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Abstract: Karst bauxite is a major source of aluminum and contains high concentrations of trace ele-
ments such as Li, Ga, Sc, and rare earth elements (REEs). It is regarded as a potential non-conventional
REE source due to the increasing demand for REEs. This study provides new mineralogical and
geochemical evidence of a Lindai bauxite deposit in central Guizhou Province, aiming to analyze the
genesis of REE minerals and reveal the forms of REEs occurring in these deposits. The results indicate
that a large number of detrital and authigenic rare-earth phosphate minerals, including monazite and
xenotime, were identified. In terms of their genesis, the authigenic monazite was mainly precipitated
under alkaline and reducing conditions, whereas the authigenic xenotime was formed in acidic and
reducing conditions. The mineralogical evidence detected by scanning electron microscopy with
energy dispersive spectrometry (SEM-EDS) and a TESCAN Integrated Mineral Analyzer (TIMA)
suggests that the REEs in the Lindai bauxite exhibit multiple forms, including rare-earth phosphate
minerals (monazite and xenotime) and REE scavenging by hematite and anatase phases. Among
them, the anatase controls some LREE (such as La, Ce, and Pr) distributions in addition to monazite,
whereas the hematite also controls relatively large amounts of Sm, Eu, and HREE (such as Gd, Tb,
Dy, Ho, Er, Tm, and Lu) distributions. According to the calculation of the percentage of REE-bearing
mineral phases obtained by a TIMA analysis, REE scavenging by hematite accounted for 93.28% of
all forms of REEs, REE scavenging by anatase accounted for 5.88%, monazite accounted for 0.67%,
and xenotime accounted for 0.17%. This study provides new evidence of the forms of REEs occurring
in Carboniferous karst bauxite in central Guizhou Province.

Keywords: REE minerals; monazite; xenotime; REE scavenging; karst bauxite

1. Introduction

Rare earth elements (REEs) are defined as critical raw materials by the European
Union [1]. They are crucial elements used in the green energy, defense, aerospace, medical,
automotive, and electronic industries [2,3]. The most well-known and economically impor-
tant REE deposits include carbonatite, alkaline igneous, peralkaline igneous, ion adsorption,
laterite, and hydrothermal types [4]. Karst bauxite, the main source of aluminum, also
contains high concentrations of trace elements such as Li, Ga, Sc, and REEs [5–13]. Many
scholars in recent years have regarded karst bauxite and red mud generated by alumina
production using the Bayer process as a potential non-conventional REE resource due to
the increasing demand for REEs [3].

As a crucial bauxite resource in China, karst bauxites are mainly located in the Shanxi,
Henan, Guangxi, Guizhou, and Yunnan Provinces and Chongqing city [14]. They were
formed during the Carboniferous and Permian periods. It is generally accepted that the
forms of REEs in the bauxite of China occur via (1) adsorption on clay and other mineral
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surfaces in the form of ions and (2) isomorphous substitution in some minerals [15]. In
contrast, foreign scholars commonly believe that the enrichment of REEs in bauxite is due
to the crystallization of authigenic REE minerals, accumulation of detrital phases, and
ionic adsorption on the surface of the clay and other minerals [16–18]. However, since
REE minerals, including parisite and churchite, were first reported in the Quyang karst
bauxite of the Guangxi Province [15], more REE minerals were identified in numerous karst
bauxite deposits, including synchysite, bastnäsite, cerianite, and churchite in the Wulong-
Nanchuan bauxite of Chongqing city [19]; parisite in the bauxite of northern Guizhou
Province [20]; bastnäsite, parisite, cerianite, rhabdophane, and churchite in the bauxite of
western Guangxi Province [5]; and xenotime in the bauxite of western Henan Province [21].

The bauxites in Guizhou Province mainly occur in the Lower Carboniferous Jiujialu
Formation in central Guizhou and the Lower Permian Dazhuyuan Formation in northern
Guizhou. More than 90 deposits (mining sites) have been found in central Guizhou, and
the total resource reserves are estimated at 518 million tons [22]. Although numerous
studies have investigated the mineralogy, geochemistry, parental affinity, and metallogenic
patterns in the past two decades [9,23–28], the forms of REEs have yet to be identified.
Particularly, this study has important implications for further exploration and utilization of
REEs occurring in karst bauxite. Numerous studies have indicated that the karst bauxites
in central Guizhou also contains relatively high REE concentrations. For instance, Long
et al. [9] reported ∑REE contents in the Yunfeng bauxite ores of 266.3 ppm to 2188 ppm
(mean 1051 ppm). Wu et al. [29] reported ∑REE contents of 208.9 ppm to 772.0 ppm
(mean 403.6 ppm) in the Maochang bauxite ores. Luo et al. [28] reported ∑REE contents
in the Lindai bauxite ores of 734.7 ppm to 1756 ppm (mean 1350 ppm). Based on these
considerations, this study focuses on the most representative Lindai bauxite deposit in
central Guizhou Province. The primary objectives of our study are to analyze the genesis
of REE minerals and reveal the forms of REEs occurring in these deposits.

2. Geological Setting
2.1. Regional Geology

Geotectonically, central Guizhou is positioned on the southwestern border of the
Yangtze Craton of the South China Block (Figure 1a). This area has been a stable passive
continental margin since the late Sinian period, forming a set of thick sedimentary for-
mations dominated by marine carbonate rock intercalated with fine detrital rock during
the Cambrian period [30]. At the end of the Ordovician period, the Caledonian Move-
ment resulted in the exposure of Cambrian and Ordovician stratigraphic units in central
Guizhou, forming the Qianzhong Uplift [31]. Subsequently, after nearly 100 million years
of large-scale weathering and erosion, central Guizhou became a karstic plain at the end
of the Devonian period [23]. Central Guizhou had karstic depressions and lakes during
the Carboniferous Visean age due to the large-scale transgression of the South China Sea
from south to north [23]. During this time, the primary bauxitic materials weathered from
the underlying bedrock were transported into these karst landforms, depositing a set of
ore-bearing rock series in the Lower Carboniferous Jiujialu Formation [28].

The regional structure is relatively complex, dominated by NE-trending folds, as
well as NE-, NNE-, and NW-trending faults (Figure 1b). The Paleozoic sedimentary
records from oldest to youngest comprise the Cambrian Niutitang Formation, Mingxinsi
Formation, Jindingshan Formation, Qingxudong Formation, Gaotai Formation, Shilengshui
Formation, Loushanguan Formation, Carboniferous Jiujialu Formation, Baizuo Formation,
Permian Liangshan Formation, Qixia Formation, Maokou Formation, Longtan Formation,
Changxing Formation, and Dalong Formation (Figure 2). The Carboniferous karst bauxite
deposits in central Guizhou are hosted in the Lower Carboniferous Jiujialu Formation,
which overlies the paleokarst weathered surface of the Cambrian carbonate rock and
underlies the Lower Carboniferous Baizuo Formation dolomite. According to the sequence
stratigraphy, palaeopalynology, and palaeobotany, the Jiujialu Formation was formed in
the early middle stage of the Mississippian Visean age [32–34].
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Figure 2. Paleozoic stratigraphic sequences in central Guizhou area (modified from [28]).

2.2. Deposit Geology

The Lindai bauxite deposit is located 25 km northwest of Qingzhen city in central
Guizhou. The stratigraphic units from oldest to youngest include the Cambrian carbonate
rock and fine detrital rock (i.e., Jindingshan Formation, Qingxudong Formation, Gaotai
Formation, and Shilengshui Formation), Carboniferous ore-bearing rock series (i.e., Jiujialu
Formation) and dolomite (i.e., Baizuo Formation), Permian fine detrital rock and carbonate
rock (i.e., Liangshan Formation, Qixia Formation, Maokou Formation, Longtan Formation,
Changxing Formation, and Dalong Formation), and Triassic dolomite (Figures 1c and 2).
The Jiujialu Formation ore-bearing rock series unconformably overlies the Shilengshui
Formation and underlies the Baizuo Formation (Figure 3b). The Shilengshui Formation
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consists of dolomite intercalated with hydromica claystone and purple-red mudstone,
representing the autochthonous basement of the Jiujialu Formation. The Baizuo Formation
consists of dolomite and dolomitic limestone, representing the cover rock of the Jiujialu
Formation. The thickness of the Jiujialu Formation varies from several meters to more than
twenty meters and contains three layers based on the following lithologic characteristics
from bottom to top [27]: (1) the lower layer is 0 to 8 m thick, consisting of iron-rich bauxitic
claystone and bauxitic claystone, (2) the middle layer is 0 to 10 m thick, consisting of
stratiform and lenticular bauxite orebodies, and (3) the upper layer is 0 to 6 m thick,
consisting of bauxitic claystone, carbonaceous shale with abundant pyrite nodules, and
fossil plant fragments (Figure 3a). The bauxite ore is grey and is represented by clastic,
pisolitic, and compact structures (Figure 4a–c). Geochemical data suggest that the Lindai
bauxite deposit was mainly derived from a mixed lithology, including underlying Cambrian
Shilengshui Formation dolomite, hydromica claystone, and purple-red mudstone, rather
than single dolomite considered by previous studies [28]. The genesis of the Lindai bauxite
deposit, including the parental affinity, mineral genesis, migration and sedimentation, and
ore-forming process of the bauxite, has been described in detail by Luo et al. [28].
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bauxite ore of the LD-12 sample (modified from [28]). (b) Gray compact bauxite ore of the LD-15
sample. (c) Gray black laminated bauxitic claystone of the LD-18 sample (modified from [28]).
(d) Matrix-supported clastic texture in the LD-12 sample (plane-polarized light). (e) Matrix-supported
pisolitic texture in the LD-15 sample (plane-polarized light). (f) Pelitomorphic texture in the LD-18
sample (cross-polarized light). (g) Diaspore, illite, anatase, zircon, and monazite in the LD-12 sample.
(h) Diaspore, illite, anatase, zircon, and xenotime in the LD-15 sample. (i) Granular kaolinite, illite,
and zircon are scattered in the kaolinic matrix in the LD-18 sample. Abbreviations: Dsp = diaspore,
Ilt = illite, Ant = anatase, Zrn = zircon, Kln = kaolinite, Mnz = monazite, Xnt = xenotime.

3. Sampling and Analytical Methods

A total of 19 samples were selected from the representative vertical profile in the Lindai
bauxite deposit, including an upper bauxitic claystone (LD-01–LD-03) and carbonaceous
shale (LD-04–LD-09) layer, a middle bauxite ore layer (LD-10–LD-16), and a lower bauxitic
claystone (LD-17–LD-18) and ferruginous claystone (LD-19) layer (Figure 3b). The analytical
methods, procedures, detection limits, and results of the whole-rock major, trace, and REE
contents of all 19 samples have been described in detail by Luo et al. [28]. Here, we further
investigate the mineralogical and geochemical characteristics of these representative bauxite
ore samples to reveal the forms of REEs occurring in the samples.

The petrography and mineralogy of the bauxite ore samples were obtained by opti-
cal microscopy and scanning electron microscopy with energy dispersive spectrometry
(SEM-EDS). The micromorphological observations and microchemical determinations of
the minerals (including REE minerals) were performed using a JSM-7800F thermal field
emission scanning electron microscope (FE-SEM, Japan Electronics Co., Ltd., Tachikawa,
Japan) equipped with an TEAM Apollo XL energy dispersive spectrometer (EDS, Britain
EDAX Co., Ltd., Cambridge, UK), with the following operating conditions: accelerating
voltage of 20 kV, current of 10 nA, working distance of 10 mm, and a beam diameter
of 1 µm. Before performing SEM-EDS, a thin section was sprayed with a thin layer of
carbon. SEM-EDS was carried out at the State Key Laboratory of Ore Deposit Geochemistry,
Institute of Geochemistry, Chinese Academy of Sciences. The petrographical observations
were conducted using an Axio Scope A1 (ZEISS) microscope at the College of Resources
and Environmental Engineering, Guizhou University.

Mineral and REE scanning maps of the representative bauxite ore samples were
obtained by a TESCAN Integrated Mineral Analyzer (TIMA) system at the Nanjing
Hongchuang Geological Exploration Technology Service Company. The TIMA consists of
a Mira-3 scanning electron microscope with four energy dispersive X-ray spectrometers
(EDAX Element 30). The operating conditions were set as: accelerating voltage of 25 kV,
probe current of 9 nA, working distance of 15 mm, pixel spacing of 2.5 µm, and dot spacing
of 7.5 µm. Before performing TIMA, a thin section was sprayed with a thin layer of carbon.
The current and BSE signal strength were calibrated using the automated procedure on the
platinum Faraday cup, and the EDS signal was calibrated using the Mn standard sample.
The BSE images and EDS data of analytical sample were obtained using TIMA liberation
analysis mode. The obtained EDS data were matched with the mineral definition library to
identify the mineral and perform mineral mapping.

4. Results and Discussion
4.1. Mineralogy and Petrography

The petrographic study demonstrates that the bauxite ores have primarily a clastic
texture, followed by a pisolitic texture (Figure 4d–e), whereas the bauxitic claystone exhibits
a pelitomorphic texture (Figure 4f). Notably, the vast majority of clastic textures are matrix-
supported, and grain-supported textures only occur locally. In the clastic textures, the
grains typically have fine clastic, pseudo-breccia, and occasionally oolitic textures. Grains
of various sizes and shapes occur without any sorting or directional structures. They
are scattered in the matrices composed of diaspore and clay minerals, indicating that
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these bauxite ores have undergone short-distance transportation by gravity flow before
sedimentation and were not autochthonous [23,35].

The mineralogical compositions detected by TIMA analysis show that the represen-
tative bauxite ore is composed mostly of diaspore (59.65%) and illite (38.06%), followed
by minor amounts of anatase (1.11%), kaolinite (0.9%), zircon (0.08%), dravite (0.07%),
hematite (0.07%), chamosite (0.03%), monazite (0.008%), and xenotime (0.002%) (Figure 5).
Some other minerals were also detected by SEM-EDS, including pyrite, cassiterite, barite,
chalcopyrite, galena, arsenopyrite, and REE minerals, such as monazite and xenotime
(Figure 4g–i) [28].
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4.2. Geochemical Compositions

A trace element analysis shows that the Jiujialu Formation ore-bearing rock series
contains enriched REE contents. The ∑REE values in the bauxite ore, carbonaceous shale,
and bauxitic claystone samples range from 734.7 to 1756 ppm (mean 1350 ppm), 1081 to
2190 ppm (mean 1459 ppm), and 329.7 to 792.9 ppm (mean 547.3 ppm), respectively (Table
S1 and Figure 6). Regarding the REE composition, the Ce content is the highest in the
bauxite ores, followed by the La, Nd, Pr, Sm, Gd, Dy, Er, and Yb contents (Figure 6). The
high ∑light REEs (LREEs, La–Eu)/∑heavy REEs (HREEs, Gd–Lu) ratios of the bauxite ore
(5.09–12.12), carbonaceous shale (11.12–39.03), and bauxitic claystone (7.58–15.89) samples
indicate that the LREEs are significantly enriched relative to the HREEs in all samples. In
addition, the Y contents in the bauxite ore, carbonaceous shale, and bauxitic claystone
samples range from 109.5 to 304.0 ppm (mean 167.9 ppm), 62.40 to 155.0 (mean 99.52 ppm),
and 47.80 to 89.20 (mean 64.04 ppm), respectively.

A correlation analysis (with a significance level of p < 0.05) (Figure 7) reveals that
the ∑REEs and ∑LREEs have strong negative correlations (correlation coefficient of −0.68
to −0.76) with the Zr and Hf contents. The ∑REEs and ∑LREEs have high positive
correlations (correlation coefficient of 0.77 to 0.81) with Na2O and weak or no correlations
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with Al2O3, TiO2, SiO2, Fe2O3, Nb, and Ta. Conversely, the ∑HREEs have significantly
positive correlations (correlation coefficient of 0.81 to 0.96) with P2O5, Fe2O3, Th, and Y.
The Th and Y contents have very strong positive correlations (correlation coefficient of 0.79
to 0.87) with the P2O5 and Fe2O3 contents.
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4.3. REE Minerals

A relatively large number of REE minerals, including monazite and xenotime, were
discovered in the bauxite ores by TIMA mineral scanning (Figure 8) and SEM-EDS obser-
vations (Figures 9 and 10). These REE-bearing mineral phases are identified as rare earth
phosphate minerals and can be divided into four major groups based on their chemical
composition and morphology, namely detrital monazite (Figure 9a–e), authigenic monazite
(Figure 9f–i), detrital xenotime (Figure 10a–d), and authigenic xenotime (Figure 10e–i).
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Figure 9. SEM backscattered electron (BSE) images of monazite and representative EDS spectra. (a,b)
Detrital monazite presents subhedral crystals with rounded margins; (c) detrital monazite presents
anhedral crystals with rounded margins; (d,e) detrital monazite presents discontinuous fragments;
(f–i) authigenic monazite showing the coexistence of irregular monazite, cryptocrystalline diaspore,
and euhedral anatase.

In general, detrital monazite minerals occur as subhedral (Figure 9a,b), anhedral
(Figure 9c), and discontinuous fragments (Figure 9d,e) in the core of the ooid dominated by
diaspore. In comparison, the authigenic monazite minerals are subhedral (Figure 9g) and
have irregular shapes (Figure 9f,h,i). They commonly exhibit intergrowth with diaspore
and anatase. The Th content (1.69 wt% to 5.79 wt%) is higher in the detrital monazite and is
extremely low in the authigenic monazite (0 to 0.61 wt%), or no Th was detected (Table S2).
Both types of monazites contain high concentrations of Nd, except for one detrital monazite.
In addition, low contents of Ca and Si are observed in the detrital monazite in some cases.
The EDS spectra (Figure 9) and Table S2 indicate that the detrital and authigenic monazites
are enriched in LREEs, such as La, Ce, and Nd, and there are no HREEs (or they are below
the detection limit of the EDS).
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Figure 10. SEM backscattered electron (BSE) images of xenotime and representative EDS spectra.
(a) Detrital xenotime showing the xenotime crystal is surrounded by zircon crystal; (b–d) detrital
xenotime presents subhedral crystals with rounded margins; (e,f) authigenic xenotime presents
anhedral crystals with sharp and non-round margins; (g–i) authigenic xenotime presents euhedral
crystals with regular and non-round margins.

The detrital xenotime crystals are subhedral (Figure 10b–d), occurring as single crystals
distributed in the matrices dominated by diaspore and illite or surrounded by zircon
crystals (Figure 10a). However, the authigenic xenotime minerals are characterized by small
anhedral (Figure 10e,f) and euhedral crystals (Figure 10g–i). In contrast to the monazite,
the authigenic and detrital xenotimes generally contain, besides Y, substantial amounts of
HREEs, such as Gd, Dy, Er, and Yb, but no LREEs (or they are below the detection limit
of the EDS). Low Th and U contents are only sporadically detected in xenotime (Table S2).
The occurrence of minor amounts of major elements, including Si, Al, Ti, and K, in the
authigenic and detrital xenotimes can be explained by the admixture of the surrounding
bauxite minerals, such as diaspore, illite, and anatase, during the composition analysis
(Figure 10 and Table S2), since the xenotime grains are smaller than the diameter of the
electron beam.
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4.4. Genesis of REE Minerals

Monazite and xenotime, with a generalized chemical formula of [(REE) PO4], belong
to anhydrous rare-earth phosphate minerals [36]. Numerous studies have indicated that
monazite and xenotime are relatively stable, weather-resistant minerals. They generally
coexist within peraluminous granite, syenite, pegmatitic granite, quartz vein, carbonatite,
charnockite, migmatite, and paragneiss as accessory phases, in addition to placer deposits,
or are associated with coastal sediments [37–41]. In recent years, large amounts of monazite
and xenotime with detrital and authigenic origins have been reported in karst bauxite
deposits worldwide [3,13,21,42–46]. According to the mineralogical analysis and previous
studies, the genesis of monazite and xenotime discovered in this study is discussed below.

4.4.1. Monazite

In the backscattered electron images, the monazite discovered in this study is pre-
dominantly present in two forms: surrounded by the diaspore ooid (Figure 9a–c,e) and
coexisting with the cryptocrystalline diaspore aggregates and euhedral anatase (Figure 9f–i).
The monazite crystals surrounded by the diaspore ooid are mainly characterized by subhe-
dral, anhedral, and broken crystal forms. The grains are oval, elongated, approximately
20 µm in size, and have rounded margins, indicating the transportation, physical abrasion,
and chemical weathering before the formation of the diaspore ooid; thus, they have a
detrital origin [40]. In general, the Th content is significantly higher in monazite with a
magmatic origin than that with metamorphic and sedimentary origins [47,48]. Interest-
ingly, this pattern is also consistent with the Th content in the monazite discovered in this
study, i.e., the Th content is much higher in the detrital monazite than in the authigenic
monazite (Table S2). This evidence demonstrates that these monazite crystals surrounded
by the diaspore ooids (Figure 9a–c,e) were inherited from the Lindai bauxite protolith
(i.e., the Cambrian Shilengshui Formation dolomite, hydromica claystone, and purple-red
mudstone) and were not formed during weathering and bauxitization.

In contrast, the rest of the monazite grains are characterized by subhedral, irreg-
ular shapes, commonly intergrown with the cryptocrystalline diaspore aggregates and
euhedral anatase (Figure 9f–i), indicating that these monazites have co-precipitated and
co-crystallized with the diaspore and anatase during ore formation. An increasing number
of studies have shown that, in addition to the transformation of gibbsite and boehmite
to diaspore by metamorphism, supergene crystallization under reducing and alkaline
conditions is the dominant type of genesis of some diaspore and anatase in karst bauxites
worldwide [8,49–52], including the Carboniferous bauxite in central Guizhou [28,53]. Dur-
ing the formation of the Lindai bauxite, the weathering of the parent rock consisting of
dolomite, hydromica claystone, and purple-red mudstone leads to the decomposition of
some primary minerals (e.g., feldspar and mica) and the formation of secondary phases
such as clay minerals, as well as iron and manganese and aluminum oxides/oxyhydroxides,
resulting in the adsorption of REE3+ released from the weathered mineral onto the sur-
face of clay minerals [42,54–56]. Subsequently, these weathered materials (i.e., primary
bauxitic materials) enriched in REE3+ (especially LREE3+) were transported by the tides
(waves) generated by transgression and storm-generated seasonal floods into adjacent
karstic depressions [28]. After the decomposition and transformation of minerals in the
primary bauxitic materials, these REE3+ were released into solution [5]. The waters in the
karstic depressions located above the carbonate rock are weakly alkaline to alkaline in
pH [42,43,49]. Eventually, these LREE3+ (e.g., La, Ce, and Nd) were typically combined
with phosphoric acid dissolved from the phosphate, forming authigenic monazite ((Ce, La,
or Nd) PO4), cryptocrystalline diaspore, and euhedral anatase by supergene crystallization
under alkaline and reducing conditions. In contrast, the residual monazite grains formed
an oolitic texture surrounded by the cryptocrystalline diaspore.



Minerals 2023, 13, 320 12 of 18

4.4.2. Xenotime

Similar to the monazite, the xenotime discovered in this study also shows evidence of
detrital and authigenic origins. The detrital xenotime grains are mainly characterized by
subhedral crystals (Figure 10b–d), oval grains, rounded grain margins, and a diameter of
2 to 4 µm, occasionally reaching 20 µm, indicating that these xenotime grains, similar to the
monazite, originated from the Lindai bauxite protolith and experienced physical abrasion
and chemical weathering during transportation and deposition. One xenotime crystal
occurred as an inclusion within a single zircon crystal (Figure 10a), suggesting that both
originated from the Lindai bauxite protolith. The rest of the xenotime grains have anhedral
(Figure 10e,f) and euhedral crystal forms with sharp and regular margins (Figure 10g–i),
suggesting an authigenic origin [57].

Previous studies have suggested that the authigenic xenotime precipitated under
acidic and reducing conditions during the diagenetic stage, accompanied by sufficient
concentrations of REEs, Y, and phosphate [58,59]. However, the acidic and oxidizing
environments during weathering and laterization [5], as well as alkaline and reducing
environments during the crystallization of monazite, diaspore, and anatase, are not suitable
for the precipitation of xenotime. Therefore, the authigenic xenotime was more likely
formed in the reformation stage of primary bauxitic materials with Al enrichment and Si
and Fe removal after sedimentation. The acidic and reducing environments during this
stage have been confirmed [25].

4.5. Occurrence Forms of REE

The REE minerals identified in this study show that the detrital and authigenic mon-
azite are enriched with LREEs, whereas the detrital and authigenic xenotime are generally
enriched with HREEs. Previous studies have shown that REEs can occur in different min-
eral phases in different forms, including REE individual minerals, zircon, apatite, garnet,
clay minerals, Ti-bearing minerals (e.g., sphene, titanite, and rutile), and Fe and Mn ox-
ides/hydroxides [45,60]. Therefore, in this section, the REE scanning maps obtained by
TIMA analysis (Figures 11 and 12) and the correlation coefficients between the contents of
REEs and some major and trace elements (Table 1) were used to identify the forms of REEs
in the Lindai bauxite.
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(a) All minerals; (b) anatase; (c) La element; (d) Ce element; (e) Pr element.
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Figure 12. TIMA mineral and REE scanning maps of the representative Lindai bauxite ores. (a) All
minerals; (b) hematite; (c) Sm element; (d) Eu element; (e) Gd element; (f) Tb element; (g) Dy element;
(h) Ho element; (i) Er element; (j) Tm element; (k) Lu element.
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Table 1. Correlation coefficients (Pearson’s r) between REEs and some major and trace elements and
REEs in the Lindai bauxite deposit, central Guizhou Province.

SiO2 Al2O3 TiO2 Fe2O3 Na2O K2O CaO MgO MnO P2O5 Zr Y

La −0.41 0.44 0.41 −0.05 0.05 0.02 −0.39 0.39 −0.23 0.73 * −0.09 0.39
Ce −0.45 0.44 0.43 0.08 0.02 0.01 −0.33 −0.41 −0.09 0.83 ** −0.02 0.46
Pr −0.25 0.29 0.25 −0.12 0.24 0.13 −0.20 −0.19 −0.27 0.70 * −0.27 0.36
Nd −0.19 0.21 0.16 −0.05 0.32 0.16 −0.08 −0.10 −0.19 0.74 * −0.31 0.42
Sm −0.22 0.09 0.06 0.43 0.25 0.05 0.07 −0.08 0.32 0.89 ** −0.08 0.74 *
Eu −0.29 0.12 0.11 0.57 0.16 −0.01 0.02 −0.15 0.46 0.92 ** 0.05 0.83 **
Gd −0.34 0.14 0.15 0.69 * 0.06 −0.07 −0.04 −0.23 0.59 0.92 ** 0.18 0.90 **
Tb −0.43 0.22 0.25 0.75 * −0.04 −0.16 −0.16 −0.34 0.63 0.93 ** 0.30 0.95 **
Dy −0.50 0.28 0.32 0.79 * −0.13 −0.20 −0.24 −0.43 0.66 0.92 ** 0.39 0.98 **
Ho −0.54 0.32 0.38 0.78 * −0.19 −0.22 −0.27 −0.47 0.65 0.89 ** 0.45 0.99 **
Er −0.58 0.38 0.44 0.76 * −0.25 −0.25 −0.31 −0.52 0.62 0.88 ** 0.49 0.99 **
Tm −0.65 0.46 0.52 0.72 * −0.31 −0.30 −0.37 −0.59 0.57 0.87 ** 0.53 0.98 **
Yb −0.68 * 0.51 0.57 0.67 −0.33 −0.31 −0.41 −0.62 0.50 0.86 ** 0.53 0.96 **
Lu −0.70 * 0.54 0.59 0.64 −0.34 −0.35 −0.41 −0.64 0.48 0.84 ** 0.54 0.95 **

Note: * represents a significant correlation at p < 0.05 and ** represents a highly significant correlation at p < 0.01.

A correlation analysis of REEs and major and trace elements showed that the REE
content has no or weak correlation with the Al2O3, SiO2, K2O, Na2O, CaO, MgO, and Zr
contents, indicating that Al oxyhydroxides (e.g., diaspore and boehmite), clay minerals
(e.g., kaolinite and illite), and zircon have a negligible impact on the REE distribution [3].
However, the Sm, Eu, and HREE contents have a moderate to significantly positive cor-
relation (R2 = 0.43 − 0.79) with the Fe2O3 content, which seems to indicate that Fe ox-
ides/hydroxides (e.g., hematite and goethite) have an important role in the enrichment
of HREEs, in addition to xenotime [61,62]. In addition, the REE content has significantly
positive correlations with the P2O5 and Y contents, suggesting that the REE distributions
were also associated with Y- and P-bearing REE minerals [62]. Thus, the correlation analysis
results indicate that we cannot exclude the possibility that Fe oxides/hydroxides control
the distribution of some HREEs.

On the other hand, the REE (La–Lu) scanning maps obtained by the TIMA analysis
show that, in addition to the anatase and hematite, no REE distribution was found in other
rock-forming minerals including diaspore, illite, kaolinite, and zircon (Figures 11 and 12).
Combined with the correlation analysis, this further confirms that diaspore, clay minerals,
and zircon are not the host minerals of REEs in the bauxite ore. In contrast, some LREEs,
including La, Ce, and Pr, are enriched in the anatase in addition to the monazite (Figure 11a–e),
whereas the hematite also controls relatively large amounts of Sm, Eu, and HREE (such as
Gd, Tb, Dy, Ho, Er, Tm, and Lu) distributions (Figure 12a–k). Although many scholars have
recognized that Fe oxides/hydroxides and Ti-bearing minerals have important roles in the
REE distribution and act as scavengers for REEs [8,63,64], the mechanism of REE scavenging
by hematite and anatase are not well understood [62]. Of course, we cannot yet comment on
the mechanism of REE scavenging by hematite and anatase at this stage, but this will be an
interesting direction for future studies.

In summary, REEs in the Lindai bauxite deposit exhibit multiple forms, including the
rare-earth phosphate minerals (monazite and xenotime) and REE scavenging by hematite
and anatase phases. Based on the percentage composition of REE-bearing mineral phases,
including monazite, xenotime, hematite, and anatase, in the bauxite ore, the percentage of
each occurrence form was calculated. Namely, the REE scavenging by hematite accounted
for 93.28% of all forms of REEs, REE scavenging by anatase accounted for 5.88%, monazite
accounted for 0.67%, and xenotime accounted for 0.17%.

4.6. Implications for the Formation of Bauxite

Although previous studies have demonstrated that the bauxite deposits in central
Guizhou are mainly derived from the underlying Cambrian dolomite [25], Luo et al. [28]
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believed that at least the source rock of the Lindai bauxite in the Qingzhen area was
dominated by aluminosilicate rock based on a geochemical investigation. After all, the
aluminum contents of hydromica claystone (24.96% to 25.60%) and purple-red mudstone
(8.33% to 10.40%) in the Cambrian Shilengshui Formation are approximately 26.9- and
10-fold higher than those in the dolomite (0.26% and 1.61%, respectively) [28]. Generally,
the vast majority of REEs in the sedimentary rock are considered to be enriched in detrital
clay and silt particles, as well as in heavy mineral phases, such as zircon, rutile, and
monazite [59]. It is indisputable that REEs and REE-bearing minerals in carbonate rock
are extremely rare. Therefore, the presence of large numbers of weather-resistant minerals,
including detrital monazite and xenotime, in the bauxite ores suggests the contribution of
aluminosilicate rock to the formation of the Lindai bauxite. Most of these weather-resistant
minerals originate from the parent rock of the bauxite, suggesting that the bauxite deposits,
whose underlying and surrounding strata are dominated by aluminosilicate rock, are the
most likely source of the REEs.

Although the Carboniferous karst bauxite deposits in central Guizhou are thought to
have formed during the early middle stage of the Mississippian Visean age, there has been a
lack of reliable isotope chronological evidence to determine the formation age. Interestingly,
the identification of authigenic monazite and xenotime minerals enables us to use Th–U–Pb
isotope chronology to determine the formation age of karst bauxite in central Guizhou
Province. Certainly, this possibility will be investigated in-depth in a follow-up study.

5. Conclusions

(1) The mineralogical evidence obtained by TIMA analysis and SEM-EDS observations
shows that the forms of REEs in the Lindai bauxite deposit include rare-earth phosphate
minerals (monazite and xenotime) and REE scavenging by hematite and anatase phases.

(2) REE (La–Lu) scanning maps obtained by TIMA analysis show that, in addition to
the hematite and anatase, no REE distribution was found in the diaspore, illite, kaolinite,
and zircon. Among them, the anatase controls some LREE (such as La, Ce, and Pr) distribu-
tions, whereas the hematite also controls relatively large amounts of Sm, Eu, and HREE
(such as Gd, Tb, Dy, Ho, Er, Tm, and Lu) distributions.

(3) Based on the percentage composition of REE-bearing mineral phases, REE scav-
enging by hematite accounted for 93.28%, REE scavenging by anatase accounted for 5.88%,
monazite accounted for 0.67%, and xenotime accounted for 0.17% of all forms of REEs.
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