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Abstract: The anomalous enrichment of the rare earth elements and yttrium (REY), U, Mo, As, Se,
and V in the coal-bearing intervals intercalated within the carbonate successions in South China has
attracted much attention due to the highly promising recovery potential for these elements. This
study investigates the mineralogical and geochemical characteristics of the late Permian coal-bearing
intervals (layers A-F) intercalated in marine carbonate strata in the Xian’an Coalfield in Guangxi
Province to elucidate the mode of occurrence and enrichment process of highly elevated elements.
There are two mineralogical assemblages, including quartz-albite-kaolinite-carbonates assemblage in
layers D-F and quartz-illite-kaolinite-carbonates assemblage in layers A—C. Compared to the upper
continental crust composition (UCC), the REY, U, Mo, As, Se, and V are predominantly enriched in
layers A and B, of which layer A displays the REY-V-Se—As assemblage while layer B shows the
Mo-U-V assemblage. The elevated REY contents in layer B are primarily hosted by clay minerals,
zircon, and monazite; Mo, U, and V show organic association; and As and Se primarily display
Fe-sulfide association. Three geological factors are most likely responsible for geochemical anomaly:
(1) the more intensive seawater invasion gives rise to higher sulfur, Co, Ni, As, and Se contents, as
well as higher Sr/Ba ratio in layers A-C than in layers D-F; (2) both the input of alkaline pyroclastic
materials and the solution/rock interaction jointly govern the anomalous enrichment of REY; and
(3) the influx of syngenetic or early diagenetic hydrothermal fluids is the predominant source of U,
Mo, V, Se, and As.

Keywords: geochemistry; rare earth elements and Y (REY); Yunkai Upland; Heshan Formation; mineral

1. Introduction

Coals formed in marine carbonate platforms are primarily distributed in South China,
including Heshan [1-4], Fuisu [5], Xian’an [6], Yishan [7], Guiding [8], Yanshan (Yunnan
Province) [9], and Chenxi (Hunan Province) coalfields [10], of which the first four are
located within Guangxi Province, South China. These coals mostly contain highly enhanced
concentrations of sulfur (especially organic sulfur) and, thus are classified as super-high-
organic-sulfur (SHOS) coals [11,12].

The Late Permian is an important coal-forming period in Guangxi Province, South
China. In recent years, the late Permian coal-bearing strata intercalated in marine carbonate
strata in Guangxi Province, South China, have attracted much attention mainly due to the
elevated concentrations of some critical elements, such as rare earth element and yttrium
(REY), U, Mo, Se, V, and so on [3,5,6]. For example, the coals from the Heshan and Yishan
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Coalfields are enriched in Mo, U, Se, and V [1-3,13] while those from the Fusui, Xian’an,
and Yishan Coalfields are characterized by the elevated concentrations of REY, Zr (Hf),
and Li [5,6,13].

The geological factors controlling the geochemical anomaly are still controversial.
Dai et al. [3] attributed the elevated concentrations of Mo-U-Se—V assemblage in the coals
from the Heshan and Yishan Coalfields in Guangxi Province to the joint influence of terrige-
nous detrital materials from Yunkai Upland and multistage low-temperature hydrothermal
fluids. However, the marine invasion is also considered as being the predominant factor
controlling the enrichment of Mo-U-Se—V assemblage in the coals from the Heshan Coal-
field in Guangxi Province [1]. Additionally, Zeng et al. [13] attributed the enrichment of
Mo, U, Se, and V in the coals from the Heshan Coalfield to the soil horizon at top of the
middle Permian Maokou Formation. The anomalous enrichment of REY in the coals from
the Yishan Coalfield is attributed to the influx of high-temperature hydrothermal fluids [13].
However, the joint influence of volcanic ash fall and water/rock interaction is regarded
as a predominant factor influencing the enrichment of REY in the coals from the Xian’an
Coalfield in Guangxi Province [6].

The Xian’an Coalfield contains relatively abundant coal resources, but the mineralogi-
cal and geochemical compositions of the coals are limitedly investigated [6] and report the
enrichment of REY, Sc, U, Pb, and Mo in the lowermost coal seam of the Heshan Formation.
However, whether the rare metals are enriched in other coal seams in the Xian’an Coalfield
is still unclear. This study investigates the mineralogy and geochemistry of the late Permian
coal-bearing intervals located in the middle and upper portions of the Heshan Formation
in the Xian’an Coalfield, Guangxi Province, China, with an emphasis on the mode of occur-
rence and enrichment mechanism of some elements highly enriched in the coal-bearing
intervals studied. It also provides an opportunity to determine whether the coal-bearing
intervals in the Xian’an Coalfield can be considered as promising raw materials for certain
rare metals.

2. Geological Setting

Late Permian is an important coal-forming period in South China, including Guizhou,
Yunnan, Sichuan, and Guangxi Provinces [14]. The late Permian coalfields in Guangxi
Province, South China, mainly include the Heshan, Fusui, Yishan, Xian’an, and Baiwang
Coalfields (Figure 1A). The Shanglin exploration region studied is located within the
Xian’an Coalfield in Guangxi Province.

The palaeogeographic environment of the late Permian in Guangxi Province is mainly
represented by a series of isolated carbonate platforms surrounded by deep flume basins
(Figure 1B). The late Permian strata include the Heshan and Dalong Formations, the
former of which is approximately 140 m thick and consists mainly of carbonates in-
tercalated with coal seam, mudstone, and carbonaceous mudstone while the latter of
which is mainly composed of siliceous rocks and siltstones intercalated with tuffaceous
sandstone and marlstone.

The late Permian coal-bearing stratum in the Xian’an Coalfield is primarily the Heshan
Formation. There are mainly five layers of coal in the Heshan Formation, which are
numbered from top to bottom as Ky, Ky, K3, K4, and Ks coals, respectively (Figure 2). The
K3 and K4 coals are divided into two or three layers in this area. The lithology of the
roof and floor of the coals is limestone or flint (Figure 2). Based on the lithological and
coal-bearing characteristics, the Heshan Formation is subdivided into the upper and lower
sections (Figure 2). The upper section of the Heshan Formation is the primary coal-bearing
stratum and consists of bioclastic limestone and four coal seams while the lower section is
a secondary coal-bearing stratum and composed of limestone, biolimestone, and gravel
clastic limestone intercalated with one locally mined coal seam Ks. The total thickness
of the coal seam is 11.6 m, and the total recoverable thickness is 6.4 m, among which the
K4 coal seam is the main mineable coal seam with an average of 1.80 m, and the K3 and
K; coal seams are locally workable or unworkable [1].
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Figure 1. (A) Location of coalfields in Guangxi Province [15]; (B) location of the Xian’an Coalfield as
well as the distribution of Late Permian sedimentary environments in southern China. CSS, China
South Sea [16].
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Figure 2. (A) The generalized stratigraphic column of the late Permian coal-bearing strata within the
Xian’an Coalfield [6]; (B) sampling column of borehole SL.

3. Methodology

Sixteen samples of carbonaceous mudstone were collected from borehole SL located
in the Wanfu exploration region of the Xian’an Coalfield in Guangxi Province, SW China
(Figure 2B). The samples collected were then put in plastic bags to avoid contamination
and oxidation.

The individual samples were ground to <0.2 mm and split into two representative
portions. A portion of the sample (<0.2 mm) was directly used for proximate analysis based
on the ASTM Standards D3173-11 (2011), D3174-11 (2011), and D3175-11 (2011) [17-19],
while another portion was ground further to <0.076 mm (200 mesh) using an agate mortar
and pestle for mineralogical and geochemical analysis. Mineralogical analyses of the
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sample powders were performed by powder X-ray Diffraction (XRD) using a Bruker D8
A25 Advance (Bruker D8 A25 Advance, Leipzig, Germany) at Institute of Environmental
Assessment and Water Research (Barcelona, Spain). The detailed XRD analysis procedure
and semi-quantitative analysis were reported in the previous study [20]. The diffractograms
were obtained at a 20 interval of 5-90°, with a step size of 0.01°.

Approximately, a 0.1 g sample was weighed and digested based on the method
proposed by Querol et al. [21] for geochemical analysis. Major elements (Al, Ti, Fe, Mg, Ca,
Na, K, and P) and trace elements were performed by inductively coupled plasma atomic-
emission spectrometry (ICP-AES, Iris Advantage TJA Solutions, Thermo Fisher Scientific,
Waltham, MA, USA) and inductively coupled plasma mass spectrometry (ICP-MS, X-Series
II Thermo, Thermo Fisher Scientific, Waltham, MA, USA). Silicon content was measured by
wavelength dispersive X-ray fluorescence spectrometry (XRF; ZSXPrimus II) following the
methods for chemical analysis of silicate rocks (GB/T14506.28-2010).

A small portion of representative block samples was used to prepare the polished
sections for the SEM-EDS analysis. The modes of occurrence of minerals were studied
using field emission-scanning electron microscope (ZEISS Sigma300, Carl Zeiss AG, Jena,
Germany), equipped with an energy-dispersive X-ray spectrometer (EDS) in the State Key
Laboratory of Geological Processes and Mineral Resources (China).

4. Results
4.1. Coal Chemistry

The moisture content, ash yield, volatile matter yield, and total sulfur content of the
samples from borehole SL are tabulated in Table 1. The moisture content and volatile matter
yield of the samples range from 0.4% to 2.1% and 8.4% to 16.3%, respectively. The samples
are characterized by high ash yield, which ranges from 54.4% to 86.9% with an average of
75.8% exceeding 50%, and thus are classified as carbonaceous mudstone rather than coal
according to Chinese standard (>50% ash yield indicative of noncoal rock, GB/T 15224.1-
2018). However, these carbonaceous mudstones are used as high-ash coals due to relatively
rare coal resources in Guangxi Province. Vertically, the ash yield is distinctly lower in
layers A and C than in the other layers (Figure 3). The low-temperature ash yield (LTA)
of the investigated samples is higher than the high-temperature ash yield (Table 1). The
difference is partly due to dehydration of the clay minerals, oxidation of the pyrite, and/or
CO; release from the carbonate minerals during the high-temperature ashing process [3].

Table 1. Proximate analysis, total sulfur content, and low-temperature ash yield (LTA) of the samples
from borehole SL.

Laver Sample LTA Moisture Ash Yield Volatile Matter Yield Total Sulfur Content
Y P (d, wt%) (ad, wt%) (d, wt%) (daf, wt%) (d, wt%)

SL-1 93.2 0.39 84.8 12.0 2.1

Layer F SL-2 93.0 0.73 84.1 10.0 2.7
SL-3 96.3 1.17 83.2 10.7 2.4

Laver E SL-4 96.1 0.58 86.3 10.2 25
Y SL-5 88.9 0.80 86.9 10.6 2.0
SL-6 89.7 0.59 82.5 9.6 2.1

Layer D SL-7 77.6 0.37 69.0 10.1 4.6
SL-8 88.7 0.79 80.0 9.8 2.7

SL-9 85.6 1.32 70.0 13.2 8.6

Layer C SL-10 72.0 1.33 59.2 10.8 5.1
SL-11 83.6 1.59 63.3 14.3 6.9

SL-12 93.8 2.14 86.2 12.2 2.8

Layer B SL-13 97.5 2.00 83.2 16.1 6.3
SL-14 89.7 1.18 72.3 154 49

Laver A SL-15 78.7 0.60 54.4 9.8 7.7
Y SL-16 83.0 0.60 65.4 8.4 4.0

Note: ad, air-dry basis; d, dry basis; daf, dry and ash-free basis.
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Figure 3. Vertical distribution of ash yield, sulfur content, and the ratios of major element oxides
throughout borehole SL profile.

The total sulfur contents of the samples from borehole SL vary between 2.0% and 8.6%,
with an average of 4.2%, indicating a high sulfur content for them (<1.0, 1.0-3.0, and >3.0%
indicative of low, medium, and high sulfur content, respectively) [12]. The sulfur content
shows a distinct variation throughout the profile and displays higher sulfur contents in
layers A—C than in layers D-F (Figure 3). Layer A (5.8% on average), B (4.7%), C (6.8%),
and D (3.2%) contain a high sulfur content (>3.0%) while layers E (2.2%) and F (2.4%) are
characterized by medium sulfur content.

4.2. Mineralogy
4.2.1. Mineral Phases

The contents of the crystalline mineral phases of the samples taken from borehole SL
are tabulated in Table 2. The minerals in the investigated samples consist mainly of quartz,
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and to a lesser extent, illite, albite, calcite, dolomite, kaolinite, and pyrite, along with trace
amounts of bassanite and anatase (Figure 4). Paragonite is only present in sample SL-5.
There are two types of mineral assemblage throughout the borehole SL profile. The first
mineral assemblage (pyrite-quartz-albite-kaolinite-carbonates) is only present in layers D-F
(Figure 5) while the second assemblage (pyrite-quartz-illite-kaolinite-carbonates) occurs in
layers A—C (Figure 5).

Table 2. Mineralogical proportions and low-temperature ash yield (LTA) of the samples from the
borehole SL (on whole-coal basis; unit in wt%).

Sample LTA Illite Kaolinite Paragonite Quartz  Calcite Dolomite Pyrite Albite  Anatase Bassanite
SL-1 93.2 <dL 5.6 <dL 55.2 8.4 8.6 2.1 13.4 <dl <dL
SL-2 93.0 <dL 7.1 <dL 48.3 1.1 49 2.0 29.6 <dl <dL
SL-3 96.3 <dL 6.9 <dL 58.8 1.6 14.0 22 12.9 <dl <dL
SL-4 96.1 <dL 3.2 <dL 60.6 2.5 10.2 2.0 171 <dl 0.4
SL-5 88.9 <dL 5.7 53 55.1 0.7 9.7 2.7 9.6 0.1 <dL
SL-6 89.7 <dL <dl <dL 59.8 <dL 9.5 41 16.3 <dl <dL
SL-7 77.6 <dL 6.2 <dL 54.2 <dL 4.6 29 9.7 <dl <dL
SL-8 88.7 <dL 2.8 <dL 55.0 1.8 8.9 3.8 16.5 <dl <dL
SL-9 85.6 12.3 6.4 <dL 453 5.8 <dL 7.5 <dL 0.3 8.0
SL-10 72.0 15.0 15.1 <dL 33.7 2.0 2.5 3.7 <dL <dl <dL
SL-11 83.6 14.8 3.7 <dL 47.6 3.0 4.0 10.5 <dL <dl <dL
SL-12 93.8 17.6 <dl <dL 64.8 <dL 44 6.5 <dL 0.4 <dL
SL-13 97.5 12.5 9.4 <dL 52.3 <dL 12.2 74 <dL 0.3 3.4
SL-14 89.7 7.8 7.5 <dL 62.4 <dL 2.7 9.3 <dL <dL <dL
SL-15 78.7 11.5 2.1 <dL 48.1 73 3.9 59 <dL <dL <dL
SL-16 83.0 11.8 1.3 <dL 59.3 6.2 0.5 3.9 <dL <dL <dL

<dL, below detection limit.
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Figure 4. X-ray diffractogram (XRD) patterns of minerals in selected samples to show mineral assemblage.
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Illite is only distributed in layer A (11.7% on average), layer B (12.6%), and layer C
(14.0%) while kaolinite universally occurs in all layers (Figure 5). Similarly, pyrite is also
abundant in layers A—C relative to layers D-F. Dolomite is more abundant in layers B, D, E,
and F compared to layers A and C. The distribution of calcite, however, is different from
that of dolomite. Notably, albite is a major mineral constituent in layers D-F but is absent
in layers A-C (Figure 5).

4.2.2. Mode of Occurrence of Minerals

Kaolinite mainly occurs in the following forms: kaolinite matrix (Figure 6A), pore/cavity-
filling kaolinite (Figure 6B), vermiculate kaolinite (Figure 6C), and fracture-filling kaolinite
(Figure 6D), of which the former three forms indicate the syngenetic to early diagenetic
stage while the fourth suggests epigenetic stage.
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Figure 6. Scanning electron microscope (SEM) back-scattered electron images of minerals (A-H):
(A) euhedral pyrite embedded within kaolinite matrix (sample SL-9); (B) kaolinite and anatase
(sample SL-9); (C) vermiculate kaolinite (sample SL-12); (D) fracture-filling kaolinite (sample SL-5);
(E) massive pyrite (sample SL-5); (F) albite, kaolinite, pyrite, and finely-grained disseminated anatase
particles (sample SL-5); (G) kaolinite, albite, and pyrite (sample SL-5); and (H) framboidal pyrite
aggregates (sample SL-16).
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Pyrite is a primary mineral phase in samples studied. Pyrite primarily occurs as single
euhedral crystals (Figure 6A) or massive forms (Figure 6E-G) embedded in the kaolinite
matrix, which indicates an approximately contemporaneous early diagenetic formation. In a
few cases, framboidal pyrite aggregates are also observed in the samples studied (Figure 6H).

Albite is an important mineral constituent in layers D-F. Albite predominantly occurs
as disseminated particles with irregular corroded borders (Figure 6EG), indicating the
alteration of albite. In most cases, albite is surrounded by flaky kaolinite, revealing the
transformation of albite to kaolinite.

Anatase is also found in some samples and primarily occurs as dispersed particles
embedded within a clay minerals matrix (Figure 6F), indicating a detrital origin. In a few
cases, anatase is embedded within organic matter (Figure 6B), indicating an authigenic origin.

4.3. Geochemistry

The major and trace elements contents of the samples collected from borehole SL are
listed in Table 3.

Table 3. Major-element oxides (wt%) and trace element concentrations (ug/g) of the samples from
borehole SL-1 (on whole-coal basis).

SL-1 SL-2 SL-3 SL-4 SL-5 SL-6 SL-7 SL-8 SL-9 SL-10 SL-11 SL-12 SL-13 SL-14 SL-15 SL-16
SiO, 66 70 69 72 67 69 62 66 55 48 57 73 63 70 55 66
TiO, 0.17 0.23 0.36 0.20 0.22 0.18 0.13 0.25 0.54 0.34 0.30 0.51 0.41 0.26 0.31 0.21
AL O3 7.2 12 13 8.3 12 10 9.1 12 12 11 13 17 15 9.7 7.3 4.4
Fe, O3 1.8 25 2.3 1.9 24 2.2 1.8 2.7 5.1 2.3 3.5 5.1 6.2 5.6 2.6 2.1
MgO 1.8 1.8 2.0 2.6 2.6 2.3 2.0 2.1 0.67 0.63 0.75 0.76 2.0 1.9 0.87 0.32
CaO 6.0 3.5 3.0 4.6 3.2 2.7 2.8 2.7 3.3 14 2.5 1.1 29 3.0 2.5 22
K,O 0.29 0.62 0.74 0.38 0.51 0.47 0.45 0.51 1.1 1.2 1.0 14 0.91 0.62 0.95 0.85
Na,O 14 1.6 1.5 1.2 1.5 1.5 1.2 1.9 0.73 0.60 0.84 1.3 1.1 0.71 0.31 0.26
Li 16 22 23 28 55 35 32 45 40 35 55 27 25 23 14 8.0
Be <dl 1.7 14 1.6 1.8 0.98 2.1 0.85 14 1.2 1.6 3.6 3.1 0.84 <dl 1.0
B 108 241 115 77 81 98 65 46 82 96 166 98 134 66 79 45
P 98 97 219 82 100 113 97 222 168 69 81 372 139 77 62 635
Sc 4.1 54 9.7 5.3 7.6 6.6 5.9 7.8 6.9 11 8.5 14 12 7.7 8.2 3.7
\% 71 70 54 56 57 120 216 126 75 137 100 424 248 359 504 424
Cr 28 14 15 87 32 73 100 75 33 51 28 298 121 444 357 165
Mn 95 102 138 129 136 160 132 168 405 122 208 49 83 93 85 75
Co 5.6 45 3.4 2.8 3.7 3.0 2.6 3.5 9.0 3.7 4.5 11 12 8.0 6.2 5.3
Ni 18 11 6.8 31 14 22 22 23 19 21 13 44 49 77 84 92
Cu 20 10 27 17 10 32 16 23 23 21 15 27 23 26 23 23
Zn 62 41 59 45 50 71 62 66 95 83 74 80 64 62 66 72
Ga 9.0 14 18 11 17 15 15 18 19 22 20 36 27 15 11 4.0
Ge 1.2 1.3 14 1.1 1.5 1.7 1.6 1.8 1.5 1.8 1.8 34 2.5 1.7 1.1 <dl
As 7.6 10 11 9.1 15 12 9.4 13 21 9.2 15 26 48 40 17 14
Se 3.0 2.7 44 2.3 44 43 4.0 5.5 34 4.0 5.4 15 10.0 7.8 5.8 5.2
Rb 16 35 44 22 30 27 24 26 42 49 42 71 46 30 39 20
Sr 495 664 650 525 567 554 514 567 677 501 771 798 825 539 508 337
Y 19 23 28 19 23 30 49 35 11 33 33 38 33 53 43 29
Zr 67 103 186 89 108 124 132 148 54 124 122 184 167 137 146 63
Nb 6.5 7.0 14 48 7.3 12 19 14 5.3 12 8.6 19 15 10 9.9 1.9
Mo 20 25 13 22 31 36 69 43 38 39 35 8.7 45 101 149 126
Cs 4.3 9.7 12 6.2 8.9 9.7 7.7 8.5 15 17 16 27 19 13 94 6.7
Ba 84 221 250 132 178 170 140 239 74 91 81 107 81 51 74 45
La 22 18 28 21 26 29 30 38 17 32 34 99 105 44 21 11
Ce 36 32 49 35 45 50 51 66 32 59 62 313 208 86 41 23
Pr 4.6 4.1 6.2 4.3 5.8 6.4 6.4 8.2 4.3 74 7.8 24 21 9.8 5.5 3.7
Nd 18 15 23 16 22 24 23 30 17 27 30 88 70 36 22 15
Sm 4.1 41 6.0 3.9 6.4 5.6 5.4 7.3 3.8 6.5 6.5 16 14 8.7 5.3 43
Eu <dl <dl 1.0 <dl 0.90 0.83 <dl 1.0 <dl <dl 1.1 2.5 1.6 1.2 0.85 <dl
Gd 2.8 3.0 42 2.8 43 44 42 47 2.0 45 3.8 12 8.0 6.5 4.0 3.2
Tb <dl <dl 0.82 <dl 0.83 0.88 0.99 0.95 <dl 0.92 0.72 2.0 14 15 0.92 <dl
Dy 3.7 45 5.7 3.6 5.0 6.1 8.3 6.8 23 6.3 5.3 11 8.7 11 6.4 5.2
Ho 0.83 1.0 1.3 <dl 1.1 1.3 2.1 1.6 <dl 14 1.3 22 1.8 2.6 1.6 1.3
Er 1.9 24 3.0 1.8 2.1 29 5.5 3.8 1.1 3.1 2.7 4.5 4.0 6.0 3.7 2.8
Tm <dl 0.80 0.49 <dl 0.36 0.51 2.0 0.62 <dl 1.0 0.42 0.75 0.68 1.0 0.58 0.95
Yb 24 3.2 4.2 2.1 2.6 4.0 8.3 5.2 1.3 4.0 3.2 6.3 5.5 8.1 4.5 3.8
Lu <dl <dl 0.69 <dl 0.44 0.66 14 0.87 <dl <dl 0.54 1.0 0.92 1.3 0.76 <dl
Hf 1.8 3.0 4.7 2.6 3.6 34 3.1 3.9 1.8 3.8 3.6 5.4 4.8 35 34 14
Ta <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl
Pb 19 32 29 17 26 26 26 29 25 34 32 66 38 35 31 32
Th 7.3 17 15 9.6 16 15 15 20 7.8 15 11 21 19 13 7.8 5.2
18] 20 23 19 11 14 31 85 43 19 42 33 44 25 60 126 125

<dl, below detection limit.
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4.3.1. Major Elements

The major elements in the investigated samples are predominantly composed of SiO,,
and, to a lesser extent, Al,O3, with the remaining Fe,O3, CaO, MgO, NaO, and K,O as
minor or trace components. The SiO,/Al,Os ratio (4.2-15.1, 6.6 on average) in the studied
samples is evidently higher than the theoretical value of kaolinite (1.2) (Figure 3), illite
(3.2), and albite (3.3), which would be explained by quartz-dominated mineral assemblage.
The NayO/Al,O3 value is obviously higher in layers D-F than in layers A-C (Figure 3),
coinciding with the mineral assemblage where albite is an abundant constituent in lay-
ers D-F but is absent in layers A-C as mentioned above. The higher K;O/Al,O3 and
Fe;O3/ Al O3 ratios in layers A-C than in layers D-F (Figure 3) would be ascribed to much
more abundant occurrence of illite and pyrite, respectively, in layers A—C than layers D-F
(Figure 5). Compared to layers A-C, layers D-F exhibit a distinctly higher CaO/Al,O3
ratio (Figure 3), which is due to the relatively abundant occurrence of carbonate minerals
in layers D-F. This is also attested by the relatively significant correlation between MgO
and dolomite (Figure 7A).

30 (A) 1.6 (B)
1.4 r=0.94
1.2
§ § 1.0
= 0.6
0.4
0.2
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0 2 8 10 12 14 16 0 5 10 15 20
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Figure 7. Relationship among selected elements and minerals: (A) plot of MgO vs. dolomite; (B) plot
of KO vs. illite; (C) plot of Fe;O3 vs. pyrite; and (D) plot of Fe,O3 vs. sulfur.

K;O significantly positively correlates with illite in layers A—C (Figure 7B), indicating
an illite affinity of K;O. Fe,O3 and pyrite have a relatively significant linear correlation
(Figure 7C), suggesting a sulfide affinity for Fe. Additionally, Fe and sulfur display a
relatively significant correlation (Figure 7D); however, the slope (0.72) of the Fe-S regression
equation is distinctly lower than the theoretical Fe/S ratio (0.87), appearing to indicate that
other forms of sulfur (e.g., organic sulfur) contribute to the total sulfur.

4.3.2. Trace Elements

To better elucidate the degree of enrichment or depletion of trace elements in coal-
bearing strata, the concentration coefficient (CC) is used in the present study; the CC is
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a ratio of the studied samples versus referenced rocks, such as upper continental crust
composition (UCC) [22] and world coal [23], with CC < 0.5, 0.5-2, 2-5, 5-10, and >10 in-
dicative of depletion, similarity, slight enrichment, enrichment, and significant enrichment,
respectively [8]. Compared to the average of trace elements in UCC [22], Se, Mo, and U are
significantly enriched in the studied samples; As and B are enriched; V, Cr, Cs, Dy, Ho, Tm,
and Yb are slightly enriched; and the remaining trace elements are depletion or similar to
the values of UCC (Figure 8).

100

=)
T

Sample/UCC

—

0.1

LiBe B P S¢ V CrMnCoNiCuZnGaGe AsSe RbSr Y ZrNbMoCsBa LaCe Pr NdSmEuGdTbDyHo Er TmYbLu HfPb Th U

icczos [l o:5cc=2 [ vocczsn B 5<cc<10 N 10<cc<100

Depletion Similarity Slight enrichment Enrichment  Significant enrichment

Figure 8. Concentration coefficient (CC) of trace elements in the studied samples, normalized to the
respective average of upper continental crust composition (UCC; [22]).

Elements U, Mo, and Se in abundance show distinct variations throughout the ver-
tical profile (Figure 9). The significantly enriched-U intervals are distributed in layer A
(CC =41.7), layer B (13.0), layer C (12.5), and layer D (CC = 21.2); enriched-U intervals
are vertically located within layer E (CC = 5.1) and layer F (CC = 8.2). Mo and Se are
significantly enriched among layers A-F, but they appear to be more elevated in layers
A-D relative to layers E-F. As is significantly concentrated in layers A (CC = 11.9) and B
(12.0), and other layers reach the enriched or slightly enriched level. Boron in abundance
is enriched in layers B (CC = 6.8), C (CC = 6.8), and F (CC = 9.1) and slightly elevated in
other horizons. Elements V, Cr, Dy, Ho, Tm, and Yb contents reach the enriched or slightly
enriched level within layers A, B, and D.
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Figure 9. Vertical distribution of selected trace elements, La/Ho and Y/Ho, throughout borehole
SL profile.

4.3.3. Rare Earth Element and Yttrium (REY)

The rare earth elements and yttrium (REY) contents in the investigated samples range
from 92 pg/g to 625 ng/g (625 pg/g; sample SL-12) with an average of 208 ug/g, which is
similar to that of UCC (168 pg/g; [22]) but higher than that of world coal (68.5 ng/g; [23]).

A three-fold REY classification, namely LREY (La, Ce, Pr, Nd, and Sm), MREY (Eu,
Gd, Tb, Dy, and Y), and HREY (Ho, Er, Tm, Yb, and Lu), is used in the present study. The
UCC-normalized REY distribution pattern is used in the present study to elucidate the
distribution and fractionation of REY. The REY distribution pattern can be represented by
three types, namely LREE distribution type (L-type), MREY distribution type (M-type),
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and HREY distribution type (H-type) [24]. The UCC-normalized REY distribution of the
investigated samples shows two patterns of REY distribution (Figure 10). The first pattern
is represented by the HREY distribution type (H-type) in the samples containing REY
content similar to that of UCC (Figure 10A). The second pattern is represented by the LREY
distribution type (L-type) in the samples (e.g., SL-12, SL-13) with elevated concentrations of
REY (Figure 10B). Moreover, all samples are universally characterized by weakly negative
Eu anomaly (0.67-0.95, 0.77 on average) and slightly negative Y anomaly (0.63-0.95, 0.80 on
average) (Figure 10). Except for samples SL-12 and SL-13 showing a pronounced positive
Ce anomaly and no Ce anomaly, respectively, other samples display slightly negative Ce
anomaly (0.82-0.95, 0.85 on average).

5 10 -
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La Ce Pr NdSm Eu Gd Tb Dy Y Ho Er TmYb Lu La Ce Pr NdSm Eu Gd Tb Dy Y Ho Er TmYb Lu

Figure 10. UCC-normalized REY distribution patterns in the studied samples (A,B). UCC data from
Taylor and McLennan [22].

5. Discussion
5.1. The Nature of Detrital Materials

Some previous studies have indicated that the Yunkai Upland located to the east of
the Heshan, Yishan, Fusui, and Xian’an Coalfields (Figure 1B) is the dominant sediment
source region providing felsic detrital materials into the late Permian coal-bearing basins
in Guangxi Province, China [5,6]. However, a few studies have demonstrated that some
detrital materials within the late Permian coal-bearing strata in Guangxi Province are
probably derived from the basaltic materials from the Kangdian Upland [25], the eroded
materials from the felsic igneous rocks at the top of the Kangdian Upland [26,27]. The
investigated samples are most likely derived from the eroded felsic detrital materials from
the Yunkai Upland based on the following evidence:

(1) The Al,O3/TiO, ratio has been extensively used to infer the parent rock composi-
tion of mudstones [28] and coals [20,29-31], with 3-8, 8-21, and 21-70 indicative of mafic,
intermediate, and felsic igneous rocks, respectively [28]. The plot of Al,O3 versus TiO,
shows that the samples studied all fall within the category of felsic rocks (Figure 11A), indi-
cating the input of felsic detrital materials. However, the samples from layers A-C display
distinctly low Al,O3/TiO, (20.6-41.7, 30.9) compared to those from layers D-F (37.7-67.7,
50.6 on average), appearing to indicate that the detrital materials in layers A—C are possibly
derived from a mixture of much more felsic constituents and much less mafic materials.
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Figure 11. (A) the plot of Al,O3 versus TiO, contents for the investigated samples; (B) the plot of
Zr/TiO, versus Nb/Y contents for the investigated samples, the data of Qiandongbei [31], Heshan [3],
and Fusui [5] are cited to compare.

(2) The Eu anomaly is also commonly used in monitoring parent rocks. In most cases,
the coals with the input of mafic detrital materials display a positive Eu anomaly while
the coals with the input of felsic detrital materials are characterized by a negative Eu
anomaly [32]. The samples studied display negative Eu anomalies ranging from 0.67 to 0.95
with an average of 0.77, suggesting the input of felsic components. The Eu anomaly and
AlyO3/TiO; ratio in the samples studied appear to exclude the basaltic detrital materials
from the Kangdian Upland as the predominant terrigenous sediment region.

(3) In the plot of Nb/Y versus Zr/TiO, (Figure 11B), the samples studied fall within the
field of rhyodacite-dacite, comparable to the late Permian Heshan, Fusui coals in Guangxi
Province, China [3,5], indicating that the investigated samples have the same source region
to the late Permian coals in Guangxi Province. Moreover, the studied samples differ from
the felsic igneous rocks from the Kangdian Upland, which cluster within the field of alkaline
rocks [31] (Figure 11B), appearing to exclude the possibility that the felsic constituents are
sourced from the felsic rocks at the top of Kangdian Upland.

(4) The UCC-normalized REY distribution patterns in the investigated samples are
very similar to that of Heshan coals with terrigenous materials from the Yunkai Upland [3,5]
but distinctly differ from that of felsic igneous rocks from the Kangdian Upland [31], further
confirming the input of felsic detrital materials from the Yunkai Upland.

(5) The samples studied are primarily composed of quartz, albite, clay minerals, and
carbonate minerals. This mineral assemblage would correspond well to the Heshan and
Fusui coals with a felsic detritus from the Yunkai Upland [3,5].

5.2. Influence of Seawater Invasion

The coal-bearing layers A-F studied are intercalated within the carbonate successions
(Figure 2B), indicating a significant marine invasion during or shortly after coal-bearing
deposition. The seawater invasion is also confirmed by geochemical indicators, such as
sulfur content, boron content, and Sr/Ba ratio. The previous studies show that the medium-
and high-sulfur coals are formed in marine-influenced environments, while the low-sulfur
coals are deposited in freshwater-influenced environments [12,33]. The sulfur content in
the investigated samples ranges from 2.1 to 8.6% with an average of 4.2% (high-S coal),
indicating a significant seawater influence. The boron content in layers A-F range from
45 to 241 ug/g with an average of 100 pug/g, suggesting mildly brackish water-influenced
coal-forming environments (B concentrations <50, 50-110, and >110 pg/g indicative of
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freshwater, mildly brackish water, and brackish water, respectively [34]). The Sr/Ba ratio
is considered a useful index of depositional environments with Sr/Ba > 1 and Sr/Ba <1
indicative of marine-influenced environments and freshwater-influenced environments,
respectively [33]. In the present study, the Sr/Ba ratio in layers A-F ranges from 2.6
to 10.6 with an average of 5.9 evidently exceeding 1.0, revealing seawater-dominated-
influenced environments, which is consistent with the sedimentary setting of an isolated
carbonate platform.

Layers A—-C exhibit higher sulfur content (2.8-8.6%, 5.8% on average), Sr/Ba ratio
(5.5-10.6, 8.3) than sulfur content (2.1-4.6%, 2.6%), and Sr/Ba ratio (2.4-5.9, 3.5) in layers
D-F, indicating a more intensive marine injection during the deposition of layers A-C than
layers D-F. The various degrees of marine injection result in different geochemical patterns.
For example, layers A-C display higher contents of illite, pyrite, Co, Ni, As, and Se than
in layers D-F. This is because Co, Ni, As, and Se are primarily associated with pyrite and
the formation of pyrite is intimately associated with the degree of seawater injection [12].
Higher illite abundance in layers A-C is ascribed to the marine-influenced environments
because illite is preferentially deposited in brackish-influenced alkali conditions [30,35].
Although the REY content (264 png/g on average) in layers A-C is higher than that (152 pug/g
on average) in layers D-F, seawater is not the primary geological control on REY distribution
in layers A-F; otherwise, the pronounced positive Y and Gd anomalies would be expected
in layers A-F [36-38], which is in sharp contrast to results shown in Figure 10. Additionally,
the Y/Ho molar ratio in the samples ranges from 32.0 to 48.6 with an average of 41.0,
which is essentially identical to that in UCC (51.0) but lower than that reported in seawater
(90-110; [36]), further indicating a negligible influence of seawater control on the REY
content in the investigated samples.

5.3. Mode of Occurrence of Elements

Zirconium and Hf are commonly hosted in zircon [31]. The Zr and Hf in the samples
studied show a significant positive correlation (r = 0.95, Figure 12A), indicating that Zr
and Hf are hosted in the same mineral carrier and do not evidently fractionate during the
formation of coal-bearing strata. The slope of the Zr-Hf regression equation (34.6) is very
comparable to that of zircon in granite (38.5, [39]), revealing zircon as the major carrier of
Zr and Hf.

The REY contents in the samples from layers C-F display a negative correlation with
LTA (r = —0.52, Figure 12B), positive correlation with Zr (r = 0.74, Figure 12C), and slight
correlation with Al,O3 (r = 0.26) and P (r = 0.14), appearing to indicate that REY is jointly
hosted by organic matter and heavy minerals, such as zircon. In most cases, the MREY
and HREY are preferentially adsorbed to organic matter, thus leading to the H-type REY
distribution patterns in layers C-F (Figure 10A). Additionally, the negative correlation
between low-temperature ash yield and (MREY + HREY)/REY (r = —0.52; Figure 12D)
indicates that the MREY and HREY comprise more proportions of total REY with increasing
organic matter. By contrast, the REY content in the samples from layers A-B is positively
correlated with LTA (r = 0.86, Figure 12B), Al,O3 (r = 0.99, Figure 12E), and Zr (r = 0.86,
Figure 12C), suggesting that REY is predominantly hosted by inorganic matters (e.g., clay
minerals, zircon) rather than organic matter. Although the REY in layers A-F shows a
relatively significant correlation with Zr, zircon is not the major carrier for REY because the
UCC-normalized REY distribution of the samples studied (Figure 10) is not consistent with
the REY distribution of zircon (HREY enrichment type, positive Ce anomaly, negative Eu
anomaly, and positive Y anomaly [40]). The REY-rich samples SL-12 and SL-13 from layer
B display a higher La/Ho ratio compared to other benches (Figure 9), probably indicating
precipitation of LREY-enriched mineral phases, such as monazite, which preferentially
incorporate the LREE but do not fractionate Y and Ho (a rather constant Y/Ho ratio) as
reported by Bau and Dulski [36] and Chesley et al. [41]. Additionally, the L-type REY
distribution (Figure 10B) and relatively high P and Th content in the REY-rich samples
SL-12 and SL-13 appear to indicate the occurrence of phosphate minerals, such as monazite.



Energies 2022, 15, 5196

17 of 22

Zr(rg/g)

(MREY+HREY)/REY

U(rg/g)

Mo (ng/g)

Se(ng/g)

150

100

50

04

160

140

120

100

80

60

40

20

180
16

=2

140
120
100

(A) 700 (B) 7007 (C)
Zr=34.6XHI+5.6 w0 | 4 layerA-B 4 s0 & layer A-B A
=095 — + layer C-F + laye
— er C-F
B0 s00 4 S 500 y
=0 o
= 400 o 400
Nl -
300 D= 300
! m
2 00 & 200
100 100
o 0 T T T 1
0 1 2 3 4 5 6 65 70 75 80 85 90 95 100 0 50 100 150 200
f{ o/ o
Hf(rg/g) LTA (%)
(D) 700 (E) 140
¥ 2 * .
=-0.52 . s04 4+ layerA-B 3 120
= + layer C-F
. o o So0 r=0.99 5 100
. .
. . . =0 400 sh 30
=1 3
= 300 = 60
* - =
. o :;‘é 200 40
100 A 20
0 ] 0 . - v - . . v "
60.00 70.00 80.00 90.00 100.00 0 5 10 15 20 0 20 40 60 80 100 120 140 160
0,
LTA (%) ALO,(%) Mo (1 g/g)
(G) 160 (H) 160 ¢ (1)
. sy A
—0.82 o0 140 =0. 75 —~ 14p | AMo(r=-0.51)
= £n 0U|r-0>x).
N . 80 120 M & 120 -
=1 =,
— 100 2 100 A
o
= w0 5‘ 80 *
= A
60 § 60 .
40 40 'y . !“ * A
20 20 L S
. RS
- - 0 . . - . 0 - - Y
0 100 200 300 400 500 600 0 100 200 300 400 500 600 70 75 80 85 90 95 100
V(ung/g) Vi(ug/g) LTA (%)
[0)] 160 1 (K) 600 1 (L)
slayerA-B  r=-0.90 140 { 4 layer A-B alayer A-B r=-0.83
+layer C-F 120 + layer C-F 500 1 & layer C-F
20
_ 400 4 .
oh 100 = "
eh g = 300
= =Y
— 60 g r=-0.92 4
=] > 200
40
100 £
20 .
0 0
70 75 80 85 90 95 100 70 75 80 85 90 95 100 70 75 80 85 90 95 100
o
LTA (%) LTA (%) LTA (%)
b -
(M) 09 (N) _ 07 (0)
— . £
* o0 5o A Se(r=0.69) . 504 ASe(r=0.43)
S *Mo(r=0.92) * 0 * Mo(r=0.65) .
a
= a0 — 40 .
— )
2 W 30
=
< z
=
< 2 < 2
10 10
- - 0 0
0 10 20 50 60 0 1 7 0 1 6 7

30 40
As(mrg/g)

I
Fe,0,(%)

3 4
Sulfur (%)

Figure 12. Correlation among selected elements and LTA: (A) plot of Zr vs. Hf; (B) plot of REY vs.
LTA; (C) plot of REY vs. Zr; (D) plot of (MREY + HREY)/REY vs. LTA; (E) plot of REY vs. Al,O3;
(F) plot of U vs. Mo; (G) plot of U vs. V; (H) plot of Mo vs. V; (I) plot of Mo(U) vs. LTA; (J) plot of
Mo vs. LTA; (K) plot of U vs. LTA; (L) plot of V vs. LTA; (M) plot of Se vs. As; (N) plot of As(Se) vs.
Fe;O3; and (O) plot of As(Se) vs. Sulfur.

Mo, U, and V show a similar distribution throughout the borehole profile (Figure 9)
and display a positive correlation between Mo and U (r = 0.91, Figure 12F), U and V
(r = 0.82, Figure 12G), and Mo and V (r = 0.75, Figure 12H), indicating the same carrier for
them or similar geological controls on their enrichment. Mo and U negatively correlate
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with LTA (Figure 12I) in all samples; in layers A-B and D-F, Mo, U, and V significantly
and negatively correlate with LTA (Figure 12J-L), appearing to confirm that Mo, U, and
V are predominantly hosted by organic matter, which is consistent with the previous
studies indicating that Mo, U, and V in the coals intercalated within carbonate succession
commonly show an organic affinity [24,28].

The distribution of As is comparable to that of Se, and they display a relatively
significant correlation (r = 0.66, Figure 12M), indicating the same carrier for As and Se. The
As and Se positively correlate with Fe,O3 (Figure 12N) and sulfur (Figure 120), suggesting
a primary Fe-sulfide affinity for them. The lower correlation coefficient of As-S and Se-S
than As-Fe,O3 and Se-Fe, O3 is ascribed to the additional existence of organic sulfur.

5.4. Elevated Concentrations of Trace Elements
5.4.1. Rare Earth Elements and Yttrium (REY)

The REY content in layer B ranges from 278 to 619 pg/g with an average of 460 ug/g
higher than the UCC (168 ug/g; [22]). The highly elevated concentration of REY in layer
B is a joint result of the input of alkaline detrital materials and solution/rock interaction
based on the following evidence:

(1) As mentioned above, the Yunkai Upland provides felsic detrital materials into the
late Permian coal-bearing basin, which do not cause the geochemical anomaly of most
lithophile elements in the samples except for those from layer B, appearing to indicate
that the terrigenous felsic detrital materials from the Yunkai Upland contribute to normal
geochemical background values and other geological factors possibly exert an important
influence on REY enrichment in layer B.

(2) The REY-rich samples SL-12 and SL-13 in layer B have higher Nb/Y ratios com-
pared to other bench samples (Figure 11B), appearing to indicate more input of alkaline
detrital materials because alkaline rocks compared to sub-alkaline rocks have higher Nb/Y
ratio [42]. Moreover, the elevated REY content in layer B is accompanied by elevated
concentrations of Zr, Nb, and Ga, which are commonly found in the coals influenced by
alkaline volcanic ash [13,24,31], also supporting the input of alkaline pyroclastic materials.

(3) The REY-rich samples SL-12 and SL-13 in layer B are characterized by L-type REY
distribution (Figure 10B), which is commonly caused by the input of terrigenous clastic ma-
terials or pyroclastic materials [24]. As discussed above, terrigenous felsic detrital input is
excluded as a predominant geological factor contributing to the REY enrichment, appearing
to indicate that the pyroclastic material is responsible for the L-type REY distribution.

(4) The abundant occurrence of albite and vermicular kaolinite (Figure 6C,FEG), com-
bined with the negative Eu anomaly, appears to indicate the influx of felsic pyroclas-
tic materials because vermiculate kaolinite is commonly derived from the alteration
of volcanic ash [43].

(5) The bench sample (sample SL-12) with the highest REY content shows a most
notable feature of positive Ce anomaly compared to any of the other benches, revealing
that the bench sample is subjected to the oxidation of oxygen-rich solutions, which oxidizes
Ce®* to Ce** that is preferentially adsorbed to clay minerals or deposits as cerianite [44]. In
this case, the positive Ce anomaly is most likely caused by preferential adsorption of Ce**
onto clay minerals rather than deposition of cerianite because Ce/La (3.2), Ce/Pr (13.2), and
Ce/Nd (3.6) ratio in the bench sample SL-12 is markedly lower than Ce/La (222), Ce/Pr
(257), and Ce/Nd (177) in cerianite [45]. The transformation from positive Ce anomaly,
no Ce anomaly, to negative Ce anomaly in the upper, middle, and lower portions of layer
B, respectively, are due to preferential adsorption of Ce** onto clay minerals in the upper
portion of layer B and, consequently, Ce-poor solutions migrate downward into the lower
portion. The lower Y/Ho ratio in the REY-rich benches (17.6) compared to other REY-poor
benches (22.9) also confirms the solutions/rocks interaction during which Y and Ho are
released, but Ho, relative to Y, is more readily adsorbed by clay minerals [36], causing a
relatively low Y/Ho ratio in the REY-rich benches. During the interaction of solution/rock,
the HREY are easily released and complexed relative to LREY; the released HREY ions
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migrate downward and are ultimately absorbed by clay minerals with the increasing pH
due to reaction between HREY-containing solutions with detrital materials, which explains
the L-type REY distribution in the upper portion and H-type REY distribution in the lower
portion of layer B (Figure 10).

(6) Albite is relatively high in layers D-F, but it is absent in layers A-C, indicating
more intensive chemical weathering or solution/rock reaction in layers A—C, which results
in the transformation of albite to clay minerals.

5.4.2. Uranium, Mo, V, As, and Se

Uranium, Mo, and V are highly enriched in layer A and layer B and their contents are
comparable to the U-Mo—V-rich coals intercalated within carbonate successions [3,5,8,46].
The highly elevated U content is commonly accompanied by Mo and V in the Heshan
coals [1-3], Fusui coals [5], Yishan coals [13] (anomaly), and Shanglin coals [6], which
were deposited in isolated carbonate platform environments. In the previous study, the
highly enriched concentrations of U, Mo, and V are primarily governed by the infiltration
of syngenetic or early diagenetic low-temperature hydrothermal fluids rather than the
detrital materials from the sediment-source region and marine influence as confirmed by
the following evidence:

(1) The felsic detrital materials can be excluded because the felsic rocks are usually
depleted in compatible elements, such as V and Cr, which are enriched in the investigated
samples (Figure 8).

(2) The previous studies demonstrate that seawater influence may exert an important
effect on U and Mo enrichment [47]. In the present study, this is not the case because
U (r = —0.67), Mo (r = —0.26), and V (r = —0.86) display a negative correlation with Sr/Ba
ratio, which is a useful indicator of seawater invasion [3]. The negative correlation reveals
an adverse influence of marine invasion on U, Mo, and V accumulation.

(3) The enhanced concentration of element assemblage of U-Mo—-V-As—Se in the
samples studied is essentially comparable to that in the coals subjected to the influence
of hydrothermal fluids [3], revealing the infiltration of hydrothermal fluids. Moreover,
the hydrothermal fluids infiltrating into the investigated samples are regarded as being
low-temperature hydrothermal fluids because the high-U and low-U samples show similar
negative Eu and Y anomaly, appearing to rule out the injection of high-temperature solu-
tions; otherwise, the positive Eu and Y anomaly can be expected [44]. Furthermore, the low-
temperature hydrothermal fluids most likely migrate and permeate into the coal-bearing
strata during peat accumulation (syngenetic stage) or shortly after peat accumulation
(early diagenetic stage) because the U-rich layers are intercalated among the impermeable
clays and limestones, which hamper the infiltration of hydrothermal fluids at the late
diagenetic stage.

6. Conclusions

Based on the study of the mineralogy and geochemical characteristics of samples in
the studied area, the following conclusions can be drawn:

(1) The minerals in layers A-C consist mainly of quartz, illite, kaolinite, and carbonate
phases while those in layers D-F are predominantly composed by quartz, albite, kaolinite,
and carbonate phases.

(2) The REY, U, Mo, As, Se, and V are predominantly enriched in layers A and B. The
REY is hosted primarily by clay minerals, and U, Mo, and V are primarily associated with
organic matter while As and Se show an Fe-sulfide affinity.

(3) The more extensive marine invasion results in the higher contents of pyrite, sulfur,
As, Se, Co, and Ni in layers A—C than layers D-F; the input of alkaline pyroclastic materials
and the interaction of O,-rich solutions and detrital materials jointly govern the REY
enrichment and distribution pattern; the influx of low-temperature hydrothermal fluids at
the syngenetic or early diagenetic stage is the predominant source of U, Mo, As, Se, and V
in layers A-B. The elements U, Mo, V, Se, and REY are highly promising for recovery.
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