minerals

Article

Elemental Geochemistry

and Pb Isotopic Compositions of the

Thick No. 7 Coal Seam in the Datun Mining Area, China

Na Meng !, Qianlong Xiao ? and Wu Li 2%

check for
updates

Citation: Meng, N.; Xiao, Q.; Li, W.
Elemental Geochemistry and Pb
Isotopic Compositions of the Thick
No. 7 Coal Seam in the Datun Mining
Area, China. Minerals 2024, 14, 848.
https://doi.org/10.3390/min14080848

Academic Editor: Shifeng Dai

Received: 1 July 2024
Revised: 18 August 2024
Accepted: 18 August 2024
Published: 22 August 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Jiangsu Key Laboratory of Industrial Pollution Control and Resource Reuse, School of Environmental
Engineering, Xuzhou University of Technology, Xuzhou 221018, China; mengna309@163.com

Key Laboratory of Coalbed Methane Resource and Reservoir Formation Process, Ministry of Education,
China University of Mining and Technology, Xuzhou 221008, China; ts22010063a31@cumt.edu.cn
Correspondence: liwu@cumt.edu.cn

Abstract: Thick coal seams recorded abundant petrological, geochemical, and mineralogical infor-
mation regarding their formation, which in turn can reflect the characteristics of the coal-forming
environments, provenance attributes, paleoclimate, and so on. In order to explore the geochemical
and lead isotope characteristics of thick coal seams, the No. 7 coal seam in the Datun mining area,
Jiangsu Province of China, was selected as the research object. In this work, 29 samples (including
coal, roof, and floor rock samples) were collected from three coal mines in the Datun mining area.
Through an analysis of the mineral composition and element geochemical characteristics in the coal
samples, the enrichment degree of trace elements and modes of rare earth elements were determined.
The genetic mechanism of abnormal enrichment of enriched elements is discussed, especially the
modes of occurrence and isotope characteristics of Pb. The results showed the following: (1) The
main minerals in the coal samples include quartz, potassium feldspar, plagioclase, calcite, dolomite,
pyrite, gypsum, and clay minerals, with clay minerals, calcite, quartz, and dolomite being the most
common. (2) The major element oxides in coal mainly include SiO,, Al,O3, Fe;O3, MgO, CaO, NayO,
K70, TiOy, P,0s5, and FeO. In the vertical direction, the variation of SiO,, Al,O3, Fe;03, MgO, K;O,
and FeO in coal samples from the three coal mines is consistent. The average value of Al;O3/TiO,
in the samples of Kongzhuang, Longdong, and Yaoqiao coal mines is 28.09-50.52, which basically
locates the samples in the felsic source area, such that the sediment source is considered to be felsic
source rock. (3) Elements U, La, Pb, and other elements are more enriched in Kongzhuang coal mine
samples; elements Th, U, La, Pb, and other elements are more enriched in the Longdong coal mine
samples; and elements Th, U, La, Pb, and other elements are more enriched in the Yaoqiao coal mine
samples. Furthermore, W is enriched in Yaoqiao mine samples and is highly enriched in Longdong
mine samples. The mining area is generally rich in the elements U, La, and Pb. The distribution
curves of rare earth elements in the three mines are inclined to the right, with negative Eu anomalies.
The enrichment is of the light rare earth enrichment type. (4) Pb isotope data show that the samples
from the three mines are mainly distributed in the orogenic belt and the subduction zone lead source
areas, where the upper crust and the mantle are mixed, with individual sample points distributed in
the mantle and upper crust lead source areas.

Keywords: Pb isotope; trace elements; thick coal seam; Datun mining area

1. Introduction

The formation process of coal is affected by a variety of geological and geochemical
factors [1-3]. Coal can retain geological information, especially thick seams, which record
more complete information [4-6]. Coal seams can be divided into extremely thin (0.3-0.5 m),
thin (0.5-1.3 m), medium-thick (1.3-3.5 m), thick (3.5-8 m), and extremely thick (>8 m) coal
seams [7].
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Coal is a special kind of sedimentary organic rock composed of organic and inorganic
components [8,9]. Under certain geological and geochemical conditions, it can enrich a
variety of elements [1,10-12]. Research on the content and characteristics of elements in
coal not only enables reconstruction of the coal-forming environment and clarifies basic
theoretical problems, such as the regional geological history evolution of coal-bearing
strata, but also has important significance for the development of critical elements in coal
and coal-bearing sequences and therefore can enhance the clean utilization of coal [13-19].
With the development of technological advances, more and more studies on elemental
geochemistry have attracted attention, and the concentration, distribution, and modes
of occurrence of elements in coal have been further investigated [20-25]. For example,
through electron microprobe analysis (EPMA), it was found that rare earth elements and
yttrium (REY)-containing phosphate existed in the clay minerals, and the discovery of
monazite as a dispersed mineral in the magnesium—-aluminum silicate matrix may be
derived from debris and monazite-containing chlorite, indicating that monazite is formed
through hydrothermal alteration during coalification [26]. Mineralogical studies using
X-ray diffraction have shown that quartz and kaolinite are the main mineral phases of
coal in the West Bokaro coalfield, India, and the results indicated that Cu and Cr are
closely related to minerals, while Co mainly exists in organic form [27]. The three coal
seams in the Ningdong Coalfield, Ordos Basin, China are enriched in Mn, Sr, and Ba,
where the enrichment degrees of Sr and Ba varied between coal 18 (Sr is 85 ug/g, Ba is
80 ug/g), coal 6 (Sr is 230 pg/g, Ba is 421 pg/g) and coal 4-2 (Sr is 1667.06 pug/g, Ba is
741.69 ug/g) [24]. Therefore, there are differences in the vertical occurrence of elements in
coal seams, especially with respect to the enrichment degree of trace elements [1,28-30].
In a stable sedimentary environment, even with magmatic-hydrothermal solutions, some
critical elements will be only formed and enriched in local areas, which has been confirmed
by several researchers [31-40].

Lead is one of the main harmful elements in coal [41,42]. Although the content of lead
in coal is typically relatively low [12], it will be released during the combustion, processing,
and utilization of coal, causing harm to the environment and human health [43]. Previous
studies have found that lead in coal mainly occurs as an inorganic mineral, in the form of
galena (PbS), and some lead exists in sulfate, carbonate, phosphate, and silicate, especially
in coal with a poor sulfide content [44—46]. Swaine [47] and Finkelman et al. [41] showed
that lead may occur in pyrite, and its organic association in low-rank coal is also possible.
In the early stages of research, it was found that the content of lead in the coal seam of the
Datun mining area was abnormal [48]. Therefore, it is necessary to analyze the elemental
content and occurrence mode of lead, given its high level in coal, and to reveal its source by
means of lead isotope analysis.

In recent years, more and more researchers have studied the lead isotope in thick
coal seams and coal [19,49-53]. However, there have been few reports on the vertical
stratigraphic changes of geochemical characteristics in thick coal seams. Due to differences
in composition and their high thickness, the geochemical characteristics of thick coal seams
may present some differences in the vertical direction [36,37]. In this study, a total of
29 samples were collected from the No. 7 coal seam system of three mines in the Datun
mining area, Jiangsu Province, China. Through analyses including XRD, XREF, ICP-MS,
lead isotope analysis, and other methods, the mineralogy, geochemistry, and lead isotope
characteristics of the No. 7 coal seam are investigated, and it is hoped that this can provide
a theoretical basis for the clean utilization of this coal.

The concentrations of major and trace elements in the study area were analyzed and
studied. The modes of occurrence characteristics of minerals and elements were also
assessed, and the lead isotopes in the samples were tested. Additionally, the possible
sources and evolution pathways of the lead present in coal in this area were obtained. The
results of this study have certain significance regarding the material sources and influencing
factors of Pb and other metal elements in coal in this area. At the same time, it promotes the
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exploration and development of measures for critical metals in coal, potentially addressing
scientific problems related to regional geological evolution.

2. Samples and Methods
2.1. Samples Collected

The coal mines presented in this study were located in the Datun mining area in
Xuzhou City, Jiangsu Province, China (Figure 1). Following the Chinese standard GB/T
482-2008, the samples were cut into 10 cm wide and 10 cm deep sections and stored in
plastic bags to prevent contamination and oxidation. The No. 7 coal seam at Kongzhuang,
Yaogiao, and Longdong coal mines in the Datun mining area was sampled using a stratified
channel. Datun mining area is located in Fengpei synclinorium, forming an east-west
zoned, north-rising, and south-falling, north-oblique fault block coal field. The three coal
mines are all hidden coalfields. The coal seams are Carboniferous-Permian coal seams. The
collected samples were from the early Permian Shanxi Formation, and the coal rank was
bituminous coal. The three coal mines are about five kilometers apart from each other.
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Figure 1. Location of the study area and stratigraphic column, with sample per mine indicated.

Samples were taken from the bottom of the No. 7 coal seam at intervals of 20 cm. The
samples were fresh samples of coal seam, roof, and floor rocks exposed in the mine. Coal
and rock samples were directly carved from the mining face or roadway, and coal samples
were collected from coal seams using steel sampling boxes of corresponding sizes. A total
of 29 coal, roof, and floor samples were collected, including 26 coal samples, 2 roof rock
samples, and 1 floor rock sample (Figure 1, Table 1). Among them, sample KZ-Y1 and
sample LD-Y1 denote the top rock samples, sample YQ-Y2 is the bottom plate rock sample
and the others are the coal seam samples. Additionally, an appropriate number of samples
were collected for elemental analysis and testing.
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Table 1. Results of proximate analysis and total sulfur analysis of coal samples (%).
Mine Sample M.q Aq Vdaf FCq Sty
Kz-C1 1.65 9.79 37.55 56.34 0.81
Kz-C2 2.72 2424 42.50 43.56 1.67
KZ-C3 2.63 32.76 44.74 37.16 1.93
Kz-C4 1.80 6.80 39.29 56.58 0.57
KZ-C5 1.58 7.86 38.11 57.02 0.59
Kongzhuang  KZ-C6 1.68 7.28 36.92 58.48 0.49
Kz-C7 1.57 9.00 38.19 56.24 0.45
KZ-C8 1.44 9.59 38.87 55.27 0.49
KZ-C9 1.60 13.74 36.07 55.14 0.41
KZz-C10 1.81 6.74 35.97 59.71 0.51
KZ-Y1 1.74 88.83 99.18 0.09 1.71
LD-C1 3.48 9.16 40.23 54.30 1.33
LD-C2 244 8.77 36.8 57.66 0.67
LD-C3 2.66 11.14 38.15 54.96 0.62
LD-C4 2.32 16.69 30.47 57.92 0.72
Longdong LD-C5 2.26 12.18 38.80 53.74 0.61
LD-Cé6 2.56 8.88 37.28 57.15 0.62
LD-C7 2.50 14.23 31.39 58.85 0.62
LD-C8 2.78 12.15 39.95 52.76 0.71
LD-Y1 0.22 92.79 95.27 0.34 0.50
YQ-C1 1.90 7.03 40.00 55.78 0.55
YQ-C2 2.02 6.53 34.85 60.89 0.53
YQ-C3 1.91 6.30 34.98 60.92 0.51
YQ-C4 2.17 7.20 38.18 57.38 0.55
Yaoqiao YQ-C5 1.80 6.52 39.49 56.57 0.53
YQ-Cé6 2.04 9.94 35.80 57.82 0.43
YQ-C7 1.92 9.54 35.48 58.36 0.58
YQ-C8 2.08 7.88 39.27 55.94 0.71
YQ-Y2 1.33 83.55 70.55 4.84 0.41

Notes: M, moisture; A, ash yield; V, volatile matter; FC, fixed carbon; St, total sulfur; d, dry basis; daf, dry and
ash-free basis; ad, air-dry basis.

2.2. Experimental Methods

According to the Chinese standards GB/T 212-2008 (proximate analysis of coal. This
standard is applicable to lignite, bituminous coal, anthracite coal, and coal water slurry)
and GB/T 214-2007 (determination of total sulfur in coal), coal samples are burned in an
oxygen stream under the action of a catalyst, and sulfur in the coal is converted into sulfur
oxides. These oxides are absorbed by a hydrogen peroxide solution to form sulfuric acid,
which is then titrated with a sodium hydroxide solution. The total sulfur content in the coal
is calculated based on the amount of standard sodium hydroxide solution consumed; the
proximate analysis and total sulfur analysis of coal samples were carried out at the Jiangsu
Institute of Geology and Mineral Resources Design (Testing Center of China Coal Geology
Administration). Mineral composition analysis and Pb isotope tests were completed at the
China Institute of Nuclear Industry Geology.

FeO was finished by methods for chemical analysis of silicate rocks. Part 14: Deter-
mination of ferrous oxide content (GBT14506.14-2010), while major elements were tested
by methods for chemical analysis of silicate rocks. Part 28: Determination of 16 major and
minor elements content (GBT14506.28-2010). The major elements in the sample were tested
using a ME-XRF26 X fluorescence spectrometer: 1 g of 200 mesh powder sample was dried
in an oven at 100 °C, then burned in a high-temperature furnace higher than 1000 °C for
2 h to determine its loss on ignition (LOI). The burned sample was weighed to 0.5 g, which
was mixed with 4 g of Li; B4O7 solvent in a plastic bottle, and 0.4 g 1% LiBr and 0.5% NH4I
flux were added to the platinum crucible for XRF. The mixed sample was melted at 1250 °C
to form a glass cake and determined through XRF.
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The mass fraction of trace elements and rare earth elements in the sample was deter-
mined using inductively coupled plasma mass spectrometry (ICP-MS): 1 g of 200 mesh
rock powder sample was put into the melting tank, 2 mL of 8 mol HNOj, and 0.5 mL of
8 mol HF were added, and the sample was heated on an electric heating plate (at about
100 °C) until the sample was completely dissolved. The melting tank was opened, and the
sample was evaporated in the fume cupboard. The sample was heated and evaporated
again by adding 2 mL 8 mol HNOj. Finally, the sample solution dissolved in 8 mol HNO;
was diluted with deionized water to 250 mL and put into a clean solution bottle. After
shaking, 10 mL was taken and put into a small plastic tube for testing. The contents of
various elements were determined through ICP-MS using the ME-ICP61 four-acid digestion
method, and the contents of rare earth elements were determined through ICP-MS using
the ME-MS81 method.

The lead isotope analysis test was completed at the Beijing Research Institute of
Uranium Geology (BRIUG), China, and the Pb isotope ratio was determined through
four-acid digestion plasma mass spectrometry. The sample was decomposed via four-acid
digestion (HNO3-HClO4-HF-HCI), and the detection instrument was ICP-MS. First, 0.5 g of
the sample was weighed and digested by a mixed solution of HCIO,, HF, HNO3;, and HCL
After drying, the sample was heated using an electric heating plate and leached with HCL
The cooled solution was diluted to 25 mL with 10% HCl and analyzed using high-precision
ICP-MS. During the detection process, a Pb isotope reference material and internal standard
were used to control the precision and accuracy.

3. Results and Discussion
3.1. Mineralogy

Minerals are important components of coal [54-57]. Their types and modes of occur-
rence not only reflect information regarding the environment and provenance during the
formation of coal seams but also affect the distribution and modes of occurrence of trace
elements in coal [55,58].

The mineral results of the samples from the three mines included quartz, potassium
feldspar, plagioclase, calcite, dolomite, pyrite, gypsum, and clay minerals, of which the
major minerals were clay minerals, calcite, quartz, and dolomite. In the samples from
the Kongzhuang mine (Figure 2), most of the samples were dominated by clay minerals
and calcite. The clay mineral content of sample KZ-C2 was the highest of these samples,
while the clay mineral content of sample KZ-C7 was the lowest. Sample KZ-C2 and sample
KZ-C3 did not contain calcite and only small amounts of pyrite and gypsum. Sample
KZ-Y1 rock samples only contained quartz and clay minerals. The contents of quartz
and calcite in sample KZ-C7 were higher than those in other coal samples. The samples
from the Longdong mine (Figure 3) were dominated by clay minerals and calcite, with
small amounts of gypsum, dolomite, pyrite, and plagioclase. Sample LD-C4 had the
highest content of clay minerals (up to 98.6%). The mineral content of the roof rock sample
(LD-Y1) was mainly quartz (64.3%), along with certain proportions of potassium feldspar,
plagioclase, and clay minerals. In the samples from Yaozhuang mine (Figure 4), the clay
minerals accounted for the highest proportion, with the highest content of 97% (sample
YQ-C2), sandwiched with calcite, dolomite, quartz, pyrite, and potassium feldspar. Sample
YQ-Y2 quartz content in the floor rock sample was 34.7%, the potassium feldspar content
was 1.9%, and the clay mineral content was 63.4%. The content of pyrite in the coal samples
from the Yaoqiao mine is higher than those from the other two coal mines.
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Figure 2. Mineral content composition diagram of Kongzhuang mine samples.
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Figure 3. Mineral content composition diagram of Longdong mine samples.
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Figure 4. Mineral content composition diagram of Yaoqiao mine samples.
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3.2. Geochemical Features
3.2.1. Major Element Oxides

The inorganic chemical components of coal mainly include SiO;, Al,Os, Fe;, O3, MgO,
CaO, NayO, K,0, MnO, TiO,, P,0s, and FeO. The contents of major element oxides in coal
in the study area are shown in Table 2, where the contents of SiO; and Al,O3 were found
to be the highest. SiO, mainly exists in the form of clay minerals and quartz, while Al,O3
mainly exists in clay minerals and hydroxides (e.g., boehmite) in coal, as reported by some
researchers [13,34,37,59]. Sulfide minerals, carbonate minerals, and sulfate minerals might
contain Fe;O3, which represents the forms of iron ore (e.g., hematite, siderite) in coal. Like
5i0; and Al,O3, TiO; in coal mainly derives from the supply of sediment-source region
during mudstone deposition. TiO, is a lithophile element that mainly appears in the form
of rutile and anatase in coal. Fe;O3, CaO, MgO, NayO, and K,O are alkaline oxides. When
there are more alkaline oxides in coal, the ash melting point will decrease [60].

Table 2. The contents of major element oxides in samples (%).

Mine Sample  SiO; Al,0; Fe;03 MgO CaO Na,O KO TiO, P05 IL°S.S.°“ FeO
gnition

Kz-C1 331 336 063 012 126 015 003 012 004 90.56 0.41

Kz-C2 1393 1163 172 018 075 013 019 026 002 71.13 0.73

KZ-C3 1651 1353 239 017 072 012 025 026 003 65.95 0.93

KZ-C4 272 245 039 008 069 010 002 003 001 93.36 0.31

Kz-C5 300 272 035 008 061 009 00l 003 001 92.82 0.29

Kongzhuang Kz-C6 511 405 043 011 064 010 002 027 002 89.17 0.25

KZ-C7 491 306 054 010 376 008 003 028 001 87.16 0.20

KZ-C§ 241 202 031 009 091 008 002 004 001 94.02 0.26

KZ-C9 626 518 038 007 153 008 004 018 001 86.12 0.29

KZ-C10 665 546 024 008 058 006 003 009 001 86.42 0.20

KZ-Yl 5849 2236 392 070 026 027 23 062 006 10.82 2.34

LD-C1 247 205 075 006 060 007 004 005 001 93.85 0.54

LD-C2 550 465 084 009 090 005 005 030 001 87.53 0.44

LD-C3 247 209 060 015 343 004 003 011 001 90.93 0.35

LD-C4 596 506 055 011 039 004 006 017 001 87.56 0.29

Longdong LD-C5 848 661 080 011 094 006 009 031 002 82.31 0.49

LD-C6 332 277 054 012 119 008 005 008 001 91.11 0.35

LD-C7 335 271 043 014 290 005 003 010 001 89.77 0.31

LD-C8§ 442 366 080 013 399 013 005 008 001 86.64 0.44

LD-YI 7475 1139 085 029 300 135 273 040 004 5.08 0.41

YQ-C1 432 379 116 018 040 004 002 005 001 89.98 0.25

YQ-C2 326 290 035 006 014 008 002 005 001 93.01 0.25

YQ-C3 511 453 036 006 011 010 002 006 001 89.58 0.30

YQ-C4 399 388 044 015 046 022 002 004 001 90.01 0.25

Yaoqgiao YQ-C5 275 248 065 018 132 009 002 004 002 92.32 0.31

YQ-C6 418 36 039 006 025 013 002 008  0.02 91.25 0.32

YQ-C7 532 465 051 010 152 007 002 016 0.02 87.54 0.34

YQ-C8 914 764 080 011 050 010 007 08  0.02 80.67 0.34

YQY2 5664 2328 114 054 040 014 192 078 004 15.04 0.87

KZ 648 535 074 011 115 010 006 016 005 / 0.39

Average in coal LD 450 3.70 0.66 0.11 1.79 0.07 0.05 0.15 0.01 / 0.40

YQ 476 418 058 011 059 010 003 016  0.02 / 0.30

From Figure 5, it can be seen that except for P,Os and CaO, other oxides in roof rock
samples from the Kongzhuang mine were higher than those from coal seams. In the vertical
direction, the concentrations of SiO,, Al,O3, Fe;O3, MgO, K,O, and FeO in major-element
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oxides gradually decreased from the maximum value in sample KZ-Y1 to KZ-C4, then
increased to sample KZ-C3. The content of CaO increased first and then decreased from
top to bottom, reaching a maximum at sample KZ-C7. The content of Ti decreased first
and then increased from top to bottom, then increased and decreased. The content of P,Os
was very low only at sample KZ-C1, and the upper samples presented values lower than
the detection limit. As shown in Figure 6, most of the inorganic elements in the roof rock
samples of Longdong Mine were higher than those in the coal seam samples. Therefore,
the major element oxides basically decreased from top to bottom, with the contents in
individual samples from the coal seam being more prominent. The contents of CaO, MnO,
and TiO; in coal fluctuated. The variation of inorganic constant element contents in the
Yaogiao mine was similar to that in the other two mines. The contents of K;O and P05
were very low; the content of CaO in the roof rock sample was lower than that in the coal
sample; the content of NayO in sample YQ-C4 was the highest; and the content of TiO; in
YQ-C8 was the highest (Figure 7).

Comparing the content changes of major-element oxides in the vertical direction for the
three mines, it can be seen that the trends of different major-element oxides were relatively
consistent, while the contents of Nay,O and TiO; in Yaoqiao Mine were quite different from
those in other mines. The contents of major-element oxides in the Kongzhuang mine were
higher than those in the Longdong and Yaogiao mines, but the content of Na,O was higher
in the Yaoqiao mine. In addition, the contents of P,Os and FeO were very low in Longdong
Mine and Yaogiao Mine, while the content of P in sample KZ-C1 of Kongzhuang Mine was
the highest, and the content of FeO was the highest in samples KZ-Y1 and KZ-C2.
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Figure 5. Variation of major-element oxides (%) in the Kongzhuang mine samples.
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After the formation of the coal seam, the surrounding rock of the roof and floor will
exchange material through direct contact with the coal sample and, so, the contents of
major-element oxides (e.g., SiO,, Al,O3, Fe;O3, and other elements) in the coal adjacent to
the surrounding rock will be higher than those in the coal far away from the surrounding
rock [39]. The elements far away from these latter coal samples, such as NayO in YQ-C4
of Yaogiao mine and CaO in samples from the three mines, may be more related to the
material input of the sedimentary environment during the formation of the coal seam and
less affected by the surrounding rock.

Using the mean values of the constant elements in the coal samples from the three
mines (Table 2), the horizontal distribution of the elements in the coal seam of the study
area can be obtained, as shown in Figure 8. The distributions can be mainly divided into
five types, as follows: S5iO;, Al,O3, and P,O5 are the largest in Kongzhuang Mine, followed
by Yaogiao Mine, and the smallest in Longdong Mine; Nay,O and TiO, are the largest
in Yaoqiao Mine, followed by Kongzhuang Mine, and the smallest in Longdong Mine;
the distribution of Fe,O3; and K,O in Kongzhuang Mine, Longdong Mine, and Yaogiao
Mine presents an inverted V-type shape, which decreases in turn; the inverted V-shaped
distribution of MgO is the largest in Longdong Mine, followed by Yaoqiao Mine, and the
smallest in Kongzhuang Mine; finally, CaO and FeO contents are the highest in Longdong
Mine, followed by Kongzhuang Mine, and the lowest in Yaoqiao Mine.
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Figure 8. The distributions of major-element oxides in the three coal mines. (a) SiO,, Al,O3, and
P,0s; (b) NayO, TiOy; (c) Fe, O3, Ky O; (d) MgO; (e) CaO and FeO.

The average content of SiO, in coal samples from the No. 7 coal seam in the Datun
mining area was 5.34%, accounting for the main position in the major-element oxides,
followed by Al,O3 with 4.48%. According to the correlation analysis, the correlation
between Si and ash is positive (R? = 0.65), while the correlation coefficient between Al,O3
and ash was similar (R? = 0.64). It can be seen, from the mineral results, that the minerals
in coal were mainly clay minerals, with a small amount of quartz.

Fe mainly exists in the form of pyrite in coal. The average content of Fe;O3 in the
coal samples from the No. 7 coal seam in the Datun mining area was 0.67%, and Fe was
significantly correlated with the total sulfur content (R? = 0.76). Therefore, pyrite was
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the main carrier of Fe,O3 and is also the main occurrence state of S in coal. Due to the
existence of gypsum in coal, as determined in the XRD analysis, S may also occur in gypsum.
According to the mineral results, calcite accounted for a large proportion of minerals in the
coal samples, second only to clay minerals. Therefore, it can be inferred that CaO mainly
exists in the coal samples in the form of calcite.

The chemical properties of Al,O3 and TiO; are relatively stable during the deposition
process. Therefore, the ratio of Al,O3/TiO, is commonly used as an effective index for
judging the source type of coal and coal measures in sedimentary rocks. Hayashi et al. [61]
proposed the classification basis of Al,O3/TiO,, in which magnesia-iron is associated with
a value of 3-8, intermediate with a value of 8-21, and felsic source rock with a value of
21-70. This ratio has also been widely used for coal and coal-bearing sequences [37,62-65].
The provenance judgment for the study area is shown in Figure 9. It can be seen that the
samples of Kongzhuang, Longdong, and Yaoqiao mines were basically categorized into the
felsic source area and, so, it is considered that the sediment source in the study area is felsic
source rock.

25
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Figure 9. Source identification of Al;O3/TiO, ratio in the study area [61].

3.2.2. Trace Elements

Based on the concentration coefficients (CC) proposed by Dai et al. [66]—that is, the
ratio of the mass fraction of trace elements in coal to the background value of the element
in coal in the world or China—the enrichment degrees of trace elements in coal were
judged. The enrichment degree can be divided into six grades: depleted (CC < 0.5), normal
(0.5 < CC < 2), slightly enriched (2 < CC < 5), enriched (5 < CC < 10), significantly enriched
(10 < CC < 100), or unusually enriched (CC > 100). The mean values of world hard coals
were obtained from Ketris and Yudovich [67], and the mean values of common Chinese
coals were obtained from Dai et al. [33].

The concentration coefficients of most trace elements in the samples from the Kongzhuang
mine were between 0.5 and 2. Compared with the world coal, the Kongzhuang mine
samples were relatively depleted in Cd, Sb, and Bi and slightly enriched in Li, V, La, and
W. Compared with Chinese coal, elements including Be, Cd, Sb, Ho, Tm, Bi, Nb, Ta, and
Hf were found to be depleted (Figure 10). Compared with the world coal, Longdong
Mine samples were relatively depleted in Be, Cd, Cs, and Bi; slightly enriched in Ce; and
significantly enriched in W. The occurrence of W may be related to carbonate minerals and
may also belong to sulfophile minerals. Compared with Chinese coal, most trace elements
are depleted, including Be, Y, Cd, Sb, Cs, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Ho, Tm, Yb, Lu, Bi,
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Nb, Ta, Zr, and Hf, was observed (Figure 11). Compared with the world coal, Yaogiao coal
samples were relatively depleted in Cd, Cs, Tm, and Bi; slightly enriched in Li and Sr; and
enriched in W. Compared with Chinese coals, elements including Be, Y, Mo, Cd, Sb, Gd,
Dy, Ho, Yb, Lu, Bi, and Hf were found to be depleted (Figure 12).
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Figure 10. Concentration coefficients (CC) of trace elements in Kongzhuang mine samples (normal-
ized to world coals and Chinese coals).
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Figure 12. Concentration coefficients (CC) of trace elements in Yaogiao mine samples (normalized to
world coals and Chinese coals).

There were differences in the concentration coefficients of trace elements between
the samples obtained from the Kongzhuang mine (Figure 13). In samples C1, C2, and
C3, the concentration coefficients of most trace elements were in the normal range (0.5-2),
slightly enriched (2-5) or enriched (5-10), including Li, V, Sr, Cu, Ga, and other elements. In
samples C4, C5, C6, C7, and C8, the concentration coefficients of most trace elements were
less than 0.2, which is the depleted range. Taking the most depleted C8 as an example, only
W and Ce were slightly enriched, and the remaining trace elements were in the depleted
range. Samples C9 and C10 were relatively normal compared with the previous samples,
but the depleted trace elements still accounted for a certain proportion. Compared with
other samples in Kongzhuang Mine, sample KZ-Y1 was more enriched or enriched in most
trace elements. This may be due to its location on the roof of the coal seam, close to the
surrounding rock. Later geological activities (e.g., fluid migration) may have led to a certain
degree of enrichment in these elements [68,69].

The concentration coefficients of trace elements in each sample from Longdong Mine
did not differ greatly (Figure 14). From C1 to C8, the contents of rare earth elements in the
sample ranged from deficient to normal. Compared with other samples, sample LD-Y1
was strongly enriched in W and Co trace elements. As W can exist in the form of a complex
(WO47), it can migrate and enrich with the fluid, similarly to hydrothermal wolframite.
Considering that Co is a pro-iron element, it is often associated with iron ore [70] and
is a hot-water sedimentary iron—cobalt ore, indicating that Co has certain fluid activity.
Therefore, the enrichment of Co in Longdong ore samples may also have been caused by
fluid migration or other later geological activities rather than occurring primarily.

Except for the roof samples, there were slight differences between the concentration
coefficients of trace elements in the samples from the Yaoqiao mine (Figure 15). Samples
YQ-C1 and YQ-C2 were enriched or slightly enriched in Sr. C8 (near the roof) were enriched
in Th, Nb, Ta, Zr, and Hf, which may have been affected by the geological activities of
the roof and surrounding rock. In addition to the above two differences, most of the trace
elements and rare earth elements in the samples from sample YQ-C1 to sample YQ-C8
were normal or depleted. Most of the elements in the roof sample YQ-Y2 were enriched or
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slightly enriched, and the W element is very enriched, which may also be related to the
later activity of geological fluid, as discussed above.

Through the correlation analysis between ash yield and different elemental contents,
it was found that Cs, Mo, Rb, Cu, V, U, and other elements in the two high-ash content
samples occur inorganic minerals. These elements of the other 14 samples are positively
correlated to ash yield. The correlation plots are shown in Figure 16, indicating that the
elements largely occur in organic matter. Therefore, most of these elements occur both in
organic and inorganic matter.
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Figure 13. Concentration coefficients (CC) of trace elements in each sample from Kongzhuang Mine.
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Figure 15. Concentration coefficients (CC) of trace elements in each sample from Yaoqiao Mine.
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Figure 16. Correlation between different element concentrations and ash yields.

3.2.3. Rare Earth Elements

The REY data are provided in Table 3. The geochemical types of rare earth elements
can be divided into three categories: light rare earth, medium rare earth, and heavy rare

earth [71]. La, Ce, Pr, Nd, and Sm are light rare earth elements (LREY); Eu, Gd,

Tb, Dy, and

Y are medium rare earth elements (MREY); and Ho, Er, Tm, Yb, and Lu are heavy rare earth
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elements (HREY) (Seredin and Dai, 2012). The corresponding rare earth element enrichment
types can also be divided into light rare earth enrichment type (Lay /Luy > 1), medium rare
earth enrichment type (Lay/Smy < 1; Gdy/Luy > 1), and heavy rare earth enrichment type
(Lan/Luy < 1) [71]. The rare earth elements in coal provide useful geochemical information
on coal formation and related geological processes [72-76]. The rare earth elements in
the coal sample from the Datun mining area are detailed in Table 4. According to the

classification, the enrichment types of REY in all three coal mines were of L-type.

Table 3. Concentrations of rare earth elements and Y in the samples (ug/g).

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu
Kz-C1 35.8 56.7 6.95 27 4.47 0.886 4.37 0.67 3.5 20 0.668 1.81 0.247 1.51 0.256
Kz-C2 24.8 46.9 5.74 21.4 3.96 0.742 3.36 0.57 3.06 13.5 0.596 1.67 0.241 1.6 0.271
KZ-C3 28.9 47.2 5.45 194 3.29 0.582 2.89 0.487 2.69 11.6 0.52 1.49 0.209 1.44 0.241
Kz-C4 11.5 20.5 232 8.38 1.47 0.259 14 0.235 1.28 7.31 0256  0.676  0.097 0595  0.097
KZ-C5 13 219 2.34 8.01 1.36 0.239 1.28 0.206 1.07 5.6 0.203  0.541 0.074 0468  0.074
Kz-Cé 14.6 24.7 2.68 9.18 1.59 0.283 1.47 0.252 1.44 7.05 0278 0777 0109 0749 0.121
KZz-C7 13.6 23.2 2.58 9.05 1.5 0.263 1.43 0.243 1.31 7.01 0.26 0.75 0.105  0.726 0.12
KZ-C8 10 17.6 1.98 6.94 1.21 0.178 1.13 0.189 1.02 522 0.194 0542 0.074 0461 0.073
KZ-C9 15 26.1 2.87 9.74 1.73 0.245 1.55 0.268 1.49 6.83 0276  0.771 0.108 0.717  0.106
KZ-C10 10.8 23 2.89 10.7 2.34 0.448 2.24 0.425 248 16.1 0.504 1.36 0176  0.995  0.158
KZ-Y1 65.6 112 13.7 53.1 9.54 1.91 8.49 141 7.58 37.3 1.51 4.29 0.615 4.1 0.682
LD-C1 741 14.7 1.91 7.5 1.53 0.364 1.46 0.253 1.43 9.03 0.288 0.75 0.101  0.627 0.1
LD-C2 9.46 15.6 1.73 6.07 1.14 0.206 1.12 0.196 111 5.71 0209 0566 0.075 0463  0.075
LD-C3 11.2 18.8 2.08 7.22 1.36 0.242 1.32 0.239 14 6.73 0.263 0.7 0.1 0.624  0.097
LD-C4 10.5 17 1.87 6.54 1.14 0.211 1.12 0.189 1.04 5.07 0196 0543 0.075 0491 0.077
LD-C5 11.7 20.3 2.29 8.2 1.48 0.289 1.44 0.252 1.38 7.22 0267 0736  0.108 0.681  0.108
LD-Cé6 214 379 4.16 14 2.49 0.492 2.5 0.4 223 11.2 0.424 1.13 0163 0975 0.148
LD-C7 11.3 19.9 2.24 7.83 1.42 0.29 1.38 0.24 1.33 6.92 0.268  0.711 0.105  0.657  0.099
LD-C8 17.2 29.2 33 11.7 2.02 0.386 1.89 0.307 1.7 9.47 0334 0965 0144 0938 0.151
LD-Y1 28.4 51.4 5.72 21 3.47 0.949 3.32 0.523 2.77 14.4 0.533 1.42 0.202 1.23 0.202
YQ-C1 8.71 18 22 8.47 1.76 0.383 1.69 0.309 1.85 11.1 0.386 1.09 0.162 1 0.161
YQ-C2 11.8 22.1 2.53 8.96 1.67 0.319 1.56 0.271 1.49 8.52 0.29 0.777 0.11 0.678  0.105
YQ-C3 10.6 17.8 2.04 712 1.33 0.231 1.23 0.218 1.22 6.61 0236  0.635 0.093 0.602  0.086
YQ-C4 11 18.3 2.08 7.29 1.34 0.224 1.28 0.217 1.19 6.38 0.23 0.646  0.094 0567  0.085
YQ-C5 7.81 13.6 1.58 5.6 1.04 0.181 1 0177 0.997 5.51 0.2 0522  0.085 0.5 0.079
YQ-C6 8.63 15.1 1.67 5.77 0995 0167 0957 0161  0.928 4.87 0.181 0501  0.079 0479  0.073
YQ-C7 8.82 14.4 1.56 525 0.941 0.17 0902 0.158  0.896 4.39 0173 0475 0.072 0463  0.072
YQ-C8 20.7 34.2 3.44 10.9 1.74 0.282 1.69 0.253 14 6.61 0264 0725 0.106 0.69 0.099
YQ-Y2 56 104 12.6 48.1 8.35 1.78 7.1 1.08 5.67 25.2 1.07 3.02 0.435 2.84 0.458
Table 4. Rare earth element parameters of samples.
Mine Sample Lay Smy Gdy Luy Lan/Smpy Lan/Luy Gdpn/Luy
Kz-7-C1 151.05 29.22 21.27 10.08 5.17 14.99 211
KZz-7-C2 104.64 25.88 16.35 10.67 4.04 9.81 1.53
KZ-7-C3 121.94 21.50 14.06 9.49 5.67 12.85 1.48
KZ-7-C4 48.52 9.61 6.81 3.82 5.05 12.71 1.78
KZ-7-C5 54.85 8.89 6.23 2.91 6.17 18.83 2.14
Kongzhuang  KZ-7-C6 61.60 10.39 7.15 4.76 5.93 12.93 1.50
Kz-7-C7 57.38 9.80 6.96 4.72 5.85 12.15 1.47
KZ-7-C8 42.19 791 5.50 2.87 5.34 14.68 191
KZ-7-C9 63.29 11.31 7.54 4.17 5.60 15.17 1.81
KZz-7-C10 45.57 15.29 10.90 6.22 2.98 7.33 1.75
KZ-D-Y1 276.79 62.35 41.31 26.85 4.44 10.31 1.54
LD-7-C1 31.27 10.00 7.10 3.94 3.13 7.94 1.80
LD-7-C2 39.92 7.45 5.45 2.95 5.36 13.52 1.85
LD-7-C3 47.26 8.89 6.42 3.82 5.32 12.37 1.68
LD-7-C4 44.30 7.45 5.45 3.03 5.95 14.61 1.80
Longdong LD-7-C5 49.37 9.67 7.01 4.25 5.10 11.61 1.65
LD-7-Cé6 90.30 16.27 12.17 5.83 5.55 15.50 2.09
LD-7-C7 47.68 9.28 6.72 3.90 5.14 12.23 1.72
LD-7-C8 72.57 13.20 9.20 5.94 5.50 12.21 1.55
LD-D-Y1 119.83 22.68 16.16 7.95 5.28 15.07 2.03
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Table 4. Cont.
Mine Sample Lay Smy Gdy Luy Lan/Smp Lan/Lun Gdn/Lun
YQ-7-C1 36.75 11.50 8.22 6.34 3.19 5.80 1.30
YQ-7-C2 49.79 10.92 7.59 4.13 4.56 12.04 1.84
YQ-7-C3 44.73 8.69 5.99 3.39 5.15 13.21 1.77
YQ-7-C4 46.41 8.76 6.23 3.35 5.30 13.87 1.86
Yaogiao YQ-7-C5 32.95 6.80 4.87 3.11 4.85 10.60 1.56
YQ-7-Cé6 36.41 6.50 4.66 2.87 5.60 12.67 1.62
YQ-7-C7 37.22 6.15 4.39 2.83 6.05 13.13 1.55
YQ-7-C8 87.34 11.37 8.22 3.90 7.68 22.41 2.11
YQ-D-Y2 236.29 54.58 34.55 18.03 4.33 13.10 1.92

The REY distribution patterns for each deposit are shown in Figures 17-19, where
the UCC-normalized data are quoted from Taylor and McLennan [77]. The distribution
curves for Kongzhuang mine, Longdong mine, and Yaogiao mine can be seen to be in-
clined to the right, with a negative Eu anomaly (Eu anomaly was calculated based on
the formula proposed by Dai et al. [78]), and the enrichment type is the light rare earth
enrichment type. Among them, the total rare earth content in Kongzhuang mine sam-
ples was }_REE = 41.6-284.5 pg/g, where the rare earth concentrations in samples KZ-C1,
KZ-C2, KZ-C3, and KZ-Y1 were higher than those in other samples (between 114.9 and
284.5 pg/g); the total concentration of rare earth elements in Longdong mine samples
was Y REE = 38.4-121.1 pug/g, where the concentration of rare earth elements in sample
LD-Y1 was higher (121.1 ug/g); and the total concentration of rare earth elements in the
Yaogiao mine samples was }_REE = 33.4-252.5 ug/g, where the rare earth element concen-
tration in sample YQ-Y2 was significantly higher than those in other samples (252.5 ng/g)—
excluding this sample, the }_REE for the other samples was 33.4-76.5 ug/g.
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Figure 17. REY distribution patterns in Kongzhuang Mine samples [77].
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Figure 18. REY distribution patterns in Longdong Mine samples [77].
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Figure 19. REY distribution patterns in Yaoqiao Mine samples [77].

In the process of geochemical action, the +2 valence Eu will be separated from other
+3 valence element ions under high-temperature and reducing conditions [29], resulting
in a valley in the position of Eu in the UCC-normalized patterns, and Eu depleted, which
presents a negative anomaly. As shown in Figures 17-19, Eu in Kongzhuang, Longdong,
and Yaogiao Mine samples showed strong negative anomalies, which may be related
to the materials derived from the sediment source region. This also indicated that the
later sedimentary environment was not strongly changed by factors such as seawater and
magma. Variation of rare earth element Eu in Kongzhuang, Longdong, and Yaoqiao Mine
samples was shown in Figure 20. The factors controlling Eu anomalies in coal include
the parent rock properties of the sedimentary source area [79] and the influence of high-
temperature hydrothermal fluids plus reducing conditions [29].
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Figure 20. Variation of rare earth element Eu in Kongzhuang, Longdong, and Yaoqiao Mine samples

(ng/g)-
3.3. Modes of Occurrence of Pb and Pb Isotopes

The combination relationships between associated elements and trace elements in coal
were studied through systematic clustering. The statistical method used for cluster analysis
was the similarity matrix, and the clustering method was an inter-group connection. The
correlations between intervals were calculated according to Pearson correlations. The
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values were normalized to a maximum value of 1, and two groups were obtained with a
similarity distance of 15, as shown in Figure 21.

Dendrogram using Average Linkage (Between Groups)
Rescaled Distance Cluster Combine
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Figure 21. Cluster analysis diagram.

Group 1 included K,O, TiO,, Fe;Os, S;4, Mo, Hf, U, Be, CaO, SiO;, and Al;Os.
This group mainly consists of lithophile and siderophile elements and also contains SiO,
and Al,O3, which are the major elements of clay minerals. Many researchers [80,81]
have studied the occurrence of MnO in coal, mainly in the following ways: occurrence
in carbonate minerals in the form of isomorphism, including calcite and dolomite; in
the form of adsorption in clay minerals; occurrence in pyrite, as associated elements of
pyrite [1], combined with organic functional groups in the form of organic state, mainly
in low-rank coal [82], and in a very few cases, in alabandite [28]. In most coals, the main
form of Ti is the ubiquitous Ti oxide, although a large amount of TiO; may be related to
clay (e.g., kaolinite [63]). In low-rank coal, TiO, may be mainly associated with organic
matter [54,55,83]. There are many forms of Fe;O3, which can occur in both clay and sulfide
minerals [1]. Be is generally present in organic matter and clay minerals, and in some cases,
it occurs in Be-bearing sulfates [84], but Be present in samples of this study is not located
in a group with volatiles but, instead, in the group with total sulfur, indicating that Be is
typically present in sulfides, and not in organic matter. The mode of occurrence of CaO
depends partly on the grade of coal. In bituminous coal and anthracite, CaO is usually
present in carbonates; however, in low-rank coal (lignite and subbituminous coal), there
may be more organically bound CaO [18,83].

Group 2, including Ni, Cr, Zn, ash, V, Cu, Ga, Li, Ba, Pb, Ni, V, Cr, and Zn, is mainly
present in inorganic minerals and organic matter. Cu in coal mainly exists in chalcopyrite
and pyrite and may exist in the organic matter of some low-rank coals. Early studies [5]
have shown that Ga in coal has a strong organic affinity, and it has been found that Ga is
related to aluminosilicate. Li seems to be mainly related to silicates in high- and low-rank
coals [35,85-87]. Ba is a lithophile element, and its occurrence state in coal is diverse.
The main occurrence modes of Ba are as follows: 1. replacing K,O in clay minerals as
an isomorphic form; 2. in the form of organic matter; and (3) existing in the form of
barite (BaCO3), barite (BaSOy), lepidocrocite, and other minerals [88-91]. Lead in coal is
mainly present in pyrite and, in some cases, in trace minerals (e.g., galena) and organic
matter [1,92,93].
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3.4. Pb Isotope Characteristics

The Pb isotope composition of coal samples from the Datun mining area is shown in
Table 5. The 2%Pb/2%4Pb in Kongzhuang mine samples was between 37.731 and 39.655,
the 297Pb /294Pb was between 15.345 and 15.629, and the 29°Pb /294Pb was between 17.315
and 18.867. The 2%Pb/2%Pb in Longdong mine samples was between 37.602 and 38.764,
the 297Pb /294Pb was between 15.430 and 15.583, and the 2% Pb /2%Pb was between 17.251
and 18.562. The 2%8Pb /2%4Pb in Yaoqiao mine samples was between 37.776 and 38.942, the
207pp /204Pb was between 15.411 and 15.583, and the 296Pb /294Pb was between 17.705 and
18.579. The standard deviations of 29%8Pb /204Pb, 207Pb /204Ph, and 2°°Pb /294Pb in the three
mine samples were 0.005-0.015, 0.001-0.005, and 0.001-0.006, respectively. These values
can be used to trace the source of the ore-forming materials.

Table 5. Lead isotope composition of the Datun mining area samples.

Mine Sample  208Pp/204pp  Stderr  27Pb/%Pb  Stderr  206Pb/2%*Pb  Std err AB Ay
KZ-C1 38.435 0.005 15.604 0.002 18.496 0.002 18.604 35.481
Kz-C2 37.979 0.009 15.523 0.003 18.217 0.004 13.316 23.196
Kz-C3 38.226 0.007 15.567 0.003 17.882 0.004 16.189 29.850
KZz-C4 37.767 0.007 15.457 0.003 17.73 0.003 9.008 17.484
Kz-C5 38.299 0.012 15.487 0.004 18.065 0.005 10.966 31.817
Kongzhuang KZz-Cé6 38.386 0.007 15.548 0.003 18.322 0.003 14.948 34.161
Kz-C7 39.655 0.007 15.629 0.003 18.867 0.003 20.236 68.349
KZz-C8 38.049 0.007 15.488 0.002 18.039 0.003 11.032 25.082
KZ-C9 37.731 0.005 15.345 0.002 17.315 0.002 1.697 16.514
KZ-C10 37.768 0.005 15.351 0.002 17.374 0.002 2.088 17.511
KZ-Y1 38.391 0.006 15.513 0.002 18.116 0.003 12.664 34.296
LD-C1 38.281 0.013 15.583 0.005 18.26 0.006 17.233 31.332
LD-C2 38.764 0.015 15.559 0.004 18.526 0.005 15.666 44.345
LD-C3 38.089 0.003 15.518 0.002 18.351 0.002 12.990 26.159
LD-C4 38.347 0.004 15.508 0.002 18.15 0.002 12.337 33.110
Longdong LD-C5 38.423 0.005 15.43 0.002 17.621 0.002 7.245 35.158
LD-C6 38.607 0.007 15.547 0.002 18.469 0.003 14.883 40.115
LD-C7 38.754 0.005 15.566 0.002 18.338 0.002 16.123 44.075
LD-C8 38.271 0.003 15.56 0.001 18.35 0.001 15.732 31.063
LD-Y1 37.602 0.005 15.438 0.002 17.251 0.002 7.768 13.039
YQ-C1 38.165 0.008 15.545 0.003 18.256 0.003 14.752 28.207
YQ-C2 38.678 0.004 15.583 0.002 18.579 0.002 17.233 42.028
YQ-C3 38.686 0.003 15.59 0.001 18.56 0.001 17.690 42.243
YQ-C4 38.34 0.005 15.545 0.002 18.221 0.003 14.752 32.922
Yaoqiao YQ-C5 38.127 0.005 15.539 0.002 18.083 0.002 14.361 27.183
YQ-C6 37.835 0.007 15.463 0.003 17.752 0.003 9.400 19.316
YQ-C7 37.776 0.003 15.459 0.001 17.705 0.001 9.138 17.727
YQ-C8 38.942 0.005 15.411 0.002 17.642 0.002 6.005 49.140
YQ-Y2 38.339 0.009 15.574 0.003 17.834 0.003 16.645 32.895

Figure 22 shows that there is a good linear relationship between different lead isotope
ratios, indicating that the Pb source in this area is relatively singular, with a common
Pb source.

The composition of lead isotopes plays an important role in tracing the source of
ore-forming materials. If the geological body does not contain or contains a small amount
of radioactive lead, the lead isotopes in the geological body can determine the source of
the ore-forming materials [94]. In the 208 pp /204 pph—206Pp /204Ph tectonic model diagram
(Figure 23a), the sample points for Kongzhuang and Longdong mines are mainly cast
between the orogenic belt and the upper crust, and most of the Yaogiao mine sample points
are also distributed between the orogenic belt and the upper crust, with only sample YQ-C8
falling on the boundary between the orogenic belt and the lower crust source area. In
the 207Pb /204Pb-2%Pb /2%4Pb tectonic model diagram (Figure 23b), the lead isotope values
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of the sample points in the three mining areas cut through the growth curves of the two
lead source areas of the orogenic belt and the mantle. The span of the samples from the
Kongzhuang mine is large, and the distribution of sample points ranges from the growth
curve of the lead source area of the orogenic belt to that of the lead source area close to
the lower crust. Compared with the Kongzhuang mine sample points, the distributions of
Longdong and Yaogiao mine sample points are more concentrated, with almost all falling
between the orogenic belt and mantle lead source growth curves, suggesting that Longdong
mine and Yaogiao mine have the same source or evolution process. There is an obvious
linear trend in the distribution of lead isotopes in Longdong and Yaoqiao mines, which is
usually considered to be characteristic of a mixed source of Pb.
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Figure 22. 20°Pb /207Pb and 208Pb /2Pb scatter diagram.
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Figure 23. Lead isotope structure model diagram for the Datun mining area; base map according to
Zartman and Doe [95]. (a) diagram of 206pp, /204Ph and 208Pb /204Pb; (b) diagram of 206p}, /204Ph and
207Pb/204Pb.

In the genetic classification diagram of lead isotope AB-Avy in the Datun mining area
(Figure 24), the three deposits are mainly distributed in the orogenic and subduction zone
lead source areas mixed with the upper crust and mantle, where individual sample points
are distributed in the mantle and upper crust lead source areas. Based on the above three
lead isotope source discrimination diagrams, it can be considered that the lead of the
samples in the three mining areas mainly derives from the orogenic belt and the crust-
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mantle mixed subduction zone. Furthermore, there are also lead additions from upper
crust and mantle sources.
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Figure 24. The genetic classification diagram of lead isotope AB-Avy in the Datun mining area.
1, mantle source lead; 2, Upper crust lead; 3, Upper crust and mantle mixed subduction zone lead
(3a, magmatism; 3b, sedimentation); 4, chemically deposited lead; 5, Submarine hot water acting on
lead; 6, medium-deep metamorphic lead; 7, deep metamorphic lead; 8, orogenic lead; 9, old shale
upper crust lead; 10, deteriorated lead, according to Zartman and Doe [95].

4. Conclusions

(1) The major minerals in the thick coal seam of the Datun mining area are clay minerals,
calcite, quartz, and dolomite; SiO, and Al,O3 are mainly in the form of clay minerals,
and there is a good correlation between them. Fe is mainly in the form of pyrite, and
Ca is mainly in the form of calcite;

(2) The samples from Kongzhuang, Longdong, and Yaoqiao mines basically fall in the
felsic source area, so it is considered that the sediment source in the study area is felsic
source rock;

(3)  There are differences in the enrichment degree of trace elements between the Kongzhuang
mine, Longdong mine, and Yaoqgiao mine samples. Compared with the average values
of elements in coal in the world, Li and W elements were found to be enriched as
a whole. In particular, W was enriched in the Yaoqiao mine and highly enriched in
Longdong mine samples. The distribution curve of rare earth elements in the three
mines is inclined to the right overall, indicating the light rare earth enrichment type;

(4) The lead in the coal samples from the Datun mining area mainly exists in pyrite, and
there is little radioactive lead. There is a good correlation between 2°°Pb/2”Pb and
208pp /206D, indicating that the source of Pb in this area is relatively singular, mainly
from the orogenic belt and crust-mantle mixed subduction zone, as well as some
upper crust and mantle source areas.
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