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Regolith-hosted rare earth element (REE) resources in South China are the dominant global source of heavy REEs
(HREEs), which are critical for high technology and military industries. Most previous studies focused on the
proportion of ion exchangeable REE fractions, but other speciations thereof and their effects on REE fractionation
are still poorly understood. Therefore, to address this issue, this study focused on a systematic analysis of the
geochemistry and mineralogy of a complete weathering 78 m profile in the Renju regolith-hosted REE deposit in
northeast Guangdong Province, China. In the quartz diorite bedrock, the main REE minerals were titanite,
allanite, and REE fluorocarbonates abundant in REEs (332-338 ppm). During the breakdown of rocks due to
weathering, the light REE (LREE)-rich minerals, e.g., titanite and allanite, were dissolved preferentially, resulting
in the release of the REEs. Thus, the HREE-rich minerals, including xenotime and zircon, are preserved with
progressive weathering. The results of sequential extraction show that the activated REEs are immobilised,
occurring mainly as ion exchangeable and Fe-Mn (hydr)oxide fractions, with a few amounts of the organic and
carbonate binding fractions. Fe (hydr)oxides, as seen via transmission electron microscopy, usually occur in the
form of goethite and hematite in the lower and upper parts of regoliths, respectively, while Mn is present as a
trace element in Fe (hydr)oxides. The lower La/YDb ratios in the Fe-Mn (hydr)oxide fraction indicate that HREEs
are preferably bonded on Fe-Mn (hydr)oxides, causing LREEs to exist mainly as ion exchangeable fractions. In
addition, positive Ce anomalies exist in both the lateritic horizon with strong oxidation of weak acid and in the
Fe-Mn (hydr)oxide fraction as a co-precipitate with Fe oxides. The results obtained advance our understanding of
the mechanisms of REE fractionation and the mutual effect of REE speciation on the formation of regolith-hosted
REE deposits in South China.

1. Introduction

Rare earth elements (REESs) consist of lanthanide elements from La to
Lu and Y and can be divided into light rare earth elements (LREEs;
La-Eu) and heavy rare earth elements (HREEs; Gd-Lu and Y). Given the
increasing importance of renewable energy and high-technology appli-
cations, REEs—particularly the more scarce but important HREEs (Borst
etal., 2020; Li and Zhou, 2020; Xu et al., 2017)-have been recognised as
strategic resources and critical metals. Regolith-hosted REE deposits,
also referred to as ‘ion-adsorption REE deposits’, currently contribute to
ca. 15% of REE production worldwide (Li et al., 2020) and more than

90% of the global HREE supply (Riesgo Garcia et al., 2017).

Most regolith-hosted REE deposits are formed via intensive weath-
ering of REE-rich Caledonian and Yanshanian granitoid or volcanic
rocks (Li et al., 2017b; Sanematsu et al., 2016). In tropical and sub-
tropical regimes, rock-forming minerals and primary REE-bearing min-
erals are decomposed with the release of REEs. Strong REE leaching
occurs in the uppermost laterite of the weathering profile; otherwise,
REEs accumulate as secondary REE minerals in the lower part of the
regolith (Berger et al., 2014; Lara et al., 2018) or through adsorption on
clay minerals (Li and Zhou, 2020; Yusoff et al., 2013) and Fe-Mn (hydr)
oxides (Braun et al., 2018; Duzgoren-Aydin and Aydin, 2009). REE
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fractionation occurs through the dissolution of REE-bearing minerals
(Harlavan and Erel, 2002; Sanematsu et al., 2016), formation of sec-
ondary REE-bearing minerals (Berger et al., 2008, 2014), complexation
into organic and inorganic ligands (Davranche et al., 2004; Tang and
Johannesson, 2010), scavenging by minerals via adsorption (Piasecki
and Sverjensky, 2008; Yang et al., 2019), surface precipitation (Dard-
enne et al., 2002), and redox reactions (Janots et al., 2015). Most pre-
vious studies have focused mainly on the fractionation characteristics of
ion-exchangeable REEs (Li et al., 2019; Sanematsu et al., 2013; Sane-
matsu and Watanabe, 2016; Yang et al., 2019). Although it has widely
been accepted that regolith-hosted REE deposits contain 50% to 90%
ion-exchangeable REEs, predominantly on the surface of kaolinite and
halloysite (Li et al., 2017b; Sanematsu and Watanabe, 2016)-and that
ion-exchangeable REEs mainly occur in the REE enrichment zone-the
REE fractionation of the ion exchangeable fraction is not clearly un-
derstood at present. Sanematsu et al. (2013) found that the ion-
adsorption fraction tends to be rich LREEs, when compared with
whole-rock REE distribution of weathered granite, during the process of
adsorption. However, simulations suggest that REE adsorption on
kaolinite and halloysite through ion exchange shows only weak frac-
tionation in weathering crust, i.e. when ionic strength and pH value are
low (Coppin et al., 2002; Yang et al., 2019).

Recent studies have shown that apart from the ion exchangeable
fraction, REEs also exist as fractions of Fe-Mn (hydr)oxides, organic and
carbonate bindings, and residues (Fu et al., 2019; Li et al., 2019). Among
the most important colloids in weathered crust of various rocks, Fe-Mn
(hydr)oxides have particularly large surface areas; these control the
concentration and transport of REEs in natural hydro-systems (Liu et al.,
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2017; Yu et al., 2017). The most widespread Fe (hydr)oxides, hematite
and goethite, have a strong chemical affinity and stable structure that
make them potentially attenuate REEs via adsorption, isomorphous
substitution, and co-precipitation (Bolanz et al., 2018; Li et al., 2017a;
Zhong et al., 2019). However, the contribution of the Fe-Mn (hydr)oxide
fraction to the total REE concentration in weathering crust is often
neglected owing to the relatively low REE proportions therein (Fu et al.,
2019; Li et al., 2017b; Sanematsu et al.,, 2013). The chondrite-
normalised Fe-Mn (hydr)oxide fractions are slightly enriched in HREEs
(Li et al., 2019) and may play an important role redistributing HREEs in
the weathering crust. In addition, the REE fractionation of the organic
binding and carbonate binding fractions in the regolith-hosted HREE
deposits remain poorly known, although few simulation experiments
conducted indicate that organic matter and (bi)carbonate may be the
mechanisms by which REEs are transported (Pourret et al., 2007a; Tang
and Johannesson, 2010).

Sequential extraction is a typical method for classifying and
extracting one or more substances from samples based on the physical
properties (e.g. particle size and solubility) and chemical properties (e.g.
binding state and reactivity) of the extracted states. Considering the
difficulty of directly observing REE speciations via electron microscopy
(e.g. scanning electron microscopy (SEM) and transmission electron
microscopy (TEM)), sequential extraction may be a potential method to
analyse the characteristics of REE fractionation because it allows easy
and systematic extraction of REEs with different fractions in weathering
crust. In this study, a complete and representative profile of regolith-
hosted REE deposits was examined from the Renju mining area of
Guangdong Province for detailed mineralogical and geochemical
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analyses. The distribution of REEs was analysed via sequential extrac-
tion. This study attempts to clarify the speciation of REEs and their
fractionation mechanism in regolith-hosted REE deposits in South China
and to provide a basis for the exploitation and efficient utilisation of
such deposits.

2. Geologic background

The Renju REE deposit is located in Renju town, Meizhou city, north-
east Guangdong Province (Fig. 1). It currently has total 20,467 tonnes (t)
of rare earth oxides (REOs) resources with an average grade of 0.172 wt
% REOs (Wang and Xu, 2016). The deposit is hosted in the weathered
crust of the Renju pluton, an early Yanshanian granitoid pluton with an
exposed area of 29.3 km?. The frequent magmatic activities made the
metallogenic rocks mostly occurred in the form of small rock strains,
such as Zuxitang, Huangniqu and Shenbei (Chen and Yu, 1994).

The Renju pluton consist of biotite granites, granite porphyries, and
quartz diorites. NE- and NW-trending faults are mainly developed in this
mining area (Fig. 1). Small quantities of Quaternary, Cretaceous, and
Cambrian sediments and Yanshanian rhyolite tuff are exposed in the
Renju area. The Renju regolith-hosted REE deposit is mainly developed
in the weathered crust of the biotite granites. The distribution of the
orebody is primarily controlled by the topography of the pluton, which
are crescent-shaped lenses with an average thickness of 5.6 m.

A drill core was taken from the granite weathering profile in the
Renju mining area (24°59’'5” N; 115°50'23.6” E). The bedrock is fine-
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grained and equigranular quartz diorite (with a grain size of 0.5-2.0
mm) consisting of plagioclase (ca. 53%), amphibole (ca. 14%), biotite
(ca. 10%), chlorite (the hydrothermally altered products of amphibole
and biotite; ca. 10%), quartz (ca. 10%), and K-feldspar (ca. 4%).
Accessory minerals include titanite, ilmenite, magnetite, zircon, allan-
ite, apatite, monazite, and xenotime (Fig. 2). The terrain is dominated by
a small (35 m) hill with a <25° slope; it is covered by grassy vegetation
and a few trees and has elevation varying from 250 to 350 m above sea
level. The climate in this region is subtropical and influenced by the East
Asian monsoon (Chen et al., 2009), with an annual average temperature
of approximately 25 °C and rainfall of 1500-2000 mm (Yang et al.,
2019). The perennial wet and warm climate provides ideal conditions
for intense chemical weathering.

3. Sampling and analytical methods

The samples studied were taken from a drill core extracted using a
custom-made double-tube drilling system consisting of a stainless steel
outer tube with a diamond drill bit and an PVC inner tube. The core was
collected in the inner tube at intervals of 1.0 m as the drilling advanced.
A 78.0 m long drill core of the entire weathering profile was obtained
from laterite to fresh quartz diorite (Fig. 2).

3.1. Pre-treatment of the samples

After scraping off the outermost part of each sample in the drill core,
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Fig. 2. Schematic of the weathering profile of the Renju deposit and photographs of the corresponding weathering stages. (a) Brownish red and yellow A horizon; (b)
Yellow-mottled white B1 horizon; (c) White B2 horizon with abundant quartz and feldspar grains; (d) Brownish black-mottled yellow B3 horizon; (e) Greyish-green C
horizon, appearing in this manner due to abundant biotite and hornblende chloritisation that preserves plutonic structures with the exception of oriented cracks; (f)

Fresh bedrock with feldspar, quartz, amphibole, and biotite as major minerals.
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uncontaminated samples from different weathering stages were
collected at interval of 0.5 m for the first 2.0 m of the lateritic horizon
and then at interval of 2.0 m for the rest of profile. A total of 38 samples
were obtained. These samples were dried at 40 °C, ground into fine
powder using a rotary disk mill, and selected for mineral composition,
major/trace elements and REE speciation analyses. In addition, resin-
impregnated polished thin sections were prepared using 20 samples
collected from the bedrock to the lateritic horizon to allow REE mineral
characterisation via SEM and with an electron probe micro-analyser
(EPMA).

3.2. Mineral composition

Mineral compositions of the samples were measured on a Bruker D8
Advance X-ray diffractometer (XRD) between 3° and 80° (20) at a
scanning speed of 3° min~! with Cu Ka radiation (40 mA and 40 kV).
Backscattered electron (BSE) images were obtained using a Hitachi
SU8010 SEM equipped with an energy dispersive X-ray spectrograph at
15 kV. TEM and high-resolution TEM (HRTEM) images were obtained
using a FEI Talos F200S instrument operating at 200 kV. The chemical
compositions of the samples were analysed using a JEOL JXA-8230
EPMA at 15 kV and 20 nA.

3.3. Major element analysis

Before analysis, all the samples were calcined at 900 °C for 90 min to
remove organic matter and carbonate. After this, approximately 0.50 g
of each treated sample was weighed, mixed with 4.00 g Li;B4O7, and
fused into glass discs at 1200 °C. The major elements were measured
from the glass discs using a Rigaku ZSX100e X-ray fluorescence spec-
trometer (Ramsey et al., 1995). The analytical precision of the major
element content was better than 1% (relative standard deviation; RSD).
The results of the major element analyses are given in Table A2.

3.4. Trace element analysis

The bulk samples from the drill core and the corresponding extracted
residues were dried at 105 °C for 3 h and then baked at 550 °C for 3 h to
eliminate organic material. Following this, approximately 0.04 g of each
solid sample was analysed for trace elements using a Thermo Icap Qc
inductively coupled plasma-mass spectrometer (ICP-MS) (Wang et al.,
2018). Rh was added to each sample as an internal standard to calibrate
the drift of the instrument during the measurements. The analytical
precision for the trace element content was better than 3% RSD. Several
United States Geological Survey and Chinese rock and sediment stan-
dards (GSR-2, GSR-3, GSD-09, GSD-11, SARM-4, W-2, and AGV-2) were
used for external quality control. The results of the trace element ana-
lyses are given in Table A3.

3.5. Sequential extraction procedure

A seven-step sequential extraction routine was utilised to quantify
different speciations of REEs in the Renju weathering profile
(GBW07441-074451, 2007; Shi et al., 2014). The details of the step-
extraction method for particular types of REEs are as follows:

(I) Water-soluble REEs. 1.00 g of bulk sample was immersed in 25 mL
of ultrapure water (pH = 7 + 0.2) in Teflon centrifuge tubes. The
centrifuge tubes were shaken at room temperature (25 + 0.2 °C) for 2 h.
Following this, the supernatant was collected and the quantity of REEs
was determined.

(II) Ion-exchangeable REEs. 25 mL of 1.0 mol L1 MgCl solution (pH =
7 + 0.2) was added to the residue. The centrifuge tubes were then
shaken at room temperature (25 + 0.2 °C) for 2 h, after which the su-
pernatant was collected for REE quantity analysis.

(III) Carbonate-binding REEs. 25 mL of 1.0 mol Lt CH3COONa so-
lution (pH = 5 £ 0.2) was added to the residue. The centrifuge tubes
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were shaken at room temperature (25 + 0.2 °C) for 5 h. After centrifu-
gation, the supernatant was collected to allow the determination of the
REE concentration.

(IV) Humic acid-binding REEs. 35 mL of 0.1 mol L! Na4P,07 solution
(pH = 10 £ 0.2) was added to the residue. The centrifuge tubes were
shaken at room temperature (25 + 0.2 °C) for 3 h. Following this, the
supernatant was collected for analysis of the REE concentration.

(V) REEs associated with Fe-Mn (hydr)oxides. 35 mL of 0.25 mol Lt
NH;0OH-HCI solution (pH = 2 + 0.2) was added to the residue. The
centrifuge tubes were shaken at room temperature (25 + 0.2 °C) for 6 h.
The supernatant was then collected the analysis of the REE
concentration.

(VI) REE;s associated with organic material. 30% H202 and 0.02 mol
L~! HNO3 were added to the residue. The tubes were shaken for 3 hin a
hot water bath shaker at 85 °C. During this period, approximately 10 mL
of 30% H505 in 0.02 mol L! HNOg3 (in total) was added to the residue in
the centrifuge tubes 5 times every 30 min. The supernatant was collected
after centrifugation to allow determination of the REE quantity.

(VII) Insoluble REEs. The remaining residue was then washed twice
with ultrapure water, dried overnight at 105 °C, and ground to fine
powder using a rotary disk mill. It was then dissolved completely to
allow analysis of the REE content.

All the centrifugal tubes, containers, and flasks used in these pro-
cesses were soaked in 1 mol L™! HNOj for over 24 h and rinsed
repeatedly with Milli-Q double de-ionised water (18.25 MQ em™ D)
before use to remove any contaminants. The REE concentrations in the
residue and supernatants collected in the processes described above
were measured using ICP-MS. The recovery rate of all 7 REE fractions
relative to the total REE amount was between 90% and 100%
(Table A4).

4. Results
4.1. Mineral components of weathering profile

According to its texture, colour and mineral components, the Renju
weathering profile can be divided into four weathering sections-a
lateritic horizon (A horizon, 0.0-5.0 m); a completely weathered hori-
zon (B horizon, 5.0-45.0 m) consisting of an upper completely weath-
ered horizon (B1 horizon, 5.0-18.0 m), a feldspar-rich layer (B2 horizon,
18.0-25.0 m), and a lower completely weathered horizon (B3 horizon,
25.0-45.0 m); a semi-weathered horizon (C horizon, 45.0-60.0 m), and
fresh bedrock (P horizon, 60.0-78.5 m) (Fig. 2). From top to bottom, the
5 m thick A horizon contains ca. 40% clay minerals and has a brownish
red mixed with yellow appearance that gradually turns red near the
surface (Fig. 2a). The porous B horizon is approximately 40 m thick, and
the B1, B2, and B3 horizons are ca. 13.0 m, ca. 7.0 m, and ca. 20.0 m
thick, respectively. The B1 horizon contains more than 60% clay min-
erals and has a yellow-mottled white appearance (Fig. 2b). The B2 ho-
rizon contains more than 60% large particles (0.1-0.5 cm) of quartz and
feldspar and has a loose structure and large voids (Fig. 2c). The B3 ho-
rizon is brownish-black with a mottled yellow appearance (Fig. 2d) and
contains about 60% clay minerals. The C horizon is approximately 22.0
m thick and preserves the texture of granite via some cracks (0.1-10.0
mm) (Fig. 2e). The C horizon has greyish-green appearance due to the
extensive chloritisation of biotite and hornblende and the occurrence of
clay minerals and red Fe-(hydr)oxides along its cracks and grain
boundaries (Fig. 2e). The bedrock is fine-grained (0.5-2.0 mm) equi-
granular quartz diorite (Fig. 2f) composed mainly of plagioclase, K-
feldspar, quartz, biotite, and amphibole; it also includes a small amount
of chloritised biotite and amphibole.

4.1.1. Mineral composition

Based on XRD characterisations (Fig. 3; Table A1), the bedrock (i.e.
the quartz diorite) beneath the weathered crust consists of plagioclase
(53%), amphibole (14%), biotite (10%), chlorite (a hydrothermally
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Fig. 3. Variations in content of mineral (quartz, plagioclase, K-feldspar, amphibole, hematite, biotite, chlorite, gibbsite, illite, smectite, halloysite and kaolinite) as a
function of depth in the quartz diorite weathering profile. The shaded area represents the REE-rich horizon (at depths of 5.0-15.0 m).

altered product of amphibole and biotite; 10%), quartz (10%), and K-
feldspar (4%). The amount of quartz present from the bedrock to the A
horizon gradually increases from 10% (at a depth of 78 m) to more than
60% (at a depth of 1 m), while the plagioclase content of gradually
decreases from 57% to 0. The presence of K-feldspar is constant, at 4% in
the weathering profile, with two exceptionally high occurrences at
13-15% at the upper C and B3 horizons (at depths of 43-48 m) and
13-19% at the B2 horizon (at depths of 18-25 m). Biotite decreases from
10% in the bedrock to<3% in the upper C horizon (at a depth of 52 m).
The amphibole content gradually decreases from 14% in the bedrock to
5% in the upper C horizon (at 54 m deep) before disappearing
completely. The chlorite concentration increases from 10% at the
bedrock to 23% in the upper C horizon (56 m), decreases to 11% in the
upper C horizon (at 52 m deep), and also eventually disappears.

With progressive weathering, the primary minerals and hydrother-
mally altered chlorites gradually transform into secondary minerals
including illite, smectite, kaolinite, halloysite, gibbsite, and hematite
(Fig. 3). Illite and smectite appear in the upper C horizon. Illite gradually
increases up to a maximum content of 43% in the B3 horizon (at 39 m
deep), then decreases markedly before eventually disappearing (at a depth
of 38 m). Smectite increases up to a maximum content of 21% at the upper
C horizon (at 48 m deep) before decreasing rapidly and disappearing in
the B3 horizon (at a depth of 39 m). Kaolinite occurs in the upper C ho-
rizon (at 45 m deep) and gradually increases up to 53% in the B3 horizon
(at a depth of 27 m). Its abundance then decreases abruptly in the B2
horizon (a depths of 18-25 m), followed by a sharp increase from 35% in
the upper B2 horizon (at a depth of 18 m) to 60% at the B1 horizon (at 15
m deep) and a gradual decrease from 60% (at a depth of 15 m) to a
constant content of 40% in the A horizon. Halloysite appears in the B3
horizon (at a depth of 39 m), and its content rapidly increases to 53% (at
35 m deep) before gradually decreasing to 20% (at 27 m) and then
decreasing abruptly to less than 10% in the B2 and A horizons (at depths
<25 m). Hematite occurs mainly in the B1 and A horizons (at depths <9
m) and increases upward from 1% to 2%. Gibbsite only occurs in the
upper A horizon (at depths <2 m) and increases upwards from 1% to 3%.

4.1.2. Fe-Mn (hydr)oxides

Fe-Mn (hydr)oxides first appear as mineral aggregates, filling the
gaps or voids between the minerals in the bedrock (Fig. 4a-b), and oc-
casionally co-existing with cerianite in the C horizon (Fig. 4b). Hematite
and goethite are the main Fe (hydr)oxides in weathering crust
(Fig. 4c-i). Goethite usually grows as crystals and forms acicular or
fibrous particles in the C and lower B horizons (Fig. 4c). The fast Fourier
transformation shown in the HRTEM images indicates that the plane
distances of the rhombic particles in Fe (hydr)oxides are 0.25 and 0.17
nm, respectively, in accordance with the (101) and (240) planes of
goethite (Fig. 4g). In the B1 horizon, Fe (hydr)oxides mainly occur as a

‘worm structure’ with kaolinite or are attached to the surface of laminar
kaolinite sheets as globular aggregates (Fig. 4d-4e). In the A horizon,
they form aggregates with granulate cerianite in the form of granular
hematite and are distributed around laminar kaolinite sheets (Fig. 4f).
Granulate cerianite with grain sizes of 5-15 nm are observed in the
aggregates as the typical plane distances of 0.31 and 0.19 nm are
assigned, respectively, to the (111) and (220) planes of cerianite
(Fig. 4h). Granulate hematite with grain sizes of 5-20 nm are also
observed in the aggregates, with typical plane distances of 0.27 and
0.20 nm assigned to the (104) and (202) planes, respectively (Fig. 4i).

4.1.3. REE-bearing minerals

Along the weathering profile, the primary REE-bearing minerals
include mainly LREE-rich minerals (e.g. titanite, apatite, allanite, and
monazite) and HREE-rich minerals (e.g. xenotime and zircon), while the
secondary REE-bearing minerals are deuteric hydrothermal products (i.
e. REE fluorocarbonates) and weathering products (e.g. florencite and
cerianite). In the bedrock, apatite occurs as spicules or granule in-
clusions in feldspar and titanite with grain sizes of 30-100 pm (Fig. 5a).
The bedrock contains ca. 3% titanite occurring as an anhedral grain
sized 200-400 pm (Fig. 5a). Euhedral and subhedral monazite and
xenotime are 20-40 pm in size and closely coexist with feldspar and
biotite, mostly exhibiting intact morphologies in the bedrock (Fig. 5b).
Allanite exists as euhedral grains sized 200-400 pm (Fig. 5c¢).

A small quantity of fine-grained anhedral REE fluorocarbonate
grains (<10 pm) occur in cavities, along grain boundaries, and in cracks
between albite and orthoclase (Fig. 5¢ and 5d) in the bedrock, but
disappear in the lower C horizon with progressive weathering. A small
quantity of florencite particles sized 1-30 pm also fill the boundaries and
voids between apatite and biotite as fine anhedral grains or veins
(Fig. 5e) in the C horizon. Titanate and florencite almost disappear in the
B3 horizon while apatite is severely weathered, resulting in the forma-
tion of plentiful corrosion pits on the surface of the grain (Fig. 5f).
Apatite also disappears in the B1 horizon. Most monazite and xenotime
is preserved in the B1 and A horizons, with only a few cracks on the
surface of the grain, as they form embayed textures during the dissolu-
tion along the border of the grain (Fig. 5g and 5 h). Fine-grained cer-
ianite forms spherical aggregates-100-500 nm in size and occurs
throughout weathering crust, particularly during oxic weathering of the
A horizon (Fig. 5i) that is associated with Fe-Mn (hydr)oxides (Fig. 4a,
4b, and 4f). Zircon is ubiquitous due to its strong resistance to
weathering.

4.2. Chemical compositions

4.2.1. Major elements
The bedrock had a relatively homogenous chemical composition of
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Fe-oxides
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Fig. 4. Scanning electron microscopy (SEM)-backscattered electron images (a, b, d and e) and transmission electron microscopy (TEM) images (c and f-i) of the Fe-
Mn (hydr)oxides in the weathered profile of Renju quartz diorite. (a) Fe-Mn oxides filled the gaps in the feldspar particles in the bedrock; (b) Aggregates of Fe-Mn
oxides and cerianite filled in the weathering voids in the C horizon; (c) Acicular or fibrous goethite distributed in the upper C horizon and lower B horizon; (d) ‘Worm
structure’ of kaolinite and Fe (hydro)oxides in the B horizon; (e) Globular Fe (hydro)oxides aggregates attached to the surface of laminar kaolinite sheets in the Bl
horizon; (f) Aggregates of granular hematite and granulate cerianite distribute around laminar kaolinite sheets in the A horizon; (g) High resolution TEM (HRTEM)
images of goethite with fast Fourier transformations from (c); HRTEM images of cerianite (h) and hematite (i) with fast Fourier transformations from (f), and (i)
enlarged area of (h). Cer = cerianite; Gth = goethite; Hem = hematite; Kln = kaolinite and Pl = plagioclase.

16.0-17.0 wt% Al;03, 54.8-57.3 wt% SiO,, 2.94-3.21 wt% Nay0,
2.30-3.37 wt% K0, 6.38-6.65 wt% CaO, 3.27-4.00 wt% MgO,
7.22-8.70 wt% Fe203, and 0.16-0.19 wt% MnO (Table A2). From the
bottom up, the SiO5 content showed a gradual increasing trend, from
57.3 wt% in the bedrock (at a depth of 78 m) to more than 72.5 wt% in
the A horizon (at depths < 5 m) (Fig. 6). The Al,O3 content remained
stable and varied between 11.1 wt% and 18.8 wt%. However, the K50,
Nay0, MgO, and CaO contents gradually decreased from 3.37 wt%, 2.94
wt%, 3.27 wt% and 6.38 wt%, respectively, in the bedrock to 0.79 wt%,
0.04 wt%, 0.21 wt% and 0.03 wt%, respectively, in the upper A horizon
(at depths < 1 m). There were slight fluctuations in the Fe;0O3 and MnO
contents that were concentrated mainly in the Bl and A horizons
(particularly at 5-15 m); their maxima were 18.8 wt% and 1.68 wt%,
respectively.

The chemical evolution of bedrock and weathered crust is intrinsi-
cally controlled by the stability of minerals and the mobility of elements
during weathering. In this study, the degree of alteration in the weath-
ering profile is estimated using the chemical index of alteration (CIA)
(Eq. (1)) (Nesbitt and Young, 1982) as follows:

The CIA values of bedrock and the C, B, and A horizons are 55-58,
62-65, 65-92, and 94-96, respectively (Fig. 6; Table A2). The CIA
values also displayed a gradual increasing trend from 55 in bedrock to
96 in the A horizon; the exception was a slight decrease from 89 at the
B3 horizon to 75 at the B2 horizon (at depths of 18-25 m). This indicates
an increase in the degree of weathering.
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Fig. 5. Scanning electron microscopy (SEM)-backscattered electron images showing the REE-bearing mineral phases in the quartz diorite and weathered quartz
diorite studied. (a)-(d) REE-bearing minerals in bedrock; (a) anhedral titanite and acicular apatite; (b) monazite and xenotime adjacent to each other in feldspar and
biotite cracks; (c) secondary REE fluorocarbonates in a cavity in original euhedral allanite; (d) REE fluorocarbonate in a crack in perthite; (e)-(f) REE-bearing
minerals and secondary REE-bearing minerals in the C horizon; (e) Florencite in apatite and biotite pores; (f) Etch pits on apatite and quartz surfaces; (g)-(h)
REE-bearing minerals in the B horizon and A horizon; embayed textures formed by dissolution of (g) residual monazite and (h) residual xenotime; (i) globular
aggregate of fine-grained cerianite (CeO,) with Fe (hydr)oxides. Aln = allanite; Ap = apatite; Bt = biotite; Cer = cerianite; Ep = epidotite; Fln = florencite; Kln =
kaolinite; Mag = magnetite; Mnz = monazite; Or = orthoclase; Pl = plagioclase; Qz = quartz; REE-Cbn = REE fluorocarbonate; Ttn = titanite; Xtm = xenotime.
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Fig. 6. Variations in major element concentrations and the chemical alteration index (CIA) with depth in the weathering profile of quartz diorite. The shaded area
represents the REE-rich horizon (at depths of 5.0-15.0 m).
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4.2.2. REE contents

The total REE content in the quartz diorite bedrock ranged from 332
to 338 ppm (Table A3). The chondrite-normalised REE patterns (Fig. 7)
show that the bedrock is enriched in LREEs with La/Yb = 26.6 and
LREE/HREE = 5.61 and had a slightly negative Ce anomaly (5Ce =
0.85). However, the Eu anomaly (8Eu = 0.96) was not obvious. The
entire regolith displayed a right-inclined REE pattern with obvious Eu
negative anomalies; the exception was the B2 horizon (at a depth of
18-25 m) which showed a slightly left-inclined REE pattern. Therefore,
the REE fractionation patterns of the weathering profile-with the
exception of the Eu anomaly-were identical to those of the bedrock.

From bedrock to the B3 horizon (depths < 33 m), total REE content
(ZREE) was almost constant at 300 ppm, followed by a rapid decrease to
a minimum of ca. 113 ppm in the B2 horizon (at depths of 18-25 m) and
another subsequent rapid increase to a maximum of ca. 813 ppm in the
B1 horizon (at a depth of 6.4 m). REEs are enriched and mineralised
(ZREE > 500 ppm) in the B1 horizon (at depths of 5-15 m) and even-
tually decreased to less than 300 ppm in the upper A horizon (at depths
<4 m) (Fig. 8). The LREE/HREE ratio gradually decreased from bedrock
to the B1 horizon (at a depth of 5 m), but increased slightly in the A
horizon (at depths <5 m). Apart from an abnormal increase in the B1
horizon (at depths of 33-40 m), the La/Yb ratio displayed a general
decrease from 26.6 in the bedrock (at a depth of 78 m) to less than 4.28
in the B2 horizon (at depths of 18-25 m), followed by a gradual increase
to 42.5 in the lower A horizon (at a depth of 4.5 m). Eventually, it
decreased to 8.55 at the top of the A horizon (at a depth of 0.1 m).

Cerium behaved quite differently from the other REEs. For example,
the B and C horizons and the A horizon had negative and positive Ce
anomalies of 8Ce = 0.16-0.87 and 8Ce = 2.57-4.28, respectively. In
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contrast, the other REEs were abundant in the B and C horizons, but
scarce in the A horizon (Fig. 8). In addition, the variation in the
(LREE-Ce)/HREE ratio in the A horizon deviated significantly from that
of the LREE/HREE ratio therein, but was highly consistent with that of
La/Yb ratio (Fig. 8). Therefore, Ce anomalies accounted for the differ-
ences in the variation in the LREE/HREE and La/Yb ratios along the
weathering crust.

4.3. REE speciation

Along the weathering profile, REEs were present mainly in the ion
exchangeable, residual, and Fe-Mn (hydr)oxide fractions; few REEs
existed in the water soluble, carbonate binding, humic acid binding, and
strong organic binding fractions (Fig. 9; Table A4).

The water soluble fraction, referring to the REEs that are present as
free ions, had an extremely low (<0.01%) concentration in the weath-
ering profile. Thus, its contribution to the total REE content was
negligible.

The carbonate binding fraction includes the REEs bonded to car-
bonate (e.g. REE fluorocarbonate). This fraction increased from 0.4% in
the bedrock to 2.3% in the B1 horizon (at a depth of 6 m) before
decreasing to 0.5% in the A horizon (at a depth of 4 m) and finally
increasing to 4.5% in the upper A horizon (at a depth of 0.1 m) (Fig. 9).
The maximum content, 31.4 ppm, appeared in the B1 horizon (at a depth
of 15 m) (Fig. Al).

The humic acid binding and strong organic binding fractions refer to
the REEs complexed with humic acids (e.g. amino acids and fulvic acids)
and organic matter, respectively. Both fractions contributed mostly less
than 2% in the weathering profile (Fig. 9). As both fractions were
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Fig. 7. Chondrite-normalised REE pattern throughout the samples from the regolith (A, B, and C horizons) and the bedrock (P horizon) of the Renju weathering
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bonded to organic matter, they are collectively referred to as the
‘organic binding fraction’ in the following discussion. The concentration
of this fraction fluctuated slightly in the weathering profile, where the
maximum appeared to be 4.9% in the B3 horizon (ca. 11.7 ppm, at
depths of 25-30 m) (Figs. 9 and Al). In addition, the organic binding
fraction showed a gradually increasing trend from the bottom to the top
of the A horizon. However, the contribution of the organic binding
fraction was minor (Fig. 9).

The ion exchangeable fraction represents REEs that are mainly
adsorbed by clay minerals and can be exchanged with other cations. It is
the main REE speciation needed for the exploitation and utilisation of
regolith-hosted REE deposits. From the bedrock to the A horizon, this
concentration of this fraction increased slowly to 1.8% (ZREE, 2.1 ppm)
in the lower B2 horizon (at a depth of 25 m) and then increased rapidly
to 59.4-66.7% (XREE, 312-561 ppm) in the B1 horizon (at depths of
5-15 m). Following this, it decreased sharply to 12.3% (XREE, 74.2
ppm) in the lower A horizon (at a depth of 4.5 m), but eventually
increased gradually from 13.5% (XREE, 25.9 ppm, at a depth of 3.5 m) to
31.0% (ZREE, 61.2 ppm, at a depth of 0.1 m) in the A horizon (Figs. 9
and A1). Overall, there was a rapid increase in the concentration of the
ion exchangeable fraction at a depth of 15 m and a marked decrease
after a depth of 5 m, resulting in significant enrichment at depths of
5-15 m (Fig. Al).

The Fe-Mn (hydr)oxide fraction involves REEs bonded to Fe-Mn
(hydr)oxides. This fraction increased slightly from 8.2% (ZREE, 27.1
ppm) at the bedrock to 11.4% (ZREE, 40.7 ppm) in the C horizon (at a
depth of 45 m) and then decreased to 4.4% (ZREE, 4.6 ppm) in the B2
horizon (at a depth of 20 m). It then quickly increased to 8.0-10.1%
(ZREE, 32.4-40.1 ppm) in the B1 horizon (at depths of 5-15 m) before
increasing from 5.4% (XREE, 17.8 ppm, at a depth of 4 m) to 15.1%
(ZREE, 29.7 ppm, at a depth of 0.1 m) in the A horizon (Figs. 9 and A1).
Overall, the Fe-Mn (hydr)oxide fraction was enriched mainly in the
upper C horizon, B3 horizon, and B1 horizon (Fig. A1).

The residual fraction refers to the REEs contained in REE-bearing and
rock-forming minerals that were stable during the weathering process.
The residual fraction had a constant content of ca. 90% (ZREE, 110-304
ppm) below the B2 horizon (at depths < 25 m) with only slight fluctu-
ations, followed by a rapid decrease to a minimum of 22.4%-26.8%
(ZREE, 70.2-183 ppm) in the B1 horizon (at depths of 5-15 m). It
subsequently increased sharply to 81.7% (ZREE, 494 ppm) in the lower
A horizon (at a depth of 4.5 m) and eventually decreased to 48.8%
(ZREE, 96.2 ppm) in the upper A horizon (at depths < 0.1 m) (Figs. 9 and
Al).

5. Discussion

During weathering process, the main factors controlling REE frac-
tionation include preferential dissolution of the primary REE-bearing
minerals, complexation with organic and inorganic ligands, and
immobilisation through adsorption and precipitation by secondary
minerals.

5.1. REE fractionation during dissolution of primary REE-bearing
minerals

During weathering of igneous rocks, REE fractionation is strongly
dependent on stability and composition of the primary REE-bearing
minerals and formation of secondary minerals (Harlavan and FErel,
2002; Li et al., 2019; Nesbitt, 1979; Sanematsu et al., 2016; Stille et al.,
2009; Yusoff et al., 2013). For example, several weathering profiles are
enriched in HREEs, compared to bedrock, due to dissolution of HREE-
bearing minerals (e.g., synchysite-(Y), gadolinite-(Y), and yttrialite-
(Y)) (Bao and Zhao, 2008; Li et al., 2019). In contrast, weathering crust
can become enriched in LREEs relative to the bedrock while the dis-
solved REE minerals are dominantly LREE-rich allanite, bastnaesite, and
parasite (Estrade et al., 2019; Sanematsu et al., 2013).

In the bedrock of the Renju weathering profile, chondrite-normalised
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REE pattern shows an obvious right-inclined style with LREE enrichment
(Fig. 7). The bedrock was composed mainly of feldspar, quartz, biotite,
and amphibole (Fig. 3) while the dominant REE-bearing minerals were
titanite, allanite, REE fluorocarbonate, and apatite accompanied by
monazite, xenotime, and zircon (Fig. 5). Among them, most easily
weathered minerals are relatively rich in LREEs; examples of the former
include titanite (LREE/HREE = 4.42-24.0), allanite (LREE/HREE =
43.8-57.1), REE fluorocarbonate (LREE/HREE = 25.8-33.1), apatite
(LREE/HREE = 3.79-37.5), feldspar (LREE/HREE = 8.12-20.1), and
biotite (LREE/HREE = 6.75-44.4) (Berger et al., 2014; Condie et al.,
1995; Fu et al., 2019; Jiang et al., 2016). All of these completely
decomposed below the A horizon (Fig. 5). In contrast, weathering-
resistant minerals such as xenotime and zircon are rich in HREEs
(LREE/HREE < 0.01) (Cetiner et al., 2005; Condie et al., 1995; Fu et al.,
2019) and were well preserved in the A horizon after prolonged
weathering and leaching (Fig. 5g and h).

In the completely weathered horizon, the rapid decrease in the re-
sidual fraction of REEs (Fig. 9) indicated that the easily weathered
minerals decomposed markedly under weakly acidic conditions in the
weathering crust. These minerals are relatively rich in LREEs; therefore,
release and migration of LREEs was more facile than those of HREEs.
Thus, the La/Yb ratios showed a decreasing trend from the bedrock to
the A horizon (Fig. 8). Moreover, given that the dissolution of REE-
bearing minerals depleted the LREEs in the bulk sample-with the
exception of weathering-resistant monazite [(LREE)PO4], which is
locally rich in some samples—the La/Yb ratio of the residual fraction was
lower than that of the bedrock and decreased with weathering (Fig. 10).

5.2. REE fractionation in mineralisation

In regolith-hosted REE deposits, the fractionation characteristics of
REE speciation are greatly affected by those of the bedrock. For example,
in the Darongshan weathering crust that developed on LREE-enriched
parent granite, the chondrite-normalised REE patterns of Fe-Mn (hydr)
oxide fraction showed LREE enrichment (Fu et al., 2019). In contrast, in
the Zudong weathering crust that developed on HREE-enriched parent
granite, the chondrite-normalised REE patterns of Fe-Mn (hydr)oxide
fraction displayed HREE enrichment (Li et al., 2019). Therefore, the
fractionation characteristics of REE speciation cannot be normalised
simply according to the REE pattern of chondrite; instead, it should be
compared to that of the bedrock. This can eliminate the interference
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from the REE source and highlight the nature of the REE speciation.

During weathering, the decomposition of REE-bearing minerals was
accompanied by the conversion of rock-forming minerals such as feld-
spar, biotite, and amphibole to clay minerals and Fe (hydr)oxides, such
as smectite, illite, kaolinite, halloysite, gibbsite, goethite, and hematite
(Figs. 3 and 4). The breakdown of rock-forming minerals was docu-
mented by the marked drop in the K0, NayO, MgO, and CaO contents,
from 3.37 wt%, 2.94 wt%, 3.27 wt%, and 6.38 wt% in the bedrock,
respectively, to 0.79 wt%, 0.04 wt%, 0.21 wt%, and 0.03 wt% in the
upper A horizon (Fig. 6). In addition, REEs are released and concen-
trated in the profile as the ion exchangeable and Fe-Mn (hydr)oxide
fractions, with a low quantity in the carbonate and organic binding
fractions (Fig. 9). Owing to the variations in environmental conditions
and the chemical properties of REEs, REE fractionation takes place
during the weathering process.

5.2.1. REE fractionation of the ion exchangeable fraction

The ion exchangeable REEs are the most economically valuable
species to exploit. The clay minerals in a regolith include smectite, illite,
kaolinite, halloysite and gibbsite; however, kaolinite and halloysite are
the primary materials that adsorb REEs (Bao and Zhao, 2008; Borst
et al., 2020; Hirst et al., 2017; Li and Zhou, 2020; Sanematsu et al.,
2013). The pH of weathering crust ranged from 4 to 7 (Sanematsu and
Watanabe, 2016), while the points of zero charge (pHy,c) of kaolinite,
illite, and smectite were <3.7, 2.5, and 7-9, respectively (Hirst et al.,
2017). Thus, compared to smectite with a positive charge at edge sites,
kaolinite and illite with negative changes therein have a higher affinity
towards REEs (Sinitsyn et al., 2000). Moreover, illite and smectite
mainly occur in the C horizon, from where the REEs could not be leached
(Li and Zhou, 2020). This meant that illite and smectite contributed little
to REE enrichment in the weathering crust.

In the regolith, REEs are dominantly adsorbed onto kaolinite and
halloysite as easily leachable 8- to 9-coordinated outer-sphere hydrated
complexes (Borst et al., 2020). The adsorption capacity of both clays
increased with the pH level (Yang et al., 2019). In the ion exchangeable
fraction, REEs showed LREE/HREE fractionation with LREE enrichment.
This resulted in higher La/Yb values (32.7-1618.0) in the ion
exchangeable fraction compared to those in the bedrock (26.6) (Fig. 11).
Above the REE-rich horizon, the La/Yb ratio in the ion exchangeable
fraction gradually decreased (Fig. 11). This suggested that, compared to
LREEs, exchangeable HREESs tend to migrate downward with a leaching
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Fig. 11. Variations in the La/Yb ratio of the ion exchangeable fraction (black
squares) in bulk samples as a function of depth in the Renju weathering profile.
The light red arrow represents the changing trend in the La/Yb ratio of the ion
exchangeable fraction. The dashed line represents the La/Yb ratio of the
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fluid. In contrast, exchangeable LREEs and HREEs tended to fractionate
at extremely low XREE levels in the ion exchangeable fraction (Fig. 11)
as their concentrations increased abnormally from the bedrock to the B3
horizon (Fig. A2). However, the adsorption experiments demonstrated
that REE adsorption on kaolinite and halloysite only showed weak
fractionation when ionic strength and pH were low (ionic strength
0.01-0.025 M; pH = 3.0-6.0) (Coppin et al., 2002; Yang et al., 2019).
Thus, the significant LREE/HREE fractionation in the ion exchangeable
fraction was probably affected by the speciation of other REEs.

5.2.2. REE fractionation of the Fe-Mn (hydr)oxide fraction

Fe-Mn (hydr)oxides, particularly Fe (hydr)oxides, are ubiquitous in
oxic to sub-oxic (near-)surface environments, such as soils, sediments,
seawater, and fresh water (Bolanz et al., 2018; Liu et al., 2017). They
usually occur as discrete grains, colloidal particles, and coatings on
other minerals (Bau, 1999; Li et al., 2017a). Due to their large surface
areas and abundant surface hydroxyl groups, they are effective scav-
engers of metal ions and thus impose an important control on the
transfer and fate of metals in supergene environments (Duzgoren-Aydin
and Aydin, 2009; Liu et al., 2017). However, studies on the controls of
Fe-Mn (hydr)oxides on REE fractionation in regolith-hosted REE de-
posits of economic importance are quite scarce.

At the onset of weathering, Fe is released from primary Fe oxide
minerals (e.g. magnetite and ilmenite) and Fe-bearing silicate minerals
(e.g. biotite and amphibole) (Fig. 5a, 5b, and 5e) while Mn present as a
trace element in Fe oxides usually leaches with the latter. The released
Fe and Mn subsequently form Fe-Mn (hydr)oxides via oxidation and
precipitation (Fig. 4a and 4b). Nanocrystalline ferrihydrite
(Fe19014(0OH)2-nH,0) is the intermediate product in most cases; it then
transforms into thermodynamically stable Fe (hydr)oxides (Barron and
Torrent, 2013; Cornell and Schwertmann, 2003). In the Renju weath-
ering profile, ferrihydrite is transformed into goethite (a-FeOOH) in the
C and lower B horizons through dissolution and reprecipitation (Fig. 4c
and 4 g). Goethite is then further transformed into hematite (a-Fe;03) in
the B1 and A horizons via aggregation, dehydration, and structural
rearrangement (Fig. 4f and 4i) (Barron and Torrent, 2013; Horvath et al.,
2000; Cornell and Schwertmann, 2003).

Sequential extraction analysis (Fig. 9) shows that the Fe-Mn (hydr)
oxide fraction plays an important role in REE enrichment. In a REE-rich
horizon, this fraction makes up 15.9% (i.e. 40.7 ppm) of bulk samples;
among the REE fractions, this is less only than the ion exchangeable
fraction. The presence of a high concentration of leaching REE cations
facilitates adsorption of Fe-Mn (hydr)oxide on the relatively low con-
tent. The REE content of the Fe-Mn (hydr)oxide fraction shows a
decreasing trend from the bedrock to the bottom of REE-rich horizons
(Fig. Al); this is the same as the variations in the Fe;03 and MnO con-
tents (Fig. 6; Table A2). In the bedrock, Fe-Mn (hydr)oxides are gener-
ated prior to clay minerals and are well distributed in mineral fractures
(Fig. 4a). At the near-neutral pH of bedrock, REEs are probably adsorbed
or enter the structure of Fe-Mn (hydr)oxides via co-precipitation (Bolanz
et al., 2018; Li et al., 2019).

Fe-Mn (hydr)oxides not only enrich REEs, but also cause the frac-
tionations. The La/Yb ratio of the Fe-Mn (hydr)oxide fraction ranges
from 0.57 to 23.3 in all parts of the weathering crust except the upper A
horizon, and the latter is at levels generally lower than that in the
bedrock (La/Yb = 26.6) (Fig. 12). This indicates that HREEs are selec-
tively enriched in the Fe-Mn (hydr)oxide fraction. This phenomenon
agreed with the results of the adsorption experiments and theoretical
calculations. The adsorption of REEs on Fe-Mn (hydr)oxides occurs via
inner-sphere complexation. Under weakly acidic (pH = 6.1) conditions,
HREEs are preferentially enriched in Fe (hydr)oxides (Quinn et al.,
2006). This is because HREEs have a smaller ionic radius and stronger
hydrolysis ability compared with LREEs and thus have a higher affinity
towards Fe (hydr)oxides (Quinn et al., 2006). Moreover, an analysis of
the linear free energy relationship conducted by Liu et al. (2017) showed
that the estimated equilibrium surface complexation constants increased
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Fig. 12. Variations in the La/Yb ratio of Fe-Mn (hydr)oxide fraction (purple
circle) in bulk samples as a function of depth in the Renju weathering profile.
The light red arrow represents the changing trend of the La/Yb ratio of Fe-Mn
(hydr)oxide fraction. The dashed line represents the La/YDb ratio of the bedrock
(La/Yb = 26.6) and the shaded area represents the REE-rich horizon (at depths
of 5.0-15.0 m).

from LREEs to HREEs. Therefore, although the REE content in Fe-Mn
(hydr)oxide fraction is less than that in the ion exchangeable fraction
(Fig. 9), Fe-Mn (hydr)oxides cause significant REE fractionation
(Fig. 12). Fe-Mn (hydr)oxides also play a vital role in enrichment of
HREEs in the weathering crust, considering that clay minerals cannot
lead to REE fractionation.

The La/Yb ratio of the Fe-Mn (hydr)oxide fraction decreased grad-
ually from the A to B1 horizons, with the latter being where the REEs
were enriched (Fig. 12). This verified that HREEs tended to migrate with
leaching fluid, downwards along the weathering crust, when compared
to LREEs. However, they presented a gradual decreasing trend from the
bedrock to the B2 horizon. During the initial weathering stage, the most
easily weathered minerals-including fluorocarbonates, titanite, and
allanite-decomposed first (Fig. 5a, 5c, and 5d). As these minerals were
relatively rich in LREEs, any released LREEs were immobilised by Fe-Mn
(hydr)oxides, which promoted the enrichment of LREEs in the Fe-Mn
(hydr)oxides in the bedrock. HREEs were subsequently leached as
weathering proceeded, thereby leading to a gradual decrease in the La/
YD ratio of the Fe-Mn (hydr)oxide fraction.

Finally, owing to the oxidation of Ce®*' to form cerianite in the su-
perficial environment, a significant positive Ce anomaly (8Ce greater
than 1) was found in the Fe-Mn (hydr)oxide fraction; this anomaly
increased from the bedrock to the A horizon (Fig. 13). Previous studies
on marine Mn deposits suggested that Ce>" could be oxidised by MnO,
and/or Fe hydroxides to form cerianite (Bau, 1999; Davranche et al.,
2008; Koeppenkastrop and Decarlo, 1992). According to TEM and SEM
observations of the regolith examined in this study, cerianite coexists
closely with Fe-Mn (hydr)oxides in the A horizon (Fig. 4b, 4f, 4h, and
5i). This verified the oxidation of Ce by Fe-Mn (hydr)oxides. Interest-
ingly, a prominent positive Gd anomaly appears in Fe-Mn (hydr)oxides
in the A and B horizons (Fig. 13). As the stability constants of Gd com-
plexed with organic ligands were lower than those of neighbouring REEs
(Ma et al., 2007), Gd was less likely to have been transferred by leaching
fluid and preferentially immobilised by Fe-Mn (hydr)oxides.

5.2.3. REE fractionation of the carbonate binding fraction

(Bi)carbonate complexes were more abundant in the regolith than
other inorganic complexes such as SO3~, CI~, and F~ (Cantrell and
Byrne, 1987; Wood, 1990). In the Renju weathering crust, the carbonate
binding fraction was concentrated in the B horizon (Fig. 9). This indi-
cated that REEs were primarily complexed with (bi)carbonate ions in
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Fig. 13. Chondrite-normalised REE patterns, 5Ce, and 8Gd (McDonough and Sun, 1995) of all Fe-Mn (hydr)oxide fractions in the regolith (A, B, and C horizons) and

the bedrock (P horizon).

slightly acidic fluids with pH values ranging from 5 to 7 (Liu and Byrne,
1998; Wood, 1990). In the carbonate binding fraction, the La/Yb ratio
(1.28-24.1) was mostly lower than that of the bedrock (26.6) (Fig. 14a);
thus, HREEs were more easily complexed by (bi)carbonates than LREEs
were, consistent with the results of previous simulation experiments
(Lee and Byrne, 1993; Luo and Byrne, 2004; Pourret et al., 2007a). As
reported in a previous study (Lee and Byrne, 1993), HREEs have a
stronger ability to bind to (bi)carbonates because the constant stability
of the latter increases from La to Lu. However, in this study several
samples showed LREE enrichment in the carbonate binding fraction
(Fig. 14a); this was probably due to the presence of secondary LREE
minerals, e.g. REE fluorocarbonate (Fig. 5¢ and 5d).

Along the weathering profile, the variation in the La/Yb ratio of the
carbonate binding fraction was similar to that of the Fe-Mn (hydr)oxide
fraction. For example, the former showed a gradually decreasing trend
from the bedrock to the B2 horizon (Fig. 14a), due to the preferential
decomposition of LREE-rich minerals during the initial weathering
stage. However, it gradually increased from the Bl to the A horizons,
with the reason for this ascribed to the fact that HREEs more easily
migrate downward with leaching fluid compared to LREEs.

5.2.4. REE fractionation of the organic binding fraction

Organic matter, such as humic and fulvic acids, are critical ligands
for complexing REEs during granite weathering (Bao and Zhao, 2008;
Pourret et al., 2007b). In the Renju weathering crust, the REE content of
the organic binding fraction presented an increasing trend from the A to
C horizons (Fig. 9). Based on calculations of thermodynamics, the
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carboxyl group of humic acid is considered the main binding site for
REEs (Pourret et al., 2007a, 2007b; Takahashi et al., 1997). An increase
in pH deprotonated the carboxylic groups and promoted the electro-
static attraction between REEs and carboxyl groups (Fairhurst et al.,
1995; Lippold et al., 2005), thereby enhancing the REEs bonded to
organic matter (Pourret et al., 2007a, 2007b; Sonke and Salters, 2006).
The La/Yb ratio of the organic binding fraction (4.50-18.2) was lower
than that of the bedrock (La/Yb = 26.6) (Fig. 14b). This was ascribed to
the stronger ability of HREEs to bind organic matter relative to LREEs as
the bond between REEs and organic matter stabilised with as the ionic
radii decreased from La to Lu (Sonke and Salters, 2006; Takahashi et al.,
1997). Similar observations have been reported in experimental studies;
HREEs have been found to be more strongly bonded to humic substances
than LREEs (Wan and Liu, 2006). Moreover, the trend in the variation of
the La/Yb ratio of the organic binding fraction along the weathering
crust is also analogous to that of the Fe-Mn (hydr)oxide fraction. The
former decreased from the A to the B1 horizons but gradually increased
from the B2 horizon to the bedrock (Fig. 14b). The reason for such
variation has been discussed in the previous Sections 5.2.2 and 5.2.3 on
REE fractionation of the Fe-Mn (hydr)oxide and carbonate binding
fractions.

5.3. The mutual effect of REE speciation on REE fractionation

In the Renju weathering profile, the regolith samples were shown to
have inherited the REE patterns of the bedrock, displaying a right-
inclined REE pattern (Fig. 7) that is quite close to that of LREE-
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Fig. 14. Variations in the La/Yb ratio of the carbonate and organic binding
fractions in bulk samples as a function of depth in the Renju weathering profile.
a. Variations in the La/Yb ratio (magenta circle) of the carbonate binding
fraction. b. Organic binding fraction (dark cyan rhombus) as a function of depth
in the Renju weathering profile. The light red arrow represents the changing
trend of the La/Yb ratio. The dashed line represents the La/Yb ratio of the
bedrock (La/Yb = 26.64), and the shaded area represents the REE-rich horizon
(at depths of 5.0-15.0 m).

enriched bedrock. However, the REE fractionation is distinct for each
type of speciation.

The ion exchangeable fraction of REEs are the main species that are
exploited and utilised and considered to have only a weak theoretical
REE fractionation (Coppin et al., 2002; Yang et al., 2019). However, this
fraction shows obvious LREE enrichment in the weathering crust
(Fig. 11). Under incipient weathering, LREE-rich minerals such as REE
fluorocarbonate, titanite, and allanite are decomposed in advance,
thereby providing a highly concentrated source of REEs (Fig. 5a, ¢, and
d). During REE mineralisation, Fe-Mn (hydr)oxides preferentially adsorb
HREEs (Fig. 12) via inner-sphere complexation, making LREEs exclusive
as ion exchangeable fractions (Fig. 11). Therefore, the La/Yb ratio of the
Fe-Mn (hydr)oxide fraction gradually decreased from the bedrock to the
B3 horizon (Fig. 12) and led to an increase in the La/Yb ratio of the ion
exchangeable fraction (Fig. 11). This indicated that Fe-Mn (hydro) ox-
ides played a key role in REE fractionation in regolith-hosted REE de-
posits. Moreover, (bi)carbonates-the most abundant inorganic ligand in
the weathering crust (Cantrell and Byrne, 1987; Wood, 1990)-selec-
tively complex with HREEs (Fig. 14a) and produce more LREE sources
concentrated in the ion exchangeable fraction. However, according to
model calculations, REEs are also inclined to be complexed with humic
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substances rather than (bi)carbonates in natural water at a pH range of
5-8 (Pourret et al., 2007a, 2007b; Tang and Johannesson, 2003). A
previous study showed that REE adsorption onto kaolinite decreased
with an increase in the concentration of humic acid (Wan and Liu,
2006). Thus, the preferential complexation of HREE by organic matters
(Fig. 14b) inhibited the adsorption of HREEs on kaolinite and halloysite,
thus enhancing the LREE/HREE fractionation. Nevertheless, the pro-
portions of REEs present in the organic and carbonate binding fractions
are relatively low compared to those in the Fe-Mn (hydr)oxide fraction
(Fig. 9).

6. Conclusions

In this study based on the examination of a 78 m long weathering
profile developed in quartz diorite of the Renju LREE deposit, REE
speciations and their effects on REE fractionation were investigated
through analyses of REE concentrations in bulk samples, variations in
the lithofacies, sequential extraction, and via bulk physical and chemical
parameters of the weathering profile. The bedrock with REE concen-
trations of 332-338 ppm were enriched in LREEs relative to HREEs and
displayed a slightly negative Ce anomaly. At the onset of weathering,
LREE-rich minerals such as REE fluorocarbonate, titanite, and allanite
were dissolved preferentially, releasing the REEs to the weathering fluid.
Following this, HREE-rich minerals including xenotime and zircon
accumulated gradually, thereby causing a gradual decrease in the La/Yb
ratio of bulk samples with progressive weathering.

In the REE-rich horizon, released REEs are absorbed mainly by
kaolinite and halloysite, causing the ion exchangeable fraction to ac-
count for 59.4-66.7% (312-561 ppm) of the REE content of bulk sam-
ples. Fe-Mn (hydr)oxides also played an important role in REE
enrichment where the Fe-Mn (hydr)oxide fraction was up to 15.9%
(40.7 ppm) of the bulk sample. REE fractionation occurred in each
fraction. Most HREEs were preferentially scavenged in the Fe-Mn (hydr)
oxide fraction, with a minority retained in the carbonate and organic
binding fractions; these three led to LREE enrichment in the ion
exchangeable fraction.
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