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1 | INTRODUCTION

Rare earth elements (REEs) recently become more valu-
able due to the limited sources available. These elements
have critical importance in various industries such as
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Abstract

This study investigates the characteristics and fractionation of rare earth ele-
ments (REEs) in the weathered products of granite from South Bangka,
Indonesia. Samples were collected from two drill holes (TBKP-30 and TBKP-
38) at depths ranging from 0.5 to 18 m. Analytical methods, including X-ray
diffraction (XRD), X-ray fluorescence (XRF), inductively coupled plasma mass
spectrometry (ICP-MS), and scanning electron microscopy (SEM-EDS), were
used to examine mineral compositions and REE distribution. The parent gran-
ite is an S-type biotite granite with total REE concentrations between 1081 and
1279 ppm. The dominant REE-bearing minerals are REE-fluorocarbonates
(synchysite, parisite) and REE-phosphates (apatite, monazite, xenotime),
accompanied by REE-silicates (allanite, thorite, zircon). Fluorocarbonates
(synchysite, parisite) occur filling grain boundaries of the parental granite, sug-
gesting later overprinting. Monazite, xenotime, and zircon were identified as
part of the crystal lattice of residual minerals in both weathered profiles.
TBKP-30, has significantly depleted in REEs with high intensity degree of
weathering and the occurrence of gibbsite minerals. TBKP-38, has cerium
enrichment in the lower profile, caused by the fixation into cerianite and/or it
is incorporation with Fe-Mn hydr(oxides) along with the occurrence of kaolin-
ite minerals. This study highlights the patterns of REE enrichment as a poten-
tial indicator of weathering intensity, providing insights crucial for the
exploration of REE deposits and the development of sustainable extraction
methods.
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fluid catalytic cracking, magnets, and phosphorus, essen-
tial components in various high-tech and green technolo-
gies. REE is a group of 17 elements that include
lanthanides, scandium, and yttrium on the periodic table,
as defined by the International Union of Pure and
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Applied Chemistry (IUPAC). REEs can be divided into
two groups: light REEs (LREE: La-Eu) and heavy REEs
(HREE: Ga-Lu) based on mineral crystallography
(Miyawaki & Nakai, 1996). Scandium and yttrium are
also classified into REEs due to their similar chemical
properties and found in the same ore source as lantha-
nides (Balaram, 2019; Chen, 2011; Liu et al., 2023;
Voncken, 2016). However, it is important to note that the
geochemical behavior of scandium is distinct from that of
the lanthanides due to its significantly smaller ionic
radius. This difference results in scandium being more
concentrated in mafic rocks, in contrast to the typical
enrichment of lanthanides in felsic rocks (Sager &
Wiche, 2024, Teitler et al., 2019).

REEs are categorized as critical metals since they are
extensively utilized in modern and green technology
(U.S. Department of Energy, 2023). In particular, dyspro-
sium and terbium, two of HREEs, which are indispens-
able for the production of Nd-Fe-B magnets, are regarded
to be most critical, because these elements have been
exclusively produced from ion adsorption-type deposits
in southern China. This deposit type forms by adsorption
of REEs by clay minerals, which are the products of
weathering of felsic volcanic and plutonic rocks under
semi-tropical climate environments (Sanematsu &
Watanabe, 2016). Tin granites are regarded as a preferen-
tial source of HREEs for ion adsorption type deposits,
because HREEs become concentrated similar to tin in the
highly fractionated granites. This concentration occurs
due to the increased incompatibility of HREEs and tin in
the residual melt during the late stages of magmatic dif-
ferentiation. As granitic magmas evolve and fractionate,
elements that are incompatible in the early-formed min-
erals, such as HREEs and tin, remain in the melt and
become progressively enriched. This leads to their con-
centration in the highly evolved granitic phases
(Ishihara & Murakami, 2006).

Indonesia is located in the southern end of the South-
east Asia Tin Belt, which extends for 2800 km from
Myanmar and Thailand to Peninsular Malaysia and the
Indonesia Tin Islands (Schwartz et al., 1995). Indonesia
has a tropical climate characterized by high temperature,
humidity, and high precipitation, which leads to the for-
mation of a diverse range of weathering products. Despite
this potential, there has been limited research on the
characteristics of REE mineralization in the region, espe-
cially in the context of tropical weathering processes that
can concentrate REEs in the regolith. Understanding
these processes is crucial for guiding exploration and
extraction efforts. This study, therefore, seeks to investi-
gate the type and characteristics of REE mineralization
in the Klabat granite weathering profile in Bangka
Island. By providing mineralogical and geochemical

analyses, this research aims to contribute valuable
insights into the REE potential of this region, supporting
future  exploration and  sustainable  resource
management.

2 | GEOLOGICAL SETTINGS

Southeast Asia's granite pluton was divided into Eastern,
Main Range, and Western granite provinces. Bangka
Island is a part of the Eastern and Main granite province
and is typically characterized by the distribution of
biotite-hornblende monzogranite of post-collision and
S/I-types granite (Cobbing, 2005; Ng et al., 2017). The
Klabat Plutonic Complex is located in the southern end
of Bangka Island (Figure 1a). The complex occurs as an
intrusive body in the Tanjunggenting Formation, which
consists of alternating beds of sandstone and mudstone
(Oktaviani et al., 2021). The Klabat Complex, about
15 km by 10 km in size, consists of granodiorite, granite,
adamellite, diorite and quartz with aplite and pegmatite
dikes (Oktaviani et al., 2021). Ng et al. (2017) reported
an U-Pb zircon age of 221.1 + 2.0 Ma for the granite in
the complex. This plutonic complex is classified into
those of the Main Range Province on the basis of their
S-type, peraluminous chemical signatures (Ng
et al.,, 2017; Wang et al., 2020). Oktaviani et al. (2021)
reported tin mineralization represented by cassiterite in
quartz stockwork in metasomatic greisen parts of the
complex. Nugraheni et al. (2020) described REEs min-
erals such as allanite, xenotime and monazite in
hornblende-biotite granite in the complex. The surface
part of the plutonic rocks is heavily weathered, forming
a ~50 m thick weathering profile above the fresh rocks
(Figure 1b).

3 | METHODOLOGY

3.1 | Sample preparation

A weathering profile samples were obtained from the two
drill holes (TBKP-30, TBKP-38) conducted by Center for
Mineral Coal and Geothermal Resources, Geological
Agency, Ministry of Energy and Mineral Resources, Ban-
dung (Figure 1b). The samples were collected from non-
exposed surface profile with 15-m and 18-m thick
regolith using a gouge auger at a depth of 1 m from
ground level. The samples were mixed for a meter to 4-m
intervals. The raw samples have different shades, from
brownish, reddish, and yellowish, depending on the
depth (Figure 2). The samples are brittle and have no vis-
ible minerals with naked eyes. During the
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FIGURE 1 (a)Simplified geological map of Bangka Island and the study area modified after Supandjono et al. (1995). (b) A

representative cross-section a and b displaying the location of the studied profiles.

characterization analysis stage, the samples were homo-
genously divided through coning and quartering. Each
sample was split into four almost-equal parts, combined
with two opposing parts as a representative sample. Fresh
rock samples were also collected from the bottom of the
drill holes (Figures 2 and 3).

3.2 | Microscopic observation

The samples were made into thin sections and polished
sections. The fresh rock samples were made into thin sec-
tions; the weathered samples were made into polished
sections. These thin and polished sections were observed
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FIGURE 2 Weathered granite and parent granite samples of TBKP-30 and TBKP-38.

by optical microscope Nikon Eclipse LV100N. Modal
mineralogical abundance was quantified through the
point counting method, which involved the examination
of 1000 points in each sample using J-Microvision soft-
ware. These sections were also observed by Scanning
Electron Microscopy with Energy Dispersive X-ray Spec-
troscopy (SEM-EDS) (JEOL JSM-6610) to analyze the
chemical compositions of REE-bearing minerals in
the samples. These observations were conducted at Akita
University, Japan.

3.3 | Mineral phase and
lithogeochemistry

X-ray diffraction patterns were utilized to identify the
clay minerals by analyzing their peak position, intensity,
and shape at Akita University (Rigaku Multi-Flex X-ray
Diffractometer). Bragg's law was used to determine the
position of the peaks, which establishes a relationship

between the wavelength of X-rays, the distance between
atoms in the crystal lattice, and the angle of incidence.
The peaks were mostly observed in the range of 20 = 40°
or less.

X-ray fluorescence (XRF) and inductively coupled
plasma mass spectrometry (ICP-MS) techniques were
used to analyze major and trace elements of the samples.
Sample powders were prepared by using an iron mortar
and pulverized using an agate mortar at Akita University.
Both analyses were carried out at Activation Laboratories
Ltd., Canada by a lithium metaborate/tetraborate fusion
method (4 Litho package) (Figure 4).

4 | RESULTS
4.1 | Petrography of parent granite

The bottom fresh rock collected from the surveyed area is
classified into granite based on the modal abundance of
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FIGURE 3 Schematic profile section of the studied weathering profile (the colors in the profile section represent the color of the
samples). (a) TBKP-30 and (b) TBKP-38 on Klabat granite in South Bangka. Samples were divided from A horizon, B horizon, C horizon,
and parent granite (PG). Bars indicate relative abundances of dominant clay minerals Chemical Alteration Index (CIA) is from

Nesbitt (1979).

quartz, alkali feldspar, and plagioclase from the Interna- consists of 64% orthoclase, 6% plagioclase, 14% quartz,
tional Union of Geological Sciences (IUGS) classification and 4% biotite. Zircon, apatite, and ilmenite occur as
(Figure 5). The modal mineralogy of sample TBKP-30 accessory minerals, each present in amounts less than 1%
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FIGURE 4 Photomicrographs of sample TBKP-30 PG: (a) Biotite-hosted zircon and monazite, with metamict halo of hematite.

(b) Plagioclase altered into iron-rich smectite, (c) K-feldspar altered into sericite, (d) Quartz and biotite-hosted xenotime, (e) Monazite with
biotite and (f) Quartz-hosted apatite. Ap, apatite; Bt, biotite; Kao, kaolinite; Kfs, k-feldspar; Mnz, monazite; Ms., muscovite; Pl, plagioclase;
Qtz, quartz; Sme, smectite; Ser, sericite; Xt, xenotime; Zrn, zircon.
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FIGURE 5 Modal composition in parent granite (TBKP-30 and TBKP38).
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FIGURE 6

Photomicrographs of sample TBKP-38 PG: (a) REE-fluorocarbonate and zircon inclusions in biotite, (b) Apatite within

zircon inclusion in biotite, which is partly altered into chlorite, (c) Apatite inclusion in chloritized biotite, (d) Chloritized biotite and

sericitized feldspar, (e) REE-fluorocarbonate and zircon inclusions with metamict halo in biotite altered to muscovite, (f) Xenotime, apatite,

and monazite in muscovite after biotite. Aln, allanite; Ap, apatite; Bt, biotite; Chl, chlorite; Kfs, k-feldspar; Mcv, muscovite; REE-fcb, REE-

fluorocarbonate; Qtz, quartz; Xen, xenotime; Zrn, zircon.

by volume (Figure 4). The secondary minerals observed
in this granite are 2% chlorite and 11% sericite. Similarly,
sample TBKP-38 is classified as granite based on the
modal abundance of quartz, alkali feldspar, and plagio-
clase following the IUGS classification. The modal com-
position for this sample includes 56% orthoclase, 6%
plagioclase, 22% quartz, 3% biotite, and 2% muscovite.
Accessory minerals such as zircon, apatite, and ilmenite
are present in amounts less than 1% by volume. The sec-
ondary minerals in this parent granite include chlorite
(Figure 6), which is below 1%, and 8% sericite.

In general, REE-bearing minerals that are present
both in TBKP-30 and TBKP-38 granite tend to occur as
inclusion in biotite. Three groups of REE-bearing min-
erals were found in the parent granite samples: fluorocar-
bonate, silicate, and phosphate minerals. The SEM-EDS
analysis confirmed that these minerals are enriched in
cerium except xenotime, including monazite-(Ce) (Ce,
La, Nd, Th)PO, (Figure 7d), xenotime (YPO,), allanite-
(Ce) (Ce, Ca, Y),(Al, Fe*")5(Si04);(OH) (Figure 7b), and
parisite-(Ce) Ca(Ce, La),(CO;)sF, (Figure 7e-i). These
are supported by the corresponding SEM-EDS spectra
and mineral chemistry. REE-fluorocarbonates are identi-
fied in cracks of altered K-feldspar (Figure 7e), cavities of
quartz as anhedral shape (Figure 7g), and filling the bio-
tite cleavage (Figure 9f).

REE-bearing minerals identified within this granite
(TBKP-30) include REE-fluorocarbonates such as synchy-
site and parisite. Florencite is recognized in weathering
environment (Figure 8d,e). Thus, while biotite is the
dominant host for REEs in this granite, K-feldspar also
contributes to the REE inventory (Figure 7e), particularly
for specific REE-fluorocarbonates.

Primary REE-bearing minerals are less abundant in
the weathered sample compared to the parent granite.
This sample only contains a few REE minerals such as
monazite, xenotime, florencite (Figure 8a—c), and zircon
as resistant minerals (Figure 8f). In weathered samples
obtained from parent granite, there is a noticeable reduc-
tion in the occurrence of minerals containing rare earth
REEs compared to the unaltered parent granite. How-
ever, monazite recognized within the weathered sample
stands out as a rare occurrence (Figure 8c). This observa-
tion suggests that monazite was selectively retained or
preserved during the weathering process.

In the parent granite TBKP-38, REE-fluorocarbonates
are also recognized within biotite, associated with min-
erals like allanite, apatite and zircon (Figure 9a-c).
Instead, REE-bearing phases are found as secondary min-
erals, particularly cerianite and residual monazite
(Figure 10d) and xenotime (Figure 10e), associated with
Mn-Fe oxides and kaolinite in the weathered samples. In
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occur within fluorite in biotite. Aln, allanite; Ap, apatite; Bt, biotite; Chl, chlorite; Flt, fluorite; Kfs, k-feldspar; Mcv, muscovite; Mnz,
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Figure 10a,b, cerianite occurs as fine-grained aggregates
and is attached to the surfaces of Mn-Fe oxides and
within kaolinite (Figure 10c). Monazite is found incorpo-
rated with Fe-oxides on the grain boundaries of quartz
(Figure 10f).

4.2 | XRD characterization in weathered

granite

The XRD data from TBKP-30 indicate that the bulk min-
eral composition is mostly quartz and kaolinite
(Figure 3). Gibbsite occurs in the upper and lower zones.
B5 and B7 show a higher abundance of gibbsite

compared to the other samples, with kaolinite being the
most abundant clay mineral.

The weathered samples were thoroughly analyzed for
their clay content. The results indicate the presence of
kaolinite and gibbsite in both the lower and upper parts
of the TBKP-30 profile (Figure 3a). In TBKP-30, gibbsite
occurs randomly in the weathered samples with kaolin-
ite, but the gibbsite peaks increase when the kaolinite
peaks decrease. This suggests gibbsite form from kaolin-
ite in intensely weathered samples. In TBKP-38, gibbsite
only occurs mainly in the top soil layer (A) with small
peaks in B1 and B3 (Figure 3b). In this core, there is a
minor peak of illite in B4 and C. In the lower part of B4
and C, a K-feldspar peak is still present.
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remains in kaolinitized feldspar. (c) Monazite in weathered biotite. (d—€) Forencite form in weathered mica. (f) Weathered zircon within
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FIGURE 9 BSE image of TBKP-38. (a—c) REE-bearing minerals hosted in biotite in parent granite samples; allanite, apatite, REE-
fluorocarbonate, xenotime, and zircon. (d) REE-fluorocarbonate half replaced apatite, (e) Precursor allanite within biotite, and (f) Filling
biotite cracks. Aln, allanite; Ap, apatite; Bt, biotite; Kfs, k-feldspar; REE-fcb, REE-fluorocarbonate; Qtz, quartz; Xen, xenotime; Zrn, zircon.
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BSE image from weathered zone of TBKP-38 samples. (a, b) Secondary cerianite occurs as fine-grained aggregate on the

surface of Mn-Fe oxide. (c) Cerianite in kaolinite. (d) Monazite as a residual mineral in Fe-Mn (hydr)oxides, (e) Xenotime within K-feldspar.
(f) Monazite within Fe-oxides on grain boundary of quartz. Cer, cerianite; Mnz, monazite; Kfs, K-feldspar; Qtz, quartz; Xen, xenotime.

421 | Geochemistry of granite and
weathered granite

Topsoil sample (30-A) at a depth of 0.5 m shows a SiO,
content of 82.69 wt.%, Al,O5 content is 9.36 wt.%, while
Fe,05(T) is 1.55 wt.%, indicating modest aluminum and
iron oxides concentrations. Limonite to saprolite zone
samples (30-B1 to 30-B7) SiO, content ranges from 65.53
to 72.78 wt.%, showing silica abundance fluctuation.
Al,03 content varies from 15.01 to 21.26 wt.%, reflecting
changes in  aluminum  oxide concentrations.
Fe,05(T) content ranges from 2.49 to 6.7 wt.%. Similarly,
other elements such as MnO, MgO, CaO, Na,O, K,O,
TiO,, P,0s, Loss on Ignition (LOI), and total composition
exhibit discernible variations across the sampled depths
(Figure 11). 30-C also has a high silica content. Al,0O5
content is 10.79 wt.%, and Fe,O5(T) is 1.71 wt.%, suggest-
ing a distinct geochemical profile compared to other
zones. Finally, the parent granite rock sample (30-PG) at
a depth of 18 m shows a SiO, content of 73.97 wt.%.
REEs content for profiles TBKP-30 and TBKP-38
show variability within the depth (Table 1). Profile
TBKP-30, with samples collected from depths of 0.5 m to
18 m shows LREE concentrations ranging from 13.73 to
76.62 ppm and HREE values between 12.44 and
45.38 ppm. The total REE plus Y (REEY) content spans
from 29.94 to 1279.53 ppm, with LREE/HREE ratios

varying from 1.07 to 2.84 and La/Yb ratios from 0.70 to
4.41. REE content in this profile peak at 30-B7 (17m).

In profile TBKP-38, LREE concentrations range from
10.64 to 1002.2 ppm while HREE values are between
21.44 and 204 ppm with sample depths from 1 m to 15 m.
The total REEY from 69.77 to 1315.0 ppm. The LREE/
HREE ratios in this profile vary from 0.59 to 4.11, and
La/Yb ratios range from 0.46 to 15.63. Ce enrichment is
observed at sample 38-B4 (12m), while other REEs do not
show significant enrichment. Sample 38-PG shows the
highest La/Yb ratio, indicating LREE enrichment. Both
profiles contain high abundance of LREEs compared to
HREESs, with the LREE/HREE and La/YDb ratios indicat-
ing significant LREE enrichment in certain samples.

5 | DISCUSSION

51 |
granite

REE-bearing minerals in parent

Both granites show that they are enriched in REE.
LREE/HREE ratios for TBKP-30 and TBKP-38 were 9.16
and 2.35, respectively. The REE content is primarily
derived from REE-bearing silicates (allanite), phosphates
(monazite, xenotime), and secondary fluorocarbonates
(parisite, synchysite). Although thorite (Figure 7i), zircon
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FIGURE 11 (a) Distribution content of major oxides, LOI and REEY (ppm), (b) REE enrichment pattern (ppm) along both profiles, and

(c) Chondrite normalized REE pattern (McDonough & Sun, 1995).

(Figure 7c), and apatite are present, they are not signifi-
cant sources of REEs. Fluorapatite (Figure 9d) was par-
tially altered into REE-fluorocarbonates.

Xing et al. (2023) suggest that REEs in fluorapatite
can remobilize and precipitated into REE fluorocarbo-
nates through hydrothermal alteration. Fluorite is also
observed in the parent granite as a secondary mineral
(Figure 7i). This suggests that fluorite precipitation
occurred by an involvement of hydrothermal solutions. It
may have also been caused by fluid mixing or interac-
tions with the wall rock (Sharma & Srivastava, 2014,
Wang et al, 2020). The presence of fluorite further

supports the role of hydrothermal fluids in the alteration
of the granite.

REE-fluorocarbonates (parisite, synchysite) are pre-
sent in the parent granite. They occur in altered
K-feldspar, within perthite cracks, quartz cavities as
anhedral crystals, and filling the cleavage of biotite. Chlo-
rite (Figure 6c,d) and muscovite (Figure 6f), products of
biotite alteration, are also observed. These minerals are
formed through hydrothermal processes, where REE-rich
aqueous solutions permeate the granite, leading to the
crystallization of REE-bearing phases during the interme-
diate magmatic-hydrothermal to late hydrothermal stages
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(Continued)

TABLE 1

TBKP-38

TBKP-30

Profile
Sample

38-PG

30-B2 30-B3 30-B4 30-B5 30-B6 30-B7 30-C 30-PG 38-A 38-B1 38-B2 38-B3 38-B4 38-C

30-B1

30-A

125 167

18 21 28 30 28 28 14 178 14 19 17 20 118
49.26

14

23

1081.04
2.35

1248.14
4.51

1315.05
5.14

79.87
0.88
2.67

64.08

69.77
0.70
2.46

48.09

1279.53
9.16

41.94
2.40

63.97 63.81 89.13
2.44

1.18
0.94

60.67

43.79

34.49
1.47
1.50

49.17

REE +Y

0.78
2.77

0.59
211

2.84
4.41

1.53 1.38 1.20 1.42
1.88 1.30 0.88

1.82

1.10
1.

LREE/HREE
La/Yb

RESOURCE i

GEOLOGY |

12.76 15.63

12.82

17.43

07

= [(ALOs/ALO; + CaO + Na,0 + K,0)] x 100, (Nesbitt, 1979).

Note: Fe,O5* total ion oxides, CIA chemical index of alteration

AGUNG ET AL.

(Louvel et al., 2022; Schmandt et al., 2017; Tampubolon
et al., 2022; Xing et al., 2023).

5.2 | Distribution of REEs in the
weathering profile

The REE-fluorocarbonates are the main source of the
enrichment in this weathered profile due to their easily
dissolving during the weathering process. Cerium, the
most enriched element in the weathered profile, was
associated with Mn-Fe Oxides and inherited the REE sig-
nature that reflects high cerium from the parent granite
(Table 2). This is possibly due to simultaneous oxidative
precipitation (Santos et al., 2019; Xu et al., 2017).

Sample C horizon in TBKP-38 shows a positive
cerium anomaly. The high concentration of cerium in the
TBKP-38 weathered profile can be attributed to the pres-
ence of cerianite and monazite-(Ce) in the saprock and
saprolite zone as shown in Figure 10c,d. The existence of
xenotime within weathered biotite (Figure 8a) and resid-
ual and authigenic monazite and xenotime (Figure 8b,c)
suggests that certain rare earth elements repositioned
next to the REE-bearing original minerals. In contrast,
others were created during the initial weathering process
in the presence of oxidizing conditions (Radusinovi
et al., 2017). There is a possibility that REEs in this study
were mostly not absorbed onto the surface of clays such
as kaolinite (Sanematsu et al., 2013, 2015).

Geochemical analysis of TBKP-30 indicates that the
weathering profile of this sample does not exhibit any
enrichment of REE. The high abundance of gibbsite over
kaolinite is evident from the results of the XRD analysis
as shown in Figure 3. This indicates that strong weather-
ing formed gibbsite from kaolinite. Due to dissolution of
kaolinite, REEs were leached out from the weathering
profile completely, resulting in the poor concentration of
REEs in this drill hole. The small amounts of REEs
remaining are due to the presence of refractory REE-
bearing minerals in the drilled samples.

Figure 3 shows that the CIA values in both profiles
have different values. Compared to the REE enrichment
graph in both profiles in Figure 11c, it displays that REE
only occurs in horizon C of TBKP-38. This indicates that
the REE in TBKP-30 is highly weathered, resulting in the
occurrence of gibbsite, which may cause the REE ions
not to attach to secondary minerals (Sanematsu
et al., 2009, 2013; Zhao et al., 2024). The lack of REE
enrichment in TBKP-30 could potentially be ascribed to
the conditions prevailing near a fault line, where ground-
water movement might facilitate the migration of REE
ions to adjacent areas. Furthermore, the occurrence of
gibbsite, indicative of advanced surface weathering,
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TABLE 2 EPMA analysis from

Sample no Apatite Allanite Xenotime Fluorocarbonate
representative REE-bearing minerals in
parent granite. n 1 20 6 16
F (Wt.%) 6.47 0.05 0.44 8.08
Al,O5 0.00 15.51 0.00 0.32
P,0s 41.57 0.01 32.81 0.30
K,0 0.00 0.01 0.01 0.02
CaO 53.62 10.29 0.04 4.54
La,03 0.03 1.61 0.00 10.74
Ce,05 0.18 7.16 0.03 23.22
Nd,0, 0.18 7.26 0.04 9.11
Pr,0; 0.02 1.17 0.01 2.35
Sm,0; 0.06 231 0.13 1.87
Dy,0; 0.13 0.56 5.43 1.08
Gd,0; 0.09 1.20 3.26 1.54
U0, 0.00 0.00 0.00 0.09
SiO, 0.54 31.16 0.37 1.83
Y,0; 0.73 0.72 43.34 5.49
TiO, 0.02 0.26 0.01 0.00
Cl 0.01 0.03 0.00 0.04
FeO 0.24 15.97 0.17 0.82
ThO, 0.01 0.31 0.16 5.26
Er,05 0.04 0.02 3.15 0.18
TREEO 1.46 21.99 55.39 55.58
Total 101.21 95.56 89.22 73.48

Note: n, no. microprobe points.

reinforces this interpretation. In TBKP-30, three distinct
gibbsite layers are present, while TBKP-38 exhibits two
such layers (Figure 3), suggesting that the groundwater
level likely experienced abrupt fluctuations two or three
times, which may have further influenced REE redistri-
bution within these weathering profiles (Huang, He,
et al., 2021a).

5.3 | Possibility for ion adsorption-type
REE mineralization

During weathering, the stability and composition of pri-
mary REE-bearing minerals strongly affect REE fraction-
ation and secondary mineral formation (Fu et al., 2019;
Huang, Tan, et al, 2021b; Mukai et al, 2020;
Nesbitt, 1979; Sanematsu et al., 2013, 2015; Santana
et al., 2015; Yusoff et al., 2013). In this study, parent gran-
ite was mainly composed of feldspar, quartz, biotite and
lack of amphibole (Figures 5 and 6), while the dominant
REE-bearing minerals were REE-fluorocarbonates, and
REE phosphates, along with apatite, allanite, and zircon.

RESOURCE /7
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Although zircon occurs as an REE-bearing mineral in the
weathered profile, it remains resistant to alteration
(Figure 8f). REE-fluorocarbonates commonly occur in
cavities or along cracks and grain boundaries of feldspars
in the parent granite (Figure 7) and they also infill the
biotite cracks. Rock-forming minerals decompose along
with REE-bearing minerals, leading to the formation of
clay minerals and Fe-Mn (hydr)oxides. The K,O, Na,O,
MgO, and CaO contents decreased, indicating mineral
breakdown. While the REEs are released and concen-
trated in the soil profile, they can be adsorbed onto clay
minerals and incorporated in primary or secondary min-
erals (Sanematsu & Watanabe, 2016).

In the regolith profile, it is possible that leached REEs
were relatively incorporated onto Fe-Mn hydr(oxides)
and cerianite in the lower profile, as suggested by the
presence of Fe-Mn hydr(oxides) (Figure 10a,b,d) and pos-
itive Ce anomalies (Figure 11b) in this samples. Positive
Ce anomaly commonly occurs in the upper profile of reg-
olith as REE-leached zone due to the simultaneous oxida-
tive precipitation and low to medium pH. In these
conditions, cerianite forms due to pH control over Ce*"
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fixation (Abedini et al., 2020; Sanematsu et al., 2013;
Sanematsu & Watanabe, 2016; Santos et al., 2019). Ana-
tase Ti-bearing minerals were also present in the C zone
as shown in Figure 8d, which also indicates a reducing
and low pH (Radusinovi et al., 2017).

Ion adsorption-type REE deposits are thought to origi-
nate from extensive weathering in tropical regions, where
primary rock-forming minerals and REE-bearing minerals
break down quickly due to high precipitation rates that dis-
solve minerals and release REE ions (Sanematsu &
Watanabe, 2016; Schoonheydt & Johnston, 2013). Signifi-
cant REE leaching happens in the uppermost layer of later-
ite during weathering, while REEs tend to gather as
secondary minerals in the lower portion of the regolith
(Berger et al., 2014; Chapela Lara et al., 2018) or they may
occur via adsorption onto clay minerals (Li & Zhou, 2020;
Yusoff et al, 2013) and iron-manganese (hydr)oxides
(Braun et al., 2018; Duzgoren-Aydin & Aydin, 2009).

In the study area, the weathering products mainly
consist of quartz, kaolinite, and gibbsite determined by
XRD analysis. Secondary minerals such as kaolinite and
gibbsite result from the decomposition of feldspar min-
erals weathering that occurred in warm, humid paleocli-
matic conditions (Mellor & Wilson, 1989; Wilke &
Schwertmann, 1977). Kaolinite is not a product of ancient
weathering but is only found in modern soil that overlies
deep weathered material (Torrent & Benayas, 1977). Min-
erals such as the kaolinite group mineral, occurred in the
lower part of the weathering profile in a more alkaline
environment closer to the water table (Borst et al., 2020;
Giovannini et al., 2021).

A preliminary analysis of the discussion indicates that
the REE enrichment observed from horizon C to B in the
TBKP-38 profile appears to be driven primarily by cerium
enrichment rather than by an ion adsorption mechanism
involving kaolinite and illite (Figure 3). However, their pres-
ence may also facilitate the ion adsorption mechanism.
Other REEs, besides cerium, are depleted compared to the
parent granite. This is likely a result of the oxidation and fix-
ation of Ce as CeO, or its incorporation with Fe-Mn (hydr)
oxides and the relatively lower degree of weathering
(CIA < 85%) in these samples compared to more weathered
ones (TBKP-30). The remainder of the profile has undergone
such intense weathering that gibbsite has formed from kao-
linite, rendering it unsuitable for ion-adsorption mineraliza-
tion. For future exploration, it is suggested that weathering
profiles devoid of gibbsite be targeted.

6 | CONCLUSION

The Klabat granite, exhibiting characteristics of S-type gran-
ite, serves as the precursor rock for regolith-hosted REE
mineralization. REE-fluorocarbonates, predominantly found

within cavities, along grain boundaries, and within cracks in
feldspars, emerges as the primary REE source for minerali-
zation due to its susceptibility to dissolution in acidic soil
water. REE ions that removed from the solution are mainly
incorporated into secondary minerals as Mn-Fe (hydr)
oxides. REE phosphates are more resistant in the weathering
profile. The parent granite, possessing REEY concentrations
ranging from 1081 to 1279 ppm, demonstrates enrichment
in light rare earth elements (LREE) relative to heavy rare
earth elements (HREE), with ratios of 2.35-9.16.

The weathering profile atop the parent granite is
delineated into upper and lower segments by a redox
boundary near a depth of approximately 8.5 m. The
upper segment represents a leached zone devoid of a pos-
itive Ce anomaly and exhibits significantly lower REE
contents. In contrast, the lower segment manifests as an
accumulation zone characterized by a positive Ce anom-
aly, with slightly augmented REE contents enriched from
parent granite 1081 to 1315 ppm in the weathered profile
(as observed in the TBKP-38 profile). These findings sug-
gest that the depletion and enrichment of REEs arise
from the migration of REEs from the upper to the lower
segment of the profile. The positive Ce anomaly in the
lower segment suggests the fixation of Ce** under oxidiz-
ing and acidic conditions.
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