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Abstract: As a developing country, China is also a major producer and consumer of mineral resources.
At present, China is still in a critical period of rapid development of industrialization and urbanization,
which will inevitably lead to huge resource consumption. It is only 30 years between the peak carbon
consumption and the timepoint planned to achieve the goal of carbon neutrality. Coming from a
background of dual pressure in terms of the total amount and intensity of “carbon neutrality”, the
development and utilization of mineral resources has become one of the important factors in affecting
and realizing carbon neutrality in China, and comprehensive utilization has become increasingly
important. There are abundant bauxite resources in northern Guizhou, more than 700 million tons,
and an industrial resource chain could be built around bauxite. The ore-forming process of bauxite is
very complex, and there are enrichment phenomena of other useful elements in the ore-bearing rock
series, among which the enrichment of associated Ga, Li and rare earth elements is very obvious. It
is of great economic and scientific significance to study the migration law of associated Ga, Li and
rare earth elements and to find out whether these elements in bauxite have development value. On
the basis of systematically collecting and sorting previous research results, this study carried out
supplementary tests on some areas with insufficient data; summarized and studied the migration law
of associated Ga, Li and rare earth elements in the Wuzhengdao bauxite deposit in northern Guizhou;
and conducted a feasibility analysis on the development and utilization prospects of associated Ga,
Li and rare earth elements.
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1. Introduction

Bauxite is a strategic mineral resource and the most important raw material for the
extraction of metallic aluminum [1-4]. China’s bauxite is mainly distributed in Shanxi,
Guangxi, Henan and Guizhou. The bauxite in Guizhou is mainly from the central and
northern areas. Many experts and scholars have conducted long-term research on the baux-
ite in northern Guizhou and achieved fruitful results, which are mainly manifested in the
petrology and mineralogy of the bauxite and the characteristics of the deposit; the sedimen-
tary environment and sedimentary facies; and the geochemical characteristics [5-10]. Based
on the mineral geochemical characteristics and spatial variation in the bauxite deposit, the
provenance of the bauxite was identified and traced, and the metallogenic mechanism and
mineralization were analyzed. The Wuzhengdao bauxite deposit in northern Guizhou is of
great value for development and utilization, as the associated Ga, Li and rare earth elements
are enriched and there is potential for comprehensive or independent development and
utilization. Studying the migration and enrichment of associated elements is not only a
very meaningful scientific issue, but can also greatly improve the value of bauxite, provide

Sustainability 2022, 14, 14301. https:/ /doi.org/10.3390/5u142114301

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su142114301
https://doi.org/10.3390/su142114301
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-5634-1013
https://doi.org/10.3390/su142114301
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su142114301?type=check_update&version=2

Sustainability 2022, 14, 14301

20f22

rare metal resources for national development and promote local economic development.
In this context, the project studied the migration law of associated Ga, Li and rare earth
elements in bauxite and the key controlling factors of mineralization, as well as analyzed
its development and utilization prospects.

2. Materials and Methods

In this study, we mainly used two methods: (1) the literature method, using the
published articles in the region to summarize the public data; (2) supplementary testing for
the lack of data in the region, via supplemental sampling test analysis, to strive to make
the whole study more comprehensive. On this basis, the research was carried out under
the guidance of the resource endowment theory, the “two mountains” theory and the “two
common” theory put forward by General Secretary Xi, with carbon neutralization and
mineral resources at the center, and combined with the seven-year practical experience of
the research team of the Guizhou Institute of Technology [11-15].

2.1. The Literature Method

Using the document information retrieval tool, we searched the Web of Science,
Engineering Index, CNKI and Google and collected 134 pieces of basic data related to
the comprehensive utilization of bauxite in Guizhou, which were subdivided according to
the following three categories:

(1) Comprehensive study of the geological characteristics, development horizon and
distribution law of associated mineral resources in Guizhou.

Associated element minerals in Guizhou are characterized by multiple metallogenic
epochs, diverse metallogenic environments and complex metallogenic mechanisms, which
can be roughly divided into three genetic types: sedimentary, hydrothermal and magmatic.
This included fully collecting and analyzing the regional basic geological and integrated
exploration data; implementing some drilling projects; exploring the development horizon,
distribution, depth and thickness changes in associated minerals; studying their rock
types, geochemical characteristics and occurrence states; dividing the enrichment strata of
associated elements according to the geological-geochemical characteristics of ore-bearing
rocks; and summarizing the space-time distribution law of associated minerals.

(2) Evaluation of associated mineral resources and optimization of prospecting targets
in Guizhou.

This included selecting and determining the resource evaluation methods suitable
for the geological characteristics and conditions of the associated minerals in Guizhou,
obtaining the industrial index system of associated mineral resource evaluation, determin-
ing the key characteristic parameters, summarizing the metallogenic geological conditions
and enrichment laws of associated minerals, evaluating the potential of associated mineral
resources and delineating favorable prospecting targets.

(3) Establishing a pilot project of comprehensive investigation, evaluation and re-use
technology of associated mineral tailings resources in Guizhou.

At present, it is urgent to study the comprehensive evaluation and re-use of associated
mineral resources in bauxite (tailings). Tailings reservoirs are scattered all over the province,
which not only occupy a large amount of land resources, but also cause serious hidden
dangers in terms of environmental protection, which does not meet the requirements of
modern social development for the construction of ecological civilization. Therefore, it is
necessary to locate tailings resources as soon as possible, and to carry out feasibility studies
on the rational utilization technology of associated elemental minerals to provide a basis
for the special formulation of their development and utilization technology programs.
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2.2. Supplementary Test

For research gaps that were missing in the extant literature, we conducted a supple-
mental sampling test analysis. The samples of this work were collected from Permian

bauxite in northern Guizhou, including 12 pieces of clastic bauxite, 18 pieces of dense
massive bauxite and 14 pieces of ferruginous claystone (Figure 1).
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Figure 1. Geologic map of WZD area in northern Guizhou (Cui, 2021 [1]).

The samples were analyzed by the State Key of Geological Processes and Mineral Re-

sources of the China University of Geosciences (Wuhan, China) Laboratory and Guangzhou
Aoshi Analysis and Testing Co., Ltd.
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The main elements were analyzed using the X-ray fluorescence spectrometer melting
method, and the specific steps were as follows: Samples were crushed and ground to less
than 200 mesh, and two samples were taken. A lithium borate-lithium nitrate melting flux
containing lithium nitrate was added to one sample and melted at high temperature after
full mixing. The molten material was poured into a platinum mold to form a flat glass
sheet, and then analyzed using an X-ray fluorescence spectrometer. At the same time, the
other sample was burned in a Muffle furnace at 1000 °C, cooled and weighed. The weight
difference between the sample before and after heating was the firing loss. In the process of
the principal element analysis, GBW07105, NCSDC009, SA RM-4, SARM-5, GBW07104 and
GBWO07108 were the reference materials, and the error was less than 5%.

Trace elements were analyzed by inductively coupled plasma emission spectroscopy
and mass spectrometry. The specific steps were as follows: Samples were crushed and
ground to less than 200 mesh, and two samples were weighed. One sample was digested
with perchloric acid, nitric acid and hydrofluoric acid. After steaming to near drying,
the samples were dissolved in dilute hydrochloric acid and then analyzed by plasma
emission spectroscopy and plasma mass spectrometry. The other sample was added to a
lithium metaborate/lithium tetraborate flux, mixed evenly and melted in a furnace above
1025 °C. After cooling, the molten liquid was fixed with nitric acid, hydrochloric acid and
hydrofluoric acid, and then used for isoseparation and a daughter ion mass spectrometry
analysis. In the process of the trace element analysis, GBM908-10, MRGeo08, OreAS-120
and Stsd-1 were used as the reference materials, and the error of other elements was <7%,
except for some elements.

An X-ray powder diffraction analysis was carried out by the China University of
Geosciences (Wuhan, China), Geological Processes and Mineralization National Center
Point Lab. The testing equipment and conditions were as follows: Panaco X ‘Pert Pro X
X-ray powder diffractometer, with a working voltage of 40 kV, working current of 40 ma,
Cu target, Ni filter, continuous scanning, step 0. 017° and step 55/step. Eight samples
were selected for the clay separation test. According to the directional XRD analysis of the
purified clay, the main clay mineral types were obtained, and the natural sheet, ethylene
glycol saturated sheet and heating 550 °C stage test were used. The clay minerals were
determined by an XRD analysis.

The lithium non-roasting mixed-acid leaching experiment was completed at the Min-
ing College of Guizhou University. The aluminous rock in central Guizhou used in this
experimental study was treated by crushing, reduction, grinding and screening to obtain
samples with an appropriate particle size. The mixed acid was prepared by uniformly
mixing sulfuric acid and phosphoric acid in deionized water. The samples were ana-
lyzed by X-ray fluorescence spectrometry. The mineralogical composition of the ore and
post-extraction residue was determined using a copper target equipped with an X-ray
diffractometer analysis in the 2 theta range of 5-75 deg. The concentration of aluminum
and lithium elements leached into the solution was determined by inductively coupled
plasma spectrometry (ICP-AES) [16-20].

3. Results
3.1. Data Collection from the Literature

By reading and sorting out data from more than 100 articles, we found that the bauxite
deposits in Guizhou are generally rich in gallium, which is determined by the similar
outer electronic shell structure of gallium and aluminum. It has been found that gallium is
dispersed in aluminum minerals and aluminum-bearing clay minerals, and mainly exists in
diaspore; the worse the crystallization degree of diaspore, the higher the content of gallium.
Gallium content in ore-bearing rock series and ores in different ore belts is related to gallium
content in the rocks of basement strata, but generally, gallium will be gradually enriched
with the increase in Al,O3 content in bauxite, and the cumulative amount of associated
gallium ore in the bauxite of the whole province is more than 30,000 t (Tables 1-3).
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Table 1. Content of associated elements in Guizhou bauxite (10~°).

. . Companion Grade of Associated Bauxite
F 1 . p .
]O;;,i slie(:)llf Nslfr:g or County/City Name " Minerals Associated Al,O3 (%) Resources Resources
Inera’s Elements ) (10,000 t)
0.0031~0.005;
Xiuwen Xiaoshan - . .
1 County Dam Ga,SC, Ge 000287 000752, 6847 Ga666 1343
0.000243~0.000547
Xiuwen Arrow
2 Coun shaft Ga 0.0022~0.0136 65.36 220.59 407
y punch
3 élc‘;;“r’ﬁ;‘ Dry Dam Ga,Sc Ga:0.006 63.52 Ga:777 646
4 )é?ﬁi; Changchong Ga,Sc Ga:0.005 63.4 Ga:388 786
N inezh 0.0058; 0.001~0.1;
S.ulya}r:g 5 ngfy " CatFarm  GaGeSc o 67.6 Ga9317 178508
ingzhen .
bauxite
.0067;
ore field Qingzhen 0.0067;
6 cgi;ty Lin Dao Ga,Sc,Zr 0.0023~0.0072; 66.32 Ga:543 689
0.01
Qingzhen
7 Sty Yan Long Ga 0.0073 70.85 558.59 680
Qingzhen .
8 Sty Mai Ba Ga 0.0087 65.68 1006 1255
ingzh 0.0061;
9 Qingzhen Meg Ga, Sc 67.49 Ga:276 600
city 0.00287~0.00752
10 G‘g’tay“g Cape Hill Ga 0.0094 66.05 1081.54 817
Zunyi 0.0132;
11 Rear Slot Ga.V 67.04 Ga:1594 993
County earsio a 0.0139~0.0674 a
12 Zunyi  Chuanzhu Ga 0.0134 65.65 818 544
County Temple
Zunyi New
13 County Station Ga 0.012 60.22 - 331
Zunyi- 14 CZO‘LIK ‘y Gou Jiang Ga 0.014 65.22 905 678
Xifeng
bauxite Zunyi Song Jia
ore field 15 County S Ga 0.0109 63.5 743.95 513
16 CZc::erly Fairy Rock Ga 0.0098 57.45 1499 -
17 Iéa;zirt‘yg Iiz:v‘f:n Ga 0.0157 61.43 - 428.5
18 Ié‘?ﬂi?yg Xinzhai Ga 0.0155 70.47 . -
19 Xifeng Shuitou Ga 0.0135 62.26 ; ;

County village
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Table 1. Cont.
. . Companion Grade of Associated Bauxite
%1;«;11;11&:)1;1 Nslfr:gle . County/City Name Mpil Associated Al,O3 (%)  Resources Resources
Inera’ls Elements 0) (10,000 1)
Daozhen, 0.0086; 0.1~0.22; Ga:5448.25
Wuchuan, . : -
Wuchuan- 20 Xinmin,  Dazhuyuan Ga,W,Li,Zr Li20:0.0984; 68.85 Li;O: 3564
Zhengan- Zhengan 0.0818
ga -
Daozhen County 62337.97
bauxite Ga:0.01~0.03; Ga:7372;
ore field 2 V\éuchuan Wachangping  GalLi .a. . U5, 7 . : ; 1397
ounty Li;05:0.1-0.5 Liy05:69188
Table 2. Analysis results of main elements of bauxite.

Sample Deep (m) Na,O MgO A],O3 SiO, P05 KO CaO TiO, MnO FeO3 LOI  Total
ZK14904-4 386.7 0.54 196 30.05 39.08 0.04 3.79 0.27 2.12 0.01 8.11 13.89 99.86
ZK14904-5 387.0 0.43 240 31.02 36,59 0.07 2.06 0.15 1.77 0.02 10.69 1473  99.93
ZK14904-7 387.9 0.03 193 5465 7.89 0.05 0.01 0.26 4.22 0.05 1542 1538 99.89
ZK14904-8 388.1 0.04 1.81 58.57 822 0.09 0.05 0.35 5.24 0.05 11.74 13.73 99.89
ZK14904-9 388.6 0.02 1.61 61.13 796 0.10 0.01 0.01 3.20 0.03 12.44 1338 99.89
ZK14904-10 389.0 0.06 200 56.75 995 0.09 0.01 0.01 2.71 0.04 1543 12.86 9991
ZK14904-13 390.5 0.05 066 67.31 3.55 0.10 0.01 0.09 3.34 0.02 6.52 1831 99.96
ZK14904-14 390.9 0.04 092 6059 5.58 0.07 0.01 0.01 2.75 0.02 10.61 19.35 99.95
ZK14904-15 391.6 0.04 1.24 5481 7.7 0.12 0.01 0.01 3.99 0.03 1457 1741 99.93
ZK14904-16 392.1 0.04 120 53.65 7.93 0.07 0.01 0.01 341 0.02 1511 1847 99.92

ZK14904-17 393.2 0.04 138 5740 7.77 0.07 0.01 0.01 3.05 0.02 13.67 16,50 99.92
ZK14904-19 3934 0.06 254 4580 13,53 0.10 0.01 0.01 2.51 0.04 2145 13.89 99.94
ZK14904-20 393.5 0.04 355 36.82 1838  0.09 0.01 0.01 2.01 004 2767 1129 9991
ZK14904-21 394.1 0.13 3.94 3207 3435 0.08 0.44 0.05 1.55 0.03 1494 1235 99.93
ZK14904-22 395.3 0.22 347 3047 3413  0.10 1.14 0.07 1.52 0.03 1795 10.77 99.87
ZK14904-23 396.5 0.22 3.10 3036 33.58 0.08 1.23 0.08 1.63 0.03 19.27 1035 99.93
ZK14904-24 397.6 0.30 230 32.03 3695 0.08 1.78 0.07 1.76 0.02 14.15 1055 99.99
ZK14904-25 398.3 0.31 253 30,60 3513 0.06 1.69 0.11 1.71 0.03 17.63 10.11 9991
ZK14904-26 398.8 0.03 132 6233 6.83 0.12 0.01 0.05 3.38 0.03 11.33 1447 99.90
Z7K14904-27 399.6 0.13 3.63 33.83 3799 0.05 0.18 0.08 2.39 0.01 824 1342 99.95

ZK702-2 199.6 0.04 0.87 7516 4.04 0.05 0.02 0.01 444 0.01 0.77 1453 99.94

ZK702-3 201.7 0.07 069 3869 4207 0.04 0.16 0.10 1.70 0.01 1.83 1455 9991

ZK702-4 202.3 0.19 0.51 36.56  42.8 0.04 0.38 0.12 1.63 0.01 3.16 1456 99.96

ZK702-5 203.5 0.08 347 3225 34.05 0.04 0.07 0.07 1.79 0.14 16.00 1199 99.95

ZK702-6 204.8 0.59 138 3517 41.85 0.08 1.73 0.12 1.46 0.04 578 11.76  99.96
ZK3402-3 297.7 0.19 422 4033 31.88 0.05 1.62 0.08 3.00 0.01 452  14.00 99.90
ZK3402-4 298.3 0.08 495 40.27 23.75 0.06 0.38 0.06 2.07 0.01 1242 1590 99.95
ZK3402-6 299.6 0.03 112 7227 449 0.12 0.04 0.01 3.05 0.01 422 1455 9991
ZK3402-7 299.8 0.03 1.13 7150 452 0.06 0.03 0.01 3.73 0.01 3.31 1558 99.91
ZK3402-8 300.0 0.03 1.41 69.01 5.53 0.08 0.03 0.01 3.01 0.01 6.40 1440 99.92
ZK3402-9 300.3 0.02 138 6935 5.87 0.09 0.03 0.01 291 0.01 573 1451 99.91
ZK3402-10 300.6 0.03 417 5155 1474  0.11 0.03 0.01 242 0.04 1451 12.28 99.89
ZK3402-11 302.6 0.07 4.77 3575 31.09 0.06 0.29 0.05 1.93 0.03 13.81 12.06 99.91
ZK3402-12 303.5 0.11 3.80 3599 3535 0.07 0.66 0.08 1.90 0.02 9.49 1246  99.93
ZK3402-13 303.9 0.20 3.58 3492 3640 0.08 1.71 0.10 1.65 0.02 990 11.38 99.94
ZK3402-14 305.0 0.28 334 3429 36.64 0.09 2.57 0.10 1.68 0.02 10.72  10.19  99.92
ZK3402-15 305.5 0.35 274 3297 37.88 0.10 413 0.13 1.36 0.02 11.5 8.77  99.95
ZK3402-16 307.3 0.63 148 3397 43.01 0.09 6.08 0.17 1.60 0.01 4.56 833  99.93
ZK5604-2 521.3 0.10 079 5080 29.15 0.05 0.17 0.01 1.88 0.01 252 1448 99.96
ZK5604-3 523.5 0.11 030 3758 4387 0.06 0.11 0.04 217 0.01 1.25 14.40  99.90
ZK5604-5 525.3 0.09 025 3533 4221 0.06 0.12 0.07 1.40 0.01 4.75 15.70  99.99
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Table 2. Cont.

Sample Deep (m) Na,O MgO Al,O; SiO, P05 KO CaO TiO, MnO Fe;O3 LOI  Total

ZK5604-6 526.0 0.35 028 3655 4446  0.06 0.63 0.08 1.42 0.01 201 1412 9997
ZK5604-7 528.4 0.05 264 3034 30.80 0.06 0.01 0.08 1.47 0.07 2354 10.85 9991
ZK5604-8 529.9 0.07 085 3539 4135 0.05 0.09 0.10 1.41 0.01 6.13 1448 99.93
ZK5604-9 531.3 0.27 284 2854 3489 0.15 3.92 0.15 1.24 0.04 19.6 832  99.96

(LOI = loss on ignition at 1000 °C; Fe;O5 T = total iron expressed as Fe;O3).
g p

Table 3. Trace element analysis results of bauxite, Huanglong Formation ash and Hanjiadian Forma-

tion shale.

Sample Deep (m) Li \' Zr Hf Nb Ta Ni Cr Ga Sr
ZK14904-4 386.7 5241 3282 5265 136 51.6 34 3.2 3354 557 2300
ZK14904-5 387.0 7312 3257 4671 133 39.5 28 48 3515 649 2564
ZK14904-6 387.1 2320 5025 7414 254 1146 7.3 161 3839 111.6  90.6
ZK14904-7 387.9 2655 5169 7145 228 89.8 6.5 238 4655 1123 812
ZK14904-8 388.1 1945 4569 4714 131 60.9 4.0 162 2899 867 1005
ZK14904-9 388.6 185.8 5465 5252 161 64.4 47 146 6205 960 1304
ZK14904-10 389.0 231.7 4949 4673 141 57.5 4.0 218 4071 816 1024
ZK14904-12 390.3 878 2632 4581 144 67.9 45 5.4 2417 786  117.2
ZK14904-13 390.5 847 2700 4689 149 69.0 5.0 5.4 239.1 808  109.5
ZK14904-14 390.9 167.7 3039 4565  13.3 58.1 43 8.0 2008 744 57.9
ZK14904-15 , 391.6 172.8  329.0 18350 209 98.0 7.0 7.7 3944 720 1712
ZK14904-1¢ ~ Dauxite 392.1 2408 6122 6245  19.1 735 5.4 130 3871 888 63.7
ZK14904-17 393.2 1902  319.7 4932 143 64.8 48 204 2099 832 75.7
ZK14904-19 393.4 2175 2525 4713 124 53.2 3.8 51.6 1575 733 1400
ZK14904-20 393.5 2994 3046  330.1 8.9 424 29 978 3642 795 1556
ZK14904-21 394.1 5251  179.6  294.2 8.1 33.3 2.3 3129 841 340 2353
ZK14904-22 395.3 413.0 1782 2898 8.3 32.0 23 2381 1088 345 2612
ZK14904-23 396.5 517.1 2305 3238 8.9 35.3 25 2505 1484 404 2245
ZK14904-24 397.6 5404 1932 3584 9.7 37.9 26 297.0 1339 427 2057
ZK14904-25 398.3 6905 2874 3669  10.1 38.6 2.7 2253 2298 409 1944
ZK14904-26 398.8 1504 3752 5192  15.8 75.1 5.3 10.7 2583 849  173.0
ZK14904-27 399.6 6947 1767 4191  13.0 55.3 3.8 3322 2126 655 1619
ZK14904-28  Sih 401.9 707 2217 1731 5.0 21.0 15 902 1551 403 2269

ZK202-2 199.6 547 2382 8136 256 1092 6.7 3.7 3724 1003 234

7ZK202-3 201.7 550.9 4313  462.2 9.7 441 26 757 1715 435 80.9

ZK202-4  Bauxite 202.3 368.1 2523 4424 9.8 414 25 1371 1879 254 91.7

ZK202-5 203.5 4612 1184 3756 8.8 38.1 2.7 202.7 148.0 435 54.1

7ZK202-6 204.8 4680 2214 3878 8.9 33.0 22 1659 189.1 357 1545

ZK202-7 Coh 206.8 23 20.7 19.2 0.8 0.9 0.1 24.0 5.2 13 467.8

ZK3402-3 297.7 647.0 1732 5768  17.1 68.4 45 49 619.7 762  147.8
ZK3402-4 298.3 5345 1441 4852  13.0 444 3.0 130 5119 656 95.4
ZK3402-5 298.4 6543 1935 4503 120 48.1 3.1 119 5049 673 1435
ZK3402-6 299.6 421 3534 5768 174 63.3 4.6 5.7 7994 1161  142.0
ZK3402-7 299.8 51.6 4206 9003 232 91.8 5.8 121 8214 1311 480
7ZK3402-8 300.0 77.6 4088 8846 174 63.2 43 8.4 7862 1103  53.1

K3402-9 . 300.3 864 3588 5329 172 63.0 45 113 7541 1153 728
ZK3402-10 ~ Dauxite 300.6 603.9 338.6 498.6 144 55.4 3.8 481 5538 833 1739
ZK3402-11 302.6 12399 3099 4125 122 45.6 29 1140 4892 541  113.0
ZK3402-12 303.5 11395 2975 3428 119 429 3.0 1854 2975 550  166.1
ZK3402-13 303.9 965.0 3358 3461  10.0 37.9 26 196.1 3358 529 2006
7ZK3402-14 305.0 953.8 4434 4447 109 40.1 2.7 1612 4434 480 2105
ZK3402-15 305.5 876.6  338.8  310.8 8.8 29.8 2.1 1204 3388 510 2382

ZK3402-16 307.3 500.0 3195 3445 10.0 36.1 24 90.4 319.5 34.6 277.6
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Table 3. Cont.
Sample Deep (m) Li \Y% Zr Hf Nb Ta Ni Cr Ga Sr
ZK3402-17 S he 307.8 1342 3111 3448 9.0 34.2 22 1048 311.1 412 3144
ZK3402-18 1 308.6 532 1507 1789 49 234 1.6 743 1507 379 1794
ZK5604-2 521.3 5261.7 4872 4841 128 434 238 324 3500 506 85.7
ZK5604-3 523.5 968.1 189.7 4918 137 50.7 34 931 2652 279 91.2
ZK5604-5 525.3 3839 1286  277.0 8.0 314 2.0 99.5 98.0 26.8 66.4
7ZK5604-6  Bauxite 526.0 3492 1259 279.3 7.8 32.7 2.1 1140 1133 341 87.4
ZK5604-7 528.4 800.1 1933  292.8 8.4 32.8 22 159.4 1806  67.1 82.8
ZK5604-8 529.9 576.0 1675  300.9 8.3 32.9 22 779 1633 272 80.2
ZK5604-9 531.3 147.8 1642  297.9 8.1 27.8 1.9 955 1529 364 3374
ZK5604-10 Coh 532.8 41.0 28.7 475 1.2 49 0.3 60.1 28.8 7.5 282.3
ZK3228-3 621.2 1664.6 310.7 5879 175 57.8 33 148 4047 857  101.0
7ZK3228-4 6215 13187 3348 6536 222 84.6 49 116 7772 1404 1032
ZK3285 621.6 6.7 3039 8764 308  116.8 6.8 6.1 6674 1357 552
ZK3228-6 auxite 622.6 438 2973  866.8 320 1149 7.0 6.1 6485 1351  53.8
ZK3228-7 623.4 975 3253 5584 217 82.8 5.3 384 3693 983 79.4
ZK3228-9 624.5 4889  170.0  391.1 9.8 36.1 25 102.6 1930 401 3206
ZK3228-12 626.9 1.0 244 1.0 0.0 0.2 0.0 27.6 21 0.2 127.8
7ZK3228-13 Coh 627.3 1.0 27.3 48 0.1 0.7 0.1 26.5 3.6 1.0 108.1
ZK3228-14 627.9 6.4 36.6 57.5 2.1 34 0.4 29.5 19.6 44 203.1
ZK3228-15 Sihj 628.5 300 1288 1812 5.1 17.5 1.3 80.8 96.1 219 1219

In addition, scandium, germanium, lithium, vanadium, tungsten, zirconium and
other elements found in some bauxite deposits have also reached the industrial grade
requirements. The average grade of Sc in bauxite in Guizhou is 45.4 x 106, and the highest
is 1539 x 107°. Its content is generally one to four times the average content of scandium
in bauxite in the world (Sc;O3 is 38 x 107°) and it is, therefore, a potential scandium
resource. The Linao, Xiaoshanba, Maige and Wuli bauxite deposits in central Guizhou
have a higher scandium content, with Sc;O3 ranging from 28.7 x 107° to 75.2 x 107,
averaging 52.85 x 107, while those in the Changchong and Shizishan bauxite deposits
range from 21.0 x 10° to 48.2 x 10°, with an average of 31.53 x 10°. The Goujiang
bauxite deposit in northern Guizhou ranges from 29.2 x 107° to 47.2 x 10~°, with an
average of 37.07 x 10~%. However, these associated resources have not been investigated
and studied in detail before. With the development of national technology in recent years,
it is urgent to identify these important associated resources.

At present, among the associated elements of bauxite in Guizhou, lithium has the
largest resource reserves, with the exception of gallium. Previous studies have shown that
more than 100,000 tons of associated lithium resources have been found in the two bauxite
deposits of Dazhuyuan and Wachangping in the Wuzhengdao area. In the Wachangping
Bauxite Mine of Wuchuan County, the bauxite resources in the whole area are (332 + 333)
43.97 million tons, of which the controlled economic resources are (332) 5.57 million tons,
and the associated Ga metal resources are (332 + 333) 7372 tons, of which (332) 1128 tons
have an average grade of 0.01~0.03. The total amount of associated Li metal is 69,188 tons,
including (332) 4362 tons with a grade of associated Li;Os of 0.1~0.5. The bauxite in
Dazhuyuan is associated with Ga, W, Li, Zr and other elements. The bauxite resource in the
whole area is 63.3516 million tons, the associated rare metal Ga resource is 5448.25 tons, the
Ga grade is 0.0050%~0.0135%, the average grade is 0.0086%, and the associated rare metal
lithium (LipO) resource is 0.97 tons. The Li,O grade is 0.020%~0.180%, with an average
grade of 0.0984%, and the Zr grade is 0.0560%~0.1612%, with an average of 0.0818%.
Y RE203 is 0.0161%~0.0430%, with an average of 0.0318%. Wang Denghong et al. found,
through the analysis and study of 81 drilling core engineering samples in the Dazhuyuan
mining area, that the average W content in the whole area is 0.018%, the high content
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of tungsten is distributed in the east wing of the Liyuan syncline, and the WO3 content
in some drilled bauxite reached 0.331%, which exceeds the boundary industrial grade
of independent tungsten ore (scheelite deposit 0.15%, wolframite deposit (0.12%). The
distribution of lithium in the whole Liyuan syncline is higher in the west wing than in
the east wing, and higher in both wings than in the core, showing a trend opposite to the
change in Al,O3 content, and the overall content exceeds the industrial grade requirements
of lithium (560 ppm). However, the enrichment rules of tungsten and lithium in bauxite
are still unclear, and WOj3 and LipO may have different enrichment mechanisms [21-24].

3.2. Mineral Characterization

The comprehensive analysis shows that the main minerals of Wuzhengdao bauxite
are diaspore, kaolinite, chlorite and illite, with a small amount of heavy minerals such as
anatase, zircon and rutile, a small amount of quartz and feldspar, and a certain amount of
pyrite in some samples. The binary structure of bauxite is obvious. Generally, the diaspore
content in the middle and upper part is 40-95%, and the rest is mainly kaolinite, chlorite,
illite and other clay minerals. The bauxite reaching industrial grade is mostly concentrated
in this section. The lower part is dominated by clay minerals, with a diaspore content of
5-40% and a clay mineral content up to 95%. The dense bauxite is light gray-black, and
the semi-earthy bauxite is light gray-white. Both the dense bauxite and the semi-earthy
bauxite are relatively pure in texture. The dense baxite is smooth and hard, while the
semi-earthly baxite is rough and loose. Both the dense and semi-earthy structures are of
muddy texture, and the grain size of both is of clay grade. The content of Al,O3 in dense
bauxite is lower than that in semi-earthy bauxite, and the color of semi-earthy bauxite is
mostly white, which reflects the strong iron removal in the later stage. The clastic bauxite
particles are coarse, and the clastic components are mainly diaspore, kaolinite, chlorite, illite
and other clay minerals, and the largest clastic particles can reach 2 cm. Clastic particles
are poorly sorted, and particles of different size fractions are mixed and stacked together.
Fragments include breccia and well-rounded gravel fragments. Oolitic structure (here refers
to spheroid with concentric layers) is common in bauxite in the Wuzhengdao area, with
obvious or indistinct concentric layers and no radial structure. Epidermal oolitis mostly
has a coarse clastic core, which is rounded on one side and angular on the other. The oolite
is mainly composed of diaspore and clay minerals (chlorite, kaolinite, illite, etc.), and some
are pyrite, limonite, hematite, carbonaceous and siliceous. Oolitic grains are closely related
to clastics, and many formed and incompletely formed oolitic grains are accumulated
inside the clastics, which reflects the genetic relationship between oolitic grains and clastics.
Diaspore is mostly cryptocrystalline, and the crystalline form of diaspore is often clustered.
The formation of clastics is caused by the weathering and mud cracking of clay minerals.
After the clay minerals such as kaolinite are broken, breccia is formed in situ or gravels are
formed by short distance transportation. The heavy mineral assemblage of Wuzhengdao
bauxite in northern Guizhou is dominated by weathering debris, zircon, limonite and
rutile. The heavy mineral assemblage of bauxite in northern Guizhou is similar to that of
the underlying strata, which indicates that the underlying strata provided ore-forming
materials for the formation of bauxite. The bauxite in northern Guizhou contains some
stable heavy minerals such as spinel and monazite, which are not found in the underlying
strata, indicating that there are other rocks besides the underlying strata that provide ore-
forming materials for the formation of bauxite. The stable heavy minerals from the parent
rocks of magmatic rocks have undergone a certain degree of transportation and abrasion,
and there is a certain degree of hydrodynamic action in the local bauxite mineralization
process (Figures 2—4).
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Figure 2. Field hand specimen and microscopic observation. (a)—(c) Bauxite ore; (d)—(f) from Photo-
graph of bauxite mine identified under microscope.
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Figure 3. Features of bauxite (drilling samples) under optical microscope. (a)—(f) Single-polarized
light of Oolitic and earthy ores.
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Figure 4. XRD patterns of bauxite: (a) ZK3228-6; (b) ZK3228-8.

3.3. Chemical Characterization
3.3.1. Major Element Characterization

The major elements of bauxite are Al,O3, SiO, and TFe, O3, followed by MgO and
TiO,. The content of Al;O3 and SiO, varies greatly, and there is a negative correlation
between them, while there is a good positive correlation between TiO, and Al,O;3. In the
weathering process, Ti element remains stable, Si element migrates and is lost in large
quantities, Al element has a certain loss but is relatively enriched, and alkali metal elements
experience the most severe loss. After deposition, the bauxite was exposed to the earth
surface and leached, large amounts of Si and Fe in the middle and upper bauxite were lost,
and the alkali metal elements basically disappeared (Table 2).

3.3.2. Trace Element Characterization

Some trace elements are enriched in bauxite (Tables 3 and 4), with the highest Zr
value of 1835 ppm, Cr, V and Li values almost all above 150 m; a few samples between
80-100 ppm; and most samples with Sr content above 70 ppm. The Zr content ranges from
277 to 1835 ppm, with an average of 510 ppm, showing an obvious positive anomaly with
a large variation range, and the Zr content decreases gradually from the top to the bottom
of the profile. The Hf value is relatively stable at 7.8-32 ppm, with an average of 14.3 ppm.
Except for ZK14904, the Hf content in other boreholes is high in the middle and upper parts
and low at the bottom, and the Hf content in ZK14904 shows multiple rising and falling
cycles. The Hf content of ZK202 and ZK5604 in the north is less than 10 ppm, except for a
few samples at the top, which is significantly less than the Hf content of other boreholes.
The Hf content in ZK3228 in the middle of the study area is generally high, with an average
of 22.3 ppm. The Nb content ranges from 27.8 to 116.8 ppm, with an average of 56.5 ppm;
the whole is relatively stable; there is a decreasing trend from the top to the bottom of the
borehole; and the law on the plane is not obvious. The content of Ta is between 1.9-7.3 ppm,
which is relatively small and stable. The average value of ZK202 in the north is 3.3 ppm,
and the average value of ZK5604 is 2.4, both of which are less than the average values of
ZK3402 and ZK14904 in the south. The average content in ZK3228 in the middle is 5.0 ppm,
which is the highest in all boreholes. The Cr content is relatively high at 84-821 ppm, with
an average of 357 ppm. The Cr content is significantly reduced from the top of the borehole
to the top in the vertical direction and from north to south in the plane. The Ni content
ranges from 3.2 to 332.2 ppm, with an average value of 81 ppm. The range of variation is
very large, and the profile shows an overall upward trend from the top to the bottom. The
content of ZK3228 is generally low, with an average value of 29, which is the smallest of all
boreholes. Except for ZK3228, the average value of other boreholes decreases gradually
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from north to south. The contents of Zr, Hf, Nb, Ta and Cr increase gradually from north to
south in the plane, and decrease gradually from the top to the bottom in the vertical profile.
The contents of Zr, Cr and Nb are relatively high; Hf and Ta are relatively low; and Ni is
relatively unique. The content variation in Ni in the horizontal and vertical directions is
contrary to that of other elements, and the content of Ni in each sample is very different. Zr,
Hf, Nb and Ta are positively correlated with TiO,, and the correlation is better than that of
Al,O3, indicating that Zr, Hf, Nb and Ta have been kept in a relatively stable state during
the mineralization of bauxite [24-30].

Table 4. Analysis results of Ga, Li and rare earth elements.

s 1 Ba Dy Er Eu Ga Sm Sn Sr Ta Tb Th Tm U \'% w Y Li Sc
amp e

uglg uglg unglg ug/ls uglg uglg wuglg ug/ls uglg  ugls  nglg  ugls  uglg  ugls  uglg  uglg ugls uglg

C2h-1 1290 581 303 121 24 4.72 1 578 0.1 1.07 1.9 035  10.10 28 <1 483 6.0 3.1
S1hj-1 680.0 1340 7.08 334 312 1710 5 350 17 250 390 093 814 148 3 81.8 36.8 19.5
S1hj-2 5120 481 279 116 250 639 4 209 1.1 083 196 044 422 135 2 279 26.6 14.8

Zky82909-1 11.0 0.17 0.15 0.04 0.6 0.24 <1 1770 0.1 0.03 0.7 0.03 5.12 27 <1 1.6 5.3 0.8
Zky82909-2 5760 579 347 171 443 841 6 419 1.9 104 306 055 1640 458 3 31.8 80.2 235
7ky82909-3 7510 852 446 555 532  33.60 9 278 3.0 173 366 069 1415 291 5 397 6500 @ 29.2
Zky82909-4 3560 632 457 146 558 554 12 461 4.0 102 518 083 1620 326 7 365 21600 33.8
Zky82909-5 2260 11.05 727 375 1595  19.90 17 643 48 190 937 126 1860 691 22 617 2810 397
Zky82909-6 222 1290 887 174 1205 779 22 246 6.4 191 928 147 2190 641 9 77.1 8.5 38.9
Zky82909-7  21.1 896 561 319 1065 17.30 16 373 4.0 164 592 094 1615 397 7 50.4 39.8 324
Zky82909-8 89.8 644 361 324 552 1470 10 381 2.8 119 397 061  9.09 195 5 315 6600 326
Zky829099 3060 527 296 177 285 486 7 165 19 086 262 048 728 219 3 286 6900 377
Zky82909-10 242 627 408 262 676 1240 12 226 33 112 481 065 1160 299 6 350 21600 311
Zky82909-11 202 896 591 129 1250 543 15 79 44 140 655 092 1310 656 8 547 57.4 35.3
7k15-2-1 2000 211.00 9840 4650 448 24100 3 388 14 3690 192 1250 59.60 218 2 12000 12100 906
ZK15-2-2 879 964 612 386 530 1920 9 406 23 176 338 103 30.00 503 8 447 11200 407
Zk15-2-3 124.0 14.55 9.60 1.67 70.8 5.51 11 119 39 211 56.9 1.50 19.35 510 17 86.5 1370.0 42.8
7Kk15-2-4 1425 3140 1850 405 1170 13.90 15 164 6.9 466 943 262 4290 762 8 1985 2840 506
7Kk15-2-5 162 2370 1375 351 1685 1295 13 135 5.0 382 700 195 4520 723 6 135.0 53 45
7Kk15-2-6 150 2150 1320 241 1585 816 16 78 45 328 898 191 5490 723 5 120.0 3.1 46.8
ZK15-2-7 806.0 569 439 144 279 814 9 355 2.8 081 373 078 947 336 4 360 15000 323
ZKk15-2-8 5400 13.00 538 744 285 5170 7 447 2.0 333 309 082 1050 429 3 60.8 9100  27.1
7k15-2-9 4570 1920 624 1315 296 8280 7 412 17 538 273 082 1125 546 3 797 8500 263

ZKk15-2-10 351 2130 1055  3.45 29 11.35 1 274 0.1 3.64 1.1 122 3.03 37 <1 181.5 9.0 7.1

Zk15-2-11 393 112 063 030 2.1 1.25 1 318 0.1 0.19 15 0.09  7.09 24 <1 9.0 7.0 1.9
Zk403-1 296 720 448 067 483 198 16 65 44 098 432 072 1085 137 9 439 6900  19.0
Zk403-2 606 620 381 090  40.1 2.26 13 101 35 088 483 062 920 99 5 397 5300 141
Zk403-3 112 977 654 086 764 333 17 63 53 134 544 102 1345 216 8 588 1010  26.1
ZK403-4 537 874 646 101 743 570 16 175 6.0 120 671 107 887 304 8 482 1525 489
Zk403-5 8.9 828 634 097 752 588 17 224 5.1 123 635 108 788 313 7 452 1980 457
Zk6A03-1 1505 505 342 041 499 1.07 10 138 3.7 063 403 052  7.86 263 6 369 8300 144
Zk6A03-2 146 997 742 044 1045 142 14 42 5.1 113 926 112 1135 270 29 711 1305  23.6
Zk6A03-3 109 1690 1355 072 1035 244 21 82 8.6 187 768 196 1430 235 15 1185  26.7 35.7
ZK6A03-4 101 1120 947 051 968 201 17 61 5.8 117 647 136 1110 205 9 775 16.7 32.0
Zk6A03-5 8.3 1120 1015 047 727 156 15 98 5.4 117 551 155 1005 310 8 76.8 877 385
Zk6A03-6 79 1250 1190 131 721 5.55 14 62 48 161 578 197 784 243 7 80.0 1165 344
ZK6A03-7 752 1385 1060 192 316 875 9 238 2.6 195 344 186 481 191 5 640 6900 250
Zk1204-1 1395  2.82 197 036 266 099 4 501 23 041 356 029 627 230 4 172 12900 215
7k1204-5 843 644 502 050 237 201 9 103 3.1 078 359 076 807 93 3 313 4200 336

4. Discussion
4.1. Data Analysis from the Literature

Through reading and secondary analysis of the documents related to the comprehen-
sive utilization of gallium, lithium and scandium bauxite in northern Guizhou, it is known
that, since the first discovery of bauxite in the Xiaoshanba area in 1941, after more than
70 years of prospecting and exploration work, 17 deposits have been explored, 25 deposits
have been explored in detail, 36 deposits have been prospected, and 2 extra-large deposits
and 12 large deposits have been proven. There are 40 medium-sized deposits and dozens of
small deposits, and 21 integrated exploration blocks have been completed. The accumula-
tive reserve of resources submitted by the whole province is approximately 12,900 million
tons, accounting for about 25% of the national total, ranking second in the country. The
bauxite deposits can be divided into three groups according to their genetic type: the
lateritic type, the accumulative type and the sedimentary type, while the bauxite deposits
found in Guizhou are all sedimentary-type bauxite formed by the original lateritic-type
bauxites through surface-runoff transportation, migration and deposition in the nearby
coastal, lagoon, swamp, peat swamp and other environments. It is a deposit dominated by
mechanical clastic deposits, and the main aluminum mineral in the ore of the deposit is
diaspore. The industrial types of ore include the low iron and low sulfur type, high sulfur
type and high iron type.
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By collecting and analyzing the correlation coefficient between lithium and other
elements in bauxite deposits, no obvious correlation can be seen between the lithium
content in bauxite deposits and Al,O3, SiOy, Fe; O3, TiO;, K>O and other elements in ores.
The Li content is not high in some deposits with high Al,O3; content. It shows that the
content of Al,O3 is inversely correlated with the content of Li. In the study of Dazhuyuan
bauxite, Wang Denghong also found that the content of lithium is inversely correlated with
that of Al,O3 and found that the content of lithium in bauxite exceeds that in bauxite, which
is also common in other lithium-bearing bauxite deposits. This may be determined by the
nature of lithium itself, because bauxite is the product of a higher degree of weathering
relative to bauxite; the higher degree of weathering makes the migration rate of lithium in
bauxite too fast, and ultimately, leads to a lower content of lithium relative to bauxitic rock.
However, it also provides conditions for the comprehensive development and utilization
of the deposit. It can not only be used as an independent lithium resource, but also as a
bauxite resource. The high lithium content can compensate for the low aluminum grade,
which is very beneficial to the comprehensive evaluation and overall development of
bauxite and lithium resources. A comparisons of the lithium content of different bauxite
deposits is presented in Figure 4 The variation in lithium content in different bauxite
deposits in northern Guizhou is obvious; the lithium content of most deposits can meet
the requirements of the industrial grade, while the lithium grade of some deposits is too
low. The Houcao and Xianrenyan bauxite deposits with low a lithium content are located
in the Zunyi bauxite belt, and the deposits are formed in the carboniferous littoral swamp
and peat swamp environments. The lithology of the basement is dolomite (with a small
amount of shale) of the Lower Ordovician Tongzi Formation. It is mainly composed of
upper Cambrian Loushanguan Group dolomite, and a small amount of Honghuayuan
Formation limestone and Meitan Formation shale. Previous research data show that the
ore-forming materials of bauxite in the Zunyi ore belt mainly come from the illite clay
rock of the Ordovician Tongzi Formation and shale from the Meitan Formation, and it is
speculated that the low lithium content may be related to its material source (Table 5).

Table 5. Lithium content of typical bauxite deposits in Guizhou.

Name of the . Number of . . Li
Deposit Lithology Samples (Piece) Al,O3 SiO; Fe, O3 TiO, K,O Na,O (ppm)
Bauxite 11 67.10 10.69 3.04 2.79 0.20 0.53 360
Xinmin
Bauxite 3 48.65 31.90 2.65 1.50 0.49 0.78 417
Yanping Bauxite 4 54.40 20.28 8.32 2.21 1.05 0.63 1004
Peach Garden Bauxite 3 52.71 20.62 6.73 1.25 0.34 0.72 539
Bauxite 8 46.72 27.51 5.53 1.31 0.49 0.71 656
Wachangping
Bauxite 5 60.16 15.79 457 2.02 0.15 0.44 805
Rear Slot Bauxite 30 65.63 11.26 3.88 291 2.08 0.03 73
Xianrenyan in Bauxite 30 6383  7.02 1191 2380 0.48 0.03 73
Zunyi
Correlation coefficient with Li —0.240 0.227 0.001 0.261 0.093 0.441 1

At present, there are many studies on the enrichment mechanism of lithium in bauxite.
The lithium content of bauxite ore is generally high, except for some samples with a large
abnormal content, and the lithium content of other samples is high. The content of lithium
in the low-quality coal seam and clay rock in the upper part of the bauxite layer decreased,
while the lithium content in ferruginous clay rock increased significantly, and the lowest
value appeared in quartz sandstone. Compared with mudstone and claystone in the area, it
was found that the content of lithium in ferruginous mudstone or ferruginous weathering
crust was relatively high, while the content of lithium in ferruginous mudstone was higher
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than that in claystone, which indicates that the enrichment of lithium is related to rock
properties, and the synchronous change in lithium content with iron content also indicates
that there is a close relationship between lithium and iron. In the comparative study of
lithium content in different types of rocks and ores in Dazhuyuan bauxite, it was found
that the lithium content in oolitic bauxite decreased with the increase in aluminum content;
there was no obvious correlation between lithium and aluminum in clastic, dense and
semi-earthy bauxites; and lithium content did not enrich with the enrichment of aluminum.
In Wachangping bauxite, Wuchuan, northern Guizhou, the lithium content in massive
bauxite was higher than that in earthy bauxite, and the lithium content in bauxite was
higher than that in bauxite—shale. Based on the distribution characteristics of lithium in
various deposits, it can be seen that the lithium content in bauxite is basically inversely
related to the aluminum content. As it may be affected by the source of metallogenic
materials, the lithium content varies greatly in different ore belts and different deposits. In
some deposits, it was found that it is not only bauxite that has a high lithium content, but
lithium content was also high in lower grades of bauxite and claystone. In most bauxite
deposits, the content of lithium was found to meet the requirements of the industrial grade,
which indicates that in addition to the associated gallium element in bauxite in Guizhou
Province having a high development and utilization value, the associated lithium element
also has good comprehensive utilization prospects and is a potential lithium resource.

4.2. Enrichment and Migration of Associated Ga, Li and Rare Earth Elements

The REEs in the ore-bearing rock series show a certain variation in the vertical direction:
from the top to the bottom, the contents of LREE, MREE, HREE and }_REE show a gradual
increasing trend. The chondrite-normalized REE patterns of the bauxite ore-bearing rock
series show that LREE (La~Nd) is obviously enriched, MREE (Sm~Ho) is moderately to
weakly enriched and HREE (Er~Lu) has a relatively flat feature with a distinct positive
Ce anomaly. ZK5604 and ZK202 have higher 5Ce anomalies at the bottom of the profile.
On the whole, the ore-bearing rock series shows a large LREE diversity and a small HREE
diversity, and the LREE difference between the middle and upper parts of the section and
the bottom is obvious, which may be the result of more REE loss in the middle and upper
parts due to leaching transformation or downward migration and precipitation of REEs.

The bauxite and the Hanjiadian Formation shale not only have the characteristics
of a Ce positive anomaly and LREE enrichment, but the trend in HREE change is also
very consistent. Furthermore, the Huanglong Formation limestone shows an obvious Ce
negative anomaly; HREE are far less than in the ore-bearing rock series, and the trend is
inconsistent with bauxite. On the whole, the REE distribution pattern of bauxite is similar
to that of Hanjiadian Formation shale, but obviously different from that of Huanglong
limestone. The REE distribution pattern of the dense bauxite at the bottom of the ore series
is very similar to that of Hanjiadian Formation shale, both of which have the characteristics
of a Ce positive anomaly and LREE enrichment, and the HREE variation trend is basically
the same; however, the overall trend is relatively flat. Although the REE distribution curve
of the ore-bearing rock series of bauxite has changed to a certain extent after leaching, we
cannot simply use the REE distribution curve to determine the provenance; however, it
still shows that the ore-bearing rock series may be more closely related to the Hanjiadian
Formation shale. REEs belong to the lanthanide series, and their chemical properties can
be observed on the surface of minerals; therefore, LREE is more easily adsorbed on the
surface of clay minerals, phosphate minerals, zircon, anatase, rutile and Fe, Mn oxides
than HREE. Li is mainly adsorbed onto kaolinite, illite, montmorillonite, chlorite and other
minerals in a dispersed state. Nb, Ta, Zr, Hf, V, Th and Ti, as inactive elements during
bauxite mineralization, are easily adsorbed on the surface of clay minerals [31-35].
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4.3. Metallogenic Process Analysis

Previous studies have shown that the laterization process is a necessary process
for the formation of bauxite, and the ore-forming materials after the parent rock laterite
are mainly kaolinite, hematite and other minerals, with some hard water stone. The
mud shale of Hanjiadian Formation, limestone of Huanglong Formation and other rocks
provided material sources for the formation of Wuzhengdao bauxite deposit in northern
Guizhou, and these parent rocks provided original ore-forming materials for the formation
of Wuzhengdao bauxite deposit after lateritization. The mineral-forming materials of
Wuzhengdao bauxite deposit in northern Guizhou were deposited in a low-energy and
reducing environment by means of colloidal transport or suspension transport. Fine-
grained ore-forming materials are transported and deposited in the ore-forming basin, so
the original sediments contain few clastic particles and are basically muddy materials that
are mainly composed of clay minerals such as kaolinite and illite. During the transportation
and deposition process, part of kaolinite may react with Mg?* in the sea water and transform
into chlorite. According to this, it is inferred that if the ore-forming parent material is
directly consolidated into rock without other transformation after deposition, it should be
clay rock. If the mass fraction of Al,Oj3 in the claystone is more than 40%, it will become
dense bauxite. Therefore, the initial state of most ores of Wuzhengdao bauxite should be
claystone, or claystone with a color, structure and composition similar to dense bauxite.
The initial state of the ore is a muddy structure, the content of clastic particles is small, the
color is light gray-grayish green, and the content of Al,O3 is low.

4.3.1. Mineralization

This work found that the oolitic minerals are mainly chlorite and diaspore, chlorite
can be transformed from laterization products such as kaolinite and feldspar in a reducing
environment, the sedimentary environment of bauxite is reducing, and the oxygen content
decreases gradually from the top to the bottom of the profile in the leaching process, all
of which can form chlorite. The formation of diaspore has always been controversial;
usually, there are two views: the formation of high temperature and high pressure and the
formation of normal temperature and normal pressure, but diaspore is not the main product
of laterization. Wuzhengdao bauxite is formed under the transformation of transportation,
deposition and leaching in the surface environment, that is, there is no high temperature
and high pressure environment in the deposition and mineralization process of bauxite
formation, so diaspore can only be formed under normal temperature and normal pressure.
In addition, diaspore can be seen in Wuzhengdao bauxite, which is crystallized around the
later dissolution pores. This is obviously the product at normal temperature and pressure
after deposition, so the formation of diaspore at normal temperature and pressure is beyond
doubt. The XRD analysis of the ore and the SEM image of the oolite show that diaspore
is mostly associated with chlorite, and less with other minerals; in particular, high-grade
bauxite is mostly associated with chlorite, which implies that the formation of diaspore is
closely related to chlorite. In the acidic environment formed by leaching, kaolinite, feldspar
and other minerals are transformed into diaspore and chlorite. Chlorite can be further
transformed into diaspore by continuous leaching, thus, improving the ore quality.

Aluminum compounds are mainly diaspore and boehmite: diaspore is dominant and
boehmite is only a small amount. There are many explanations as to the origin of diaspore:
(1) Metamorphic origin: gibbsite becomes boehmite by dehydration, and boehmite becomes
diaspore under shallow metamorphism. (2) Weathering genesis: gibbsite or kaolinite is
directly transformed into diaspore at low temperature. (3) Diagenetic crystallization. There
is no obvious metamorphism in Wuzhengdao bauxite, diaspore is in a transitional state with
clay minerals such as chlorite and illite, and dissolution is often seen in the boundary and
interior. At the same time, diaspore can be associated with hematite, limonite, pyrite and
ilmenite. All these indicate that diaspore in the Wuzhengdao area is mainly transformed
from other clay minerals under surface conditions. Diaspore is formed by desilication
and iron removal from kaolinite and chlorite by leaching in the surface environment. In
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the pores of bauxite, there are diaspore crystals with huge grains and complete crystal
forms, which are formed by direct crystallization and may be formed during diagenesis.
The quantity of boehmite in Wuzhengdao bauxite is small, which may be produced in
the process of laterization and accumulated in the ore-bearing rock series of bauxite after
transportation and deposition. There is a large amount of colloidal diaspore in Wuzhengdao
bauxite. This part of diaspore is formed by the coagulation of aluminous colloid. It is
obvious that these diaspores are the products of sedimentary period.

4.3.2. The Ore-Forming Process

On the basis of previous work, according to the ore-forming process of Wuzhengdao
bauxite deposit in northern Guizhou, this paper systematically analyzes the formation
process and sequence of main minerals, and the formation of minerals can be divided into
the following stages: weathering period, syngenetic period (transportation and deposition
period), penecontemporaneous period (intermittent exposure to the surface period), dia-
genetic period and supergene period. According to the analysis of hand specimens and
scanning electron microscope, each mineral has a variety of forms, the boundaries between
minerals are not clear, and there is a transitional evolution relationship between minerals,
which proves that minerals are formed in different stages.

The weathering period mainly refers to the laterization of parent rock, which provides
the most basic ore-forming materials for bauxite. The minerals formed in this period mainly
include kaolinite, diaspore and anti-weathering heavy minerals such as ilmenite and zircon.
Zircon and ilmenite in Wuzhengdao bauxite are rounded to a certain extent, indicating that
they have undergone certain transportation, which suggests that zircon and ilmenite are
products of the weathering period.

The contemporaneous stage refers to the stage from the transportation and deposition
of bauxite into the basin to the compaction and diagenesis. At this stage, diaspore is
transported to the sedimentary basin in the form of colloid, kaolinite is mainly transported
in the form of suspension, part of kaolinite is transformed into chlorite in the process of
transportation and deposition, and both kaolinite and chlorite can be transformed into
diaspore. In the sedimentary basin, the residual hematite in situ is transformed into pyrite
(locally, it is still hematite under relatively high energy and oxidation conditions, and the
newly deposited pyrite is transformed into hematite). At this stage, the content of Al in the
unconsolidated sediments has been greatly increased.

4.4. Comprehensive Utilization Analysis of Associated Ga, Li and Rare Earth Elements
4.4.1. Analysis of the Comprehensive Utilization of Ga and Li

Approximately 70% of Ga is dissolved and enriched in the mother liquor in the process
of bauxite electrolysis. A total of 90% of Ga in the world comes from recovery from the
electrolytic aluminum process, and the remaining 30% of undissolved Ga in bauxite remains
in red mud. The recovery process of Ga includes fractional precipitation, electrochemical
deposition, solvent extraction and ion exchange. Recent studies have shown that solvent
extraction and ion exchange have a better extraction performance than other methods
because of their simple process and lack of environmental pollution. There are few reports
on the process of extracting Ga from red mud. Some scholars try to extract Ga from red mud
via the acid-leaching ion exchange method. The leaching efficiency of Ga by hydrochloric
acid, sulfuric acid and nitric acid is compared. The results show that the leaching efficiency
of Ga by hydrochloric acid is the highest, which can reach 97. The optimum leaching
conditions are as follows: the concentration of hydrochloric acid is 159 G/L, the leaching
temperature is 55 °C, the leaching time is 4 H, and the ratio of liquid to solid is 8 mL/G,
under which the leaching efficiency of Ga is 94.77%. Ga is then concentrated by iron removal
and a recycling process, and the concentrated solution with a Ga content of 97.54% can be
obtained by ion exchange treatment of the sixth circulating solution (Ga concentration of
20.52 mg/L).
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The content of Li in the aluminum-bearing rock series in Guizhou is high and varies
widely. In terms of the plane, the content of Li is generally high in the northeast and
southwest metallogenic provinces and low in the middle metallogenic province. In terms of
the profile, Li is mainly enriched in the dense bauxite (ore) in the upper part of the ore series.
The continental lacustrine sedimentary environment with a warm and humid climate and
strong weathering and leaching is favorable for the formation of clay minerals dominated
by kaolinite, which promotes the isomorphism of Li* with AI**, Mg? *, Fe3* and Fe?* to the
greatest extent, or the adsorption and enrichment of Li* by clay minerals. With the increase
in desilication and aluminum enrichment, a large amount of Li* is lost, resulting in the
depletion of high-grade bauxite. Li* mainly comes from the underlying strata with a high
background, which is consistent with the parent rock of bauxite mineralization, and part of
it may also come from the overlying Li-rich strata. The enrichment degree of Li* is closely
related to the background of the ore-forming parent rock. The enrichment characteristics of
Li* in aluminum-bearing rock series show that lithium resources have good prospecting
potential. Strengthening the process of mineralogy research and expanding laboratory
research and industrial index demonstration are expected to transform lithium resources in
aluminum-bearing rock series into available minerals.

4.4.2. Analysis of the Comprehensive Utilization of Rare Earth Elements

Bauxite is often associated with rare earth and other important strategic mineral
resources, which has great potential economic value. Predecessors have studied the oc-
currence of rare earth elements in Wuzhengdao bauxite in northern Guizhou through
chemical phase analysis, including the gradual separation of four phases, namely, the
water-soluble phase, ionic phase, colloidal sedimentary phase and mineral phase, and the
gradual separation of carbonates, organic matter, iron minerals, quartz and silicates. Rare
earth elements in bauxite in northern Guizhou are mainly in the mineral phase and ionic
phase; rare earth elements in the water-soluble phase and colloidal sedimentary phase are
very few, and rare earth elements in the mineral phase mainly occur in silicate minerals.
According to the mineral composition characteristics of bauxite in this area, clay minerals
are considered to be the main carrier minerals of rare earth elements, which mainly occur
in clay minerals (such as kaolinite and chlorite) in the form of isomorphism. Some rare
earth elements are adsorbed by aluminum minerals (such as diaspore, boehmite, gibbsite,
etc.) and clay minerals in a dispersed state.

REE-fluorocarbon is the most common REE mineral in karst bauxite. In these minerals,
Ce plays a dominant role in rare earth elements. The existence of this mineral will signifi-
cantly affect the shape of REE patterns and cause obvious Ce anomalies in ores. The mineral
control of monazite can lead to the fractionation and enrichment of LREE relative to HREE.
For example, four kinds of REE phosphate minerals are distinguished in Heishan bauxite:
authigenic monazite, residual monazite, authigenic xenotime and residual xenotime, and
these four kinds of phosphate minerals have different controls on different REEs. The
LREEs of La, Pr, Sm, Gd and Dy are abundant in both monazites, and are more abundant
in authigenic monazite. In addition, authigenic monazite has an obvious control effect on
Nd, while residual monazite has an obvious control effect on Ce. Different from monazite,
both xenotime and xenotime are rich in HREE (Gd, Dy, Er, Yb) and poor in LREE (La, Ce,
Pr, Eu, Nd, Sm). The authigenic xenotime contains a small amount of V and Sc, while the
residual xenotime does not. In addition, some low-solubility elements (e.g., Zr, Th, Ti, V,
Ga) are concentrated in detrital zircon and monazite (Zr, Th), as well as in anatase (Ti, V)
and hematite (Ga). Compared with bauxite, the enrichment factor of REEs in red mud
is approximately 2, and the concentration of REEs in red mud may be between 500 and
1700 mg/kg. The extraction of REEs from red mud usually uses a hydrometallurgical or
pyrolytic hydrometallurgical process with extensive use of solutions (mineral acids, CO,,
bioleaching, highly acidic ionic liquids), leaching, selectively dissolving REEs, and further
enriching the mother liquor by ion exchange or solvent extraction [36—40].



Sustainability 2022, 14, 14301

19 of 22

In the red mud leaching solution, polyethyleneimine (PEI)-modified chitosan material
(PEI-chitosan material) can be used as an effective adsorbent for La ions, and La ions can be
easily separated from Al ions with a separation factor of 3.1. The adsorption behavior of a
single metal showed that it had a rapid and effective adsorption capacity of 2.015 mmol/G
for the La ion. The N atom forms a coordination bond with La by sharing an electron pair,
thereby forming an eight-membered chelate ring. The PEI-chitosan material also showed
excellent reusability with a regeneration efficiency of 90% after four cycles.

Sc is a typical rare and scattered lithophile element. The content of Sc;O3 in bauxite is
generally between 40 and 150 ng/G. After the production of alumina, it can be enriched
by more than 98% in red mud, and the highest content can reach 0. Therefore, red mud is
usually used to extract Sc in the industrial production process. At present, the recovery
process of extracting Sc from red mud is mainly divided into hydrometallurgy and pyro-
hydrometallurgy. In hydrometallurgy, red mud is directly leached with high-concentration
acid to cause Sc and impurity ions to enter the solution from the red mud. Then, Sc,O3
is obtained by ion exchange after extraction with an extractant and alkali back extraction,
and finally, Sc is obtained by roasting. Pyro-hydrometallurgy is mainly to separate Fe, Al
and Sc in red mud by repeated sintering, so that Sc can be enriched in white mud (the
content of Sc in white mud is 2.65 times that in red mud). Sc is obtained by acid-leaching
extraction (or ion exchange). Although the industrial processes of hydrometallurgy and
pyro-hydrometallurgy are different, both gradually separate Sc from other metal ions,
enrich Sc in solution by acid leaching, and then recover Sc by solvent extraction (ion
exchange). In addition, approximately 98% of Sc can be extracted from P204 and P507 by
acid leaching with phosphoric acid, hydrochloric acid, sulfuric acid and calcium fluoride
under suitable conditions. In addition, special selective adsorbents such as the hydrophobic
ionic liquid beryllium bis (trifluoromethylsulfonyl) imide (HbetTf2N), resin D201, and the
organic system composed of D2EHPA and TBP play an important role in the extraction of
Sc [41-44].

5. Conclusions
5.1. Urgent Demand for Science and Technology

Different from the shortage of bulk mineral resources (Fe, Al, Cu, etc.), China’s strategic
mineral resources have great potential, and their distribution is very distinctive in the global
context. A thorough understanding of the metallogenic regularity of these minerals is of
great significance to enrich the metallogenic theory, determine the resources available, meet
the national demand for strategic mineral resources, and control the international supply
and demand of these minerals. However, compared with other deposits, the research and
development of these deposits in China generally started late, the metallogenic regularity
has not been well grasped, the exploration depth of the existing deposits is shallow, and
there are many virgin lands with mineralization but no exploration. For example, although
rare/scattered elements are of great value in the national economy, in China, whether they
are independent deposits of rare/scattered elements or rare/scattered metals as associated
components of other minerals, their recognition, attention and development and utilization
are far lower than for other mineral resources. On the one hand, people are bound by the
traditional way of thinking that their highly dispersed geochemical properties determine
that they are impossible to form deposits; on the other hand, due to technical, economic and
other reasons, the rare/dispersed metals, which usually appear as associated components,
are not fully utilized as a resource but are discarded as “waste rock” or “tailings”, resulting
in a great waste of resources. It is undoubtedly one of the important and effective ways of
prolonging the life of a mine, reducing the production cost and increasing the benefit by
researching and developing the independent or associated rare/dispersed metals [41-43].

More importantly, the formation of strategic mineral resources often has a special
geological background and metallogenic process, which determines that strategic min-
eral resources have special metallogenic conditions and controlling factors. At the same
time, the metallogenic theory, prospecting model and exploration technology needed for
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its exploration are not identical to those of other types of deposits, which need to be
studied by special metallogenic theory, establishing a targeted prospecting model and
exploration techniques.

5.2. Accelerating Breakthrough Strategic Actions

Rare earth, scattered and rare metals found in Guizhou are often associated with
phosphate ore, coal, lead—zinc ore, bauxite, basalt weathering zone, nickel-molybdenum
polymetallic deposits or geological bodies. In recent years, with the steady progress of
integrated exploration work, a series of prospecting achievements have been made in the
comprehensive evaluation of mineral resources, especially for the associated minerals.
Comprehensive evaluation has shown that associated gallium resources have equaled
52,162 tons, lithium resources 432,146 tons, cadmium resources 4714 tons and germanium
resources 17,139 tons.

At present, due to the continuous downturn of the mining economy, the economic
value of traditional minerals is declining year by year, and the investment in and develop-
ment of the mining industry is almost stagnant. Improving the added value of minerals
is the most important issue in the development of the mining economy. With the rapid
development of emerging industries, the strategic value and status of “associated” minerals
have been highlighted. To carry out the investigation and evaluation of associated mineral
resources in the whole province can not only fully assess the distribution law of associated
resources and determine the resource background, but also contribute to future mining de-
velopment, especially the comprehensive utilization of associated resources. It is conducive
to the transformation and upgrading of the mining economy and to achieving a major
breakthrough in prospecting. This is not only in line with the national strategy, but will
also help to ensure the rapid and stable development of the province’s mining economy.
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