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ARTICLE INFO ABSTRACT

Keywords: Rare-earth elements (REE) are critical minerals that are indispensable for high-tech products and technologies.

Gibbsite Significant efforts have been focused on the exploration and identification of new and domestic reserves of REE.

Kaonf‘ This study reports geochemical and mineralogical occurrences of accumulated REE with significant fractions of

g‘:;:;z ion-adsorption clays (IAC) within bauxite-kaolin ore, hosted within sedimentary strata. This deposit type can be

Rare-carth elements found throughout portions of Georgia and eastern Alabama (USA) in the Southeast Upper Coastal Plain. These
deposits were developed by high degrees of chemical weathering of older, kaolinite-rich sedimentary strata.
Several major changes in whole rock mineralogy and geochemistry occurred, leading to the development of
zones of REE depletion, fractionation, and accumulation. Depletions of REE in the bauxite zone were significant,
with whole rock contents of ~50% ZREE relative to average upper continental crust (UCC). Fractionated REE
were observed by low La/Yby values (La/Yby = 0.2) due to depletion in LREE (<40% UCC) with concomitant
HREE retention (~1.1-1.3 times UCC). Strongly positive Ce/Ce* anomalies (Ce/Ce* = 1.3), very low ion-
exchangeable Ce contents (Ce/LREE = 0.1), and low solubility of Ce (0.9-1.2%) under reducing conditions
compared to all other LREE (4.5-9.9%) were further observed. These characteristics were strong indications of
REE fractionation that occurred during formation of the bauxite zone. Underlying the bauxite zone, accumula-
tions of the remobilized REE were substantial. At the base of the lower kaolin zone, elevated ion-exchangeable
REE contents were notable (11-33% for total REE), and more specifically 11-12% for LREE, ~28% for £Tb-Lu,
and ~ 33% for Y. The elevated ion-exchangeable contents coincided with whole rock contents that were ~ 250%
ZREE relative to UCC. These REE accumulations occurred within organic-rich strata at the base of the section.
This setting represents a significant difference relative to the REE accumulations in profiles for the granite-
regolith deposit type. These findings highlighted the movement of dissolved REE, accumulation as sorbed spe-
cies, as well as the potential role that organic ligands play during REE precipitation and sorption processes. These
results permit consideration for further research into REE occurrences in clay deposits of sedimentary origin,
which have been underexplored compared to granite-regolith REE deposits.

1. Introduction

The rare-earth elements (REE) include Sc, Y, and the lanthanide se-
ries (IUPAC: Connelly et al., 2005). The growing high demand of REE in
the high-tech and clean energy industries continues to bring attention to
global supply constraints (Long et al.,, 2010). The United States
Geological Survey (USGS) considers REE as critical mineral resources,
with the lanthanide series of light REE (LREE) and heavy REE (HREE)
grouped as La—Gd and Tb—Lu, respectively (Van Gosen et al., 2019;
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Fortier et al., 2018). Y and Sc are considered HREE (Teitler et al., 2019;
Bern et al., 2016; Bunzli, 2013; Chakhmouradian and Wall, 2012; Tepe
and Bau, 2016; Mioduski, 1993).

The REE are commonly grouped together due to their similarity in
properties and co-occurrences in mineral resource deposits and other
geochemical systems. The LREE are typically higher in concentration
compared to HREE within the average composition of the Earth’s upper
continental crust (UCC; Rudnick and Gao, 2003). Chemical weathering
of rocks and sediments at the Earth’s upper crust causes the release of
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REE into weathering solutions and natural waters (Li et al., 2020; Xu
et al.,, 2017; Sanematsu et al., 2015; Feng et al., 2011; Aubert et al.,
2001; Taunton et al., 2000; Middelburg et al., 1988). Dissolved REE can
adsorb onto mineral surfaces or precipitate as secondary REE minerals,
which may selectively enrich individual REE, LREE, and/or HREE, and
subsequently induce REE fractionation relative to their parent sources.
These fractionation patterns outline the geological and biogeochemical
mechanisms leading to the enrichment or depletion of the REE relative
to UCC values.

Ion-adsorption clay (IAC) deposits are those hosting REE enrich-
ments predominantly associated with clay-rich rocks. IAC deposits
represent >50% of the global supply of HREE mined (Van Gosen et al.,
2019; Li et al., 2017; Yang et al., 2013; Chi and Jun, 2011; Wu et al.,
1996; Wu et al., 1990). REE are commonly extracted from IAC deposits
through “solution” mining such as batch, heap, or in-situ leaching
methods (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). Early generations of industrial-scale resource extraction
operations used concentrated NaCl leaching solutions before (NH4)2SO4
solutions became more common due to higher desorption efficiency. The
REE are ion-exchangeable in IAC deposits, and their extractability is
driven by the differences in hydration enthalpy between the REE and the
exchanging ion (e.g. Na', NHJ). Lab-scale ion-exchange experiments
are commonly used to study these REE. The quantity and type of ion-
exchangeable REE can therefore be determined from different IAC
sources or geologic deposit types.

Weathered granites (granite-regolith) are known to host IAC deposits
(Li and Zhou, 2020, Li et al., 2017, 2019, Li et al., 2020, Li and Zhou,
2020; Xu et al., 2017; Sanematsu and Watanabe, 2016; Chi and Jun,
2011; Bao and Zhao, 2008; Wu et al., 1990; Ren, 1985). The granite-
regolith deposit type is typified by thick weathering profiles over
granitic bedrock. Studies have shown that ion-exchangeable REE ac-
counts for approximately 80% of the total REE in the regolith-hosted,
weathered crust deposit type (He et al., 2016; Ruan et al., 2005).
These deposits, their clay mineral assemblage, and ion-exchangeable
REE contents are the product of the weathered regolith and dissolved
REE. Clay minerals, such as kaolinite, are formed during the weathering
of granitic rock containing primary minerals such as feldspars. The
source of the dissolved REE may be from weathered REE-minerals in
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these rocks, which subsequently form hydrated complexes that are
capable of adsorbing onto clay mineral surfaces (Text S1). Accumula-
tions of these REE with clays contributes to the overall ion-exchangeable
contents of these deposits.

Compared to granite-regolith type REE deposits, bauxite-kaolin
(sedimentary-hosted) type deposits have been underexplored for their
connection to REE. The genesis of these -bauxite-kaolin ores hosted
within sedimentary strata, and their REE accumulations, are open
questions. This present study examined the mineralogy, geochemistry,
and REE contents from a bauxite-kaolin deposit, western Georgia (USA),
Upper Coastal Plain. The deposit was characterized by zones of REE
depletion, fractionation, and accumulation. Several noteworthy differ-
ences and similarities in REE contents were observed between this de-
posit and the granite-regolith deposit type, providing insight into future
exploration for REE resources.

2. Materials and methods
2.1. Geologic Background

In the Andersonville district, western Georgia, bauxite occurs as thin
(1-5 m) and flat-tabular bodies within larger lenses (10 m or more) of
sedimentary kaolin of the Paleocene-Eocene Nanafalia Formation
(Wilcox Group; Cofer and Manker, 1983; Burst, 1974; Zapp, 1965).
Typically, these bauxite-kaolin ore bodies are hosted within the
sand-dominated sequences of the Nanafalia Formation, and in turn are
overlain by the Tuschoma Formation (Fig. 1). Lignitic (organic-rich),
clayey materials are common at the lithologic transitions of the
bauxite-kaolin ore bodies with the underlying sandy portions of the
Nanafalia Formation (Lukas et al., 1983; Zapp, 1965). Unconformably
underlying the Nanafalia Formation is the limestone of the Paleocene
Clayton Formation (Cofer and Manker, 1983; Warren and Clark, 1965).

Similar occurrences of these bauxite-kaolin deposits are also present
in eastern Alabama (Eufaula district) and central Georgia. The deposits
in the Eufaula district are similarly associated with the Nanafalia For-
mation. However, the deposits in the Eufaula district are smaller,
laterally discontinuous and scattered. Due to extensive erosion and karst
topography of the underlying Clayton limestone, slumping of the over-
lying strata was accompanied by distortion, truncation, and faulting of
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Fig. 1. Generalized schematic of the deposit model for the Nanafalia Formation bauxite-kaolins and adjacent strata (after Cofer and Manker, 1983; Austin, 1972;
Zapp, 1965). The Providence Sand Formation is the oldest formation exposed in the Andersonville district. Unconformities are traced by dashed lines. The Federal
Geographic Data Committee (FGDC) standard for digital cartography and symbolization was referenced for USGS-compliant lithologic patterns. Formation thick-

nesses are not to scale.
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the bauxite-kaolin ore bodies (Burst, 1974; Warren and Clark, 1965). On
the other hand, bauxite-kaolin deposits in the central Georgia region,
southern Wilkinson County, are hosted by age-equivalent strata of the
Oconee Group (Nystrom et al., 1991; Huddlestun, 1982). Across the
UCP, the bauxite beds are always hosted within the larger lenses of
kaolin. These bauxites are thought to have been formed during the same
period across the region (Austin, 1972; Smith, 1929).

The Piedmont crystalline rocks, including granites and gneisses rich
in feldspars and micas, were the primary source of eroded siliciclastics
building out the Coastal Plain along the Fall Line trend during the late
Mesozoic to Cenozoic Eras (Fig. 2; Murray, 2007; Pavich, 1989; Owens
and Gohn, 1985; Hack, 1982; Hinckley, 1965). Sedimentary kaolin beds
were formed within the UCP, proximal to the Fall Line. These deposits
were formed through deposition of kaolinitic sediments and subsequent
in-situ weathering. In some places, these kaolin beds were subjected to
subaerial erosion and weathering that resulted in the formation of the
bauxite (Cofer and Manker, 1983; Austin, 1972; Lang et al., 1965; Stull
and Bole, 1926). In the central Georgia region, these bauxites formed in
association with the upper strata of the late Cretaceous Buffalo Creek
Member kaolins (Austin, 1972; Lang et al., 1965; Stull and Bole, 1926).
The Buffalo Creek Member (Gaillard Formation, Oconee Group) con-
tained pisolites, diagnostic concretionary features of bauxite formation
(Huddlestun and Hetrick, 1991; Austin, 1972). These bauxites were later
overlain by younger kaolinitic sediments during the Eocene, with minor
amounts of reworked and/or resilicated bauxitic material (Cofer and
Manker, 1983; Austin, 1972; Smith, 1929).
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2.2. Materials

This study examined geologic drill core samples of bauxite-kaolin ore
from the Andersonville district located in western Georgia. Samples
were recovered from a 5 cm diameter core from a section of a bauxite-
kaolin deposit. The section of bauxite-kaolin was intersected across a
depth of approximately 12 to 21 m from the surface. The middle portion
of the section showed diagnostic characteristics of bauxite rock,
including a friable texture and the presence of pisolites. Previous reports
on the Andersonville district’s deposits of bauxite-kaolin generally
defined the bauxite zones with gibbsite mineral contents exceeding
kaolinite (Zapp, 1965).

Samples consisted of intervals (0.75 m in length) from the section (9
m thick), comprising a total of 12 samples for study. The sample labels
ranged from AND-10-605 to AND-10-617. These samples were crushed,
split, and milled to fine-grained mineral powders. Two leaching exper-
iments were conducted to evaluate the modes of REE occurrence. Pris-
tine and reacted samples were analyzed for mineralogy and chemical
composition, as detailed below.

2.3. Solid Sample analyses

2.3.1. X-ray diffraction (XRD)

The mineralogical composition of solid samples was analyzed by
XRD using a Panalytical Empyrean diffractometer with Cu Ka radiation
(1.5406 10\) and Ni filter. The detection limit was ~1 wt% for a given
mineral. Data processing and phase identification used the MDI-JADE
software (version 8.3) and International Center for Diffraction Data

Explanation
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[/ Coastal Plain
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Y Study Area

Fig. 2. State map of Georgia showing major geologic provinces and mining districts (after Patterson and Murray, 1984), sampling location from the Andersonville
district, and the western Georgia UCP region separated from central and eastern regions by the Ocmulgee and Ogeechee Rivers, respectively.
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(ICDD) PDF-4+ 2021 reference databases.

2.3.2. Thermogravimetric analysis (TGA)

TGA was performed using a Perkin Elmer TGA8000 instrument at
50 °C/min over 50-1000 °C and the data is presented in Table 1. The
total weight loss measured over 50-1000 °C provided the loss-on-
ignition (LOI) value for normalizing and reporting chemical analyses.
These materials did not contain halloysite, which typically shows ther-
mal decomposition due to dehydration at <120 °C (Minato, 1988). The
diagnostic weight losses due to dehydroxylation were recorded for
gibbsite over the temperature range ~200-450 °C, and ~450-750 °C for
kaolinite (Wilson, 2013; Zhu et al., 2010; Kloprogge et al., 2002).
Gibbsite and kaolinite contain hydroxyl groups which account for ~35
wt% and ~14 wt% of the structure, respectively. Thermal decomposi-
tion and weight loss as HyO occur at ~200-450 °C and >450 °C,
respectively. The weight losses attributed to gibbsite and kaolinite were
used to estimate their contents (Table 2).

2.3.3. X-ray Fluorescence (XRF)

Solid samples were prepared by total digestion via lithium borate
fusion for major/minor elemental analysis and pressed pellets for trace
element analysis (Text S2) using a Rigaku Primus IVi wavelength-
dispersive sequential XRF. Duplicates and measurement of certified
reference materials were conducted to monitor reproducibility and
verify accuracy (Table S2-4).

2.3.4. Carbon and sulfur analysis

Carbon and sulfur concentrations were measured using a LECO
SC832DR carbon and sulfur analyzer. These measurements were con-
ducted at 1450 °C with stable baselines held at 1350 °C prior to each
analysis. Samples, standards, and blanks were prepared in ceramic
combustion vessels (Leco product no. 528-203). Starting weights of
0.50 g (+/— 0.01) were used for samples and standards. Prepared
weights of the samples and standards were mixed with 1.5 g (+/— 0.1)
combustion reagent “COM-CAT” (Leco product no. 502-321). Standards
measurements were recorded against the measured values of certified
reference materials to verify accuracy (Table S3).

2.3.5. Weathering Index

Weathering indexes, such as the Chemical Index of Alteration or CIA
(Eq. 1; Nesbitt and Young, 1982), utilize whole rock chemical analyses
results for major and minor oxides (molar basis). The inception of the
CIA index was based on the analyses of clay-rich sediments (Text S3).
High CIA values correspond to high degrees of weathering. Values near
100% represent a residuum considered completely weathered from
parent rock minerals (Voicu and Bardoux, 2002).

(AL,O3)
(AL,0; + CaO + Na,0 + K,0)

CIA = x (100) (€]

2.3.6. Normalization to Upper Continental Crust (UCC)

The measured REE concentrations were presented as both absolute
values and normalized values relative to average UCC (Rudnick and
Gao, 2003; Wall, 2021). Such normalization shows gains and losses of
elements resulting from weathering (and other processes) acting on
crustal bedrock. The process of normalization also smooths the erratic
patterns of absolute elemental concentrations due to Oddo-Harkins rule
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(Migaszewski and Gatuszka, 2015; Chakhmouradian and Wall, 2012).

2.3.7. Ce anomaly calculations

Ce anomalies (Ce/Ce*) were tracked in this study and in similar
studies due to the unique redox behavior of Ce in the weathering envi-
ronment (Xu et al., 2017; Sanematsu et al., 2015; Ma et al., 2011).
Anomalies were calculated based on the relative concentrations of Ce
with respect to neighboring REE (Eq. 2; Bao and Zhao, 2008, McLennan
and Taylor, 2012). Values of Ce/Ce* <1.0 represent negative anomalies,
and Ce/Ce* values >1.0 are positive anomalies (Verplanck et al., 2014).
Ce Ceyn

e (e 2
Ce' (1ay*+pry?)

2.4. Chemical Extractions

2.4.1. Extraction methods

Two chemical extraction methods were used to determine different
REE inventories in the bauxite-kaolin materials: ion-exchange and
sequential extraction. Details of the ion-exchange method are in Text S4
and this method is commonly applied to determine the fraction of ion-
exchangeable REE (Long et al., 2020; He et al., 2016; Xiao et al.,
2015; Moldoveanu and Papangelakis, 2012, 2013). The sequential
extraction method consisting of three stages: Stage 1 for the extraction of
REE in acid-soluble phases (e.g. carbonate minerals), Stage 2 for
reducible phases (e.g. Fe-oxides), and Stage 3 for oxidizable phases (e.g.
sulfide minerals, organics; after Tessier et al., 1979; Text S5).

2.4.2. Solution phase analysis

Solutions from the ion-exchange and sequential extraction were
analyzed using an Agilent 7500a inductively coupled plasma mass
spectrometry (ICP-MS). The plasma was created by ionizing argon gas.
The measured analytes included 45gc, 8y, 13914, 140ce, 141py 146N
W7gm, 193y, 1764, 159Th, 163Dy, 165H0, 166gy, 169Tm, 172y, 1751y, and
non-REE elements >*Mn and *°Fe. Calibration standard solutions were
re-measured after every 30 samples to ensure data accuracy. Method
“blank” solutions and replicates were tabulated with results (Table S6,
S7).

The % exchangeable REE were determined for each REE on a solid-
solid and solid-leachate basis. The % exchangeable REE were calcu-
lated based on REE concentrations in the initial whole rock (Cy,;) and
solid phase residue following ion-exchange (Cspr; Eq. 3).

er - Cspr

o % 100 3)

%Exchangeable, ;4 =

The leaching efficiency (Eq. 4; Wen et al., 2023) was calculated to
determine % exchangeable REE on a solid-leachate. This equation was
also applied to leachates analyzed from the sequential extraction ana-
lyses. C; and Cy are the analyte concentrations for the leachate and
whole rock samples, respectively. V; (mL) is the volume of the leaching
solution and mg (grams) is the mass of whole rock sample used per
specimen vial. The V; value for ion-exchange was 200 mL and the V;
values sequential extractions were 16, 20, and 13 mL for Stage 1, Stage
2, and Stage 3, respectively. The mg for the ion-exchange was 5.0 g and
for the sequential extractions each stage used 0.5 g.

Table 1
TGA results and thermogravimetric losses (values in wt%) per sample and temperature ranges.
Sample ID AND AND AND AND AND AND AND AND AND AND AND AND
605 606 607 608 609 610 617 611 612 613 614 615
<200 °C 1.07 <0.10 <0.10 0.53 0.55 0.25 0.11 0.10 0.10 0.33 0.38 1.35
200-450 °C <0.10 5.80 11.84 11.69 23.04 11.98 12.90 9.12 1.83 <0.10 <0.10 1.49
>450 °C 14.19 11.3 9.11 9.33 5.01 9.17 8.80 10.08 12.56 13.25 13.37 12.69
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Table 2
Gibbsite (wt%), kaolinite (wt%), and CIA values (%) of the samples.

Chemical Geology 660 (2024) 122151

Upper Kaolin Zone

“Bauxite Zone”

Lower Kaolin Zone

Sample ID AND AND AND AND AND AND AND AND AND AND AND AND
605 606 607 608 609 610 617 611 612 613 614 615
Gibbsite 0 17 34 34 67 35 37 26 5 0 0 1
Kaolinite 97 81 63 64 31 63 60 72 91 97 97 93
CIA 99.18 99.39 99.50 99.64 99.83 99.71 99.64 99.64 99.57 99.62 99.33 99.02
CieV, kaolinite and gibbsite.
Leaching efficiency (%) = — x 100 4 . . . . °
g y (%) Coemy @ Minor amounts of anatase (TiO3) were identified by XRD (3.5 A;

2.4.3. Solid phase analysis

Reacted solid residues were analyzed by XRD as described previ-
ously. XRF determined elemental composition of the solid phase resi-
dues were used to monitor the uptake of the exchanged Mg ions.

3. Results
3.1. Whole rock mineralogy

Kaolinite and gibbsite are the predominant minerals identified on a
whole rock basis by XRD (Fig. 3 and S2). Gibbsite was identified using
the diagnostic diffraction peaks at 4.8 and 3.1-3.4 A. Gibbsite content
increased from 0% at the top of the bed (upper kaolin zone) to up to 67
wt% in the center of the bed (“bauxite zone”), followed by a gradual
decrease to 0% at the bottom of the bed (lower kaolin zone, Table 2).
Kaolinite was identified from the diffraction peaks at 7.1, 3.6, and 2.6 A.
Diffraction peaks in the range of 4.1-4.4 A showed overlap between

Fig. 3) across all samples, showing more intense reflections (higher
abundance) in samples with elevated gibbsite content. Increasing
gibbsite content corresponds with decreasing kaolinite content (Lukas
et al., 1983). The peak overlap between anatase (3.5 i\) and kaolinite
(3.6 A) was notably less significant when kaolinite content was lower.
Zircon (ZrSiO4), REE-bearing phosphates (e.g. monazite, xenotime), or
Fe-oxyhydroxide minerals (e.g. hematite, goethite) were below XRD
detection limit (~1 wt%). Trace amounts of alunite (3.0 A) were iden-
tified only in the samples of the upper kaolin zone. Trace amounts of
muscovite (~10 A, Fig. S2) were identified only in the lowermost sample
of the lower kaolin zone. XRD results showed no halloysite content or
other possible mineral phases present which may have contributed to
the TGA analyses and weight losses recorded over the range
~200-450 °C (used to estimate gibbsite mineral content).

3.2. Whole rock composition: Major/minor oxides

The bauxite-kaolins contained SiO5 (11.60-45.86 wt%) and Al;O3

Gbs - Gbs
3-1-3-§ An 3.6 43-44
Alu . 39 Kin/Gbs
core Kin 3-0 ow Gb4$8 Sample ID
N %__N_*__/ g ANDG0S
Se. B J}Lw/\.« J\___ AND606
-3 589
=g ANDGO7
-14 \
- e el t J]L__/,r{\ | \___AND608
E 15 R R VW R )
v S
= 16 é @ _JJ\ f/\ J K\ AND610
a 29
= - e | J/L___/VA AND617
= .
S " ey \__’v/\_,f\ \_ AND611
= = Jk#_./\/‘“ AND612
-19 % ¥ #&N/JvaL AND613
=2
20 Sy 0 w AND614
2 B e *1500
—] +1000
21 VL_.._._._——-——»—J L"“”'H\l\ o} -zm()ounts
2.5 3 35 4 4.5 5 5.5

Fig. 3. XRD mineralogical analyses. Kln: kaolinite; Gbs: gibbsite; Ant: anatase; Alu: alunite.
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(36.51-55.52 wt%) as the predominant major element oxides (Table 3,
Table S2), consistent with the predominant mineral composition of
gibbsite and kaolinite per mineralogical analyses (Fig. 3, Table 2). TiO4
(1.30-2.52 wt%), Fey03 (0.41-1.08 wt%), and Ko0 (0.01-0.19 wt%)
were the only major element oxides present in concentrations >0.1 wt%.
Overall, TiO, and Al,O3 concentrations were enriched ~2-5 times
relative to Upper Continental Cust (UCC; Table S2) throughout this
section.

The enrichments in TiO; (1.30-2.52%) and Zr (40-435 ppm) trended
positively with gibbsite (0-67 wt%) and CIA values (99.0-99.8%)
throughout the section (Table 3, Table 4, Fig. 4). Increasing TiOy con-
centrations throughout the bauxite zone corresponded with anatase
mineral contents per XRD analyses and more intense reflections at 3.5 A
(Fig. 3). While Zr concentrations indicated zircon (ZrSiO4), the zircon
contents were below XRD detection limit (~1 wt%).

FegO3 (0.41-1.08 wt%) contents were low throughout the section.
Fe-oxyhydroxide minerals were below the XRD detection limit (~1 wt
%). FeoO3 contents trended inversely with gibbsite content, CIA values,
TiOy and Zr (Table 3, Table 4). However, Fe;O3 contents showed
somewhat positive correlation with Sc contents (Pearson correlation
coefficient, Rodgers and Nicewander, 1988; Pearson r = 0.49). The
highest K20 (0.19 wt%) and S (~4500 ppm) concentrations corre-
sponded to the presence of trace amounts of alunite (KAl3[SO4]2[OH]lg)
from upper kaolin zone samples (Fig. 3, Fig. S4). Elevated K0 (0.15 wt
%) occurred with high S contents (1620 ppm) at the lowermost lower
kaolin zone sample (“AND615”) where alunite was not detected. These
K20 concentrations may have reflected small amounts of muscovite
which were identified per mineralogical analyses for sample AND615
(Fig. S2).

3.3. Whole rock composition: Non-REE trace elements

The non-REE trace elements consisting of Zr, S, Sr, C and Pb showed
observable differences throughout this section (Table 4, Table S3,
Fig. S4). The enrichments in Zr correlated with gibbsite content, CIA
values, and TiO concentrations (Table 2, Fig. 4). Strong correlation
between S and Sr concentrations was observed within the upper kaolin
zone (Pearson r = 0.70). The Sr concentrations in this zone were 10-40
times greater than all other zones (Fig. S4). Concentrations of S were
most elevated in the upper kaolin zone with little correlation to Fe
(Pearson r = —0.36). However, elevated concentrations of S in the lower
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kaolin zone also showed strong correlation to Fe (Pearson r = 0.99).

The elevated S in the lower kaolin zone corresponded with the high
organic content in sample AND615. This sample represented the base of
the lower kaolin zone and the organic-rich lignite clay. This basal ho-
rizon contained the highest overall C (~1.1 wt%; Table 4). These con-
tents were ~10 times greater than those measured from all other
samples and zones from the section. The concentration of Pb was notably
elevated at this horizon, and enriched >20 times compared to UCC
(Table S3).

3.4. Whole rock composition: REE

The total REE content (XREE, Table 5, Table S4) ranged from 85 to
458 ppm. REE are commonly known to occur within kaolin-rich strata
associated with phosphate minerals, and were compared with PyOg
contents in these rocks. The REE did not show correlation within the
bauxite and lower kaolin zones (Pearson r = —0.32). However, corre-
lation was noted between REE contents and P»Os in the upper kaolin
zone (Pearson r = 0.89). The P;0s5 contents in the bauxite and lower
kaolin zones varied little, while the REE increased significantly (Fig. 5).
Ce concentrations were overall greatest for the LREE (Table 5, Fig. 5). Y
and Sc concentrations were overall greater than XTb-Lu. Comparison
between the LREE and HREE concentrations showed several differences,
particularly within the bauxite zone.

The REE concentrations were normalized to show enrichments and
depletion relative to average Upper Continental Crust (UCC). The UCC-
normalized LREE and HREE concentrations remained relatively consis-
tent with increasing depth in the upper kaolin zone (~0.8-1.3 times
UCC). The REE were not fractionated within the upper kaolin zone, as
observed by La/Yby = 1.5 (UCC-normalized values) and Ce/Ce* = 1.0
(Figs. 6 and 7). The lower kaolin zone also showed relatively near-equal
LREE and HREE concentrations (~0.6-1.4 times UCC) with minimally
fractionated REE (La/Yby = 1.1, Ce/Ce* = 0.8). However, the bauxite
zone showed strong depletion in LREE (<40% UCC, Figs. 6 and 7).
Comparatively, HREE remained relatively consistent with depth
throughout the section. The values for La/Yby ranging from 0.2 to 0.3,
and Ce/Ce* values ranging from 1.3 to 0.8 for the top and bottom por-
tions of the bauxite zone, respectively, showed the notable change dif-
ferences between LREE and HREE concentrations within the bauxite
zone (Fig. 6).

Table 3
Whole rock chemical analyses, major/minor oxides (values in wt%).

ID Na,0 MgO Al,03 SiOy P,0s K20 CaO TiOy MnO Fe,03 LOI Total
AND 605 0.04 0.05 37.68 45.08 0.09 0.19 0.05 1.30 0.01 1.08 14.19 99.75
+ 0.01 + <0.01 + 0.09 + 0.05 + <0.01 + <0.01 + <0.01 + 0.02 + <0.01 + <0.01 + <0.01 +0.01

AND 606 0.05 0.03 42.12 35.86 0.14 0.10 0.04 1.77 0.01 0.93 18.02 99.03
+ <0.01 + <0.01 + 0.28 + 0.58 + 0.02 + <0.01 + <0.01 + 0.05 + <0.01 + 0.01 + 0.66 + 0.28

AND 607 0.06 0.02 47.76 27.87 0.11 0.10 0.06 2.05 0.01 0.64 20.95 99.60
+ 0.02 + 0.01 + 0.08 + 0.05 + <0.01 + <0.01 + <0.01 + <0.01 + <0.01 + <0.01 + <0.01 + <0.01

AND 608 0.03 0.02 47.72 28.36 0.06 0.04 0.05 2.03 0.01 0.55 21.02 99.86
+ 0.01 + 0.01 + 0.03 + <0.01 + <0.01 + <0.01 + <0.01 + 0.06 + <0.01 + <0.01 + <0.01 + <0.01

AND 609 0.02 0.03 55.52 11.60 0.12 0.01 0.03 2.52 0.01 0.41 28.87 99.09
+ <0.01 + <0.01 + 0.28 + 0.24 + <0.01 + <0.01 + <0.01 + 0.16 + <0.01 + <0.01 +0.19 + 0.47

AND 610 0.04 0.03 47.62 28.16 0.06 0.02 0.06 2.19 0.01 0.58 21.15 99.90
+ 0.01 + 0.01 + 0.15 + 0.06 + <0.01 + <0.01 + <0.01 + 0.05 + <0.01 + <0.01 + <0.01 + 0.02

AND 617 0.03 0.04 48.34 26.26 0.06 0.02 0.04 1.96 0.01 0.61 22.2 99.54
+ 0.01 + <0.01 + 0.18 +0.19 + <0.01 + <0.01 + 0.01 + 0.09 + <0.01 + <0.01 + 0.28 +0.21

AND 611 <0.02 0.02 45.28 32.55 0.05 0.02 0.06 1.96 0.01 0.70 19.2 99.84
+ <0.01 + 0.01 + 0.05 + 0.08 + <0.01 + <0.01 + <0.01 + 0.02 + <0.01 + 0.01 + <0.01 + <0.01

AND 612 0.04 0.05 39.48 42.61 0.04 0.02 0.04 1.69 0.01 0.64 15.06 99.64
+ 0.01 + <0.01 + 0.12 + 0.53 + 0.01 + <0.01 + <0.01 + 0.05 + <0.01 + <0.01 + 0.47 + 0.23

AND 613 0.02 0.06 38.46 45.62 0.04 0.04 0.05 1.78 0.01 0.62 13.25 99.92
+ <0.01 + 0.01 + 0.07 + 0.04 + <0.01 + <0.01 + <0.01 + 0.01 + <0.01 + 0.01 + <0.01 + 0.01

AND 614 0.04 0.06 37.75 45.86 0.05 0.07 0.07 1.57 0.01 0.98 13.37 99.81
+ 0.01 + <0.01 + 0.06 + 0.08 + <0.01 + <0.01 + <0.01 + 0.01 + <0.01 + <0.01 + <0.01 +0.01

AND 615 0.04 0.10 36.51 43.66 0.05 0.15 0.08 1.69 0.01 1.05 15.85 99.18
+ <0.01 + <0.01 + 0.18 +0.37 + 0.01 + <0.01 + <0.01 + 0.03 + <0.01 + 0.01 + 0.22 + 0.37
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Table 4
Whole rock chemical analyses, non-REE trace elements (values in ppm).
D \% Sr Zr Nb Ba Hf Ta Pb Th U C S
AND 605 219 64.5 40 22.5 117.5+5.3 1 2 29 16 4 1100 1730
+0.7 +0.4 + <0.1 +0.4 + <0.1 + <0.1 + <0.1 + <0.1 + <0.1 +49.5 +28.3
AND 606 273 226 160 29 91.0 £ 0.7 5.7 2.1 26 29.6 12.6 1430 4540
+7.8 + 4.9 +14.5 +1.4 + 0.2 + 0.1 + <0.1 + 0.4 + 0.4 + 35.4 + 49.5
AND 607 255 293 150 31 94 + <0.1 7 3 23.5 31 10 1785 3175
+1.4 + 3.5 + 1.4 +<0.1 + <0.1 + <0.1 + 0.4 + <0.1 + <0.1 + 10.6 + 24.7
AND 608 289 39.5 252 31 425+ 1.8 6 2 18 28.5 8 1450 985
+2.8 +0.4 +0.4 + <0.1 +<0.1 + <0.1 +<.10 +0.4 + <0.1 +7.1 +10.6
AND 609 231 11 435 40 175+ 2.5 11.2 2.8 9 36.4 12.9 2300 1140
+9.9 + <0.1 +13.1 + <0.1 +0.1 +0.1 + 0.7 +0.3 + 0.1 + 49.5 + 14.1
AND 610 318 14.5 215 35 26.5+1.1 4.5 3 13 23.5 7.5 1260 470
+ 25 + 0.4 + 3.2 + <0.1 + 0.4 + <0.1 + <0.1 + 0.4 + 0.4 + 14.1 + <0.1
AND 617 268 11 210 31 13.5+5.3 4.6 2 8.5 20.8 9.5 1535 1000
+10.3 + <0.1 +4.2 +0.7 +0.4 +<0.1 +0.4 +1.6 +0.4 +24.7 +7.1
AND 611 265 7 169 28 18.0 + 0.7 3 2 11 21 12.5 1585 1095
+ 4.2 +<0.1 + 2.1 + 0.7 + <0.1 + <0.1 + <0.1 + 0.7 + 0.4 + 10.6 + 3.5
AND 612 138 11.5 168 27.5 19.0 £ 2.1 3.4 2 10.5 20.7 5.1 990 95
+0.4 +0.4 + 4.6 +0.4 +1 + <0.1 +0.4 +0.2 +0.1 +42.4 +35
AND 613 128 10 173 31.5 37.0 £ 2.8 3 2 19 24 9.5 600 235
+ 3.9 + <0.1 + 1.4 + 0.4 + <0.1 + <0.1 + <0.1 + <0.1 + 0.4 + 14.1 + 3.5
AND 614 162 13 129 26.5 45.5 + 0.4 2 2 21 19 4 705 1335
+ 2.1 + <0.1 + 1.1 + 0.4 + <0.1 + <0.1 + 0.7 + <0.1 + <0.1 + 24.7 + 10.6
AND 615 166 17 217 26 80.5 + 6.0 4.2 2.1 586 21.6 16.1 10,730 1625
+6.4 + <0.1 + 0.7 +1.4 + 1.5 + <0.1 + 5.3 + 1.0 + 0.7 + 148 + 3.5
The % exchangeable (Eq. 3) for the solid residues (s) and the leaching
Core 0 %9(9:I:»A w0 o 002% Zfo “ 006 efficiency (Eq. 4) for the ion-exchange leachates (aq) were compared
2 < ’ T : (Fig. S6). This comparison showed consistent trends, particularly for the
E o " HREE. The LREE were with less strong consistency and differences
13 g < ranged ~1-8%, particularly for bauxite zone samples (Fig. S6).
=

Depth Profile (m) ,
“Bauxite”
Zone

Lower Kaolin
Zone

A
0 05 1 15 2 25 3

Ti02

Fig. 4. CIA values (left panel), TiO, and Zr (right panel); standard error bars
were generally smaller than the symbols employed.

3.5. Ion-exchange extraction: Solid phase residues

The concentrations of the REE were lower for the solid residues after
ion exchange, relative to their initial whole rock concentration.
Conversely, the concentrations of Mg were higher in the solid residues
after ion exchange (Tables 5 and 7, Table S4 and S5; Eq. 3). The
increased Mg content in the solid residues after ion-exchange is due to
the sorption of Mg onto the kaolinite mineral surfaces. The amount of
Mg uptake was determined by subtraction of the Mg content in whole
rock starting material from the Mg content of the solid phase residue
following ion-exchange (Table 6). Mg uptake (60-416 mg/kg) varied
sympathetically with % exchangeable (aq) REE contents in the upper
kaolin zone and the top portion of the bauxite zone (Fig. S5). The %
exchangeable REE and Mg uptake (229-823 mg/kg) varied antitheti-
cally throughout the bottom portion of the bauxite zone and the lower
kaolin zone. Overall, Mg uptake showed the strongest correlation with
overall kaolinite content across all zones of this section (Pearson r =
0.87).

3.6. Chemical analyses from ion-exchange leachates

The analysis of the ion-exchange leachates showed a comparable ion-
exchange behavior for all LREE with the exception of Ce (Fig. 8, Table 6,
Table 8, Table S6). Ce was markedly lower than XLa-Gd (excluding Ce)
within the bauxite zone. The % exchangeable content of Ce was
0.2-0.6% whereas the XLa-Gd (excl. Ce) ranged from 3.3 to 4.2% at the
top portion of the bauxite zone (Table 6). The Ce/LREE values quantified
the % exchangeable contents difference between Ce and XLa-Gd (excl.
Ce). Ce/LREE values were on average 0.7 and 0.8 in the upper kaolin
zone and lower kaolin zone, respectively. However, the Ce/LREE values
were on average 0.1 and 0.4 for the top and bottom portions of the
bauxite zone, respectively. Results for the HREE and XTb-Lu were
compared with Sc and Y. The small difference in ion-exchangeability
trends were evident across the section for XTb-Lu and Y. Sc contents
showed drastically different results with ion-exchangeability (<3%)
compared to all other HREE (3-40%) across the section.

3.7. Chemical analysis from sequential extraction leachates

The sequential extraction experiments yielded three stages of
leachates (Table 9, Table 10, Table S7). The Stage 1 extractions
(extraction of REE in acid-soluble phases) showed comparable %
leachable REE as with % ion-exchangeable values for XTb-Lu and Y
(Tables 9 and 6, respectively). This similarity was likely due to the Na
ion (from sodium acetate reagent, Stage 1 extraction solution) per-
forming a similar desorption reaction as the Mg ion (from magnesium
sulfate reagent, ion-exchange solution).

The Stage 1 extraction results were summarized as follows. Firstly,
general trends for increasing leachability in LREE and HREE (except Sc)
were noted with highest overall values, observed at the base of the lower
kaolin zone (Table 9). Secondly, the Stage 1 extractions showed non-
soluble (<3% leachable) characteristics for Ce throughout the bauxite
zone. Thirdly, the Sc showed low-solubility (<4% acid-soluble REE
contents) across the entire section.



Table 5
Whole rock chemical analyses, REE and Mg (values in ppm).
D La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Sc Y ZREE LREE LREE (w/0 HREE =Tb- Mg
Ce) Lu
AND 32 48.5 7 13.5 5 1 1.5 1 1.5 1 1 <1 1.5 <1 28.5 8 151 109 60 42.5 6 353
605 + + + + 0.4 + + + 0.4 + + 0.4 + + + + 0.4 + + 0.4 + + 0.7 +1.1 + 2.1 + 0.4 + + 2.1
1.4 1.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
AND 46.2 94.9 11.9 27.4 5.7 1.4 2.6 0.7 2 0.7 3.1 0.6 1.6 0.6 30.5 9.5 238 190 95 48.1 8.1 199
606 + + + 1.5 + 0.3 +1.7 + 0.5 + 0.3 + 0.2 + + 0.2 + 1.4 + 0.3 + 0.3 + 0.3 + 1.1 + 0.4 + 4.2 +0.8 + 2.9 + 3.5 + 2.1 +
0.8 2.0 <0.1 12.7
AND 28.5 84.5 10.5 32 6.5 1.5 4 1 4 1 6 1 1.5 1 35 11.5 228 168 83 60 13.5 187
607 + + + 1.1 +1.4 + 0.4 + 0.4 + + + 0.7 + + + + 0.4 + + + 0.4 + 3.9 +3.9 + 2.1 +<0.1 + 0.4 + 8.5
2.5 1.8 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
AND 11.5 22.5 2 9.5 3 1 1.5 1 3 1 1 1 2 1 28.5 15 101 51 28.5 51.5 8 208
608 + + + + 0.4 + + + 0.4 + + + + + + + + 0.4 + +1.4 +1.4 + 1.1 + 0.4 + + 6.4
1.1 0.4 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
AND 3.3 11.3 1.1 6.3 1.5 0.8 2.8 0.8 3.3 0.9 2.2 0.7 2.8 0.7 28.5 22 85.5 26.9 15.6 60.3 9.8 166
609 + + + 0.1 + 0.5 +0.3 + 0.2 + 0.2 + 0.2 + 0.2 + 0.1 +0.1 +0.2 +0.1 + 0.2 + 1.8 + + 0.4 +0.1 + 1.1 +1.2 + 0.6 +
1.9 1.2 <0.1 10.6
AND 7.5 22.5 4 10 3 1 1.5 <1 3 1 1 <1 1.5 <1 26 14.5 96 49.5 27 48 7.5 208
610 + + + + 0.7 + 0.7 + + 0.4 + + 0.7 + + + + 0.4 + + + 0.4 + 0.7 +0.4 + 0.1 + 0.7 + 0.4 + 2.1
1.1 0.4 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
AND 8.9 16.1 3.6 8.2 1.9 0.7 1.4 0.7 2.1 0.8 1.3 0.6 1.7 0.6 29 17 92.5 40.6 24.6 52.7 6.7 196
617 + + + 1.0 +0.1 +0.1 + 0.2 +0.2 +0.2 + 0.1 + 0.2 +0.2 +0.3 + 0.2 +0.3 + 1.4 + +1.1 +1.8 + 0.4 + 1.7 +0.2 +
1.3 1.4 <0.1 10.6
AND 10 11 1 6 1.5 <1 2 1 2 1 <1 <1 4 <1 31 26.5 95.5 32.5 21.5 65 7.5 241
611 + + + + + 0.4 + + 0.7 + + 0.7 + + + + 0.7 + + 0.7 + 0.4 + 3.2 +3.9 + 2.5 + 1.4 + 0.4 + 4.2
2.8 1.4 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
AND 32.8 37.6 4.1 11.7 3.6 0.8 1.6 0.7 3 0.8 1.5 0.7 2 0.7 29 16 145 92.1 54.5 53.3 8.3 296
612 + + + 0.1 + 1.2 + 1.0 + 0.2 + 0.4 + 0.2 + 0.1 + 0.1 + 0.4 + 0.2 + + 0.2 + 0.7 + + 6.7 + 6.4 + 0.4 + 0.5 + 0.2 + 4.6
0.2 6.1 <0.1 <0.1
AND 43.5 54 8.5 13.5 5 1 2 1 3 1 <1 <1 2 <1 47.5 16 198 128 73.5 70.5 7 302
613 + + + 0.4 +1.8 + + + 0.7 + + + + + + + + 0.4 + + 2.1 +2.5 +1.1 + 0.4 + + 4.2
0.4 1.4 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
AND 47 55.5 7.5 14 5 1 1.5 1 1.5 1 <1 <1 2.5 <1 44.5 12.5 194 132 76 63 6 359
614 + + + 1.1 +1.4 + + + 0.4 + + 0.4 + + + + 0.4 + + 0.4 + 0.4 +1.4 + 0.4 + 0.7 + 0.7 + + 2.1
0.7 0.4 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
AND 70.4 128 15.6 64.7 12.1 2.6 10.8 1.5 10.6 2.7 3.5 1.1 7.8 1.1 70 56 458 304 176 154 28.1 555
615 + + 60 + 0.4 + 1.0 +1.4 + 0.4 + 0.6 + 0.3 +1.1 + 0.2 + 2.5 + 0.1 + 0.2 + 0.1 + 2.1 + 0.7 + 8.8 + 8.2 + 2.2 + 0.8 + 3.6 +
0.3 33.9
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Fig. 5. Absolute concentrations (ppm) for LREE (left panel), HREE (middle panel), P,Os and gibbsite (%; right panel); standard error bars were generally smaller

than the symbols employed.
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Fig. 6. Gibbsite content (%; left panel); UCC normalized P,Os, LREE & HREE values with average XREE contents (middle panel); La/Yby and Ce/Ce* values (right
panel); symbols for duplicate analyses shown (middle panel), standard error bars were generally smaller than the symbols employed (right panel).
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Fig. 7. Diagram showing the REE enrichment and depletion patterns for each
zone of the section. The values shown for each REE were calculated from
average whole rock REE compositions per zone, normalized to UCC values.
Enrichments are represented by values >1, and depletions by values <1. Values
for Y were shown following Ho values due to similar ionic radius.

The Stage 2 extractions (reducible phases) showed similar trends for
the HREE (XTb-Lu + Y). All REE (except Ce, Sc) showed greatest Stage 2
leachability within the bauxite zone and at the base of the lower kaolin

zone. Stage 2 leachability was greatest overall for the HREE, with XTb-
Lu (3-13%), Y (5-17%) and Sc (11-24%). These HREE were more
leachable than the LREE. The LREE showed low values (generally <5%),
with the exception of the top portion of bauxite zone (9.9%, Table 9).
The most conspicuous results for the Stage 2 extractions were the very
high leachability values for Sc throughout the section, as compared to its
very low leachability during Stage 1 and Stage 3 extractions. The
leachability for Sc was strongly consistent with the leachability for Fe
(Table 10).

Stage 3 extractions (oxidizable phases) were negligible (<2%) across
all samples except the base of the lower kaolin zone. Stage 3 leachability
in the lower kaolin zone sample (“AND615") was <5% for LREE and Ce,
9-10% for £Tb-Lu and Y, and ~15% for Sc (Table 9, Fig. 9). Overall, the
base of the lower kaolin zone shows the greatest total extractable REE.
The results for the base of the lower kaolin zone occurred with the
highest overall C contents. This lowermost sample was a dark, organic-
rich lignitic clay having the highest overall C (~1.1 wt%).
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Ion-exchange chemical analyses, solid phase and leachate phase % exchangeable REE (per Eq. 3 and 4, respectively).

Upper Kaolin Zone

“Bauxite Zone” Lower Kaolin Zone

Sample ID AND AND AND AND AND AND AND AND AND AND AND AND
605 606 607 608 609 610 617 611 612 613 614 615
LREE 1.9 5.4 4.3 0.6 8.3 11.3 13.2 22.5 0.0 3.2 0.0 9.9
solid HREE 8.5 2.5 4.4 8.5 4.8 7.1 10.1 18.0 10.1 0.0 1.1 16.1
Mg uptake 416 404 323 284 60 229 380 335 567 760 823 588
(mg/kg)
LREE 4.0 0.9 0.5 2.5 2.2 2.9 5.7 15.2 3.8 4.3 3.3 11.1
TLa-Gd (excl.
ce) 3.6 1.1 0.8 4.2 3.3 45 7.8 16.6 4.4 4.9 3.6 11.8
leachate phase  C© 4.6 0.7 0.1 0.2 0.6 1.0 2.5 12.6 2.9 3.6 3.0 10.2
(@) P Ce/LREE 1.3 0.6 0.2 0.1 0.2 0.2 0.3 0.8 0.7 0.7 0.8 0.9
4 HREE 7.9 5.5 3.6 7.2 2.1 7.1 8.9 18.5 10.5 4.3 5.4 18.3
STb-Lu 13.7 8.8 4.1 11.2 3.0 10.0 10.1 29.4 20.3 12.8 13.2 27.5
Sc 2.6 2.5 0.8 1.1 0.4 0.8 0.9 0.8 0.9 0.8 2.4 2.7
Y 22.8 12.3 11.6 16.7 3.9 16.8 22.2 36.3 22.9 10.9 12.5 33.1
protolith are LREE-enriched (e.g. Piper, 1974). Thus, LREE enrichments
C*e ZI.RE.E (wio Ce) Slc y' Eﬂ‘m are not unexpected in the unaltered kaolinitic sediments (Cheshire et al.,
core % exchangeable (aq) % exchangeable (aq) 2018; Cheshire, 2011).
0 5 10 15 2 0 10 20 30 40 The possible presence of supergene alunite in the upper kaolin zone
e samples was conspicuous, as noted per mineralogical and chemical an-
o
- <2 g Ce/LREE=0.7 alyses (K20, S, Sr). This observation was notable given that minerals of
:gN the alunite supergroup (alumino-phosphate-sulfate, APS; Text S6) may
14 contain minor amounts of REE. However, the role of alunite as a REE-
B R S B bearing phase was apparently insignificant in the upper kaolin zone
E B 5 Ce/LREE=0.1 which showed similar whole rock REE contents to UCC.
[} =3
5 G & e
£ = 4.2. Bauxite zone
: § c Ce/LREE=0.4 e
= a7 @£
2 = The bauxite zone showed ~50% XREE relative to UCC concentra-
- M = tions, and thus were depleted in REE compared to the overlying upper
i & kaolin zone (Figs. 6 and 7). These rocks contained sizable depletions in
E @ Ce/LREE= 0.8 the LREE (<40% LREE relative to UCC contents). Very low La/Yby
S =0. . . . -
2 g.?. values (0.2) depict the fractionation of LREE and HREE driven by the
2 strong LREE depletion, accompanied by concomitant HREE retention

Fig. 8. Ion-exchange leachate (aq) results for Ce versus LREE (excluding Ce;
left panel) and =Tb-Lu versus Y and Sc (right panel); standard error bars were
generally smaller than the symbols employed.

4. Discussion
4.1. Upper kaolin zone

The upper kaolin zone did not contain enrichments in the REE. The
REE were not depleted nor appreciably fractionated relative to their
concentrations in UCC (Fig. 6). The ZREE contents in the upper kaolin
zone (205 ppm) were similar to the total amount of REE in the UCC (183
ppm; Table S4). The absence of REE fractionation was shown by La/Yby
= 1.5 and no Ce/Ce* anomalies. La/Yby values >1.0 represented a slight
enrichment in the LREE which is not unexpected for clay-rich rocks
(Gromet et al., 1984).

LREE enrichments were seen in argillaceous rocks, including shale
composite and other clastic sediments (e.g. McLennan and Taylor, 2012;
Rudnick and Gao, 2003; Condie, 1991; Gromet et al., 1984; Piper,
1974). The enrichment in the LREE might have occurred during early
stages of the weathering of parent rock. For example, the incipient
weathering during conversion of volcanic material and volcaniclastic
sediments has been shown to yield LREE-enriched, clay-rich rocks (Kadir
et al., 2021; Zielinski, 1982). The breakdown of crustal rocks (such as
average upper continental crust) resulting in clastic sediments is known
to transfer REE such that the sedimentary rocks formed from this crustal
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(~1.1-1.3 times UCC contents). Positive Ce/Ce* anomalies (Ce/Ce* =
1.3) were observed at the top portion of the bauxite zone, indicating
preferential retention and thus enrichment in Ce relative to the other
LREE. Negative Ce/Ce* anomalies of 0.8 were observed for both the
bottom portion of the bauxite zone and lower kaolin zone.

The most common occurrence of REE are trivalent charge states.
However, Ce can be oxidized to Ce(IV) and mineralized as cerianite
(CeOqy; Xu et al., 2017; Bao and Zhao, 2008). CeOy is a highly insoluble
oxide which will contribute to a positive anomaly where formed, and to
a negative anomaly where other REE are deposited elsewhere (Cheshire,
2011). The likelihood of Ce fractionation due to CeO, formation was
supported by the very low ion-exchangeability for Ce (Ce/LREE = 0.1,
Fig. 8). The ion-exchangeable Ce were 0.2-0.6%, whereas all other LREE
were 3.3-4.2% within the top portion of the bauxite. It was also sup-
ported by the results of the Stage 2 extractions showing a dominantly
non-soluble nature of the Ce (0.9-1.2%) compared to all other LREE
(4.5-9.9%) in the bauxite zone (Fig. 9, Table 9). If Ce were not insoluble
relative to the other LREE, then comparable ion-exchangeability should
have been observed as with other LREE (e.g. Borst et al., 2020). How-
ever, this was not the case. Therefore, low Ce/LREE, low leachability,
and positive whole rock Ce/Ce* anomalies strongly reflected the frac-
tionation and relative insolubility of Ce in this section.

The characteristics of the REE in these rocks were related to
autochthonous deposit formation. The bauxite was formed by in-situ
weathering of the older sedimentary kaolin strata. The bauxite zone
contained readily observable pisolites and high measurable quantities of
gibbsite. The formation of gibbsite was accompanied by elevated con-
centrations of insoluble elements contents (Ti, Zr), and low concentra-
tions of alkali and alkaline. High CIA values and Al»03:SiO3 ratios were
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Table 7
Ion-exchange chemical analyses, solid phase residues (post-ion-exchange; values in ppm).
D La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Sc Y ZREE LREE LREE (w/0 HREE =Tb- Mg
Ce) Lu
AND 30.3 47.7 6.7 12.3 4.3 1 2.7 1 2.3 1 1 <1 1 <1 28 6 144.3 + 105 57.3 39.3 5.3 756
605 + 0.7 + 0.3 + 0.3 + + 0.5 + + 0.3 + + 0.3 + + + + + + 0.5 + 0.7 +0.9 + 0.7 + 0.3 + 0.3 +
0.3 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 10.7
AND 40.7 91.3 10 26.3 8 1 3.3 1 2.7 1 5 <1 1 <1 32 9 232.3 + 181 89.3 51.7 10.7 593
606 + 1.4 + 1.1 + + + + + 0.3 + + 0.3 + + + + + + 0.5 + 0.5 +1.0 + 1.7 + 0.7 + 0.3 + 8.6
<0.1 0.3 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
AND 24.3 78.7 9.3 30.7 6.3 1 4.7 1 2.7 1 6 <1 1.3 <1 35.3 10 212.3 £ 155 76.3 57.3 12.0 505
607 + 3.5 + 1.0 + 1.0 + + 0.3 + + 0.3 + + 0.3 + + + +0.3 + + 0.5 + 1.8 +2.4 +1.8 + 1.0 + 0.5 + 4.3
1.0 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
AND 12.3 22.7 3 9.7 2.3 1 1 1 2 1 1 <1 1.3 <1 28.3 12 98.3 51.7 29.0 46.7 6.3 485
608 +1.2 + 0.7 + 0.5 + + 0.3 + + + + 0.5 + + + +0.3 + + 0.3 + +1.8 +1.5 +1.9 + 0.3 + 0.3 + 6.2
0.3 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
AND <1 12 1.5 7 0.3 <1 1.7 1 2 1 1.7 <1 3 <1 30 21 81 22.0 10.0 59.0 8.0 225
609 + + 0.9 + 0.3 + + 0.3 + + 0.5 + + 0.5 + + 0.3 + + + + + + 0.5 +0.5 +1.2 + 0.5 + 0.5 + 1.6
<0.1 0.5 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
AND 6 22 3 8.7 1.7 1 2 1 1 1 1 <1 2 <1 26.7 11.7 88 44.3 22.3 43.7 5.3 430
610 +1.2 + 0.9 + 0.5 + + 0.3 + + + + + + + + + + 0.3 +0.3 + 0.5 +0.7 +1.4 + 0.5 +0.3 + 5.9
0.3 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
AND 7.3 14 3 7.7 1.7 1 1.5 0.5 1.7 1 <1 <1 2 <1 29.7 13 80.7 33.0 19.0 47.7 5.0 571
617 +1.2 +0.9 +0.8 + + 0.3 + + 0.5 +0.3 +0.3 + + + + + + 0.5 + + 0.7 +0.9 +0.1 + 1.0 + 0.5 +5.9
1.4 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
AND 8.3 11.7 1.7 4.3 1.3 <1 1.3 0.7 1.7 1 <1 <1 2 <1 31 15.3 80.3 28.7 17.0 51.7 5.3 573
611 + 2.0 + 0.5 + 0.3 + + 0.3 + + 0.3 +0.3 +0.3 + + + + + + + 0.3 + 1.4 + 1.5 + 1.4 +0.3 +0.3 + 4.9
0.7 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
AND 31.7 30 4.7 11 3.7 1 2.5 1 2 1 <1 <1 2 <1 30 12 131.3 83.7 53.7 47.7 5.7 848
612 + 2.3 +1.9 + 0.5 + + 0.3 + + 0.7 + + + + + + + + + +1.8 + 1.5 + 0.7 +0.3 +0.3 +
0.5 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 25.6
AND 40.3 50.7 8 14 4.7 1 1.3 0.7 3.3 1 <1 <1 2.3 <1 48.7 15 191 120 69.3 71.0 7.3 1043
613 + 0.3 +1.7 + 0.5 + + 0.3 + + 0.3 +0.3 +0.3 + + + +0.3 + + 0.3 + + 1.7 +21 + 0.7 + 0.5 +0.3 +
0.5 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 18.8
AND 53 52 8.7 13 5.3 1 0.5 1 2.3 1 <1 <1 1 <1 45 11. 194.7 133 81.3 61.3 4.7 1156
614 + 1.2 + 0.5 + 0.7 + + 0.3 + + 0.3 + + 0.5 + + + + + + 0.5 + 0.3 + 1.1 +1.4 + 1.4 + 0.3 + 0.7 +
0.5 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 22.9
AND 60.7 107.3 16 60.3 9.7 2 7 1 7.3 2 1 1 5 <1 75 36.3 391.3 263 155.7 128 17 1132
615 + 1.8 + 2.8 + + + 0.3 + + 0.5 + + 0.3 + + + + + + 0.5 + 0.3 + 2.9 +2.1 + 0.7 + 1.0 + 0.5 +
<0.1 1.0 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 20.5

°ID 39 Ja119]1X0g Y

ISIZZI ($20Z) 099 30102 DoNUYD
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Table 8
Ion-exchange chemical analyses, leachate (aq; values in ppb).

D La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Sc Y ZREE LREE LREE (w/0 HREE XTb-
Ce) Lu

AND 7.3 56.2 4.5+ 24.9 7.0 1.6 8.5 1.4 7.9 1.6 4.5 0.7 3.9 0.7 18.4 45.6 195 110 53.7 84.4 20.5
605 + + 0.04 + + + 0.04 + + 0.04 + + + + 0.04 + + 0.04 + + + + + 0.23 + +

0.04 0.95 0.11 0.07 0.07 0.42 0.07 0.18 0.21 0.42 0.21 1.06 0.74 1.64 0.99

AND 2.8 15.8 19+ 11.2 4.1 1.1 5.5 0.9 5.3 1.1 2.8 0.4 7.1 0.4 19.0 29.2 108 42.1 26.3 66.1 17.8
606 + + 0.11 + + + 0.04 + + 0.07 + + + + 0.04 + + 0.04 + + + + + 1.58 + +
0.35 1.06 0.64 0.18 0.21 0.35 0.04 0.18 3.50 1.13 1.06 9.19 2.62 6.36 4.18

AND 0.7 2.7 0.6 + 6.1 3.2 1.0 5.4 0.9 5.0 1.0 2.7 0.4 3.5 0.4 6.9 33.4 73.0 19.4 16.8 53.9 13.7

607 + + 0.04 + + + 0.04 + + 0.04 + + + + 0.04 + + 0.04 + + + + + 0.89 + +1.7

0.11 0.25 0.46 0.11 0.14 0.32 0.07 0.14 1.10 1.24 0.92 4.95 1.16 3.85

AND 0.4 1.4 0.7 + 11.4 5.9 1.7 9.8 1.5 8.4 1.8 4.6 0.7 5.0 0.6 7.9 62.8 125 31.4 30.0 92.9 22.3
608 + + 0.07 + + +0.11 + +0.11 + + + + 0.04 + + 0.04 + + + + + 1.53 + +
0.14 0.35 0.53 0.28 0.32 0.49 0.11 0.25 1.27 1.31 2.02 7.42 1.87 5.57 2.25

AND 0.6 1.8 0.6 + 5.7 2.2 0.6 3.3 0.5 2.4 0.6 1.3 0.2 2.3 0.2 3.0 21.4 46.5 14.7 13.0 31.7 7.3
609 + + 0.04 + + + + + + + + + + + +1.1 + + 4.6 + + 0.80 + +
0.11 0.28 0.42 0.14 <0.01 0.11 <0.01 0.14 0.04 0.04 <0.01 1.06 <0.01 0.88 1.06 3.25 1.25

AND 2.3 5.6 1.5+ 13.8 4.6 1.2 7.1 0.9 4.5 1.0 2.4 0.3 9.6 0.2 5.3 60.8 121 35.8 30.3 84.8 18.7
610 + + 0.18 + + +0.07 + +0.04 + + + + + + + +2.4 + + +2.58 + +

0.60 1.52 1.17 0.32 0.28 0.32 0.07 0.18 <0.01 5.94 <0.01 1.48 14.5 4.12 10.4 6.54

AND 7.8 10.0 2.4 + 19.7 6.6 1.8 9.9 1.3 7.2 1.5 3.9 0.5 2.2 0.3 6.4 94.5 176 57.9 48.0 118 16.9
617 + + <0.01 + + +0.07 + +0.04 + + + +0.04 + + + + + + +0.51 + +

0.07 0.04 0.14 0.11 0.11 0.32 0.07 0.21 0.14 <0.01 1.31 0.60 3.18 0.55 2.75 0.84

AND 19.6 34.7 57 + 33.6 9.7 29 17.8 29 20.2 5.0 14.3 1.8 9.6 1.5 6.0 241 425 124 89.0 301 55.1
611 + + 0.25 + + +0.18 + +0.14 + + + + 0.07 + + 0.04 + + + + + 4.07 + +

0.78 1.17 1.73 0.53 0.60 1.20 0.25 0.85 0.49 1.03 12.4 21.9 5.24 16.5 2.99

AND 14.9 27.4 4.3 + 23.1 6.3 1.8 9.7 1.9 13.7 3.3 10.4 1.5 9.8 1.5 6.3 92.0 227 87.0 59.9 140 41.8
612 + + 0.07 + + + 0.04 + + 0.04 + + + + + + 0.04 + + + + + 1.19 + +
0.21 0.21 0.60 0.11 0.07 0.49 0.07 0.25 <0.10 0.25 0.81 0.39 2.83 1.40 1.55 1.15

AND 33.4 48.1 7.0 £ 33.5 7.2 1.7 6.9 1.1 7.3 1.6 5.0 0.9 5.9 0.9 10.0 43.0 214 137 89.4 75.9 22.4
613 + + 0.25 + + +0.11 + + 0.07 + + + + 0.04 + + 0.04 + + + + + 3.12 + +

5.52 1.17 1.45 0.32 0.28 0.39 0.07 0.25 0.32 0.99 1.31 1.77 1.93 3.48 1.14

AND 22.7 41.2 5.8 + 26.9 5.8 1.3 5.7 1.0 6.3 1.5 4.5 0.8 5.1 0.8 26.6 39 195 109 68.0 85.3 19.8
614 + + 0.18 + + + 0.07 + + 0.07 + + + + 0.04 + + 0.04 + +1.2 + + + 2.33 + +
0.57 1.13 1.03 0.21 0.21 0.42 0.11 0.28 0.28 1.52 7.42 3.45 3.85 1.15

AND 170 325 42.0 £ 198 47.3 11.0 52.2 8.8 62.6 14.4 45.4 7.0 48.3 7.1 47.0 464 1549 845 521 704 193
615 + 4.6 + 0.88 + + + 0.46 + + 0.42 + + + + 0.32 + + 0.32 + 1.8 + + + + 14.7 + +

9.55 5.66 1.38 1.38 3.61 0.67 2.33 3.11 20.2 56.9 24.2 32.7 10.7

°ID 39 Ja119]1X0g Y

ISIZZI ($20Z) 099 30102 DoNUYD
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Table 9
Sequential extraction chemical analyses, leachability (%) per Eq. 4.

Chemical Geology 660 (2024) 122151

Stage 1 - acid-soluble

Stage 2 — reducible Stage 3 — oxidizable

Sample ID AND AND AND AND AND AND AND AND AND AND AND AND AND AND AND
606 609 617 612 615 606 609 617 612 615 606 609 617 612 615
LREE 0.9 3.3 6.6 4.8 9.3 0.4 5.9 3.2 1.8 4.6 0.1 0.5 0.4 0.8 5.0
YLa-Gd (excl. Ce) 1.2 5.4 9.4 5.7 10.6 0.5 9.9 4.5 2.1 4.9 0.1 0.8 0.6 0.9 5.0
Ce 0.6 0.5 2.4 3.5 7.6 0.3 0.9 1.2 1.4 4.3 0.0 0.1 0.2 0.7 5.1
HREE 6.0 2.9 6.9 14.1 17.5 11.5 16.8 17.9 8.9 16.9 1.4 1.0 1.1 1.4 12.1
2Tb-Lu 6.0 3.8 13.5 27.8 28.1 3.2 12.6 121 7.1 11.4 0.4 0.9 1.1 2.0 9.9
Sc 4.0 1.0 1.5 1.6 2.9 15.7 20.1 19.6 11.0 23.4 1.9 1.1 1.1 1.2 15.3
Y 12.3 4.9 13.8 30.0 30.4 4.9 14.5 17.0 5.8 11.5 0.6 0.7 1.2 1.6 9.1
Fe <0.1 <0.1 <0.1 <0.1 0.1 11.7 12.7 11.6 11.5 16.0 5.6 2.3 2.5 0.1 3.9

consistent for highly weathered rocks such as lateritic bauxites (Voicu
and Bardoux, 2002; Fedo et al., 1995; Middelburg et al., 1988; Nesbitt
and Young, 1982). Dissolution and leaching of mobile constituents (e.g.
silica, alkali and alkaline earths) resulted in a residuum further enriched
in insoluble constituents (Mamedov et al., 2022; Yang et al., 2022; Lukas
et al., 1983; Norton, 1973).

Few studies have conducted similar investigations into the REE
characteristics of kaolin-rich sedimentary rocks. Murakami and Ishihara
(2008) reported REE contents in sedimentary kaolin deposits derived
from weathered granites in the Sanyo belt, Japan, however, these de-
posits contained no bauxite. Baioumy and Gilg (2011) investigated ka-
olins with relict “pisoliths” from the Kalabsha region, Egypt, which
“unambiguously indicated” transport and deposition of lateritic mate-
rials (overlying weathered granites) forming allochthonous deposits.
These kaolins with pisoliths and other textures showed Ce anomalies
and depletion in LREE, but these rocks did not contain measurable
quantities of gibbsite (or other Al-hydroxide minerals; Baioumy and
Gilg, 2011). Furthermore, Baioumy and Gilg (2011) reported that the
total REE contents were correlated with P,Os contents and REE-bearing
phosphate minerals.

REE-bearing phosphate minerals are common trace constituents in
the Georgia kaolins, related to the original sediment source input
(Boxleiter and Elliott, 2023; Elliott et al., 2018; Cheshire et al., 2018).
However, these bauxite-kaolins rocks investigated herein showed no
correlation between P;Os and REE concentrations in the bauxite and
lower kaolin zones (Fig. 5, Fig. 6). Therefore, the REE abundances in the
bauxite zone and lower kaolin zone cannot be explained solely by the
presence of REE-bearing phosphate minerals. The results warranted
further consideration of the solubilization of the REE, and their sorp-
tion/precipitation on mineral surfaces in these strata.

4.3. Lower kaolin

Relatively high percentages of ion-exchangeable REE were found
both at the base of the bauxite zone and at the base of the lower kaolin
zone where gibbsite mineral contents are <5 wt%. The % ion-
exchangeable values for LREE (15-17%), XTb-Lu (~29%) and Y
(~36%) at the base of the bauxite zone were very similar to the % ion-
exchangeable values for LREE (11-12%), =Tb-Lu (~28%) and Y (~33%)
at the base of the lower kaolin zone (Fig. 8, Table 6). Although, the ZREE
contents at the base of the bauxite zone were on average 96 ppm (~50%
YREE contents relative to UCC) and thus cannot be considered enrich-
ment in REE relative to the UCC. The relatively high percentage of ion-
exchangeable REE still warranted future investigation.

The accumulation of sorbed and exchangeable REE at the base of the
bauxite zone likely resulted likely from the migration of weathering
solutions containing dissolved REE. These solutions were conceivably
percolating downward from the REE depleted bauxite zone undergoing
high degrees of chemical weathering (“bauxitization”). Eventually these
fluids encountered the kaolinite-rich strata at the base of the bauxite
zone. Some portions of the REE were sorbed onto kaolinite mineral
surfaces in the base of the bauxite zone. The other portion of REE
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remained in solution and continued to migrate through the underlying
strata into the lower kaolin zone.

Hypothetically, the soluble REE entering the lower kaolin zone were
responsible for the occurrence of significant portions of ion-
exchangeable REE present at the base of the lower kaolin zone. The
>REE contents in the lowermost sample (“AND615”) of the lower kaolin
zone were ~460 ppm. These ZREE contents are ~250% relative to UCC
and are therefore enriched. The base of the lower kaolin zone with
elevated ion-exchangeable content represents a second horizon of ion-
sorption clay (IAC) accumulated REE.

The base of the bauxite zone also contained significantly higher
extractable REE from the Stage 3 extractions (oxidizable phases and
bound REE). All other zones and samples showed negligible Stage 3
extractable REE (<2%; Table 9, Table 10, Fig. 9). Extractable REE within
the base of the bauxite zone ranged from ~5% for the LREE and 9-15%
for the HREE. Higher extractable HREE contents compared to LREE is
expected due to conspicuously high C contents noted per chemical
analyses.

These C contents are due to the stratigraphic transition with lignitic
clay at the base of this section underlying the lower kaolin zone. The
organic carbon content has been observed to influence redox conditions
in kaolinite-rich rocks (Cheshire et al., 2012; Taunton et al., 2000).
Organic ligands duly play a strong role in REE complexation. These li-
gands facilitate transport and sorption reactions with mineral surfaces,
especially considering the stronger bond between HREE and organic
ligands compared to LREE (Sanematsu and Watanabe, 2016; Yusoff
et al., 2013; Cheshire et al., 2012; Tang and Johannesson, 2003, 2010;
Wan and Liu, 2006; Wood, 1990).

4.4. Scandium

Sc contents did not correlate with whole rock CIA values, gibbsite
contents, or other insoluble elements such as Zr and Ti. Likewise, Sc
contents showed several prominent differences compared to all other
REE. For example, other HREE (XTb-Lu and Y) were more exchangeable
(3-40% ion-exchangeable). Comparatively, Sc was not exchangeable
(<3%) across the entire section. However, the Sc contents showed
consistently higher solubility (11-24%) compared to all other REE
(1-17%; Fig. 9) under reducing conditions during Stage 2 extractions
(reducible phases).

Sc may be incorporated into iron-oxyhydroxides, TiO5 minerals, and
precipitation or adsorption with Fe/Mn/Al-oxides which scavenge the
REE/Fe/Mn input from weathering of primary minerals (Brahim et al.,
2022; Yan et al., 2019; Li et al., 2019; Yusoff et al., 2013; Bao and Zhao,
2008). TiOy minerals (such as anatase, identified per XRD analyses)
could incorporate Sc due to similarities in effective ionic radius per
coordination state (Shannon, 1976). However, Sc related to TiO, min-
erals was ruled out to explain the Sc contents due to lack of correlation
between Sc and TiO, whole rock contents. Sc related to adsorption onto
clay mineral surface was ruled out due to very low ion-exchangeable Sc
contents (<3%) across all samples. The strongest correlation for Sc was
found with FepO3 contents. Consequently, the Stage 2 extractions
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Table 10
Sequential extraction chemical analyses, leachates (ag; values in ppb).
ID La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Sc Y SREE LREE LREE (w/ HREE XTb-Lu  Fe Mn
o Ce)
AND 2.9 18.4 2.3 14.7 5.7 1.6 8.2 lf 7; 14 :16 0.6 2.7 0.5 37.8 36.4 115 54.0 35.3 815 15.3 22.0 0-2
606 £0.07 +£0.21 +004 +0.11 +£0.07 £0.04 +007 _ ' o o oo, #004 £004  £<001 £028 +£049 7. £060 £039 . £127 £212 "
AND 1.0 1.9 0! 9.3 4.5 1.4 12 lf 10 1.1 14 0.4 1.5 0.3 gf 33.8 815 25.8 23.9 517 11.6 11 0.4
609 +0.25 +0.04 <0.01 +0.04 +0.04 +0.04 <001 <001 <0.01 + 0.04 <0.01 +0.04 +<0.01 =+ <0.01 <0.01 +0.11 0.35 +0.25 +0.21 0.04 + 0.07 <0.01 =+ 0.04
0.6 196 111 <1
Stage AND 9.7 12.2 3.5 29.6 10.2 2.9 16.2 2.0 10.7 2.3 5.4 n 2.6 0.4 14 73.3 L 84.0 72.0 N 239 N 3.0
1 617 +0.14 +£0.21 +£0.32 £1.41 +0.18 +0.04 +£0.28 £0.04 £0.21 £0.04 +0.14 +0.04 +£<0.01 £0.07 =*15.1 +258 +237 +0.46 +0.07
<0.01 18.0 15.6 <0.01
AND 22.1 40.9 6; 37.2 10.4 2f 16.7 3.1 22.8 5.6 16.8 2: 14.6 2.3 14.5 150 319 137 95.8 212 67.4 5.0 5.4
612 +0.18 +0.28 <0.01 +0.07 +0.11 <0.01 +0.21 +0.04 =011 =£0.04 *0.14 <0.01 +0.14 +0.04 +£021 =141 247 +0.71 + 0.42 212 +049 +£283 +0.07
AND 151 302 44.1 235 62.7 15.3 74.6 12.4 83.2 19.4 58.7 8.6 55.9 8.8 62.7 533 1125 884 582 812 247 232 118
615 +566 +11.7 +£1.73 +£9.55 £269 +067 +£3.04 £085 +£346 +074 +£226 £032 £212 +032 £336 +21.6 69.7 + 35.0 + 23.3 35.0 +10.1 +2.83 <0.01
AND 13.:3 7.5 Oj.:8 4.9 1;:8 Oj.:S 2.2 0; 2.4 0.5 1.4 Oj.:Z 1.5 0.2 120 11.7 135:7 19.0 11.5 13:8 6.4 19,207 Oj.:S
606 <0.01 +0.11 <0.01 +0.07 <001 <001 =+ 0.04 <0.01 +0.04 +0.04 +0.04 <0.01 + 0.04 +<0.01 +424 £0.25 4.95 +0.21 +0.11 463 +0.14 +93.3 <0.01
AND Of 2.6 1.0 119 75 2.2 12.0 2.1 12.5 25 6.8 Of 5.3 0.8 143 80.0 212 38.0 34.9 2i4 30.8 9130 0.7
609 +0.07 +0.04 +0.35 +£0.21 £0.07 +039 +£0.07 £035 +0.07 +0.18 + 0.14 +0.04 +£6.36 +262 +1.13 + 1.06 +0.85 +£183 =£0.07
<0.01 <0.01 11.0 9.83
Stage AND 2.5 4.7 15 114 44 1.3 6.5 1:': 6.9 1.5 4.1 Of 2.8 0.4 142 72.3 224 32.0 27.5 Zil 17.2 12,418 0:':
2 617 +0.07 £0.21 +0.07 +0.04 +0.14 +0.04 =+0.25 <0.01 +0.18 +0.04 +0.11 <0.01 + <0.01 =+ <0.01 £283 +272 6.72 + 0.60 + 0.39 5.87 +0.32 +355 <0.01
AND 5.3 13.4 24 132 36 0.9 3.6 0.7 4.5 1.0 3.2 0.6 3.5 0.5 79.9 232 1i9 42.0 28.9 112'9 13.8 12,651 Of
612 +£0.53 +1.24 £021 +1.17 +£028 +£0.07 +028 +£004 +0.25 +007 £018 +004 +£021 +<0.0l +£284 +152 . +378 255 . +078 £526 _
1001 651
AND 50.7 137 19.5 92.4 24.5 5.4 22.0 3.8 25.5 5.5 17.7 3.0 21.7 3.1 409 162 + 351 214 N 80.1 29,118 1.6
615 4007 +£035 +0.04 +£018 +0.11 +0.04 +0.04 +£004 +£018 +£004 +£014 +£004 +£014 +£<001 +£283 +£035 .., +£004 +£032 0 +057 +£109% +0.11
AND 0.5 1.4 0.3 1.7 0.6 Oi 0.7 Oj 0.6 0; 0.3 0; 0.3 0.1 22.3 2.2 310 5.0 3.7 217 1.3 1402 0.3
606 +£0.04 +£0.04 +£004 011 £004 _ ' +004 . +£004 . £004 . £004 £<001 £095 +£0.04 . £021 £025 . +£004 £268 +0.04
AND 0.2 21 Of 1.8 0.9 Of 1.2 Of 1.4 Ois 0! 0; 0.7 0.1 12.5 6.2 210 5.0 4.3 22.1 3.5 2552 0:
609 + 0.04 0.01 <0.01 +0.04 =+ 0.04 <0.01 + 0.04 <0.01 + 0.04 <001 <001 <0.01 +<0.01 £<0.01 £095 =£0.11 1.41 +0.14 +0.14 +1.1 £0.04 =+£346 <0.01
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Fig. 9. Stacked bar plot showing sequential extraction leaching efficiency (%) results for £Tb-Lu, Y, Sc, LREE (excluding Ce), and Ce for select samples in the section.

showed strongly comparable values between Sc and Fe.

Sc and Fe are commonly associated with iron-oxyhydroxide minerals
in highly weathered rocks (Text S7; Wang et al., 2021; Chasse et al.,
2019). Incorporation into iron-oxyhydroxide minerals was the most
likely host for Sc in these rocks due to similar charge and ionic radius for
Sc®* and Fe®* (Gamaletsos et al., 2018; Vind et al., 2018; Williams-
Jones and Vasyukova, 2018; Mongelli et al., 2017). Sc associations have
been previously reported for ore forming processes related to the
development of ion-adsorption clay (IAC) deposits (Li et al., 2017, 2019,
Li and Zhou, 2020; Sanematsu et al., 2015; Yusoff et al., 2013; Bao and
Zhao, 2008; Murakami and Ishihara, 2008; Wu et al., 1990).

4.5. A comparison of REE in bauxite-kaolin versus REE in granite-regolith

Several similarities and differences were noted between the results in
this study and those previously reported for REE occurrences in granite-
regolith deposits (Li and Zhou, 2020; Li et al., 2017, 2019, Li et al., 2020,
Li and Zhou, 2020; Xu et al., 2017; Sanematsu and Watanabe, 2016; Chi
and Jun, 2011; Bao and Zhao, 2008; Wu et al., 1990; Ren, 1985). Sim-
ilarities between the deposits include REE enrichments relative to UCC
and REE fractionation signatures such as Ce/Ce* anomalies. Ce/Ce*
anomalies present in granite-regolith are positive anomalies in upper
horizons and negative anomalies in lower horizons (Zuoping and
Chuanxian, 1996; Sanematsu and Watanabe, 2016; Li et al., 2017; Xu
et al., 2017). This trend was also observed in the bauxite-kaolin section
studied herein. The strong, positive Ce/Ce* anomaly was observed at the
top portion of bauxite zone, with negative Ce/Ce* anomalies in all zones
below. There anomalies were attributed to the redox sensitivity for Ce
compared to other LREE. Ion-exchangeable REE generally show strong
Ce anomalies and reflect whole-rock REE contents dominated by ion-
exchangeable REE (Wu et al., 1990; Sanematsu et al., 2015).

Prominent differences between bauxite-kaolin and granite-regolith
REE focus on the selectivity HREE and patterns of REE distribution
within the bauxite zone. In granite-regolith deposits where kaolinite is a
dominant clay mineral, there was preferential uptake for LREE through
ion-adsorption reactions (Sholkovitz, 1992). Greater LREE contents are
often observed through granite-regolith profiles (Li et al., 2019; Bao and
Zhao, 2008). In contrast, the bauxite-kaolin section in this study showed
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opposite trends. Several factors are responsible for the differences in
REE selectivity (Text S9). While granite-regolith deposits dominated by
kaolinite favor LREE adsorption, the bauxite-kaolin deposit in this study
shows dominantly gibbsite mineral content (i.e. bauxite zone). It is
possible that LREE and HREE uptake on gibbsite vs kaolinite was
different. For example, HREE are favored as inner-sphere complexes on
the gibbsite surface (Borst et al., 2020), which warrants future research.
Overall, the whole rock enrichment in HREE (low La/Yby values)
and 2-3 times greater ion-exchangeable HREE contents were shown in
the bauxite-kaolin profile of this study. Organic ligand complexation
was a possible mechanism facilitating REE accumulations in the
lowermost portion of the lower kaolin zone. The high concentration of
REE in these organic-rich, lignitic clays represents another significant
difference when compared to granite-regolith profiles where organic-
rich materials are present only at the uppermost horizons (e.g. soil).

5. Conclusions

Bauxites hosted within larger lenses of kaolin occur within late
Cretaceous to Eocene sedimentary strata across portions of Georgia and
eastern Alabama (USA) in the Southeast Upper Coastal Plain. These
deposits were formed through chemical weathering (“bauxitization™) of
older kaolinite-rich sedimentary strata overlain by younger kaolintic
sediments. The bauxite zones from the Andersonville bauxite-kaolin
deposit contained highly weathered rocks, typified by intact pisolites
and whole rock gibbsite mineral contents exceeding 50%. Several major
changes in whole rock mineralogy, major/minor oxide, trace element,
and REE geochemistry occurred during the formation of the deposit.
These trends were consistent with other occurrences of bauxite-kaolin
deposits in the Upper Coastal Plain (Table S8, S9, Fig. S7-S9).

Al,O3 and insoluble elements (Zr and Ti) were enriched in the
bauxite zones, while alkali and alkaline elements were depleted. HREE
concentrations remained relatively unchanged, while LREE were
depleted. The fractionation of the REE was further observed by changes
in La/Yby values and the formation of Ce/Ce* anomalies. During the
formation of the bauxite zone, REE were released into the weathering
solutions which facilitated sorption with kaolinite minerals at lower
zones. The immobility in Ce and Sc contents relative to all other REE
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were noteworthy.

Sc contents across the entire section were <3% ion-exchangeable. Sc
was hypothesized to be hosted by Fe-oxyhydroxide minerals and unre-
lated to sorption with kaolinite. The immobility of Ce was firstly shown
as strongly positive Ce/Ce* anomalies (1.3) in the top portion of the
bauxite zone, and negative Ce/Ce* anomalies (0.8) in the bottom
portion. Ce/LREE ratios for ion-exchangeable contents ranged from 0.1
to 0.4 in the bauxite zone. These further indicated Ce immobility
attributed to fractionation from the other LREE in the top portion of the
bauxite zone. Ce was readily oxidized as highly insoluble CeO, and
preferentially retained in the top portion of the bauxite zone while the
other LREE migrated (in solutions) down to lower zones of where they
were accumulated.

The first zone of accumulation represented a transition from gibbsite-
rich strata (up to 67 wt% gibbsite) to kaolinite-rich strata at (<5 wt%
gibbsite) at the base of the bauxite zone. At this transition, the remo-
bilized REE were sorbed on kaolinite surfaces, leading to sizable ion-
exchangeable REE contents at 15-36% (excluding Ce and Sc): 15-17%
for LREE, ~29% for ~Tb-Lu, and ~36% for Y. In the overlying bauxite
zone, these ion-exchangeable contents were substantially lower
(generally <10%).

While the first accumulation zone at the base of the bauxite showed
large gains in ion-exchangeable REE contents, these gains were not
sufficient to be observed as enrichment in whole rock XREE relative to
UCC values. The remaining portions of the remobilized REE led to
development of a second zone of accumulation in the lignitic clay at the
base of the section within the lower kaolin zone. This second accumu-
lation zone contained elevated ion-exchangeable REE contents ranging
at 11-33% (excluding Ce and Sc): 11-12% for LREE, ~28% for XTb-Lu,
and ~33% for Y. The whole rock ZREE accumulations were ~460 ppm
(~250% relative to UCC) and were thus observed as noteworthy REE
enrichment.

The deposit model for the bauxite-kaolin deposit (sedimentary
origin) type bears resemblance to the granite-regolith deposit type: a
zone of depletion (leaching) underlain by a zone of enrichment (accu-
mulation). The most conspicuous difference between these deposit
models would be the sedimentary origin of the bauxite-kaolin deposit.

The character of the REE enrichments in this bauxite-kaolin deposit
(sedimentary origin) type at Andersonville drew several other lines for
comparison with the granite-regolith deposit type:

1. Ce/Ce* anomalies occur above the zones of REE accumulation in
both deposit types.

2. Ion-exchangeable REE were sorbed onto clay minerals in zones of
REE accumulation and accounted for sizable fractions of the total
REE in both deposit types.

3. The granite-regolith deposit type contains more complex clay
mineralogy (e.g. smectite, halloysite) with greater sorption capacity
than the chiefly kaolinite/gibbsite clay mineralogy of the bauxite-
kaolin deposit type.

4. HREE were evidently favored for accumulation in the bauxite-kaolin
deposit type due to gibbsite mineral contents.

5. Organic-rich horizons in the granite-regolith deposit type are limited
to the uppermost portions (e.g. soil horizons) and are strati-
graphically disconnected from the zones of REE accumulation.
However, the sedimentary origin of the studied bauxite-kaolin de-
posit permits consideration of organic materials stratigraphically
linked to zones of REE accumulation. These associations and the
results of this study highlight the potential role that organic ligands
play during REE precipitation and sorption processes.

The results of this study highlight the movement of dissolved REE
and accumulations as sorbed species, warranting further research into
REE occurrences in clay deposits of sedimentary origin which have been
underexplored compared to granite-regolith REE deposits.
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