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ARTICLE INFO ABSTRACT

The Carboniferous karstic bauxite-bearing rock series in central Guizhou Province in southwest (SW) China is
rich in trace elements, particularly Li, Ga, V, and rare earth elements (REEs), which have potential for com-
prehensive utilization as independent deposits or associated resources. However, the host minerals of Li, Ga, V,
and REEs are not well-constrained because the sedimentary rocks are characteristics by complex mineral
composition and fine mineral particles. This situation considerably hinders the compressive utilization of these
trace elements in bauxite. Herein, laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS)
was successfully applied to element geochemistry analysis of hydrous minerals (diaspore/boehmite, kaolinite,
and illite) in karstic bauxite samples, based on the principle that laser ablation data of all oxides were normalized
to the sum of 100% minus the total volatile components of the mineral chemical formula. The analysis showed
signal stabilization. Results indicated that the bivariate plots of selected elements had characteristics similar to
statistical results of whole-rock samples from global bauxites, thereby indicating that the LA-ICP-MS analysis
data were reliably but artificially herein. Combined with whole-rock geochemistry studies, the analysis results
revealed that smectite may be the main host minerals of Li. Furthermore, Ga was enriched in diaspore/boehmite;
V was mainly enriched in iron-bearing minerals, particularly chlorite; and REE-independent minerals, such as
monazite, were the main host minerals of REEs in the Carboniferous karstic bauxite in SW China. This study
contributed to the knowledge on the use of in-situ method for the element geochemistry investigation of hydrous
minerals and sedimentary rocks.
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1. Introduction et al., 2014, 2016; Zamanian et al., 2016). However, the host minerals

of Li, Ga, V, and REEs are not well-constrained because bauxite samples

Recent studies revealed that karstic bauxite-bearing rock series
around the world are rich in trace elements, including Li, Ga, V, Ti, Zr,
Hf, Nb, Ta, and rare earth elements (REEs) (e.g., Mameli et al., 2007; Li
et al., 2013; Liu et al., 2016; Ahmadnejad et al., 2017; Mongelli et al.,
2017; Ling et al., 2018). It has the potential for comprehensive utili-
zation as independent deposits or associated resource (Wang et al.,
2010, 2013). Understanding host mineral and mode of occurrence of
these trace elements in bauxites are important in assessing the eco-
nomic potential of bauxite deposits. The elements Ti, Nb, and Ta are
mainly enriched in Ti-dioxide mineral, and the elements Zr and Hf are
controlled by zircon in bauxites (Mordberg et al., 2001; Liu et al., 2013;
Gao and Liu, 2014). These elements are considered immobile during
ore-forming processes and ultimately become enriched in bauxite-
bearing rocks (Calagari and Abedini, 2007; Liu et al., 2013; Mongelli

show fine mineral particles and complex mineral composition. Thereby,
the comprehensive utilization of these trace elements is largely hin-
dered in bauxite, even though Ga and V have been successfully ex-
tracted as by-products of Al production (Calagari and Abedini, 2007;
Wang et al., 2012; Hanilci, 2013).

Laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) is an excellent instrument for in-situ elemental geo-
chemical analysis and it provides an effective method to reveal the
chemical composition of minerals. However, except for a few rock
types, such as conglomerate and sandstone, the majority of sedimentary
rocks have been barely studied by in-situ analysis methods in the last
century, because the mineral particles of sedimentary rock, including
bauxite, are smaller than 10 pm, which is much smaller than the dia-
meter of the laser beam (typically greater than 32 um) used in
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LA-ICP-MS. Additionally, obtained reliable data from in-situ
LA-ICP-MS study of the fine-grained minerals in sedimentary rock is
difficult because the analysis objects are complex mineral aggregates
and amorphous materials instead of a single mineral crystal. In recent
years, LA methods were successfully applied to non-single mineral
analysis. For instance, Konhauser et al. (2009) used LA and solution
(whole-rock digestion) methods to analyze banded iron formation (BIF)
samples; analysis results showed strong correspondence during the re-
construction of Ni/Fe ratios through time. Baldwin et al. (2011) suc-
cessfully applied the LA method to analyze the trace element compo-
sition of chert micro-bands. In order to examine the analytical artifacts
resulting from differences in in-situ laser ablation versus solution ana-
lyses, Robbins et al. (2019) systematically compared the LA data and
solution values in BIF. The results showed that the LA data were nearly
similar to the solution data. The preceding research achievements in-
dicate that LA provides an effective method for sedimentary rocks and
micro-sampling analysis.

In bauxite research, only a few LA-ICP-MS applications focused on
detrital zircon U-Pb dating and Hf-O isotopic studies (Deng et al.,
2010; Wang et al., 2010, 2016, 2018; Gu et al., 2013; Zhao et al., 2013;
Huang et al., 2014; Yu et al., 2014a, 2016; Hou et al., 2017; Yang et al.,
2018), which were used to investigate the genesis, provenance, and
tectonic evolution of bauxite deposits. In addition, LA-ICP-MS was
successfully applied to a pyrite trace element study on bauxite from
Guangxi, China (Liu et al., 2017) because the pyrites showed either
coarse-grained and euhedral or framboidal shapes with chemical purity,
and therefore could be treated as a single crystal. However, the anion
composition (i.e., OH™) cannot be analysis by LA-ICP-MS, so that
hydrous minerals such as diaspore, boehmite, kaolinite, illite, which
may be the main host minerals of element Li-Ga-V-REE in bauxite, has
never been studied by in-situ method. One interesting study is that by
Chen et al. (2014), which had successfully accurately analyzed the
major and trace elements of hydrous silicate minerals hornblende,
epidote, tourmaline, and tremolite. The total content of the volatile
components in the hydrous silicate minerals was first calculated
through mineral constant stoichiometry. The major and trace elements
were quantified by calibrating against multiple reference materials
combined with normalization of all oxides to the sum of 100% minus
the total volatile components (TVC). The analyses results reveal that
major elements matched the results of electron microprobe analyses
generally within 5% of uncertainty, whereas the trace elements were
consistent with the results of solution—-ICP-MS analysis combined with
micro-sampling within generally 10% uncertainty for trace and REE
elements. The above analyses shed light on the use of the in-situ method
to investigate the trace element concentrations in the hydrous minerals
in bauxites. Therefore, in this study, the LA-ICP-MS was applied to the
research on aluminum oxide mineral and clay mineral aggregates try to
reveal the main host minerals of Li, Ga, V, and REEs in Carboniferous
karstic bauxites in southwest China.

2. Geological background and geological features
2.1. Geological background

The Carboniferous karstic bauxite, which is mainly located in cen-
tral Guizhou Province in SW China, is typically characterized as global
karstic bauxite and is the key exploration areas for important mineral
resources in the country. The research area lies in the north Guizhou
anticline in the southern margin of the Yangtze Plate (Fig. 1; Guizhou
Bureau of Geology and Mineral Resources, 1987). During the early
Paleozoic, the Guizhou area was situated within a coastal shallow
marine environment (Rong et al., 2011; Chen et al., 2012). Since the
late Ordovician, the central Guizhou was uplifted forming the central
Guizhou Oldland, which constitutes one part of the ancient Upper
Yangtze Land. Conversely, the southern and southwestern regions of
Guizhou became a sedimentary basin (Fig. 1; Gao et al., 1992; Rong
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et al., 2011). This period was followed by 100 Ma of weathering and
peneplanation, which resulted in the absence of Devonian, Silurian, and
part of Ordovician strata in the central Guizhou region. These processes
also formed quasi-lysogenic landforms, which included several karst
depressions and basins that favored bauxite sedimentation (Fig. 1; Gao
et al.,, 1992). During the Early Carboniferous, bauxite precursor rocks
experienced weathering, deposition, and diagenesis processes and
formed the Carboniferous Jiujialu Formation Al-bearing rock series
mainly in the Qingzhen-Xiuwen and Xifeng-Zunyi karst basins (Fig. 1;
Gao et al., 1992; Guizhou Bureau of Geology and Mineral Resources,
1987).

2.2. Geological features

Since the Yunwushan deposit was first discovered in 1941, more
than 40 bauxite deposits, including the Xiaoshanba, Lindai,
Yunwushan, and Houcao deposits in central Guizhou province have
been discovered, with reserves exceeding 100 million tons (Figs. 1 and
2; Gao et al., 1992; Guizhou Department of Land and Resource, 2012).
The bauxite deposits in Central Guizhou Province are controlled by the
Central Guizhou anticlinorium and Ziyun-Yadu (ZY) and Pu-
ding-Guiyang-Huangping (PGH) faults, which strictly limited the dis-
tribution of the central Guizhou bauxite to the southern anticlinorium,
northern PGH fault, and eastern ZY Fault (Fig. 1; Gao et al., 1992). The
Xifeng—Zunyi ore belt is located in the northern limb of the anticli-
norium, whereas the Qingzhen-Xiuwen ore belt is located in the
southern limb (Gao et al., 1992; Fig. 1).

The exposed rock in the research area is primarily carbonate. The
overall regional structure has a north-northeast (NNE) strike with two
main fault orientations: northeast (NE) and NNE (Fig. 2). The ore body
is hosted by the Lower Carboniferous Jiujialu Formation which displays
unconformable contacts with the underlying lithologies (Fig. 3a, d). The
underlying stratum from SW to NE includes the Lower Cambrian
Qingxudong Formation dolomite, Middle Cambrian Gaotai and Shi-
lengshui Formation dolomite, Middle and Upper Cambrian Loush-
anguan Group dolomite, and Lower Ordovian Tongzi to Meitan For-
mation dolomite and argillaceous rocks (Figs. 1-3; Bardossy, 1982; Ling
et al., 2017). The Jiujialu Formation is usually associated with carbo-
naceous rocks/coal seams and ferruginous rocks/iron ores with thick-
ness in the range of 2-20 m (average of 8 m) (Fig. 3a—c, and e): (1) the
upper segment that consists of coal layers comprising clay stone and
black carbonaceous shale with the thickness ranging from 0.5 to 5 m
(Fig. 3b); (2) the middle segment comprising bauxite layers with
thickness in the range of 1-20 m (generally 5-10 m) (Fig. 3a and b); and
(3) the lower segment comprising iron layers, which are primarily
composed of red, steel gray, or dark ferruginous clay and iron rock with
the thickness ranging from 0 to 6 m (Fig. 3c and e).

3. Sampling and analytical methods

All samples were collected from outcrops and open pits in the
Xiaoshanba (XSB/XSB4), Lindai (LD/LD2), Yunwushan (YWS), and
Houchao (HC) bauxite deposits, central Guizhou Province, southwest
China (Figs. 2 and 3). The polished thin sections were prepared for
Scanning Electron Microscope equipped with an Energy Dispersive
Spectrometer (SEM-EDS) and LA-ICP-MS analyses. The former was
conducted using a Thermo Scientific Scios DualBeam SEM-EDS at In-
stitute of Geochemistry, Chinese Academy of Sciences (IGCAS).

In-situ analyses of bauxite samples were conducted using an Agilent
7900 LA-ICP-MS device equipped with a GeoLasPro 193 nm laser source
at the State Key Laboratory of Ore Deposit Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences (SKLODG-IGCAS).
Operating conditions were as follows: 44 um spot size, 5 Hz, and each
analysis incorporates an approximately 20-30 s background acquisition
(gas blank) followed by 50 s data acquisition from the sample. Multiple
analyses of international standards NIST SRM 610 and NIST SRM 612
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Fig. 1. (a) Inset map of the South China Plate showing the location of the research area. (b) Paleogeography and cross-section map of Lower Carboniferous Jiujialu
Formation, central Guizhou province, SW China (modified from Gao et al., 1992). ZY fault: the Ziyun-Yadu fault; PGH fault: the Puding-Guiyang-Huangping fault. (1)
Lindai deposit, (2) Xiaoshanba deposit, (3) Yunwushan deposit, and (4) Houcao deposit.

were used as calibration points and to constrain methodological error. All
element data used for standardization were obtained from GEOREM
(http://georem.mpch-mainz.gwdg.de/). Laser ablation data were pro-
cessed using the ICPMSDataCal combined with normalization of all
oxides to the sum of 100% minus the TVC of the chemical formula (Liu
et al., 2008; Liu et al., 2010; Chen et al., 2014), i.e., diaspore/boehmite
(AIO(OH); TVC = 15 wt%), kaolinite (Al [SisO10](OH)g; TVC = 13.9 wt
%), and illite (KAl5[(Si,Al)4010]1(OH)>nH>0; TVC = average 8.5 wt%)
(Pan et al., 2006). The analytical and data procedures are detailed in Liu
et al. (2008) and Chen et al. (2011, 2014). The data list in Table 1, which
will be used for analysis and discussion later, shows the elements with
relatively high content and stable signals of LA-ICP-MS, including Al,O3,
SiO,, FeO, MgO, P,0s, K,0, TiO,, Li, Ga, V, Sr, Zr, and ¥REE + Y
(Fig. 4).

The major element abundances of whole-rock samples are checked by
X-ray fluorescence (XRF) techniques (PANalytical, AXIOS-PW4400). The
sample was crushed to 200 mesh using a mortar, and then a 0.7 g sample
was weighted and a 7 g composite flux (Li;B40,:LiBO5:LiF = 4.5:1:0.4)
was added to platinum crucible before being mixed. The sample was
heated at 1150 °C in a melting machine until it melted to liquid, and then
analyzed by XRF before cooling and solidifying. The trace and REE
abundances were analyzed through whole-rock solution-ICP-MS tech-
niques (PlasmaQuant MS Elite). The ICP-MS measurements were quality
controlled using international standard samples OU-6, AMH-1, and
GBPG-1 (Potts et al., 2000, 2001; Thompson et al., 1999), and the re-
lative standard deviation (RSD) was better than 10%. The detailed ana-
lytical procedures were described by Franzini et al. (1972) and Qi et al.
(2000). The analyses of major, trace, and REE elements were accom-
plished at SKLODG-IGCAS and the results are summarized in Table 2.

The mineral components were analyzed at SKLODG-IGCAS by X-ray

diffraction (XRD; Panalytical Empyream) equipped with PIXcel3D area
detector, operating under the following conditions: at 40 kV and 40 mA.
The XRD measurements were monitored by the instrument standard Cu
Ko target, and semi-quantitatively calculated by the K value method
(Table 3; Mordberg et al., 2000).

4. Results
4.1. Texture and mineralogy

Bauxite commonly consists of clastic, pisolitic/oolitic, and compact
ores in the Carboniferous Jiujialu Formation, central Guizhou Province,
southwest China (Fig. 5a—c). The clastic bauxite usually has off-white or
ash-black color and exhibits clastic texture (Fig. 5a). The pisolitic/oo-
litic bauxite is commonly gray and characterized by pisolitic/oolitic
texture (Fig. 5b). The compact bauxite is slippery and exhibits pelito-
morphic texture (Fig. 5c¢).

The SEM analyses of the bauxite samples showed similar mineral
compositions to other bauxites around the world (Mongelli, 1997;
Laskou and Economou-Eliopoulos, 2013; Liu et al., 2012; Wang et al.,
2012; Boni et al., 2013; Mongelli et al., 2014), which mainly comprise
diaspore and boehmite, followed by kaolinite, illite, smectite, and a
small amount of iron-bearing minerals and accessory minerals such as
anatase/rutile and zircon (Fig. 5d-i). The diaspore/boehmite particles
(2-10 pm) in clastic ore commonly have hypautomorphic crystal
structures and exhibit short prismatic or platy shapes (Fig. 5d and h),
whereas those in compact bauxites have xenomorphic crystal texture
with fine particles (commonly less than 1 pm) (Fig. 5f). The pisolitic/
oolitic baxutie was comprised of matrix and randomly distributed pi-
solitic (1-10 mm) and/or oolitic (0.1-1 mm) particles (Fig. 5e). The
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Fig. 2. Geological features of the central Guizhou bauxite, SW China (after the 1:200,000 map of geological and mineral resources, P. R. China, 1969).

chemical composition of pisolite/oolite was mainly aluminum oxide.

In the Xiaoshanba deposit, the chlorite, kaolinite, and an iron rocks
underlying the bauxite ores were founded (Fig. 3c). The XRD results
revealed that chlorite rocks primarily comprise chlorite. Iron rock
comprises siderite, chlorite, and hematite. Kaolinite rocks comprise
kaolinite and a small amount of anatase (Table 3).

4.2. In-situ geochemistry composition

LA-ICP-MS analyses showed that the main chemical constituent in
diaspore/boehmite aggregate was Al,O3, which ranged from 79.5 to
83.7 wt%, with an average of 81.8 wt%. Other major elements SiO,,
TiO,, FeO, MgO, P,0s, and K,O were mostly less than 3 wt%, with an
average concentration of 1.12, 1.06, 0.48, 0.04, 0.04, and 0.05 wt%,
respectively (Table 1). Diaspore/boehmite has low Li (average
13.1 ppm) and XREE + Y (average 68.2 ppm), medium V (average
294 ppm), but high Ga and Zr concentrations (Table 1). Ga ranged from
98.6 to 409 ppm, with an average of 201 ppm, whereas Zr concentra-
tion varied widely, from 2.91 to 1781 ppm (average of 221 ppm).

The main chemical constituents of kaolinite aggregates were Al,O3
and SiO, with concentrations ranging from 40.9 to 55.5 wt% (average
of 46.3 wt%) and from 24 to 40.3 wt% (average of 35.1 wt%), re-
spectively. The average concentrations of TiO,, FeO, MgO, P,Os, and
K,O contents were 1.91, 0.67, 0.69, 0.07, and 0.76, respectively
(Table 1). Low Ga (average of 44.8 ppm); medium V (average of
157 ppm); and high Li, Zr, and ZREE + Y concentrations in kaolinite
aggregates (Table 1) were observed. Li ranged from 560 to 1625 ppm
(average of 1508 ppm), whereas Zr and XREE + Y ranged from 89.2 to
696 ppm (average of 347 ppm) and from 64.8 to 1607 ppm (average of
281 ppm), respectively.

The main chemical constituents in illite aggregates were Al,Os,
SiO,, and K,0 with contents respectively ranging from 33.8 to 52.8 wt
% (average of 43.4 wt%), from 32.2 to 43.7 wt% (average of 35.7 wt%),
and from 5.55 to 8.1 wt% (average of 6.99 wt%). The trace elements of
illite aggregates had characteristics similar to those in kaolinite ag-
gregates, with low Ga (average 89.2 of ppm), medium V (average of
329 ppm) and XREE + Y (average of 68.2 ppm), and high Li, Zr, and
YREE + Y (average of 68.2 ppm) concentrations (Table 1). Li ranged
from 23.2 to 1027 ppm, with an average of 545 ppm, whereas Zr and
YREE + Y ranged from 283 to 734 ppm (average of 488 ppm) and from
115 to 521 ppm (average of 277 ppm), respectively.

4.3. Whole-rock geochemistry composition

According to the results of XRD and ICP-MS analyses, samples of
XSB4-1, 2, 4, and 5 were chlorite rocks with high contents of Al,O3
(average of 22.1 wt%), SiO, (average of 23.2 wt%), Fe,O3 (average of
34.9 wt%), and MgO (average of 6.81 wt%), whereas the contents of
other major elements were less than 1 wt% (Table 2). The highest trace
element in chlorite rocks was V, with contents ranging from 739 to
981 ppm and, average of 861 ppm, followed by ZREE + Y (average of
685 ppm), Zr (average of 244 ppm), Li (average of 210 ppm), and Ga
(average of 24.1 ppm) (Table 2). Iron rock XSB4-3 showed higher Fe,O3
(62.9 wt%) contents but lower contents of all the other elements
compared with the chlorite rock samples (Table 2).

The predominant chemical constituents of kaolinite rock samples
(XSB4-6, 7, and 8) were Al,O3 and SiO,, followed by TiO, (average of
2.13 wt%), Fe;O3 (average of 1.5 wt%), MgO (average of 0.62 wt%),
K-0 (average of 0.24 wt%), P,Os (average of 0.16 wt%), CaO (average
of 0.06 wt%), and NaO (average of 0.03 wt%) (Table 2). Al,O5 and SiO,
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contacts with the overlying limestone and underlying dolomite; and (e) ferruginous rock and overlying bauxite ore.

contents ranged from 38.5 to 41.3 wt% (average of 39.5 wt%) and from
38.3 to 43.9 wt% (average of 42.1 wt%), respectively. ZREE + Y was
the highest trace element in kaolinite rocks, which ranged from 480 to
1290 ppm, with an average of 778 ppm, followed by Zr (average of
404 ppm), Li (average of 390 ppm), V (average of 111 ppm), and Ga
(average of 12 ppm) (Table 2).

5. Discussions
5.1. Application of LA-ICP-MS to bauxite study

As mentioned previously, LA-ICP-MS analysis has been successfully
applied to a geochemical study on non-single minerals and hydrous
minerals. The analyses results revealed that the majority of element
contents matched the results of EPMA and solution-ICP-MS analysis
within generally 10% error (e.g., Konhauser et al., 2009; Baldwin et al.,
2011; Chen et al., 2014; Robbins et al., 2019). However, the mineral
composition of bauxite ores, particularly the accessory minerals that
randomly distribute in bauxites, was complicated and various (Fig. 5),
which may interfere with data reliability because the chemical com-
ponent of these accessory minerals may influence the discussion and
conclusion of the present study. Therefore, the main challenge of this
study was eliminating the interference of accessory minerals. In this
case, the laser spot selection is particularly important and based on the
following rules: 1) the target mineral aggregates (i.e., diaspore/boeh-
mite, kaolinite, or illite) should show simple and uniform mineral
compositions, and 2) maldistribution and large particles of accessory

minerals should be avoided (Fig. 4a-d). The LA-ICP-MS analysis
showed signal stabilization and indicated successful laser spot selection
(Fig. 4e-h). Furthermore, to ensure the reliability of data, this study
used only major and selected trace elements (i.e., Li, Ga, V, and
REEs + Y) with relatively high contents and stable LA-ICP-MS signals
(Table 1; Fig. 4e-h).

To obtain further information on the candidate host minerals of Li,
Ga, V, and REE + Y in bauxite, this study conducted element and mi-
neral contents correlation analyses of Li-Ga—V-Zr-TiO,-XREEs vs.
Al,O3, V vs. Fe;03, ZREESs vs. P;0Os, and Li-Ga vs. bauxite ore and clay
minerals for bauxites from majority deposits that have been publicly
reported around the world (Fig. 6). The significant positive correlations
of TiO, vs. Al,O3 and Zr vs. Al,O3 indicated that a higher degree of
chemical weathering of precursor rock, resulted in higher contents of
Al,03 and accessory minerals (such as rutile, anatase, zircon, and ti-
tanite; Fig. 6g and h) because these accessory minerals were generally
inherited from the provenance rocks during ore-forming processes and
ultimately enriched in the bauxites (Mordberg et al., 2001; Calagari and
Abedini, 2007; Liu et al., 2013; Mongelli et al., 2014, 2016; Zamanian
et al., 2016). The Li vs. Al,O3 bivariate plot showed a triangular shape,
which indicated that the Li content increased with the improvement of
Al,O3 content (because clay minerals improve with the decrease of
quartz), peaked at approximately 50 wt%, and then decreased to almost
zero (with the decrease of clay minerals and increase of Al oxide)
(Fig. 6a). Combined with the positive and negative correlations of Li vs.
bauxite ore mineral (i.e., diaspore/boehmite) and Li vs. clay mineral
contents (Fig. 7c and d), respectively, implied that Li was mainly
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Fig. 4. (a—d) BSE images showing the Laser ablation spots, which are simple and uniform mineral compositions, and avoid maldistribution and large particles of
accessory minerals; (e-h) LA-ICP-MS analysis shows signs stabilization, indicate a successful spot selections.

enriched in clay minerals rather than accessory minerals (Karayigit
et al., 2006; Wang et al. 2013; Yu et al., 2014b; Ling et al., 2018). The
Al,03 and bauxite ore mineral vs. Ga contents showed positive corre-
lations, which combined with the negative correlation of clay minerals
vs. Ga contents (Fig. 7a and b), revealed that diaspore/boehmite rather
than accessory minerals were the main host minerals of Ga. This result
was consistent with previous conclusions that Ga always isomorphically
substitutes Al in aluminum oxides, i.e., gibbsite, diaspore and boehmite
in bauxite (Tang et al., 2002; Lu et al., 2009). The occurrence of V in
bauxite was not very clear (Mordberg et al., 2001; Mongelli et al.,
2014). The negative correlation of V vs. Al,O3 contents but positive
correlation of Zr and TiO, vs. Al,O3 contents (Fig. 6¢, g, and h) implies
that Al oxides and accessory minerals may not be the main host mi-
nerals of V. Previous studies have shown that REEs + Y mainly ab-
sorbed on clay minerals, phosphate minerals, and within REE minerals
such as bastnaésite, cerianite, xenotime, and monazite in bauxites (e.g.,
Braun et al., 1993; Condie, 1993; Pokrovsky et al., 2006; Esmaeily
et al., 2010; Wang et al., 2010; Gu et al., 2013; Mongelli et al., 2014;
Zamanian et al., 2016). Additionally, accessory minerals such as rutile
and anatase play an important role in the concentration of REEs + Y
during bauxite mineralization (Karadag et al., 2009; Esmaeily et al.,
2010; Zamanian et al., 2016). In this study, ZREEs vs. Al,O3 bivariate
plot (Fig. 6e) showed two spikes of YREEs contents within the scope of
20-40 wt% and 50-75 wt% of Al,O3 contents, which implies the pre-
sence of REE-independent minerals. Furthermore, the positive correla-
tion of XREEs vs. P,Os contents (Fig. 6f) provides another evidence that
REE-independent minerals, such as monazite (Ce, La, Nd) PO,4, may be
the main host minerals of REEs. In addition, another phosphate mineral
apatite was another candidate mineral because Ca can be easily iso-
morphically substituted by REEs (Wu et al., 2017; Takaya et al., 2018).

In general, accessory mineral particles in bauxites were not the main
host minerals of Li, Ga, V, and REE + Y. Thus, the trace element
content analyses by LA-ICP-MS in this study can represent the contents
of Al oxides and/or clay minerals. However, this study cannot exclude
interference from other clay minerals. For instance, the analysis of
kaolinite aggregate showed that Li content was very high (Table 1) but
cannot conclude that Li was rich in kaolinite because the aggregate may
contain other fine mineral particles (Fig. 5g-i). Drawing the conclusion
in this study should involve combining other evidence, such as element
correlation (see Fig. 8). Only in this manner can LA-ICP-MS be used as
an effective method to investigate the main host minerals of Li, Ga, V,
and REE + Y in bauxite. According to the above rules, the LA-ICP-MS
results showed similar characteristics of bivariate plots of selected

elements (Fig. 8; such as positive correlation of MgO vs. Li, FeO vs. V,
and P,Os vs. XREE) to statistical results of whole-rock sample from
global bauxites (Fig. 6). It offers another solid proof that LA-ICP-MS
was successfully applied to karstic bauxite analysis in this study.

5.2. Host mineral of Li, Ga, V, and REEs

5.2.1. Host mineral of Li

As mentioned in the previous section, Li were mainly absorbed by
clay minerals such as kaolinite, illite, and smectite in karstic bauxites
(Karayigit et al., 2006; Wang et al. 2013; Ling et al., 2018). In this
study, Li contents in kaolinite and illite aggregates (average of 1058
and 545 ppm, respectively) were much higher than those in diaspore/
boehmite (average of 13.1 ppm) (Table 1), which implied that kaolinite
and illite could be the candidate host minerals of Li. In addition, other
fine clay mineral particles, such as smectite and chlorite mixed within
kaolinite and illite aggregates, could be other candidates because
smectite such as saponite which may be transformed by other coarse
grained mineral had been discovered by SEM-EDS (Fig. 5f). The lower
Li contents in whole-rock samples of chlorite (XSB4-1, 2, 4, and 5;
average Li contents: 210 ppm) and kaolinite rocks (XSB4-6, 7, and 8;
average Li contents: 390 ppm) from Xiaoshanba bauxite deposit
(Fig. 3c; Table 2), combined with the positive and negative correlations
of Li vs. MgO and Li vs. K5O, respectively, and huge variation (more
than 40 times) of Li content in illite aggregates, would suggest that Mg-
rich mineral smectite instead of kaolinite and illite was the main Li host
mineral in bauxite (Fig. 8a and b; Table 1). It has been demonstrated by
previous research that smectite mineral crystal had a cation exchange
layer (interlayer) that could absorb large amounts of Li ions (Pan et al.,
2006). Additionally, sulfuric acid leaching experiment of bauxitic rock
from the study area revealed that after calcined at 500-600 °C, 74% Li
extracted via ion exchange instead of mineral dissolution because the
stratified structures of clay minerals were not destroyed (Gu et al.,
2020). As a consequence, the above results imply that Li was mainly
incorporated into smectite interlayer in the Jiujialu Formation.

5.2.2. Host mineral of Ga

Ga contents in diaspore/boehmite aggregates (average of 201 ppm)
were much higher than those in chlorite rocks (average of 24.1 ppm),
kaolinite (average of 44.8 ppm), and illite aggregates (average of
89.2 ppm) (Table 1), which suggested that the diaspore/boehmite was
the main host mineral of Ga. This result coincided with the findings of
previous research and statistical studies of majority deposits around the
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Table 3
Relative abundance (wt%) of minerals in selected samples from XRD.

Sample no.  Lithology Major minerals (wt% Minlor minerals (wt%
> 15%) < 15%)

XSB4-1 Chlorite rock Chlorite

XSB4-2 Chlorite rock  Chlorite Hematite

XSB4-3 Iron ore Siderite, Chlorite,
Hematite

XSB4-4 Chlorite rock  Chlorite Hematite

XSB4-5 Chlorite rock Chlorite Hematite

XSB4-6 Kaolinite rock  Kaolinite Anatase

XSB4-7 Kaolinite rock  Kaolinite Anatase

XSB4-8 Kaolinite rock  Kaolinite Anatase, Diaspore

world (Figs. 6b and 7a; Tang et al., 2002; Lu et al., 2009). The similar
ionic radius of Ga®* (0.62 nm) and AI** (0.57 nm) means that Ga®*
could isomorphically substitute AI** in aluminum oxides, such as
gibbsite, aluminosilicates, and particularly diaspore and boehmite
(Tang et al., 2002; Lu et al., 2009). In addition, crystal chemical in-
vestigations revealed that Ga could easily isomorphically substitute Al
in diaspore and boehmite, ultimately becoming enriched in bauxite ores
during bauxite mineralization (Bardossy and Aleva, 1990; Tang et al.,
2001; Liu et al., 2013; Mongelli et al., 2014, 2016).

5.2.3. Host mineral of V
V is mainly used in the steel industry and is an important raw ma-
terial for alloy smelting. V is also a dispersed element and associates

YWS-9
Pisolitic/oolitic

v
Diaspore/Bochmite

Seeessory nunerals
siZire Runl¢, Anatagerete.) «
: ~

Byeminer: s

4 Kaolinite

XSB4-11 whole-rock Li concentrati 0 ppm
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abundantly in coal, bauxite, phosphorus deposits and others. V is en-
riching in bauxites and is one of the elements successfully extracted as a
by-product of Al production (Mongelli, 1997; Mordberg et al., 2001;
Calagari and Abedini, 2007; Wang et al., 2012; Hanilci, 2013). In
general, the occurrence of V in bauxite was sufficiently understood.
EPMA and geochemistry studies suggested that Ti oxides played an
important role in the accumulation of V (Lu et al., 2009; Mordberg
et al., 2001; Mongelli et al., 2014). In this study, LA-ICP-MS analysis
revealed a different result that rutile/anatase contained only 84.5 ppm
of V (Table 1). Furthermore, the positive correlation of V vs. Fe,O3
contents in whole-rock samples (Fig. 6d) and diaspore/boehmite ag-
gregates (Fig. 8c) implies that V was closely related to iron-bearing
minerals mixing within bauxites. In addition, the V contents in chlorite
rocks (average of 861 ppm) were much higher than those in kaolinite
rocks (average of 111 ppm), kaolinite aggregates (average of 157 ppm),
diaspore/boehmite aggregates (average of 294 ppm), and illite ag-
gregates (average of 329 ppm) (Table 2), which would imply that
chlorite was the mineral containing the highest V in bauxite. Further-
more, the sample XSB4-3 that mainly comprised of siderite and chlorite
showed lower V (695 ppm) than chlorite rocks (ranging from 739 to
981 ppm, with an average of 861 ppm) and presenting further evidence
that chlorite was the main host mineral of V (Tables 2 and 3). The Early
Cambrian black-shale sequence in South China have spectacular metal
contents including V, which mainly enriched in illite and chlorite
through substitute Al and Fe in octahedral sites (e.g., Lehmann et al.,
2016; Li, 2019). This implies that V was most likely incorporated into
chlorite octahedral site in this study because Fe-rich chlorite rocks were

Diaspore/Bachmite
ookd

Fig. 5. Macro and backscattered electron (BSE) images of bauxite samples from central Guizhou bauxites. Specimen images of (a) the clastic bauxite, (b) the pisolitic/
oolitic bauxite, and (c) the compact bauxite; BSE images of (d) the clastic bauxite; mineral compositions are dominated by short prismatic or platy shape (2-10 pm)
diaspores/boehmites with minor accessory minerals of zircon/rutile/anatase. (e) The pisolitic/oolitic bauxite; comprise of matrix and randomly distributed pisolitic
(1-10 mm) and/or oolitic (0.1-1 mm) particles. (f) The compact bauxite; diaspore/boehmite, kaolinite matrix, zircon, and rutile/anatase are coexisting. Smectite
group mineral saponite (CaoAzs(Mg,FeJ'2)3(Si,A1)4010(OH)2~4H20) is scattered within bauxite ore/clay rock.
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Bauxite (A120: =40wt% and A1/Si=2.6)

© Bauxitic clay (A1203 =40wt% and 1. 8<Al/Si<2.6)
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¢ Clay rock (Al203 <40w1% or Al/Si<1.8)
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Fig. 6. Bivariate plots of Al,O5 vs. (a) Li, (b) Ga, (c) V, (e) ZREE, (g) TiO,, and (h) Zr, (d) Fe,O3 vs. V and (f) P,Os vs. ZREE. Data from majority deposits that have
been publicly-reported around the world (Mongelli et al., 2014; Mordberg et al., 2000; Oztiirk et al., 2002; Mameli et al., 2007; Ye et al., 2008; Deng et al., 2010; Boni
et al., 2012; Zarasvandi et al., 2012; Wang et al., 2012, 2013, 2014; Hanil¢i, 2013; Zhang et al., 2013; Li, 2013; Li et al., 2013; Liu et al., 2013, 2016; Abedini and
Calagari, 2014; Huang et al., 2014; Yu et al., 2014b, 2016; Zamanian et al., 2016; Ahmadnejad et al., 2017; Hou et al., 2017; khosravi et al., 2017; Long et al., 2017;
Yuste et al., 2017; Abedini et al., 2018; Weng et al., 2019). The West-Azarbaidjan Province, Iran and Murge area, Italy bauxites showed different Al,O3 vs. TiO, plots
from others, due to its precursor rocks were mainly of magmatic rocks, which have higher titanium content.

formed in anoxic/suboxic environment, which similar to black-shale in
South China (Han et al., 2018).

5.2.4. Host mineral of REEs

Previous studies have discovered many REE-independent minerals,
including bastnaésite, parisite, cerianite, rhabdophane, and churchite in
the karstic bauxites (Wang et al., 2010; Gu et al., 2013; Li et al., 2013;
Liu et al., 2016; Radisinovi¢ et al., 2017). As mentioned above, the
statistical studies of majority deposits around the world and LA-ICP-MS
analysis results showed positive correlation of £REEs vs. P,Os contents,
thereby implying that REE-rich apatite and REE-independent minerals
may be the main host minerals of REEs (Figs. 6f and 8d). In this study,
numbers REE-bearing nano-particles were discovered by SEM-EDS
(Fig. 9). According to the results of EDS analyses, these particles com-
prised Al oxide, aluminosilicate, and REE-independent minerals. The
EDS analyses revealed that Ce and Nd, which were the most abundant

REE in XSB4-14, were detected by SEM-EDS (Fig. 9), and the Ce and Nd
contents ranged from 1.2 wt% to 1.9 wt% (average of 1.6 wt%) and
from 1.8 wt%to 2.5 wt% (average of 2.2 wt%), respectively (Fig. 9). In
addition, P (with an average of 1.4 wt% and 1.6 wt%) was detected by
EDS, whereas Ca was not, thereby implying that the REE-bearing par-
ticle was monazite (Ce, La, Nd) PO, (Fig. 9), which is one of the richest
REE-independent mineral in the Bayan Obo REE-Fe-Nb deposit, Inner
Mongolia, North China (Yang et al., 2017; Liu et al., 2018).

6. Conclusions

LA-ICP-MS was successfully applied to hydrous mineral element
geochemistry analysis within karstic bauxite samples based on the
principle that laser ablation data were normalizatized in all oxides to
the sum of 100% minus the TVC of the chemical formula. The analysis
showed signal stabilization. The results exhibited that the
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(Mameli et al., 2007; Li, 2013; Liu et al., 2013; Mongelli et al., 2014; Ling et al., 2015, 2018; Long et al., 2018; Weng et al., 2019).

characteristics of bivariate plots of selected elements were similar to the
statistical results of whole-rock samples from global bauxites, which
indicate that the analysis data in this study were reliable instead of
artificial in this study. This shed light on the use of the in-situ method to
investigate the trace element concentrations in the hydrous minerals
and sedimentary rocks.

Karstic bauxite throughout the world is rich in trace elements,
which have the potential for comprehensive utilization as independent
deposits or associated resources. This study revealed that smectite may
be the main host minerals of Li. Furthermore, Ga was enriched in dia-
spore/boehmite, with contents ranged from 98.6 to 409 ppm (average

a
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5001

1.0
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of 201 ppm), V was mainly enriched in iron-bearing minerals particu-
larly chlorite (ranging from 739 to 981 ppm with average of 861 ppm),
and REE-independent minerals, such as monazite, were the main host
minerals of REEs in Carboniferous karstic bauxite, SW China.
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