping was utilized to 
generate heat maps for rapid identification of regions of interest (ROI) 
containing particles of interest (POI; Fig. S6). Fine mapping was con
ducted from these ROI with 5–20 μm step sizes and 25–50 ms dwell 
times. These settings were varied per sample to produce effective reso
lution of the various sizes of particles across samples. Subsequent 
μ-XANES point analyses (1–5 μm spot size) were aimed at these particles 
to elucidate the differences in μ-XANES patterns for Y-speciation of in
dividual mineral grains and their contribution to the bulk mixtures.

2.3.3. Model compounds
Fourteen Y model compounds were used in LCF modeling to inter

pret the XANES results in this study, which represent major Y-bearing 
mineral phases in natural samples (Fig. 2). Descriptions on the prepa
ration of these model compounds can be found in our previous paper 
(Wen et al., 2025).

3. Results

3.1. Y model compounds

The Y K-edge XANES spectra displayed different spectral features for 
the 14 model compounds studied, reflecting the unique coordination 
environments for Y in these phases (Fig. 2). Their spectra were gathered 
into three groups (Figs. S1–S3). The first group of spectra show a strong 
absorption peak at around 17,056 eV, followed by a clear shoulder at 
~17,066 eV and a broad bimodal hump centered at ~17,108 eV 
(Fig. S1). This group includes Y-bearing monazite and xenotime, which 
are very similar to each other, except for the relative intensity of the two 
overlapping peaks in the broad hump. This group also includes Y- 
bearing zircon, with the intensities of the shoulder and the two over
lapping peaks in the hump all higher than those in monazite and 

Table 1 
Labeling and descriptions of the study materials. Samples from each deposit type 
represented different ore zones. For example, G1/G3 and G5/G6 represent a 
deeper sampling (~19.8–20.4 m below surface) and shallower sampling 
(~18.6–19.2 m below surface), respectively, from the lower kaolin zone. G7 and 
G8 represent a shallower and deeper sampling, respectively, from within the 
bauxite zone. Abbreviations: “AND” – Andersonville, GA, mining district; 
“WILK” – Wilkinson County, GA, mining district; “SH” – settled heavy fraction of 
mineral grains <45 μm in size. “HF” – heavy mineral fraction of mineral grains 
>45 μm in size; References:  Li et al., 2019 (Type-1 materials); Boxleiter et al., 
2024 (Type-2 materials); and, Ashcraft, 2025(Type-3 materials).

XAS ID Description of Sample Reference ID

Type- 
1

LN-2-2 Lower B horizon, granite-regolith LN-2-2
LN-17- 
1

Upper C horizon, granite-regolith LN-17-1

LN-1- 
15

C horizon, granite-regolith LN-1-15

Type- 
2

K1 Bottom of bauxite zone (raw) AND 611
K2 Bottom of bauxite zone (residue) AND 611
K3 Lignitic lower kaolin zone (raw) AND 615
K4 Lignitic lower kaolin zone (residue) AND 615
K5 Top of bauxite zone (raw) AND 609
K6 Upper kaolin zone (raw) AND 606

Type- 
3

G1 Lower kaolin zone WILK 6567 HF
G3 Lower kaolin zone WILK 6567 SH
G5 Lower kaolin zone WILK 6163 SH
G6 Lower kaolin zone WILK 6163 HF
G7 Bauxite zone WILK 5153 HF
G8 Bauxite zone WILK 5557 HF
G10 Upper kaolin zone WILK 3739 HF
G11 Buffalo Creek Member (Gaillard Formation) BC HF

Table 2 
Summarized mineralogy and major/minor oxide geochemistry of the three study materials derived from their parent studies: Li et al., 2019 (Type-1 materials); 
Boxleiter et al., 2024 (Type-2 materials); and, Ashcraft, 2025 (Type-3 materials).

ID Summarized Mineralogy Summarized Major/Minor Oxide Geochemistry

XAS 
ID

Reference 
ID

Kaolinite- 
group

Gibbsite Muscovite 
& illite

Quartz Feldspar SiO2 Al2O3 TiO2 K2O Fe2O3 P2O5 LOI Sum 
others

Type- 
1

LN- 
2-2

LN-2-2 15% ND 8% 66% 11% 75.6% 14.9% <0.1% 2.7% 1.0% <0.1% 4.4% 0.1%

LN- 
17-1

LN-17-1 6% ND 25% 49% 20% 72.1% 16.0% <0.1% 4.2% 1.1% <0.1% 4.4% 0.7%

LN- 
1-15

LN-1-15 No data No data No data No 
data

No data 74.2% 15.3% <0.1% 4.3% 1.3% <0.1% 3.7% 0.1%

Type- 
2

K1 AND 611 72% 26% <1% <1% ND 32.6% 45.3% 2.0% <0.1% 0.7% <0.1% 19.2% <0.1%
K3 AND 615 93% 1% <1% <1% ND 43.7% 36.5% 1.7% 0.2% 1.1% <0.1% 15.9% <0.1%
K5 AND 609 31% 67% <1% <1% ND 11.6% 55.5% 2.5% <0.1% 0.4% 0.1% 28.9% <0.1%
K6 AND 606 81% 17% <1% <1% ND 35.9% 42.1% 1.8% 0.1% 0.9% 0.1% 18.0% <0.1%

Type- 
3

G1- 
G10

WILK HF Mixture of heavy minerals: Ti-minerals (ilmenite, rutile), 
zircon, phosphates (monazite, xenotime), Fe-sulfides (pyrite, 
marcasite), and trace others, as well as residual light fraction 

minerals (kaolinite, gibbsite, mica, etc.)

No data

G11 BC HF
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xenotime.
The second group includes Y-bearing apatite and calcite, and Y 

oxide. The spectrum of Y-bearing apatite contains a weak absorption 
peak at ~17,056 eV, followed by a shoulder and a hump that are both at 
higher energies (Fig. S2). A doublet with similar peak intensities was 
observed at ~17,056 eV for Y-oxide. The peak at ~17,056 eV and its 
hump are shifted to a slightly higher energy relative to Y-bearing apatite. 
For Y-bearing calcite, the shoulder was markedly stronger than the main 
absorption peak, and the hump was centered at ~17,108 eV.

The third group (Y-bearing hematite, Y-adsorbed kaolinite, Y- 
adsorbed ferrihydrite, Y-complexed lignin, and Y-bearing bastnaesite) 
typically exhibit a clear and strong single peak feature at ~17,056 eV 
and a broad hump at ~17,108 eV, without any significant shoulder 
(Fig. S3). In particular, the spectra of Y-bearing hematite, Y-adsorbed 
ferrihydrite, and Y-complexed lignin are almost identical, except for the 
relative intensities of their main absorption peaks. The spectrum of Y- 
bearing bastnaesite displays a stronger main absorption peak than other 
model compounds in this group, a lower valley between the peak and the 
hump, and a hump that was slightly shifted to a lower energy.

The first- and second-derivatives for XANES spectra of the third 
group were plotted with normalized μ(E) in order to distinguish their 
highly similar spectral characteristics (Fig. S4). The first- and second- 
derivatives enhanced spectral resolution and highlighted subtle 
changes in coordination structures, which reveal differences that are not 
distinguishable in the original μ(E). However, these differences are 
primarily qualitative and do not directly translate into improved quan
titative results of LCF. In common practice of XANES analysis, the de
rivatives are typically used to aid spectral comparison and 
interpretation, while LCF is performed using the normalized absorption 
spectra. LCF assumes linear additivity of absorption coefficients, which 
is mathematically not rigorous for the derivatives. In addition, per
forming LCF using derivatives may amplify high-frequency noise and 
increase the risk of overfitting features that are visually apparent but not 
necessarily chemically meaningful.

XANES analysis and LCF rely on mathematical fitting of features in 
the absorption spectra to determine the best-fit combination of model 

compounds. It is inherently challenging to identify the relative fractions 
of model compounds with highly similar local bonding environments 
and/or spectra features. Hence, other complementary analytical 
mineralogy techniques (e.g., XRD, SEM) and good knowledge of sam
ple's composition are crucial for addressing the intrinsic limitations of 
LCF and to obtain a comprehensive understanding of Y speciation in the 
studied materials.

3.2. Type-1 granite-regolith samples from South China

Ion-exchange experiments were performed on three granite-regolith 
samples from China (LN-2-2, LN-1-17, and LN-1-15) to evaluate the 
extractability of Y, following similar procedures as previously reported 
(Boxleiter et al., 2024). The tabulated LCF results for raw samples 
(before ion-exchange) were compared with results for residue samples 
(after ion-exchange, Table 3). The Y K-edge bulk XANES spectra of these 
raw Type-1 materials and their ion-exchange residues are overlaid and 
shown in Fig. 3a. The XANES spectral of all three raw samples display a 
clear and strong single-peak feature at ~17,056 eV and a broad hump at 
~17,108 eV. The spectra of the three Type-1 materials are almost 
identical, as can be observed in their overlaid spectra (Fig. S5). How
ever, the XANES spectra of the ion-exchange residues show a markedly 
weaker absorption peak at ~17,056 eV and a flatter hump at ~17,108 
eV, as well as a noticeably stronger shoulder at ~17,066 eV (Fig. 3a). Y 
species in raw samples were dominated by Y adsorbed on kaolinite 
(~41–65%) and ferrihydrite (~24–49%). These contents were readily 
leached as shown by the LCF model results for ion-exchange residues 
(Fig. 3, Table 3). The remaining Y species in raw samples were Y-bearing 
phosphate and Y-bearing carbonate phases.

3.3. Type-2 whole rock bauxite-kaolin samples

Ion-exchange experiments were performed on raw bauxite-kaolins 
samples (K1, K3, and K5) to evaluate the extractability of Y (Boxleiter 
et al., 2024). The highest percentages of extractable Y were found in the 
raw sample from the base of the bauxite zone (noted as K1) and the 
lignitic lower kaolin zone (noted as K3). The tabulated LCF results for 
raw samples were compared with their residues (Table 4). Y speciation 
for sample K1 included ~50% Y-adsorbed kaolinite and ~ 50% Y- 
bearing phosphates (i.e. the sum of 21.5% Y-bearing monazite, 10.4% Y- 
bearing xenotime, and 15.9% Y-bearing apatite). However, the fraction 
of Y-adsorbed kaolinite decreased sharply to ~20% in the ion-exchange 
residue (noted as K2). Most of the adsorbed Y species were extracted 
during ion-exchange with MgSO4 with remaining non-exchangeable Y 
associated with monazite and other phosphates (Fig. 4). Monazite, for 
example, can be seen in the XANES spectrum of K2 as a clear shoulder at 
~17,066 eV and the bimodal feature of the hump at ~17,108 eV 
(Fig. S1), whereas the spectrum for K1 was dominated by Y-adsorbed 
kaolinite observed as a single-peak feature at ~17,056 eV (Fig. 4a, 
Fig. S3).

The raw sample from the lignitic lower kaolin zone (noted as K3) 
contained 56.3% of Y as Y-adsorbed kaolinite, with remaining portions 
as 16.7% xenotime, 14.3% Y-bearing hematite, and 12.8% zircon. 
Similarly, a markedly lower fraction of Y-adsorbed kaolinite (26.5%) 
was shown for sample K4 (the residue of K3, Fig. 4). Note that the 
shoulder at ~17,066 eV in the XANES spectrum of K4 was not as obvious 
as the shoulder in K2 (Fig. 4a). This was likely because the sum of Y- 
adsorbed kaolinite and Y-bearing hematite still accounted for a sub
stantial fraction (~50%) of the remaining Y in K4, giving rise to the 
stronger single-peak feature at ~17,056 eV. Comparatively, the ion- 
exchange residue sample K2 showed only ~20% sum contents of 
remaining Y-adsorbed kaolinite and therefore greater expression of a 
shoulder at ~17,066 eV attributed to the insoluble phases such as 
monazite (see Fig. S3).

In the raw sample from the top of the bauxite zone (noted as K5), Y is 
predominantly associated with monazite (42.7%), apatite (30.7%), 

Fig. 2. Bulk XANES Y K-edge spectra of model compounds used in LCF (dashed 
lines in all Y XANES spectra indicate the energy positions of the main absorp
tion peak at ~17,056 eV, shoulder at ~17,066 eV, and hump centered at 
~17,108 eV).
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zircon (17.9%) and Y-adsorbed kaolinite (<10% Table 4, Fig. 4b). Y 
speciation in the raw sample from the upper kaolin zone (noted as K6) 
comprises 61.8% of Y-adsorbed kaolinite, 19.4% of monazite, and 
11.3% xenotime. The relative intensity of the main absorption peak 
(~17,056 eV) compared to the shoulder in the XANES spectrum of K5 
appears to be lower than that of K6, which was likely due to the presence 
of 30.7% of Y in apatite in K5 that has a weaker expression of the main 

absorption peak compared to monazite and xenotime (~17,056 eV, see 
Fig. S1 and S2).

3.4. Type-3 sand fractions of bauxite-kaolin samples

3.4.1. Bulk XANES
Y speciation was determined from bulk XANES analyses and LCF 

Table 3 
Bulk XANES Y speciation of Type-1 materials determined by LCF (errors in parentheses).

Sample Bulk Y (ppm) Y speciation%

Adsorbed Y species Y-bearing phosphates Sum R-Factor

Y-adsorbed kaolinite Y-adsorbed ferrihydrite Y-bearing xenotime Y-bearing apatite Y-bearing calcite

LN-2-2 
raw

410 65.3 (2.9) 23.5 (1.9) 11.1 (0.8) 99.9 0.0003586

LN-2-2 
residue

241 21.6 (1.6) 15.4 (1.4) 23.5 (1.5) 39.8 (2.3) 100.3 0.0003207

LN-17-1 
raw

484 40.7 (1.9) 48.8 (2.3) 5.5 (0.5) 4.9 (0.8) 99.9 0.0001748

LN-17-1 
residue

164 15.2 (1.2) 18.5 (1.3) 21.6 (1.5) 44.5 (2.7) 99.8 0.0004415

LN-1-15 
raw

530 53.6 (2.5) 35.1 (2.1) 11.2 (0.8) 99.9 0.0002964

LN-1-15 
residue

185 17.5 (0.8) 16.4 (0.7) 28.6 (1.4) 37.2 (1.4) 99.7 0.0003532

Fig. 3. (a) The overlaid Y bulk XANES spectra and (b) the fitted curves of Type-1 materials and their ion-exchange residues.

Table 4 
Bulk XANES Y Speciation of Type-2 materials determined by LCF (errors in parentheses).

Sample Bulk Y 
(ppm)

Y Speciation%

Y-adsorbed 
kaolinite

Y-bearing phosphates Y-bearing 
hematite

Y-bearing 
zircon

Sum R-Factor

Y-bearing 
monazite

Y-bearing 
xenotime

Y-bearing 
apatite

K1 
raw

27 52.5 (1.7) 21.5 (0.9) 10.4 (1.1) 15.9 (1.2) 100.3 0.0007563

K2 
residue 15 20.4 (1.3) 36.7 (1.6) 21.2 (1.4) 21.9 (1.8) 100.2 0.0007052

K3 
raw

56 56.3 (1.9) 16.7 (1.2) 14.3 (1.3) 12.8 (0.8) 100.1 0.0008890

K4 
residue

36 26.5 (1.7) 26.6 (1.8) 22.4 (1.5) 24.8 (1.6) 100.3 0.0009147

K5 
raw 22 8.7 (0.7) 42.7 (1.7) 30.7 (1.9) 17.9 (0.9) 100.0 0.0007218

K6 
raw 10 61.8 (1.9) 19.4 (1.2) 11.3 (1.6) 7.7 (0.8) 100.2 0.0008792
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model analyses for 8 sand fractions separated from clay-rich, bauxite- 
kaolin materials (Table 1). These sand fractions were previously studied 
for their non-clay mineral contents (Ashcraft, 2025). Heavy subfractions 
(“HF”, Table 1) from these materials showed varying amounts of Ti- 
minerals (rutile, ilmenite), zircon, Y-bearing minerals (monazite, xen
otime), as well as Fe-sulfides and Fe-oxides. The bulk XANES spectra of 
Type-3 materials showed a strong absorption peak (~17,056 eV) fol
lowed by a clear shoulder (~17,066 eV) and a bimodal hump (~17,108 
eV; Fig. S1). Y was speciated nearly exclusively with Y-bearing xenotime 
(~53–78%) and lesser amounts of Y-bearing monazite (~16–30%), as 
well as minor amounts of zircon (~7–19%; Fig. 5a, Table 5). Other 
mineral phases including hematite, kaolinite, and bastnaesite were also 
predicted by the LCF model to represent a trace amount of Y. However, 
these phases contributed to less than 5% of Y speciation. Given the 
typical 10% error range of LCF of XANES data, such a low percentage is 
not considered statistically reliable. Overall, the average Y speciation in 
these clay-deficient samples was drastically different from those in Type- 
2, whole rock bauxite-kaolin samples (Fig. 4b vs. Fig. 5b).

3.4.2. Micro-XRF/XANES
To take a closer look at the micro-scale speciation of Y in the Type-3 

materials, select samples were characterized by μ-XRF mapping and 
μ-XANES analyses of thin sections. These samples included G6 (lower 
kaolin zone), G7 (bauxite zone), and G10 (upper kaolin zone). Sample 
G11 (Buffalo Creek Member) was also included for comparison.

Mapping included LREE, such as Ce, which proved to be ineffective 
for locating LREE-associated, Y-bearing particles of interests (POI) due 
to significant X-ray fluorescence line interferences between Ce Lα 
(~4.84 keV) and non-REE elements including Ti Kβ (~4.93 keV; 
Fig. S7). Monazite was the most common LREE+Y-bearing mineral in 
these samples and contained Ce (~25 wt%), with lesser amounts of P 
(~12 wt%) and Nd (~11 wt%), but only minor amounts of Y (~3 wt%; 
Boxleiter and Elliott, 2023). The detection of Ce is known to be more 
difficult given the co-occurrence of Ce-bearing minerals in geological 
samples with mineral assemblages containing Ti-minerals (Li et al., 
2023). These Type-3 materials contain abundant Ti-minerals (rutile, 
ilmenite; Ashcraft, 2025), and the difficulty in detecting Ce was there
fore not surprising. However, Nd was noted as a potential alternative for 

Fig. 4. (a) Y bulk XANES spectra and fitted curves of Type-2 materials, and (b) fractions of Y speciation predicted by LCF.

Fig. 5. (a) Y bulk XANES spectra and fitted curves of Type-3 materials, and (b) fractions of Y speciation predicted by LCF.
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mapping due to less interference between Nd Lα (~5.23 keV) and Ti Kβ 
(~4.93 keV). Lastly, P was also considered as a potential non-REE target 
analyte for μ-XRF mapping, but yielded poor results due to X-ray fluo
rescence line overlaps between P Kα (~2.01 keV) and Zr Lα (~2.04 keV), 
considering that zircon (Zr-silicate mineral) is also known and abundant 
in high amounts in these materials.

Mapping for Y, however, was effective in locating micron-size POI 
for subsequent μ-XANES (Fig. S6). The μ-XANES data showed that Y was 
predominantly present as Y-bearing phosphates (~76–100%). This in
cludes Y-bearing xenotime (42–80%), Y-bearing monazite (8–33%), and 
Y-bearing apatite (7–10%; Fig. 6a, Table 6). The μ-XANES spectra across 
all samples display a very similar characteristic feature as seen in the 
bulk XANES spectra due to the high contents of Y-bearing xenotime and 
Y-bearing monazite (Fig. 5a vs. Fig. 6a). The phosphate mineral phases 
and their μ-XANES spectra were difficult to exclusively fit from one 
another, even for individual grains, due to strong similarities in the main 
absorption peak, shoulder, and hump regions (Fig. S1).

Other trace spectral signatures included Y oxide, Y-bearing zircon, 
and Y-adsorbed ferrihydrite comprising less than 25% of the modelled Y 
speciation in total. The prominence of Y-bearing phosphate phases as 
well as the percentages of Y speciation in these selected POI at the micro- 
scale are consistent with the bulk XANES results illustrated above, 
especially for samples G6, G7, and G10 (Table 5 vs. Table 6; Fig. 5b vs. 
Fig. 6b). Notably, the percentage of Y speciation of the selected POI in 
G11 was markedly different from its corresponding XANES on the bulk 
sample for G11. The average Y speciation in G11 was composed of Y- 
bearing xenotime (75.3%), Y-bearing monazite (16.8%), and Y-bearing 
zircon (8.3%), whereas the selected POI contained Y-bearing xenotime 
(42.2%), Y-bearing monazite (33.4%), Y oxide (13.3%), and Y-adsorbed 
ferrihydrite (11.2%).

4. Discussion

4.1. Combined mineralogy and XANES analyses

4.1.1. Type-1 materials
The dominant presence of Y in the Type-1 materials as adsorbed 

species was consistent with typical Y speciation in weathered, granite- 
regolith deposits of East Asia (Li et al., 2019, 2020). The results for 
these Type-1 materials suggested that most of the loosely bound Y (i.e., 
surface adsorbed Y) were indeed easily extracted through ion-exchange. 
Following ion-exchange, the residues indicated drastically lower frac
tions of Y-adsorbed species (i.e. Y-adsorbed kaolinite and ferrihydrite) 
from 88.7–89.5% (raw sample) to 33.7–37.0% (ion-exchange residue; 
Table 3), indicating that more than half of the bulk Y was ion- 
exchangeable. This result is consistent with previous sequential extrac
tion analyses that suggested an ion-exchangeable proportion for these 
samples was ~65% (± 10%; Li et al., 2019).

This present study confirms the easily extractable nature of these 
regolith-hosted ion-adsorption clay deposits. However, the LCF results 
from this study suggest that a minor part of the ion-exchangeable Y 
could be from ferrihydrite, and therefore not all ion-exchangeable Y is 
exclusively related to kaolinite. The portion of Y associated with ferri
hydrite in the ion-exchange residue could possibly be structural-bound 
or more strongly adsorbed, similar to mechanisms more well under
stood for other REE, such as Sc, which was found to be associated with 
generations of goethite precipitation and the dissolution-crystallization 
reactions occurring in clay-rich laterite profiles overlying regoliths 
(Chasse et al., 2019). All told, the Fe–Mn oxyhydroxides in the Type-1 
materials in this study were previously determined to account for a 
minor amount of the bulk REE (~5%; Li et al., 2019).

Table 5 
Bulk XANES Y speciation of Type-3 materials determined by LCF (errors in parentheses).

Sample Y Speciation%

Y-bearing phosphates Y-bearing hematite Y-bearing zircon Y-adsorbed kaolinite Y-bearing bastnaesite Sum R-factor

Y-bearing xenotime Y-bearing monazite

G1 53.2 (2.9) 25.2 (2.6) 19.3 (3.4) 2.8 (1.3) 100.5 0.0005924
G3 61.3 (3.7) 28.5 (3.1) 10.5 (2.8) 100.3 0.0005215
G5 77.8 (2.2) 18.8 (2.2) 3.5 (2.1) 100.1 0.0004486
G6 67.2 (2.9) 30.2 (2.1) 2.4 (1.6) 99.8 0.0007602
G7 75.9 (1.8) 15.6 (1.1) 8.6 (1.2) 100.1 0.0004258
G8 64.6 (3.3) 23.8 (3.1) 11.3 (2.2) 99.5 0.0005812
G10 65.0 (2.9) 26.8 (2.6) 6.5 (1.3) 2.5 (1.6) 100.8 0.0004013
G11 75.3 (1.5) 16.8 (1.1) 8.3 (1.9) 100.4 0.0002324

Fig. 6. (a) Y μ-XANES spectra and fitted curves of selected POI from Type-3 materials, and (b) fractions of Y speciation predicted by LCF.

A. Boxleiter et al.                                                                                                                                                                                                                               Chemical Geology 707 (2026) 123312 

8 



Beyond these minor fractions, the remaining major fractions of Y in 
the residue were mainly found as Y-bearing apatite, Y-bearing calcite 
and Y-bearing xenotime. These species combined (sum speciation) 
increased sharply from ~10–11% (raw sample) to ~63–66% (residual) 
after ion-exchange, confirming the structural-bound, non-exchangeable 
nature of Y in these phases. Although apatite was not reported in the 
Zudong regoliths, the occurrence of some apatite in the bedrocks (Fan 
et al., 2023; Huang et al., 1989) suggests the possibility of apatite rep
resenting a relict phase in the less weathered saprolite. Heterogeneous 
distribution of these minerals may account for the detection of these 
mineral phases in the LCF analysis but not in our previous petrographic 
examination. Alternatively, the apatite could be a neoformed phase 
during ion-exchange when the exchanged Y precipitated in the cir
cumneutral leaching environment (e.g. Ca and P contents, presumably 
sourced from the clay minerals and/or poorly crystalline phases). 
Likewise, that may explain the exceptionally high proportion of Y in Y- 
bearing calcite in sample LN17–1 after ion-exchange. Nevertheless, 
further investigation is needed to verify these hypotheses.

Interesting, a previous study identified Y-bearing chernovite (YAsO4) 
as a common supergene Y-bearing mineral in the Zudong deposit (Li 
et al., 2019). However, XANES spectrum references are not available in 
the literature and prevents the determination of this potential candidate 
to the LCF analysis. Nonetheless, the structural similarity between 
xenotime and chernovite suggests likely that “Y-bearing xenotime” 
speciation in these LCF results indeed are largely referring to chernovite. 
This also matches with the estimated chernovite-hosted REE proportion 
of 12 ± 8% to 20 ± 6% in upper C and lower B horizons (Li et al., 2019).

4.1.2. Type-2 materials
Overall, the major speciation of Y-adsorbed kaolinite predicted by 

LCF modeling in the raw bauxite-kaolin samples was consistent with 
previous findings by Boxleiter et al. (2024). The LCF data also showed 
higher percentages of Y-adsorbed kaolinite associated with higher 
kaolinite mineral content in the bulk samples prior to ion-exchange. 
These LCF data correlated positively with ion-exchangeable Y values 
found across the geologic section (Boxleiter et al., 2024). Samples K1, 
K3, and K6 were measured with high kaolinite mineral contents 
(~72–93 wt%), and the LCF model results suggested that 52.5–61.8% of 
Y in these samples was primarily present as Y-adsorbed kaolinite 
(Table 4). On the other hand, sample K5 collected at the top of the 
bauxite zone has a relatively low kaolinite mineral content (31 wt%) and 
only contains minor Y-adsorbed kaolinite (8.7%). The majority of Y in 
sample K5 was hosted by heavy-mineral phases such as Y-bearing 
phosphates and Y-bearing zircon (Table 4).

4.1.3. Type-3 materials

4.1.3.1. Bulk XANES. The bulk Y speciation in the clay-deficient Type-3 
materials (sand fraction samples) was drastically different from the clay- 
rich Type-2 materials (Fig. 4b vs. Fig. 5b). Comparatively, Y-adsorbed 

kaolinite comprised up to ~50% of Y speciation in the clay-rich Type-2 
materials, whereas heavy-minerals such as Y-bearing phosphates 
(monazite, xenotime) and zircon are the primary Y hosts for clay- 
deficient Type-3 materials. These findings are consistent when con
joining the results of other mineralogical datasets from previous studies. 
For example, xenotime (major) and monazite (minor) were character
ized by previous XRD analyses, chemical analyses, and electron micro
scopy examinations which found these phases to account for the bulk of 
the Y. The Y was also found enriched in the sand-size (non-clay) frac
tions from mined kaolin ores in the Upper Coastal Plain including those 
from the Cretaceous age Buffalo Creek Member, Gaillard Formation 
(Table 7; Elliott et al., 2018). Moreover, these fractions were known to 
be enriched in the Y owing to their greater contents of xenotime (HREE- 
rich phosphate) compared to monazite (LREE-rich phosphate).

LCF results from bulk XANES showed zircon conspicuously ac
counting for 6.5–19.3% of Y (Table 5). Zircon is a silicate mineral con
taining significantly less structurally-bound Y compared to phosphate 
minerals monazite and xenotime. Y contents were ~ 0.087 wt% for 
Coastal Plain zircons as determined from a bulk mineral concentrate 
analyses of separated Ti–Zr sands from coastal heavy-mineral deposits 
(Oladeni, 2022). Comparatively, Y contents were 2.75 wt% from Coastal 
Plain monazite concentrates derived also from these separated Ti–Zr 
sands (Oladeni, 2022). These values for monazite were consistent with 
previous electron microscopy examinations of monazite grains from the 
Coastal Plain showing Y contents ranging from 2.87 to 3.62 wt% Y 
(Boxleiter and Elliott, 2023). Considering that Coastal Plain xenotime 
grains collected from the same rocks contained 28.03–32.92 wt% Y, 
xenotime followed by monazite will have substantially greater contri
bution to bulk Y contents. Hypothetically, zircon should be negligible in 
contribution to the Y contents of the bulk heavy fraction due to very 
little structural Y. Yet, the total zircon mineral contents were 5–10 times 
higher than sum of xenotime and monazite for these materials (Table 7), 

Table 6 
μ-XANES Y speciation of Type-3 materials determined by LCF (errors in parentheses).

Sample Y Speciation%

Y-bearing phosphates Y oxide Y-bearing zircon Y-adsorbed ferrihydrite Sum R-factor

Y-bearing xenotime Y-bearing monazite Y-bearing apatite

G6_Point 1 75.8 (2.4) 11.8 (1.5) 7.1 (1.3) 5.4 (1.4) 100.1 0.0007462
G7_Point 1 73.7 (2.0) 18.7 (1.5) 4.4 (1.2) 3.1 (1.2) 99.9 0.0006812
G7_Point 2 53.2 (2.3) 32.7 (2.1) 7.4 (1.4) 6.7 (1.5) 100.0 0.0009570
G7_Point 3 75.3 (2.5) 10.1 (1.5) 9.4 (1.2) 5.6 (1.1) 100.4 0.0008871
G7_Point 4 70.0 (2.2) 17.6 (1.7) 7.9 (1.3) 4.3 (0.9) 99.8 0.0007631
G7_Point 5 74.0 (2.6) 22.8 (2.0) 3.1 (1.8) 99.9 0.0009047
G7_Point 6 80.1 (3.3) 7.8 (2.0) 9.5 (1.8) 2.9 (1.2) 100.3 0.0011933
G7_Point 7 76.6 (2.4) 17.0 (1.8) 6.5 (0.9) 100.1 0.0008827
G10_Point 1 69.8 (2.5) 16.5 (1.6) 11.9 (1.3) 2.1 (1.3) 100.3 0.0009211
G11_Point 1 42.2 (2.1) 33.4 (1.8) 13.3 (0.7) 11.2 (0.9) 100.1 0.0008465

Table 7 
Mineralogy-estimated Y-speciation vs. LCF-predicted Y-speciation. References: 
(1) Boxleiter and Elliott (2023); (2) Oladeni (2022); (3) Elliott et al. (2018).

Y-minerals Sum

xenotime monazite zircon

Buffalo Creek Heavy Fraction
structural Y contents, wt.% (1,2) ~31 ~3 0.087 NA
mineral contents, wt.% (1,3) 0.6298 0.2467 13.08 13.96
Est. Y contribution to bulk, wt.% 0.1952 0.0076 0.0114 0.2143
Measured Y of bulk, wt.% (3) NA NA NA 0.2175
Est. Y-speciation, wt.% 91.12 3.57 5.31 100

Kaolin mine tailings (1)
structural Y contents, wt.% (1,2) ~31 ~3 0.087 NA
mineral contents, wt.% (1) 0.2880 0.9992 4.500 5.7872
Est. Y contribution to bulk, wt.% 0.0893 0.0310 0.0039 0.1242
Measured Y of bulk, wt.% (1) NA NA NA 0.1109
Est. Y-speciation, wt.% 71.90 24.95 3.15 100
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and therefore these higher abundance of zircon mineral contents in 
these heavy fractions allows for considering a result of 6.5–19.3% Y- 
bearing zircon to be reasonable.

Here, for comparison, we quantitatively estimated the Y speciation in 
the sand-size heavy fractions based on mineral content and the carrying 
capacity of structural-bound Y for these primary Y phases in the Type-3 
materials: xenotime, monazite, and zircon. This estimate was then 
compared to the measured predictions by XANES and LCF. The esti
mations of Y speciation were derived from the Y content of each mineral 
phase contributing to the bulk heavy fraction, divided by the sum Y 
contents of the bulk heavy fraction. Each mineral phase's contribution of 
Y was determined by the mineral phase contents (wt%) of the bulk 
heavy fraction, multiplied by the respective phase's Y contents (wt%).

Using mineralogy from two example specimens of Coastal Plain 
xenotime-monazite-zircon mixtures, the mineralogy-estimated Y speci
ation for xenotime was ~70–90% and in somewhat agreement with the 
LCF-predicted range of 53.2–77.8% (Table 5 vs. Table 7). For monazite 
these values were ~ 3–25% (mineralogy-estimated) and 15.6–30.2% 
(LCF predicted). Zircon values were ~ 3–5% (mineralogy-estimated) 
and 6.5–19.3% (LCF predicted). Therefore, the results from LCF showing 
6.5–19.3% of Y speciation accounted for by zircon were a somewhat 
reasonable agreement considering these comparisons were made across 
previous to present studies with different sub-samples from similar ore 
samples (i.e. similar heavy fractions mineral assemblages). LCF of 
XANES data for mineral mixtures can therefore be considered a poten
tially useful predictor of mineralogy. These insights contribute to a more 
comprehensive approach to characterizing the sand fractions derived 
from mine kaolins and bauxites and their Y contents.

4.1.3.2. Micro XANES. It is noteworthy that μ-XANES results reflect 
spatially resolved information by focusing on individual Y-bearing 
grains identified by μ-XRF, whereas bulk XANES results represent the 
average signals across the entire sample. Insights provided by bulk 
XANES and μ-XRF/μ-XANES analyses complement each other to enable 
a more comprehensive understanding of the speciation of target ele
ments in the samples. Natural rock samples are often heterogeneous, 
containing a mixture of multiple mineral phases as well as chemically 
distinct micro-inclusions, grain boundaries, and secondary crystal 
overgrowths. For heterogeneous samples with a complex matrix, the 
local Y speciation revealed by μ-XANES could differ from the average Y 
speciation suggested by bulk XANES depending on the percent distri
bution, which was observed in our previous study on REE speciation in 
coal fly ash (Wen et al., 2025). As shown in Table 6, some minor Y- 
bearing phases (e.g., Y-bearing apatite, Y oxide, and Y-adsorbed ferri
hydrite) identified by μ-XRF/μ-XANES are not representative of the bulk 
Y speciation (Table 5). Nevertheless, LCF results from both bulk and 
μ-XANES corroborate that Y-bearing phosphate minerals, including 
xenotime and monazite, are the predominant Y-bearing phases in the 
heavy fractions bauxite-kaolin samples.

4.2. Implications to the supergene REE mobilization and enrichment 
processes

4.2.1. Regolith-hosted ion-adsorption REE ore formation
In this study, the Type-1 materials represent regolith-hosted ion- 

adsorption REE ores at different pedological stages: LN-2-2 from the 
lower B horizon, LN-17-1 from the upper C horizon, and LN-1-15 from a 
relatively lower depth in the C horizon. All the samples are characterized 
by a high proportion of Y adsorbed on kaolinite and ferrihydrite 
(~90%), defining the ion-adsorption nature of the ore with highly ion- 
exchangeable total REE contents (~50–70%). In agreement with other 
similar deposits in South China, kaolinite was confirmed to be a main 
sorbent for the ion-exchangeable REE (Li and Zhou, 2020, 2023; Wang 
et al., 2024). Notably, the proportion of Y adsorbed on ferrihydrite de
creases from the C to B horizon, suggesting a more important role of 

ferrihydrite in adsorbing REE in a less weathered, higher pH environ
ment (Liang et al., 2025). With progressive weathering, the metastable 
ferrihydrite would gradually re-crystallize to more crystalline goethite 
and hematite (Schwertmann and Murad, 1983; Das et al., 2011; Yang 
et al., 2021) and thereby may lose the ability for REE adsorption (Liang 
et al., 2025). On the other hand, the increase in the proportion of Y- 
bearing xenotime indicates a residual accumulation to certain extent by 
relict xenotime, and likely supergene chernovite during progressive 
weathering as well (cf. Li et al., 2019). Relict apatite may account for a 
minor portion of the REE in the slightly to moderately weathered ma
terials in the lower B and upper C horizons, while under more intense 
weathering, they should completely dissolve and become absent from 
the regoliths (cf. Li et al., 2022).

4.2.2. Sedimentary-hosted REE mineralization
Findings of this study are notably consistent with the geology of the 

Georgia bauxite-kaolin deposit (Boxleiter et al., 2024). High amounts of 
Y-adsorbed kaolinite (~52–62%) per XANES-LCF and high amounts of 
ion-exchangeable Y were found above (12.3%) and below (~33–36%) 
the bauxite zone. The top of the bauxite zone (noted as K5, Table 1) 
contained the lowest amounts of Y-adsorbed kaolinite (8.7%) and ion- 
exchangeable Y (<5%). The Y contents of the top of the bauxite zone 
were primarily associated with residual phases such as Y-phosphates 
and zircon (Table 4). The occurrence of high amounts of Y adsorbed on 
kaolinite and overall highest ion-exchangeable Y contents were found in 
strata underlying the bauxite zone. The accumulation of Y in these strata 
underlying the bauxite zone was attributed to the movement of dis
solved Y and other REE from the zone of bauxitization (laterization). 
During bauxitization, kaolinite underwent chemical weathering and 
conversion to gibbsite with lower sorption capacity compared to 
kaolinite. These remobilized Y were sorbed on to kaolinite mineral 
surfaces leading to sizable Y-adsorbed kaolinite and ion-exchangeable Y 
contents. These contents were found near the stratigraphic transition 
between the bauxite zone (up to 67 wt% gibbsite) and the underlying 
lower kaolin zone strata with ≤5 wt. gibbsite.

Concomitantly, the Y in the sand-size grains are predominately 
associated with xenotime, and subordinately by monazite followed by 
zircon. Both xenotime (ρ = 4.8–5.5 g/cm3) and monazite (ρ = 4.4–5.1 g/ 
cm3) are concentrated in the heavy-mineral assemblages by natural 
processes and deposited (e.g. hydrologic, mechanical sorting; Bern et al., 
2016). Post-depositional alteration caused partial dissolution of these 
phases for secondary mineralization of fine-grained LREE-phosphates 
(Cheshire, 2011) and possibly contributing to the ion-adsorption 
mineralization in the kaolins (Boxleiter and Elliott, 2023).

4.2.3. Feasible methods for effective extraction
Extraction of Y and other REE from regolith-hosted ores (noted as 

Type-1 materials) will likely continue to be derived from in-situ leaching 
methods. Type-1 materials contain the largest portion (~50–70%) of 
their sum REE contents in an exchangeable form as shown by high Y- 
adsorbed clay and iron oxyhydroxide mineral contents. Given the in-situ 
nature of current leach-mining practices, it seems feasible to also 
consider in-situ technologies for second-stage extractions. The second 
stage extraction could target the minor remaining portions (<25%, bulk 
REE) associated with Y-bearing phosphates, Y-bearing silicates, and 
possible Y-bearing carbonates. While REE substituted in these mineral 
phases cannot be easily released via ion-exchange, our recent studies 
found that green organic acids (e.g., citric acid) are effective in REE 
extraction due to their strong metal-complexing ability without relying 
on use of concentrated strong inorganic acids (e.g., HCl) (Wen et al., 
2023; Wen et al., 2024). However, more efforts are needed to evaluate 
the techno-economic feasibility of second-stage extraction.

Comparatively, effective extraction of Y and other REE from 
sedimentary-hosted ores and their waste streams (i.e. mine tailings), 
noted as Type-2 and Type-3 materials, may look completely different. 
The bauxite-kaolin ores (Type-2 materials) are presently mined for the 
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wide range in traditional kaolin-clay usage, as well as bauxites used by 
the refractories industry. Heap-leaching of low-grade ores not produced 
to market could be considered for their quantities of exchangeable REE, 
albeit their lower exchangeable and lower bulk REE contents indicate 
different economics than Type-1 materials. Type-3 materials on the 
other-hand are treated as mine waste tailings. Mined kaolins are pro
cessed by screening and density-based separations which separate the 
kaolin-clay and non-clay (sandy gangue, or “grit” – Type-3 material). 
These Type-3 materials contain significant fractions of HREE associated 
primarily with a xenotime and monazite (Elliott et al., 2018). Consid
ering that these Type-3 materials represent waste streams from active 
mining operations that are moved and impounded (back-filled) into 
abandoned mine pits, the potential of batch processing for REE recovery 
is an attractive proposition and deserves further consideration.

5. Conclusions

In this study, X-ray absorption spectroscopy was able to distinguish 
between Y-adsorbed species and lattice-bound Y in phosphates, silicates, 
and other minerals. Previous studies were able to make these and similar 
distinctions in REE speciation based on pure and/or lab-doped reference 
compounds. This present study was able to demonstrate the usefulness 
X-ray absorption near-edge spectroscopy (XANES) paired with linear 
combination fitting (LCF) to quantify the breakdown of Y speciation 
from natural samples containing a mixture of Y-bearing phases (clay and 
non-clay minerals). The materials in this study included clay-rich ores 
(Type-1 and Type-2, bulk samples) and clay-deficient process waste 
materials (Type-3, grain separates). Comparison of the raw, clay-rich ore 
samples and their ion-exchange residue fractions confirmed a high 
proportion of Y existing in ion-exchangeable (Y-adsorbed) form in the 
Type-1 and Type-2 materials. Meanwhile, heavy minerals such as xen
otime, monazite, and zircon were the primary hosts of Y (lattice-bound) 
in the Type-3 materials.

Given the differences in extractability between ion-adsorbed clays 
and non-clay Y-bearing minerals such as xenotime, monazite, and 
zircon, the following summary points were highlighted: 

1. Augmenting mineralogical datasets with X-ray absorption spectro
scopic examination was required to produce a clearer picture of the 
link between the mineralogical profile (mineral assemblage) and the 
chemical profile (elemental speciation) of ore deposits and their 
processed fractions.

2. Demonstrating the usefulness of applying X-ray absorption spec
troscopy techniques to study Y speciation was expanded beyond the 
characterization of pure and/or lab-doped reference compounds. 
This present study showed that XANES paired with LCF can be 
effective in quantifying the breakdown of Y speciation from bulk 
mixtures (natural ore samples) containing multiple phases and 
modes of occurrence (adsorbed vs. lattice-bound speciation).

3. The recovery of Y and other REE from ores and their waste streams 
will continue to depend on their soluble and insoluble fractions 
yielded by any given extraction technology, such as conventional 
ion-exchange treatments for ion-adsorption clays. Therefore, evalu
ating prospective rare earth feedstocks would benefit greatly from X- 
ray absorption spectroscopic characterizations involving the tech
niques explored in this study.
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