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Abstract: Lithium (Li) is an important strategic resource, and with the increasing demand for Li,
there are some limitations in the exploitation and utilization of conventional deposits such as the
pegmatite-type and brine-type Li deposits. Therefore, it has become imperative to search for Li
from other sources. Li in coal is thought to be one of the candidates. In this study, the petrology,
mineralogy, and geochemistry of No. 2; coal from the Hebi No. 6 mine, Anhe Coalfield, China,
was reported, with an emphasis on the distribution, modes of occurrence, and origin of Li. The results
show that Li is enriched in the No. 2; coal, and its concentration coefficient (CC) value is 6.6 on
average in comparison with common world coals. Lithium in the studied coal is mainly present in
aluminosilicates, mainly clay minerals, some of which contain a significant amount of Ti. The Li
enrichment in the No. 2; coal is mainly controlled by the terrigenous materials and sourced from the
moyite of the Yinshan Upland. Furthermore, Li in the No. 2; coal is more enriched in coals formed in
acidic and humid conditions and coals influenced by fresh water during peat accumulation.

Keywords: coal; lithium; enrichment; modes of occurrence; origin; Anhe Coalfield

1. Introduction

Coal is not only a resource primarily used for power generation but can also be considered as
a source for critical metals [1,2]. Lithium is known as an important critical metal, and it is widely
used in new energy vehicles, lithium batteries, controllable nuclear fusion, and other important
fields [3,4]. With the rapid development of the new energy industry, the demand for Li resources is
increasing. However, there are some limitations in the exploitation and utilization of new Li sources
from pegmatite-type and brine-type Li deposits [4,5]. Therefore, it has become imperative to search for
Li from other sources. Lithium in coal is identified as one of the candidates among them [6]. With the
development of in-depth research on trace elements in coal [7-25], it has been found that coals are
highly rich in some trace elements in many coalfields [3,11,26—-42]. In recent years, a high enrichment of
lithium in coal samples has been found from different regions in China [43—48]. The discovery of coal
with a high enrichment of Li is of great significance to the rapid growth of the new energy industry.

Lithium in coal is generally considered to occur as an organic or inorganic form [11,31,34,36,43,47-51].
Lithium being associated with the inorganic matter in coal, is generally suggested to be related to
aluminosilicate minerals, namely clay minerals in most cases [52,53]. The adsorption/incorporation
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of Li by/into clay minerals such as kaolinite [54,55], illite [56,57], smectite [58-61], chlorite [58],
and cookeite [53,62] has been reported. According to Finkelman et al. [36], in some low-rank coals the
proportion of organically bound Li may be as high as 50%. Lithium in organic-associated coals has
been found in Longyearbyen and Bulgarian coals [49,63]. The source of Li, if mainly associated with
aluminosilicate/clay minerals in coals, is commonly attributed to the terrigenous materials deposited
during peat accumulation [53]. The moyite of Yinshan Upland and the bauxite of Benxi Formation are
considered as the main source areas of Li in Li-rich coals in North China [4,43].

The Anhe Coalfield is not only one of the important coal basins for coal production but also
one of the strategic replacement areas of coalbed methane (CBM) exploration and development in
northern China [64]; it covers an area of approximately 900 km? and contains abundant CBM resources
(1115.7 x 108 m3) [65-67]. During the investigation of the Li content of the main coal seams in Henan
Province, Wang et al. [68] found that the content of Li in the No. 2; coal seam in the Anhe Coalfield
ranges from 18.86 to 124.37 ug/g, with 59.88 ug/g on average. Considering that the average content
of Li in common world coals is 12 pg/g and the average content of Li in common Chinese coals is
28.94 ug/g [3,7,49,69], the average content of Li in the No. 2; coal seam in the Anhe Coalfield is almost
two to three times higher than that in common Chinese coals and world coals, showing potential
economic significance. However, there is still a lack of detailed studies on the distribution, mode of
occurrence, and origin of lithium in the Anhe coals. This study will be of great practical significance
for the comprehensive and efficient utilization of mineral resources in coal measures.

In this study, we report the petrology, mineralogy, and geochemistry of the No. 2; coal (including
the partings and floor strata) from the Hebi No. 6 mine, Anhe Coalfield, Henan Province, China and
discuss the content and distribution characteristics, modes of occurrence, and origin of Li.

2. Geological Setting

The Hebi No. 6 mine is located in the Hebi mining area, Anhe Coalfield, northern Henan Province,
North China (Figure 1). The Anhe Coalfield preserves several coal seams formed during the Late
Carboniferous-Early Permian, and the coal resources developed in the Taiyuan and Shanxi Formations
account for 94.9% of the total resources in this area [70,71]. In addition, the Anhe Coalfield lies in
the transition zone between the eastern foot of Taihang Mountain and the North China Plain. Itis a
monoclinic structure with a north-south strike and an east dip, and the secondary structures are mainly
faults and folds in the north-east and north-east directions, which were influenced by Yanshanian and
Himalayan tectonic movements [65].
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Figure 1. Location of the Hebi No. 6 mine of the Anhe Coalfield, North China.
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The Taiyuan Formation can be correlated to the Kasimovian—Asselian stages in the international
chronostratigraphic nomenclature [70,71]. The depositional environment of the Taiyuan Formation is
characterized by tidal flat, barrier-lagoon, carbonate platform, and peat swamp facies [72]. The numbers
of coal seams in the Taiyuan Formation can reach up to 11 (Figure 2A). Due to marine influence, the coal
seams are thin and the lateral distribution of the seams is limited.
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Figure 2. (A) Sedimentary sequences [71] and (B) the vertical sampled section of the No. 2; coal from
the Hebi No. 6 mine, Anhe Coalfield. The red pentagram represents the coal seam studied in this paper.

The Shanxi Formation can be correlated to the Sakmarian to early Artinskian Stages of the
international chronostratigraphic framework [70]. The depositional environment of the Shanxi
Formation was characterized by delta plain, delta front, tidal flat, and peat swamp facies [72], and the
Shanxi Formation can be subdivided into a No. 2; coal member, Dazhan sandstone member, Xiangtan
sandstone member, and Xiaozi mudstone member [72]. Broadly, the No. 2; coal member consists of
sandstone, siltstone, mudstone, and coal. The number of coal seams can reach up to three, and the
No. 21 coal seam is the most laterally extensive layer in the Anhe Coalfield, with a thickness ranging
from 1.2 to 19.9 m (Figure 2A).
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3. Samples and Experimental Methods

3.1. Sample Collection

According to lithological compositions, a total of 24 samples were collected from the No. 2; coal
seam in the underground workings of the Hebi No. 6 mine, Anhe Coalfield, which include 19 coal
samples, 4 mudstone parting samples, and 1 mudstone floor sample (Figure 2B). The thickness of the
No. 2; coal seam is 5 m. The sampling interval was 0.2-0.3 m in the vertical section of the coal seam.
From top to bottom, the coal bench samples, partings, and floor sample are identified as HB-1 to HB-24
(Figure 2B). All the samples were fresh, and the samples were immediately stored in plastic bags to
minimize contamination and oxidation after collection.

3.2. Experimental Methods

The proximate and ultimate analyses of the coal were operated according to the international
standard [73-75]. The maceral compositions of the coal samples were identified based on the ICCP
System 1994 [76,77] and Pickel et al. [78] under the optical microscope of oil immersion-reflected
light. The vitrinite random reflectance was determined according to the international standard ASTM
D2798-11a (2011) [79]. The total sulfur and forms of sulfur were determined and calculated based on
the international standard ASTM D3177-02 (2011) [80] and ASTM D2492-02 (2012) [81].

The percentages of the major oxides, including SiO;, TiO,, Al,O3, Fe;O3, MgO, CaO, MnO, Na;O,
and KO, of the high-temperature ash of each sample (815 °C) were determined using X-ray fluorescence
spectrometry (XRF; PANalytical Axios, Malvern Panalytical, Almelo, Netherland). The loss on ignition
(LOI) was also determined at 815 °C for each coal sample. The samples used for the XRF analysis were
prepared using borate fusion in an automated fusion furnace (CLAISSE TheOX). Each sample (0.7 g)
was mixed and homogenized with lithium borate flux (7 g; CLAISSE, pure, 67% Li;B4O7 + 33% LiBO5).

Inductively coupled plasma mass spectrometry (iCAP Qc ICP-MS; Thermal Fisher, Waltham, MA,
USA) was used to determine the concentrations of trace elements. Each sample (100 mg/200 mg/300 mg,
air-dried; less sample weighted due to high ash yield to guarantee thorough digestion) was firstly
ashed at 500 °C to achieve a constant weight, and then the ash sample was placed in a Poly tetra
fluoroethylene (PTFE) griffin beaker and digested applying an electric hot plate (TTG-6K). Hydrochloric
acid, HNOs, HF, and perchloric acid were used as the digestion reagents. The linear coefficients for
the standard solution of multi-element were greater than 0.999. The recovery rates of the internal
standards (Rh and Ir) were between 78% and 110%. Multi-element standards (GSS-3, GSS-5, GSS-16,
and GSS-25) were used for the calibration of trace element concentrations. The concentrations of
duplicate blank samples, method detection limits (MDL), and measurement modes (MD) are showed
in Table 1. In order to avoid the disturbance of polyatomic ions, the kinetic energy discrimination
(KED) mode was used for the determination of some trace elements (see Table 1).

According to the Chinese standard SY/T 5163-2010 [82], the mineral composition of the coal was
tested by the TTR III type multifunctional X-ray diffractometer with the anode target Cu (A = 0.15406 nm)
with a step size of 0.02°. For all mineral analyses, the 20 of the X-ray scanning was 2.6-45° and the
scanning speed was 6°/min. For the clay minerals analysis, the 20 of the X-ray scanning of the natural
and the high-temperature sheets was 2.6-15° and the scanning speed was 4°/min, and the 20 of the
X-ray scanning of the ethylene glycol sheet was 2.6-30°. The quantitative mineralogical analysis was
conducted using the K value method [83].

The observation of the mineral phases was conducted by a scanning electron microscope (SEM)
(Hitachi 54800) equipped with an energy dispersive X-ray spectrometer (EDS) at Beijing Physical and
Chemical Test Center. Images were taken under the secondary electron mode. Before the SEM-EDS
analysis, the samples with <1 mm particle size were overlaid uniformly on the conductive tape and
then coated with gold. The accelerating voltage was 15 kV during the SEM operation.
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Table 1. Concentrations of the trace elements of duplicate blank samples (ug/g), method detection limits (MDL, ug/g), and measurement modes (MD) for the ICP-MS
analysis in the present study.

Element Li Be Sc Cr Mn Co Ni Cu Zn Ga Rb Sr Y Nb Mo Cd In Cs Ba La

Blank1 0.025 0.038 023 1.032 1054 0.123 0214 0192 0324 0.053 0.046 1.681 0.125 0204 0.086 0.008 0.008 0.042 1362 0.162
Blank2  0.031 0.03¢ 0.18 1.027 1.067 0.136 0.182 0174 0406 0.084 0.057 2.035 0203 0.184 0.102 0.012 0.007 0.036 1.248 0.206
MDL 1 0.4 1 5 3 0.5 0.5 0.5 1 0.5 0.5 5 0.3 0.5 0.2 0.02 0.01 0.1 5 0.5

MD STD SID KED KED KED SID SID SID SID KED KED KED KED KED STD SID SID SID KED KED

Element  Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Ta w Tl Pb Bi Th 8]

Blank1 0214 0.015 0.062 0.026 0.014 0.024 0.024 0.008 0.042 0.047 0.014 0.024 0.027 0.031 0.022 0.014 0.142 0.016 0.024 0.007
Blank2 0.126 0.024 0.042 0.017 0.018 0.031 0.018 0.012 0.036 0.052 0.014 0.031 0.019 0.024 0.031 0.026 0201 0.024 0.032 0.004
MDL 0.5 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.5 0.05 0.5 0.1

MD KED KED KED KED KED KED KED KED KED KED KED KED KED STD SITD STID SID STD STD  STD

Notes: STD, standard mode; KED, kinetic energy discrimination mode.
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4. Results

4.1. Coal Characteristics and Coal Petrology

The ash yield, moisture, volatile material and sulfur contents, various forms of sulfur and macerals
results are summarized in Table 2. The mean random vitrinite reflectance (1.87%, based on mixed-coal
samples) and volatile matter contents (range from 15.7% to 17.8%, 16.2% on average) of coal samples
with relatively low contents of CaO (samples HB-2 0.94%, HB-4 0.91%, HB-7 0.85%, HB-10 0.85%,
HB-18 0.29%) in the Hebi No. 6 mine indicate a low-volatile bituminous coal according to the ASTM
classification (ASTM D388-12, 2012) [84]. The ash yield of the No. 21 coal samples in the Hebi No. 6 mine
is 7.4-37.8%, with an average content of 13.7%. The total sulfur content of the coal samples ranges from
0.2% to 0.4%, and the average is 0.3%. The contents of ash yield and total sulfur above indicate that the
No. 2; coal is a low-ash and super-low sulfur coal according to Chinese standards GB15224.1-2010 [85]
(coals with an ash yield of >10% and <20% are low-ash coals) and GB15224.2-2010 [86] (coals with a
total sulfur content of <0.5% are super-low sulfur coals). In addition, organic sulfur (0.08% to 0.27%,
averaging 0.19%) is the main form of sulfur in the coal, followed by pyritic sulfur (0.01% to 0.20%,
averaging 0.07%).

Table 2. Proximate analysis (%) and sulfur (%) contents of the samples from the Hebi No. 6 mine.

Sample Maq Aq Vdaf Std Sp.a Ss.d So.d
HB-1 0.3 13.7 18.0 0.26 0.12 bdl 0.14
HB-2 0.4 13.4 15.7 0.32 0.05 bdl 0.27
HB-3 0.6 10.6 15.6 0.27 0.03 0.01 0.23
HB-4 0.4 13.4 15.9 0.25 0.05 0.01 0.19
HB-5 0.5 10.9 15.6 0.25 0.05 0.01 0.19
HB-6 0.5 13.3 17.1 0.27 0.05 0.01 0.21
HB-7 0.5 15.4 17.8 0.26 0.1 0.02 0.14
HB-8 0.5 31.8 20.2 0.2 0.05 bdl 0.15
HB-9 1.1 13.4 18.7 0.26 0.06 0.02 0.18

HB-10 0.4 12.1 15.8 0.28 0.04 0.01 0.23
HB-11 0.5 12.3 16.6 0.28 0.02 0.04 0.22
HB-12 0.5 12.1 16.2 0.27 0.01 0.04 0.22
HB-13 0.5 12.1 16.9 0.24 0.02 0.02 0.2
HB-14 0.5 9.4 16.1 0.24 0.04 0.02 0.18
HB-15 0.5 12.8 19.7 0.28 0.02 0.02 0.24
HB-16 0.4 7.4 149 0.28 0.04 0.01 0.23
HB-17 0.5 8.7 15.3 0.26 0.03 0.02 0.21
HB-18 0.7 13.8 16.0 0.3 0.05 0.02 0.23
HB-19 0.7 55.9 28.6 0.14 bdl bdl bdl
HB-20 0.7 52.1 26.9 0.24 0.11 0.02 0.11
HB-21 0.6 58.4 30.0 0.3 0.16 0.06 0.08
HB-22 0.7 58.4 29.2 0.32 0.18 0.05 0.09
HB-23 0.5 37.8 25.8 0.35 0.2 0.03 0.12

Notes: M—moisture; A—ash yield; V—volatile matter; St—total sulfur; S—sulfate sulfur; S,—pyritic sulfur;
So—organic sulfur; 4—dry basis; 4o¢—dry and ash-free basis; ,g—air-dry basis; bdl—below detection limit.

The macerals of the No. 2; coal in Hebi sixth mine are dominated by vitrinite-group macerals,
with an average of 62.3 vol.%, followed by the inertinite group macerals (26.0 vol.% on average, Table 3).
Liptinite was not observed, since it is difficult to identify liptinites in low volatile bituminous coals [87].
The relative proportions of maceral groups in the No. 2; coal is quite different from that found in
other Late Paleozoic coals in the northern part of North China, which usually have slightly higher
proportions of inertinite than vitrinite [88].
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Table 3. Maceral composition (Vol.%) and mineral contents (Vol.%) of the No. 2; coal samples.

Vitrinite Inertinite Mineral
Sample - -
CT CD VD TV F SF Mac Mic ID TI Clay Sul Carb Si TM
HB-1 100 13 474 - 587 17 213 - - 83 313 83 - 1.7 - 100
HB-2 94 14 467 - 575 09 252 05 09 65 341 70 - 05 09 84
HB-3 147 33 336 - 517 28 256 09 05 100 398 8.0 - - 05 85
HB-4 154 13 432 - 599 17 211 09 09 62 308 71 - 1.8 04 93
HB-5 86 18 534 - 638 19 122 - - 140 281 58 - 14 09 81
HB-6 57 17 587 - 661 09 148 13 17 78 265 57 - 13 04 74
HB-7 36 28 656 08 728 08 96 04 12 56 176 8.0 - 12 04 96
HB-8 41 10 398 - 449 05 153 - - 6.6 224 256 @ - 51 20 327
HB-9 135 14 478 - 628 10 198 05 - 77 290 67 - 1.0 05 82
HB-10 170 09 427 04 610 31 162 31 13 59 296 72 - 1.8 04 94
HB-11 141 08 463 13 625 16 158 17 - 92 283 59 - 3.3 - 9.2
HB-12 133 27 414 04 578 39 152 16 16 97 320 63 - 3.9 - 102
HB-13 211 09 366 19 606 09 165 - 09 122 305 47 - 33 09 89
HB-14 173 12 421 04 610 08 164 - - 145 317 69 - - 04 73
HB-15 42 29 561 29 661 - 117 08 05 134 264 42 - 3.3 - 7.5
HB-16 130 13 509 21 673 04 126 - 08 118 256 59 - 08 04 71
HB-17 67 13 536 - 616 - 154 13 - 146 313 46 - 1.7 08 71
HB-18 107 - 491 143 741 - 138 - - 36 174 67 - 1.8 - 8.5
HB-23 109 65 448 - 622 10 15 - - 15 40 204 - 124 10 338

Notes: T—telinite; CT—collotelinite; CD—collodetrinite; VD—vitrodetrinite; T-V—total vitrinites; F—fusinite;
SF—semifusinite; Mic—micrinite; Mac—macrinite; ID—inertodetrinite; T-I—total inertinites; clay, clay minerals;
Sul, sulfide minerals; Carb, carbonate minerals; Si, Silica minerals; T-M, total minerals; -, no test or no result.

The vitrinite in the No. 21 coal is dominated by collodetrinite (47.4 vol.% on average; Figure 3A,B)
and telinite (11.2 vol.% on average; Figure 3A,C), with trace amounts of vitrodetrinite (2.7 vol.% on
average) and collotelinite (1.9 vol.% on average). Sometimes, the collodetrinite contains fracture-filling
calcite (Figure 3B) and clay minerals filled in deformed cells of the telinite (Figure 3C). In most cases,
the collodetrinite occurs as matrix-containing embedded (Figure 3D) or banded (Figure 3E) clay
minerals and massive quartz (Figure 3D).

HB-8 HB-23 HB-8

Figure 3. Macerals in the No. 2; coal samples. (A) Telinite, collodetrinite, and semifusinite in sample
HB-5; (B) collodetrinite and fracture-filling calcite in sample HB-12; (C) telinite and clay minerals in
sample HB-18; (D) collodetrinite, macrinite, clay minerals, and quartz in sample HB-8; (E) collodetrinite
and banded-clay minerals in sample HB-23; (F) collodetrinite, semifusinite, and clay minerals in sample
HB-8. T, telinite; CD, collodetrinite; SF, semifusinite; clay, clay minerals; Qtz, quartz; Cal, calcite.
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The inertinite in the No. 2; coal is mainly composed of semifusinite (Figure 3A,F; 15.8 vol.% on
average) and, to a lesser extent, inertodetrinite (8.9 vol.% on average), with small amounts of fusinite,
macrinite (Figure 3D), and micrinite. In most cases, the cell structures of the semifusinite are not
well-preserved and have a swelled and degraded form (Figure 3A,F), which is sometimes filled with
clay minerals (Figure 3F).

4.2. Geochemistry

4.2.1. Major-Element Oxides

The percentages of the major-element oxides in the No. 2; coal and parting samples, as well as
the average values for Chinese coals, are listed in Table 4. The major-element oxides in the studied
No. 2; coal samples are mainly dominated by SiO; and Al,Oj3, ranging from 2.8% to 18.1% (6.3% on
average on a whole-coal basis) and 2.4% to 13.5% (5.3% on average on a whole-coal basis), respectively
(Table 4). Compared with the average values for average Chinese coals reported by Dai et al. [12],
the percentages of CaO and Na;O are slightly higher, while other major oxides (5iO,, TiO,, Al,O3,
Fe;O3, MgO, MnO, and K;O) are either close to or lower than those of average Chinese coals (Table 4).

Table 4. The major-element oxides (%) in the No. 2 coal and parting samples on a whole coal/rock basis.

Sample LOI Si02 Ti02 A1203 F8203 MgO CaO MnO Na20 Kzo SiOz/A1203 A1203/Ti02
HB-1 86.35 4.88 0.16 4.44 0.72 0.14 3.03 bdl 0.25 0.02 1.10 27.75
HB-2 86.56  6.17 0.28 5.34 0.37 0.06 0.94 bdl 0.27 0.03 1.16 19.07
HB-3 89.42  4.69 0.15 3.76 0.42 0.07 1.26 bdl 0.21 0.02 1.25 25.07
HB-4 86.65  6.02 0.16 522 0.66 0.06 091 bdl 0.29 0.02 115 32.63
HB-5 89.08 4.7 0.16 417 0.46 0.07 116 bdl 0.18 0.02 1.13 26.06
HB-6 86.73 5.84 0.17 5.13 0.56 0.1 1.16 bdl 0.29 0.02 1.14 30.18
HB-7 8459  6.83 0.19 6.35 0.74 0.14 0.85 bdl 0.27 0.04 1.08 33.42
HB-8 68.16 16.08 045 13.5 0.7 bdl 0.73 bdl 0.3 0.08 1.19 30.00
HB-9 86.62 6.16 0.38 5.06 0.37 0.06 112 bdl 0.22 0.03 1.22 13.32
HB-10 87.89 537 0.32 5 0.29 0.06 0.85 bdl 0.21 0.02 1.07 15.63
HB-11 87.73 5.13 0.14 4.52 0.52 0.05 1.54 bdl 0.33 0.02 1.13 32.29
HB-12 87.93 529 0.21 4.56 0.37 0.05 1.3 bdl 0.25 0.03 1.16 21.71
HB-13 87.86  4.87 0.19 4.12 0.38 0.01 2.26 bdl 0.28 0.03 1.18 21.68
HB-14 90.65 3.8 0.17 3.15 0.48 0.07 1.43 0.03 0.21 0.02 1.21 18.53
HB-15 87.21 2.8 0.09 235 1.34 0.63 532 0.02 0.24 0.02 1.19 26.11
HB-16 92.6 2.86 0.14 2.46 0.4 0.11 1.18 bdl 0.24 0.01 1.16 17.57
HB-17 91.3 3.33 0.22 2.81 0.54 0.18 1.35 bdl 0.21 0.05 1.19 12.77
HB-18 86.19  6.85 0.23 5.63 0.41 0.1 0.29 bdl 0.18 0.12 1.22 24.48
HB-19 44.09 29.29 0.84 2296 0.89 0.31 0.18 bdl 0.21 1.23 1.28 27.33
HB-20 4794  27.83 0.73 20.7 0.95 0.31 0.17 bdl 0.21 1.16 1.34 28.36
HB-21 41.6 32.49 0.85 21.89 1.2 0.3 0.26 bdl 0.16 1.25 1.48 25.75
HB-22 41.65 32.72 0.83 21.43 1.29 0.3 0.23 0.01 0.24 1.3 1.53 25.82
HB-23 622 18.09 051 1317  1.07 0.18 4.09 0.02 0.07 0.61 137 25.82

Average in Coal 6.30 0.23 5.30 0.57 0.12 1.62 bdl 0.24 0.06 1.19 23.32

China® 8.47 0.33 5.98 4.85 0.22 1.23 0.02 0.16 0.19 1.42 18.12

Notes: LOI, loss on ignition; bdl, below detection limit; ?, major-element oxides in Chinese coals. Data from
Dai et al. [12].

The SiO,/Al,O5 ratio of the studied coal samples in Hebi No. 6 mine (1.19) is lower than that
of the common Chinese coals (1.42) [12] but slightly higher than the theoretical SiO,/Al, O3 ratio of
kaolinite (1.18), probably because quartz is also present along with abundant kaolinite (Figure 3D).

4.2.2. Li Concentrations

The concentrations of trace elements in all the coal and non-coal samples are listed in Table 5.
The concentration of Li in the No. 2; coal samples varies from 40.2 ug/g to 183 ug/g, with an average
value of 79.0 ug/g. This is much higher than that of common Chinese coals (31.8 pg/g) [12] and world
hard coals (14 pg/g) [69]. A high Li content has been also reported in other coals from northern
China, such as coals from the Haerwusu mine of the Junger Coalfield (116 ug/g on average) [11],
the Guanbanwusu mine of the Junger Coalfield (175 pg/g on average [26]; 264 ug/g on average [43]),
the Heidaigou mine of the Junger Coalfield (143 pg/g on average) [89], the Buertaohai-Tianjiashipan mine
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of the Junger Coalfield (70-79 ug/g on average) [52], the Dongpo mine of the Weibei Coalfield (84.98 ng/g
on average) [35], and the Wangtaipu mine of the Jincheng Coalfield (136.5 nug/g on average) [53].

The concentration of Li in the partings and floor from the Hebi No. 6 mine are two to three times
higher than that of the coal samples. Specifically, the concentration of Li in the partings decrease
gradually from top to bottom, ranging from 171 to 260 pg/g with an average of 203.5 pg/g, while the
concentration of Li in the floor increases again up to 244 ug/g (Figure 4A).

(A) Concentration (ug/g) (B) Concentration coefficient
50 100 150 200 250 300 1 2 5 10 100

Coal

Parting and floor

[ 2{CC<5 |
Slightly enriched

| 5<CC<10
Enriched

0 0(
Significantly enriched

Figure 4. The concentration and concentration coefficient of Li. (A) The concentration of Li;
(B) concentration coefficient of Li.

The concentration coefficient (CC) proposed by Dai et al. [9,25] was used to evaluate the enrichment
degree of the minor and trace elements in coal and organic-rich rocks. In this paper, the concentration
coefficient value is the ratio of Li concentration in the coal samples correlated with the mean value of
Li concentration in common world coal [69] and the ratio of Li concentration in the parting and floor
mudstone samples compared to the mean Li concentration in common world clays [90]. Lithium is
enriched in the No. 21 coal and the CC value of Li in coal is 6.6 on average. Lithium is slightly enriched
in the parting and floor mudstones of the No. 2; coal seam and the relevant CC value is 3.9 on average.

Note that Li is more enriched in the upper part of the No. 2; coal seam and the CC value of Li in
the upper part (including HB-1 to HB-12) of the No. 2; coal is 7.3. The CC value of Li in the lower part
of the No. 2; coal and in the partings and the floor is between 2 and 5, and the Li is slightly enriched
(Figure 4B).
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Table 5. Concentrations of trace elements in coal and non-coal samples from the Hebi No. 6 mine (ug/g, on a whole coal basis).

Sample Li Be Sc Cr Mn Co Ni Cu Zn Ga Rb Sr Y Nb Mo Cd In Cs Pb Bi
HB-1 68 0.68 2.4 7.8 13 17 4.5 9.2 5.5 5.0 082 1183 8.4 2.8 090 003 002 037 7.2 0.16
HB-2 100 0.98 41 15 6.7 1.1 3.3 18 6.5 4.9 0.98 584 13 74 068 004 003 039 13 0.28
HB-3 71 0.90 3.5 13 11 1.1 3.3 8.9 6.4 4.2 0.88 501 12 4.0 0.51 0.03 0.02 037 9.0 0.20
HB-4 84 0.83 3.2 10 10 0.98 2.6 8.8 5.0 4.2 0.77 1033 12 3.1 046 003 002 037 5.9 0.15
HB-5 66 0.85 3.5 11 12 1.1 2.9 9.4 8.0 4.4 0.68 640 12 35 060 003 002 035 7.1 0.20
HB-6 88 0.69 3.0 8.9 16 14 2.8 11 6.7 7.0 0.93 353 9.7 3.9 12 0.03 002 039 11 0.22
HB-7 103 0.60 3.3 7.8 11 2.0 3.4 9.0 6.6 15 1.6 261 9.8 6.6 14 0.03 003 043 17 0.24
HB-8 183 0.79 4.5 12 11 14 8.6 9.5 11 15 3.6 195 9.6 20 094 006 004 088 14 0.49
HB-9 77 087 5.8 14 21 13 3.2 13 12 8.2 1.0 743 16 9.6 088 005 003 038 10 0.26
HB-10 88 0.76 4.2 11 8.9 12 2.7 13 5.4 6.5 0.67 1013 13 6.7 058 003 002 035 13 0.22
HB-11 60 0.57 2.1 6.4 29 14 3.6 9.3 5.8 5.1 0.70 608 8.3 2.7 064 003 002 037 8.2 0.14
HB-12 66 0.59 2.7 10 18 13 4.2 12 5.7 4.5 0.93 466 9.8 4.2 072 003 002 038 8.1 0.19
HB-13 56 0.54 2.4 8.3 22 1.1 4.6 9.3 4.8 3.8 0.83 754 8.8 3.6 0.71 0.03 0.02 037 7.0 0.16
HB-14 51 0.55 2.4 7.7 20 2.4 6.4 11 5.6 3.6 15 396 8.3 3.3 0.71 0.01 0.02 0.18 6.3 0.14
HB-15 40 0.42 1.7 6.9 100 19 7.4 5.6 4.5 2.1 1.8 433 8.7 1.8 066 002 002 019 3.7 0.06
HB-16 41 0.43 25 9.5 16 3.2 9.1 9.9 5.5 2.4 1.3 405 7.0 2.3 082 002 002 016 5.6 0.11
HB-17 42 0.51 2.9 12 25 3.0 8.0 10 6.0 2.4 2.3 681 8.5 3.3 0.51 0.01 0.02 027 5.1 0.10
HB-18 76 1.7 7.5 17 23 20 25 24 11 15 8.2 110 21 8.2 2.6 0.02 005 093 31 0.35
HB-19 260 3.7 17 65 23 25 34 49 20 40 64 125 31 28 1.7 0.01 0.19 6.8 26 0.42
HB-20 202 3.5 17 68 25 28 34 35 20 37 63 121 33 27 12 0.01 0.11 5.7 32 0.34
HB-21 181 3.6 16 61 40 34 35 37 24 37 70 122 36 25 077 0.01 0.09 5.9 29 0.33
HB-22 171 3.4 16 57 54 23 28 23 29 35 69 145 39 25 0.85 0.02 010 5.9 28 0.38
HB-23 142 2.7 22 43 146 22 33 61 59 28 37 235 38 18 1.1 012  0.09 4.6 184 0.40
HB-24 244 4.4 20 57 44 9.9 22 47 72 39 92 201 43 29 072 008 0.10 7.7 54 0.48

World Coal A 12 1.6 3.9 16 71 51 13 16 23 5.8 14 110 8.4 3.7 22 0.22 0.03 1.0 7.8 0.97
World Clay B 54 3.0 15 110 800 19 49 36 89 16 133 240 31 11 1.6 0.91 0.06 13 14 0.38

Sample Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Ta W Tl Th U
HB-1 317 20 32 3.2 10 1.8/1.6 0.28 1.7 027 1714 039 08 013 08 013 025 066 0.17 5.8 11
HB-2 265 18 32 34 12 23/20 039 24 038 27/21 059 1.4 0.22 1.4 021 069 073 032 14 22
HB-3 245 21 35 35 11 24/2.0 0.38 2.1 037 2520 046 1.3 0.19 12 018 046 049 0.17 8.2 1.3
HB-4 337 32 57 5.6 20 3.1/29 047 2.8 043 2521 048 1.3 0.19 13 0.18 0.4 043 021 6.9 1.1
HB-5 260 24 40 4.0 14 2423 041 2.3 043 2421 047 1.3 0.19 1.3 019 031 049 0.14 5.3 1.1
HB-6 236 14 25 2.8 95 1.9/1.7 035 1.6 029 19/16 038 1.0 0.17 1.1 016 025 062 0.16 4.3 13
HB-7 194 11 25 29 98 20/1.7 032 1.7 03 1.9/1.6 039 1.1 0.17 12 017 037 068 0.14 5.8 2.1
HB-8 274 12 25 3.1 11 2.0/1.9 0.36 1.7 032 23/16 041 1.1 0.19 1.3 0.20 19 12 0.26 21 3.6
HB-9 256 45 69 6.4 23 39/37 0.68 3.6 0.63 3.9/3.0 0.69 19 0.31 19 028 066 092 020 11 2.7

HB-10 314 49 73 6.6 23 3.6/3.5 0.6 3.4 05 2924 0.62 15 0.22 1.5 0.22 0.59 0.52 0.13 9.4 2.0
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HB-11
HB-12
HB-13
HB-14
HB-15
HB-16
HB-17
HB-18
HB-19
HB-20
HB-21
HB-22
HB-23
HB-24
World Coal @
World Clay P

251
231
229
171
207
164
203
115
473
413
475
515
288
621
150
460

18
13
18
12
47
13
29
20
43
41
48
51
29
75
11
48

31
24
29
20
13
21
43
38
78
74
90
98
56
146
23
75

3.2
2.7
3.0
22
1.9
22
42
43
8.0
8.2
10
11
6.8
16
3.5
10

10
9.4
10
8.2
7.8
7.8
16
16
31
29
42
49
26
51
12
36

1.8/1.7
1.0/1.6
1.4/1.7
145/1.4
1.6/1.4
1.4/1.3
2.1/2.3
3.1/2.8
5.0/4.7
4.9/4.5
7.7/6.5
9.6/7.6
5.9/6.0
7.1/7.6
2.0
8.0

0.3
0.32
0.31
0.26

0.3
0.25
0.37
0.54
0.77
0.79

1.1

1.3

15

1.3
0.47

12

1.6
1.7
1.6
15
1.3
1.2
1.9
2.6
4.0
42
6.3
6.9
51
6.6
2.7
5.8

0.26
0.27
0.26
0.22
0.22
0.19
0.26
0.51
0.72
0.77
0.99
1.1
1.1
1.2
0.32
0.83

1.6/1.4
1.9/1.51
1.6/1.4
1.5/1.3
1.3/1.3
1.2/1.1
1.6/1.4
3.7/3.1
5.2/4.5
5.3/4.7
6.5/5.6
7.6/6.2
7.3/5.9
7.8/6.6
21
44

0.31
0.35
0.31
0.31
0.27
0.31
0.31
0.69
1.2
1.2
1.3
1.5
1.5
1.6
0.54
0.90

0.87
0.97
0.91
0.89
0.73
0.65
0.85
1.9
3.6
3.3
3.6
3.9
4.0
47
0.93
1.9

0.14
0.16
0.13
0.12
0.11
0.10
0.14
0.26
0.48
0.48
0.52
0.55
0.57
0.68
0.31
0.50

0.90
1.0
0.90
0.83
0.70
0.67
0.87
1.7
3.2
3.3
3.5
3.7
3.8
4.6
1.0
2.5

0.14
0.16
0.14
0.14
0.11
0.10
0.12
0.24
0.48
0.48
0.52
0.54
0.54
0.69
0.20
0.39

0.2
0.38
0.3
0.32
0.12
0.18
0.27
0.66
22
2.0
2.0
21
1.3
2.3
0.28
14

0.37
0.48
0.42
0.42
0.23
0.31
0.35
1.2
1.8
1.7
1.8
1.9
0.81
22
1.1
2.6

0.16
0.18
0.18
0.11
0.21
0.16
0.11
0.20
0.36
0.46
0.38
0.39
0.28
0.62
0.63
1.3

3.7
44
5.0
3.6
1.8
2.5
3.5
7.3
18
18
19
18
14
22
3.3
14

0.92
0.98
1.2
0.94
0.49
0.55
0.71
3.1
5.7
53
3.8
3.9
6.0
49
2.4
43

Notes: 2, averages for world coals, data from Ketris and Yudovich, 2009 [69]; b averages for world clay, data from Grigoriev, N.A., 2009 [90]; x/y, test data/corrected data calculated by
interpolation. Note that because the test values of Sm and Dy are abnormal, in this paper, they are corrected by interpolation. The calculation formula of the corrected data is as follows:
Sm = Smy * the concentration of Sm in the upper continental crust (UCC) [91]; Smy = 0.5 * (Ndy + Euy); Dy = Dyy * the concentration of Dy in the upper continental crust (UCC) [91];

Dyn =0.5* (Tby + Yn); Ndy, Eup, Tby, and Yy, the ratios of Nd, Eu, Tb, and Y values (tested data) to those in the upper continental crust, respectively.
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4.2.3. Rare Earth Elements and Yttrium

In the literature, the term rare earth elements (REE) or rare earth elements and yttrium (REY) has
been used somewhat inconsistently [92], but recently in Dai et al.’s [93] review study, REY (or REE if
yttrium is not included) is used to specifically represent the elemental suite La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Y, Ho, Er, Tm, Yb, and Lu. The ionic radius of Y3+ is very similar to that of Ho3*, and thus
Y3+ can be placed between isovalent Dy>* and Ho®* in normalized REY distribution patterns [93,94].
In the present study, a three-fold geochemical classification of REY, which was classified by Seredin and
Dai. [94], was used, including light REY (LREY: La, Ce, Pr, Nd, and Sm), medium REY (MREY: Eu, Gd,
Tb, Dy, and Y), and heavy REY (HREY: Ho, Er, Tm, Yb, and Lu). Correspondingly, in comparison with
the upper continental crust concentrations (UCC) [91], three enrichment patterns were also identified
as L-type (light-REY; Layn/Luy > 1), M-type (medium-REY; Lay/Smy < 1, Gdy/Luy > 1), and H-type
(heavy REY; Lan/Luy < 1) [94].

Previous studies have shown that the measured content of Eu and the identification of positive
Eu anomalies by quadrupole-based ICP-MS in coals should be used with great caution, because the Eu
content of the samples may be interfered with by Ba [93,95]. If the Ba/Eu value is higher than 1000,
the Eu content of the samples is thought to be interfered with by element Ba [93,95]. In this study,
the relationship between the Ba and Eu concentrations (r = 0.29; Figure 5) is weak, and almost all the
Ba/Eu values of the studied coal samples are lower than 1000 (604 on average), except the sample HB-1
with a Ba/Eu value of 1132. However, the Eun/Eun®* in the sample HB-1 is 0.78 (Table 6), which is
lower than 1, indicating no positive Eu anomalies in this sample. Furthermore, the Ba contents in
samples with a relatively high Eu or Eun/Eun® content are relatively lower than those in samples with
a relatively low Eu or Eun/Eun® content, such as the samples HB-23 (Eu = 1.47 pg/g, Eun/Eun® =1.18,
Ba = 288 ug/g) and HB-1 (Eu = 0.28 pg/g, Eun/Eun® = 0.78, Ba = 317 pg/g). Therefore, the high Eu or
Eupn/Eun® contents in this study were generally not interfered with by the Ba concentration.

400 -
350
300

o6 250 A O gt

Ml .
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3 200 %°

<

M 150 -
100
50 1

0

0 0.5 1 1.5 2
Eu (pg/g)

Figure 5. Relationship between Eu and Ba in the No. 2; coal from the Hebi No. 6 mine.

The REY concentrations of the No. 2; coal samples (from 42.98 to 186.57 ug/g, 97.99 ug/g on average;
Table 6) are lower than those of common Chinese coals (136 pg/g) [12] and the upper continental crust
(168.37 ng/g) [91], but slightly higher than those of average world hard coals (68.6 pg/g) [69].

The REY contents of the partings and floor from the Hebi No. 6 mine are approximately two to four
times higher than those of the coal bench samples (Table 6). Specifically, the REY concentrations of the
partings range from 209.99 to 285.36 nug/g, with an average of 242.41 ug/g, which are slightly higher than
those of average world clays (226.42 ug/g) [90] and those of the upper continental crust (168.37 pg/g) [91].
The contents of REY in the floor are the highest among all the non-coal samples, with values of up to
365.9 ug/g, which are much higher than those of average world clays (226.42 nug/g) [90] and the upper
continental crust (168.37 ug/g) [91].
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Table 6. REY geochemical parameters for the No. 21 coal and non-coal samples from the Hebi No. 6 mine.

Sample XILREY XMREY EHREY XREY Layn/Luy Lan/Smy Gdy/Luy Eun/Eun*Cen/Cen* 5Y
HB-1 6713 1234 2.39 81.86 1.61 1.70 1.10 0.78 0.89 0.79
HB2 6785  19.05 3.84 90.74 0.93 1.18 0.94 0.80 0.92 0.82
HB-3 7369  17.40 3.31 94.40 1.28 1.34 1.01 0.80 0.92 0.95
HB4 11708 17.85 340 13832 194 1.59 134 0.79 0.95 0.89
HB-5 8478  17.80 338 10597 135 1.51 1.02 0.80 0.92 0.94
HB-6 5248  13.84 2.86 69.18 0.90 1.11 0.83 0.94 0.91 0.92
HB-7 5076  14.02 2.97 67.74 0.71 0.87 0.81 0.83 0.99 0.92
HB-8 5266 1425 3.21 70.12 0.64 0.86 0.72 0.88 0.95 0.85
HB-9 14655  24.65 506 17626 172 1.73 1.08 0.86 0.90 0.84
HB-10 15513  20.19 400 17932 239 2.03 1.29 0.85 0.89 0.76
HB-11 6420  12.05 2.35 78.60 1.43 1.54 1.02 0.86 0.92 0.96
HB-12 5075  13.92 2.67 67.35 0.89 1.07 0.93 0.90 0.92 1.02
HB-13 6074  12.48 2.40 75.61 1.37 1.51 0.97 0.89 0.88 1.02
HB-14 4321  11.77 2.29 57.26 0.92 1.22 0.89 0.91 0.87 0.98
HB-15 2926  11.80 1.92 4298 0.47 0.46 1.004 0.98 0.99 1.18
HB-16  44.42 9.80 1.84 56.06 1.30 1.38 0.95 0.95 0.88 0.82
HB-17 9407 1254 229 10890 258 2.06 1.31 0.93 0.87 1.00
HB-18 8175  28.09 470 11453  0.88 0.96 0.92 0.85 0.94 1.09
HB-19 16545  42.05 898 21648 096 1.28 0.71 0.79 0.96 0.97
HB-20 157.33  43.97 869 20999 091 1.25 0.74 0.79 0.91 1.02
HB-21 19718  51.11 953 25782  0.99 0.93 1.02 0.78 0.94 0.98
HB-22 21943 5575 1018 28536  1.00 0.80 1.07 0.74 0.94 0.96
HB-23 12332 5292 1033 18657 056 0.73 0.80 1.18 0.92 0.92
HB-24 29361 5996 1233 36590 117 1.60 0.81 0.86 0.97 0.96
Av-coal 7683  17.72 3.43 97.99 1.26 131 1.00 0.88 0.92 0.93

Notes: Units of LREY, MREY, HREY, and REY are ug/g; Eun/Euy* = Eun/(Smy X 0.67) + (Tby x 0.33)];
Cen/Cen* = Cen/(0.5*Lay + 0.5*Pry); 8Y = Yn/Hop [93]; Av, average value.

Based on Seredin-Dai’s classification, the REY distribution patterns of the No. 2; coal samples
are mainly characterized by LREY enrichment relative to the upper continental crust with negative
Eu and Ce anomalies (Figure 6A), except for the sample HB-23, which shows an HREY enrichment
and a positive Eu anomaly. Like the coal samples, the REY distribution pattern of the floor is also
characterized by LREY enrichment with negative Eu- and Ce- anomalies (Figure 6B). While compared
with the distribution curves of the REY in coal samples, the curves of the REY in the the partings are
relatively flat (Figure 6B), indicating no obvious fractionation of LREY and HREY.
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Figure 6. Distribution patterns of REY of the Hebi No. 6 mine samples. (A) Distribution pattern of REY

in No. 2; coal; (B) distribution pattern of REY in the partings and floor samples. Note that because the

test values of Sm and Dy are abnormal, in this paper they are corrected by interpolation. The numerical
value of the dotted line in the REE distribution pattern is the interpolation of the ratio of the REE
content on the adjacent sides to the average upper crust content. The calculation formula is as follows:
Smy = 0.5* (Ndy + Euyy); DyN =0.5* (Tby + Yn)-
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4.2.4. Other Trace Elements

In addition to Li, compared to the average values for world hard coals reported by Ketris and
Yudovich [69], the No. 2; coal is also enriched with Sr (CC = 5.07) and slightly enriched with Pb
(CC =2.47) and Th (CC = 2.19), while Mn, Zn, Rb, Mo, Cd, Bi, and Tl in the No. 2; coal are depleted
and the remaining elements have normal concentrations (Figure 7A). The concentration of Sr in the
No. 21 coal samples varies from 110 to 1183 pg/g and has an average value of 557.4 ug/g.
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Figure 7. Concentration coefficients (CC) of trace elements in (A) the coal samples, (B) parting samples,
and (C) floor sample from the Hebi No. 6 mine. The trace elements concentrations in the coal samples
were normalized by the average trace element concentrations of world hard coals [69]. The trace
elements concentrations in the partings and floor samples were normalized by the average trace element
concentrations of the world clays [90].

Compared to the average values of trace elements for world clays [90], the parting samples from
the Hebi No. 6 mine are slightly enriched in Ga (CC = 2.31), Nb (CC = 2.36), and Pb (CC = 2.05),
while Mn, Zn, Rb, Cd, Cs, and T1 are depleted and the remaining trace elements have concentrations
close to the average values for world clays [90] (Figure 7B). The concentrations of Ga, Nb, and Pb in
the parting samples range from 34.8 to 39.9 ug/g, 24.9 to 27.9 pg/g, and 26.3 to 31.7 ug/g, respectively.

Figure 7C shows the ratio of the average values of trace elements in the floor sample and
the average values of trace elements for world clays [90]. Gallium (CC = 2.42), Nb (CC = 2.66),
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Pb (CC = 3.87), and Er (CC = 2.48) are slightly enriched in the floor while Mn, Mo, Cd, and Tl are
depleted, and the remaining elements have normal concentrations in the floor sample.

4.3. Minerals

Minerals in coal are often regarded as a nuisance, being responsible for most of the problems
arising during coal utilization, but minerals are also seen as a potentially valuable source of critical
metals. With a few exceptions, minerals are the major hosts of the majority of elements present in
coal [96].

According to the results of X-ray diffraction analysis (Figure 8), clay minerals such as illite and
kaolinite are the main mineral in the No. 2; coal of Hebi No. 6 mine, followed by quartz and calcite,
with a small amount of ankerite and K-feldspar. The mineral phases in the partings and floor are
dominantly kaolinite and, to a lesser extent, illite, quartz, and calcite, with smaller proportions of
K-feldspar, plagioclase, and ankerite.
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Figure 8. XRD patterns of samples from Hebi No. 6 coal seam. (A) Sample HB-19; (B) sample HB-21;
(C) sample HB-23; (D) sample HB-24.

Under the SEM-EDS, the morphology and principal elements of the main minerals in the samples
are shown in Figures 9 and 10. The morphology of illite, with some occurrences as Ti-bearing illite,
mainly appears as irregular flaky and fine slats (Figure 9A-D), and the kaolinite exists in form of
thin sheets in the No. 2; coal (Figure 9EF). Although usually regarded as being relatively immobile,
Ti may be mobilized at low pH levels [97], allowing it to be leached from detrital components
and re-precipitated in other parts of the coalbed [98], leading to the Ti-bearing illite found in the
present paper.
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Figure 9. SEM images (under “SE mode”) and EDS spectrum of clay minerals. (A,B)Illite, dample HB-13;
(C,D) illite, sample HB-8; (E,F) kaolinite, sample HB-23. Note that the unlabeled peak in each spectrum
is due to Au, which was used for the sample coating.

Figure 10. Calcite and pyrite in samples from Hebi No. 6 mine. (A) Calcite, sample HB-8, SEM images
under SE mode; (B) massive and euhedral pyrite, sample HB-21, SEM images under SE mode;
(C) massive pyrite, sample HB-21, reflected light, oil immersion; (D) fracture-filling pyrite, sample HB-22,
reflected light, oil immersion.
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Calcite mainly occurs as fracture infillings (Figure 3B) and parallel-developed columnar
(Figure 10A), indicating an epigenetic and calcium-rich solution origin.

Pyrite in Hebi No. 6 coal occurs mainly as discrete crystals (Figure 10B,C) and fracture fillings
(Figure 10D). The former probably suggests a syngenetic origin while the later an epigenetic origin [99].

5. Discussion
5.1. Modes of Occurrence of Elements

5.1.1. Lithium

Based on the correlation coefficients (r) between the elemental concentrations and the ash yield,
Li in the No. 2; coal has a very high positive correlation coefficient with the ash yield (r = 0.87,
Figure 11A, Table 7, Group 1), indicating a highly inorganic affinity. In addition, the relatively high
correlation coefficients of Li-Al,O3 (r = 0.95, Figure 11B, Table 7), Li-SiO, (r = 0.91, Figure 11C, Table 7),
Li-K;O (r = 0.50, Figure 11D, Table 7), and Li-TiO, (r = 0.79, Figure 11E, Table 7) indicate that Li is
mainly present in the aluminosilicate minerals, most likely the clay minerals. The relatively high
correlation coefficient of Li-TiO; (r = 0.79, Figure 11E, Table 7) and the weekly positive correlation
coefficient of Li-K,O (r = 0.50, Figure 11D, Table 7) indicate that, to a lesser extent, Ti-bearing illite is
probably also a carrier of Li. Furthermore, the conclusion above can be confirmed by the Ti-bearing
illite, which has also been found in the No. 2; coals (Figure 9C,D) detected by SEM-EDS, and the
intimate association of Li and TiO,-, Al;O3-, and SiO, indicated by cluster analysis (Figure 12, Group B),
indicating that at least some Ti-bearing aluminosilicates are carriers of Li in No. 2; coal from the Hebi
No. 6 mine.
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Table 7. Element affinities between the concentrations of elevated elements and the ash yield or selected
elements in coal samples.

Correlation with Ash Yield

Li (0.87), Ga (0.87), Nb (0.91), Th (0.76), SiO5 (0.98),
TiO, (0.81), ALO5 (0.97), K,O (0.80)

Group 1: ragn = 0.70-1.00

Group 2: rygh = 0.4-0.69 Fe,03 (0.50), Pb (0.78,0.49 )
Group 3: rygy <04 CaO (0.28), REY (0.34), Sr (-0.38), NayO (-0.33)
Aluminosilicate Affinity
ralsi = 0.70-1.00 Li, Ga, Nb, Th, TiO,, K,O
TAl-Si = 0.4-0.69 Pb
ralsi < 0.4 Fe203, REY

Correlation Coefficients between Selected Elements

Li-Ga 0.75, Nb-Ga 0.83, Nb-Li 0.91, Pb-Li 0.48,
Pb-Ga 0.84, Th-Nb 0.90, Th-Li 0.90, REY-Li 0.29
Notes: ragp, correlation of elements with ash yield; ray.s;, correlation of elements with Al,O3 and SiO,; the numbers

in brackets are the correlation coefficients; *, the correlation coefficients of the two points in high-ash areas were
not included.

Based on sequential chemical extraction results, Finkelman et al. [36] suggested that in most
coals about 90% of Li is associated with clays and micas and the remainder is either associated
with organics or acid-insoluble phases, such as tourmaline. The high Li in the Haerwusu [11]
and Buertaohai-Tianjiashipan [52] coals in the Junger Coalfield is deduced to be associated with
aluminosilicate minerals. Wang et al. [47] also considered that Li in the coal of the Qinshui Basin is
probably bound to clay minerals such as kaolinite and illite. However, cookeite, a Li-rich member of
the chlorite group, was considered to be the primary Li carrier in the coals from the Jincheng Coalfield,
southeastern Qinshui Basin [62]. Ti-bearing aluminosilicates were not uncommon in coals [35,100,101],
but those occurring as the main carrier of Li have rarely been reported. As mentioned above, this study
and a number of studies have shown relatively strong correlations between Li and aluminosilicates/clay
minerals [96,102]. This is because clay minerals, being usually negatively charged in nature, have high
surface to volume ratios, which enable trace elements such as Li, usually positively charged, to be
adsorbed on their surface. Additionally, some clay minerals have an interlayer space where cation
exchange may take place [96]. Titanium may be leached from detrital components at low pH levels [97]
and re-precipitated in these clay minerals, leading to a close relationship between Li and Ti-bearing
clays/aluminosilicates.

5.1.2. Other Trace Elements

The affinity of some elevated elements in the No. 21 coal (Sr, Pb, Th, except Li) and some enriched
trace elements in the partings and floor, such as Ga, Nb, Pb, and REY, are discussed. Three groups of
elements can be differentiated according to their correlation coefficients with the ash yield (Table 7).
The first group has a very high positive correlation coefficient with ash yield (>0.7; Ga 0.87, Nb 0.91,
Th 0.76, SiO; 0.98, TiO, 0.81, Al,O3 0.97, K,O 0.80; Table 7; Figure 13A—C) and includes elements
with a high inorganic affinity. Most of these elements normally relate with aluminosilicate minerals
(ral-si > 0.7, Figure 13D-I). The second group with an r,g, of 0.4 to 0.69 includes Fe,O3 and Pb.
Although the correlation coefficient of Pb-ash (r = 0.78, Figure 13], Table 7) is high, there are only two
points falling in the high-ash areas (ash > 30%) of the Pb-ash plot, and the other points in the low-ash
areas (with ash < 30%) have a lower correlation coefficient (r = 0.49, Figure 13]), indicating that Pb has
an inorganic-organic mixed affinity rather than an inorganically dominated affinity. The elements
of Group 3 have correlation coefficients with an ash yield of less than 0.40, indicating no statistical
significance. This group includes CaO, REY, Sr, and Na;O (Table 7). However, in some cases, accessory
Sr-bearing barite and Sr-sulphate minerals can occur in the cleats/fractures of coal due to marine
influence and/or being associated with syngenetic pyrite clusters in low ash yield coals, leading to
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a very weak correlation between Sr and ash yields; thus, this negative correlation does not always
indicate organically bound Sr and Ba in coal [40,103,104]. However, sulphate minerals in the studied
coals are low, which can be evidenced by the low contents of total sulfur (0.2-0.4%, 0.3% on average;
Table 2) and sulphate sulphur (bdl-0.04%, 0.02% on average; Table 2) [99]. Therefore, it is unlikely that
Sr exists in any significant amount in Sr-bearing barite or other sulphate minerals in the studied coals.
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Figure 13. Plots of the concentration of elevated elements and ash yield, Al,O3, and SiO, in coal
samples. (A) Plot of Ga and ash yield. (B) Plot of Nb and ash yield. (C) Plot of Th and ash yield.
(D) Plot of Ga and Al,Os5. (E) Plot of Ga and SiO,. (F) Plot of Nb and Al,O3. (G) Plot of Nb and SiO;.
(H) Plot of Th and Al,O3. (I) Plot of Th and SiO;. (J) Plot of Pb and ash yield.

5.2. Source of Lithium

The Al,O3/TiO; ratio has been widely used in the source analysis of sedimentary rocks [34,50,52]
and sediments associated with coal deposits [105]. Sedimentary rocks derived from mafic, intermediate,
and felsic igneous rocks have Al,O3/TiO; ratios varying from 3 to 8, 8 to 21, and 21 to 70,
respectively [106,107]. The Al,O3/TiO, ratio in No. 2; coal from the Hebi No. 6 mine ranges
from 12.6 to 32.9, with an average of 22.6 (Figure 14), indicating that the sediment rocks for detrital
inputs into palaeomires of the No. 21 coal in the Hebi No. 6 mine are mainly felsic and intermediate
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rocks. The partings from the Hebi No. 6 mine have Al,O3/TiO; ratios ranging from 25.6 to 28.4,
indicating a felsic composition for the sediment-source rocks. The similarity in the Al;O3/TiO; ratios
for the No. 2; coal seam and the partings suggest a similar provenance for the No. 21 coal seam and the
associated sedimentary rocks.
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Figure 14. Al,O3/TiO, ratios of the samples from the Hebi No. 6 mine.

The sediment-source region of the No. 2; coal can be further inferred by their rare earth element
and trace-element assemblages [108,109]. Dai et al. [11] attributed the high Li concentration in the
Pennsylvanian coal from the Junger Coalfield, Inner Mongolia, to moyite (a variety of biotite granite
in which quartz exceeds orthoclase [110]) of the Yinshan Upland to the north of the coalfield [53].
The REY plots for the No. 2; coal are similar to those for Li-enriched coals from the Haerwusu
mine, Junger Coalfield [11], which are mainly characterized by LREY and have negative Eu anomalies.
In addition, those two mines above also have similar enriched trace element associations (e.g., Li,
Ga, Pb, and Th) and similar modes of occurrence of Li, which are believed to be associated with
aluminosilicate minerals, further indicating a similar provenance—the moyite of the Yinshan Upland.
This conclusion is consistent with the results inferred from the Al,O3/TiO, ratio, as mentioned above.

In northern China, during the Late Paleozoic the Xingmeng Trough subducted beneath the North
China Platform, resulting in the uplift and orogeny of the Yinshan Upland [111]. Thus, the Yinshan
Upland, which is located to the north of the North China Plate, served as the dominant sediment-source
region for the Permo-Pennsylvanian coals on the North China Plate itself [112]. The source of two
super-large Li-Ga deposits in the Pingyu mining area and the Jungar Coalfield is closely related to
the Yinshan Upland [4,45]. During the Middle Permian, the source materials for the study area were
mainly from the Yinshan Upland located in the north of the study area [113].

Therefore, according to the comprehensive analysis, the enriched Li in the No. 21 coal of the Hebi
No. 6 mine is mainly derived from the moyite of Yinshan Upland.

5.3. Depositional Conditions during Peat Accumulation

The Sr/Ba ratio is one of the mostly widely used indicators, not only for sedimentary rocks [114-116]
but also for coals [99,117-119]. The ratio of Sr/Ba in marine-influenced coals is mostly >1; in contrast, if
the Sr/Ba < 1, the coals are generally influenced by fresh water. In this paper, the ratios of Sr/Ba in
the floor, coal sample HB-23, and partings, coal sample HB-18, from bottom to top are lower than 1
(Figure 15A), indicating that the lower part of the profile was mainly affected by fresh water. From the
top of sample HB-17, the ratios of Sr/Ba in almost all the No. 2; coal samples (except the samples
HB-8) are above 1 (Figure 15A), indicating that these coals were influenced by marine water during
coal deposition. The conclusion above is consistent with the sedimentary setting that the No. 2; coal
formed both in upper delta plain and lower delta plain environment (Figure 16) [71]. Furthermore,
the variation trend of the Li content and Sr/Ba ratio is opposite, which can be seen from Figure 15A,
indicating that Li is more enriched in coals influenced by fresh water (Figure 15B).
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During oxidizing conditions, low pH conditions (e.g., pH < 3) may occur in some parts of the
peat. Aluminum is generally insoluble in the conditions of natural pH values but is soluble under
low pH values and would be easily leached from many existing Al-bearing materials (including
volcanic ash) under such solubility. Then, the Al-bearing leachates would transfer to other parts of the
peat bed with relatively higher but still acidic pH values and subsequently be precipitated initially
to bauxite-group minerals (e.g., gibbsite [98,119]), which are unstable if silica was present during
their crystallization [97]. Interaction between the precipitated alumina and silica in solutions would
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therefore result in the formation of authigenic kaolinite rather than other clay minerals such as illite,
because the K, Na, and Ca would be expected to have been leached out in the acidic system. However,
a marine-influenced environment would favor the formation of illite [120]. Although illite in some
cases can be of terrigenous origin [98,109,119,121], in others it can be of syngenetic authigenic origin
if the ions required for their formation (e.g., K+ for illite in a marine-influenced environment) were
available in a weakly alkaline peat swamp. As shown in Figure 17, the contents of kaolinite and illite
in the samples from the Hebi No. 6 mine show the opposite “X” type trend from bottom to top; that is,
in the upper part of the samples (from sample HB-13 to the top), the content of illite is significantly
higher than that of kaolinite. Meanwhile, in the lower part (from the bottom of sample HB-19) the
content of kaolinite increases sharply while the content of illite decreases sharply, showing that the
content of kaolinite is significantly higher than that of illite. Thus, the variation trend of the kaolinite
and illite content indicates that the lower part was mainly affected by fresh water while the upper coal
seam was affected by seawater transgression. This conclusion is consistent with the Sr/Ba value and
sedimentary setting of No. 2; coal.
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Figure 17. Relative contents of illite and kaolinite (on 100% clay mineral basis) in some samples from
the Hebi No. 6 mine. Note that the dashed lines are the predicted trend of illite and kaolinite content
and solid points are the tested data.

In addition, syngenetic and authigenic kaolinite in coal usually reflects the acidic conditions of
the peat swamp [50]. The cell-filling kaolinite (Figure 3C,F) found in coal samples HB-8 and HB-18,
which have higher Li concentrations than those of the adjacent coal samples (Figure 15A), indicates
that the acidic conditions of the peat swamp may be favorable to the enrichment of Li (Figure 15B).
The acidic conditions of the peat swamp can be further supported by the Ti-bearing clays found in
sample HB-8 (Figure 9C,D). In the Junger-Hebaopian mining districts, Li in coals has also been found
to be more enriched in acidic peat depositional environments [122].

The Sr/Cu and Rb/Sr ratios of fine-grained sediments are generally sensitive to climatic variations
during depositional processes [123]). Coals with a Sr/Cu ratio of ~1.3-5.0 were formed in humid
conditions, while those with a Sr/Cu ratio >5.0 were formed in arid conditions [124]. In addition,
the Rb/Sr ratio declines with increasing aridity and decreasing temperature [125,126]. Note that Sr/Ba
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values of >1 and <1 also indicate arid and humid climatic conditions, respectively [127-129], and this
indication is probably based on the dominant occurrence of fresh water, where it occurs, with an Sr/Ba
< 1 value corresponding to a humid climate [50]. The conclusion about peat environment deduced
from these three factors mentioned above is consistent; that is to say, the floor, coal sample HB-23,
four partings, and coal sample HB-18 (from bottom to top) were formed in humid conditions, while the
samples from HB-17 to top were basically formed in arid conditions, which probably represent one
wetting-upward and drying-upward coal cycle of No. 2; coal in the Anhe Coalfield, as mentioned by
Lietal. [71]. (Figure 15A), Li enrichment mainly occurs in coals or non-coal samples formed in humid
conditions (Figure 15B).

6. Conclusions

The petrology, mineralogy, and geochemistry of the No. 2; coal from the Hebi No. 6 mine,
Anhe Coalfield, China, were reported in this paper, with an emphasis on the distribution, modes of
occurrence, and origin of Li. The main conclusions drawn from this work are summarized as follows.

(1) The No. 2; coal in the Hebi No. 6 coal mine is a low volatile bituminous coal with low ash and
super-low sulfur contents. The macerals of the No. 2; coal are dominated by the vitrinite group
macerals, followed by the inertinite group macerals.

(2) In comparison with common world coals, Li is enriched in the No. 2 coal and its concentration
coefficient (CC) value is 6.6 on average. The concentrations of Li in the partings and floor from
the Hebi No. 6 mine are two to three times higher than those of the coal samples.

(3) Clay minerals including illite and kaolinite are the main minerals in the No. 2; coal of the Hebi
No. 6 mine, followed by quartz and calcite, with small amounts of ankerite and K-feldspar.
The mineral phases in the partings and floor are dominantly kaolinite and, to a lesser extent, illite,
quartz, and calcite, with smaller proportions of K-feldspar, plagioclase, and ankerite.

(4) The relatively high correlation coefficients of Li-Al,O3 (r = 0.951), Li-SiO; (r = 0.912), Li-TiO,
(r = 0.787), and Li-KO (r = 0.497) in the No. 2; coal indicate that Li is mainly present in the
aluminosilicate/clay minerals (most likely the Ti-bearing clay minerals).

(5) The lithium enrichment in the No. 2; coal is mainly controlled by the terrigenous materials which
were sourced from the moyite of the Yinshan Upland. Furthermore, Li in the No. 2; coal is more
enriched in coals formed in acidic and humid conditions and coals influenced by fresh water
during peat accumulation.
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