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Yangquan Mining District is a major location for anthracite coal production in China. Understanding the modes of
occurrences of major and trace elements in Yangquan coal is significant both geochemically and environmentally,
although most elements are more depleted than those in Chinese coal. Ten coal bench and two parting samples
were collected from No. 15 Coal of Yangquan Mining District. X-ray diffraction analysis was used to determine the
proportions of minerals in the Yangquan coal, and X-ray fluorescence and inductively coupled plasma mass spec-
trometry analyses were used to determine the contents of major element oxides and trace elements, respectively.

Keywords: . A . . . .. .
Yangquan The mineral assemblages, ash yield, and (CaO + MgO + Fe,03)/(SiO, + Al,03) ratio varied significantly in the
Coal bench vertical direction, which is attributed mainly to vertical variation in the depositional environment. The major el-

ement oxides and trace elements in the Yangquan coal were divided into four groups according to cluster anal-
ysis, which represent organic or inorganic affinity and different modes of occurrences. The coal benches
underlying partings exhibited a rare-earth element and yttrium (REY) distribution pattern characterized by
heavy (H)-type. This result differs from other coal benches characterized by light (L)-type REY, which is attribut-
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ed to the leaching of overlying partings.
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1. Introduction

Coal is composed of organic and inorganic matter containing
various major and trace elements that have inorganic or organic af-
finity (Ren et al., 2006; Dai et al., 2012a; Rajabzadeh et al., 2016;
Sutcu and Karayigit, 2015; Ward, 2016). The main carriers of
major and trace elements in coal are mineral matter, the assem-
blages of which can in turn indicate the occurrence modes and or-
igins of these elements. In addition, these mineral assemblages can
reveal characteristics of geological process such as depositional en-
vironment, degree of diagenesis, maturation, epigenesist, and the
influence of groundwater (Ren et al., 2006; Ward, 2002; Dai et al.,
2012b; Jiang et al., 2015). Dai et al. (2006) described vertical vari-
ations in AI(OH); minerals and enriched Ga in the No. 6 Coal of
Junger Coalfield that resulted from changes in terrigenous origin.
Shi et al. (2014), Wu et al. (2013), and Wang et al. (2011b) also re-
ported significant enrichment of Al and Ga in the same coal. Zheng
et al. (2016) suggested that compared to fresh water, seawater is
more favorable for the formation of ammonian illite during deposi-
tion. The ratios of (CaO + MgO + Fe,03)/(SiO, + Al,03) and U/Th
and B content in coal can be used as indicators of depositional
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environments (Ren et al., 2006; Goodarzi and Swaine, 1994a,
1994b). Carbonate minerals in coal dominated by calcite and dolo-
mite are generally epigenetic rather than authigenic or detrital
owing to the acidic environment during peat accumulation
(Belkin et al., 2010; Bouska et al., 2000; Dai et al., 2012a). The pa-
rameters associated with rare earth elements and yttrium (REY) in
coal, such as the REY distribution pattern, 6Eu and Lay/Luy, can be
used as indicators of the sediment-source region, depositional en-
vironment, and post-depositional conditions (Seredin, 1996; Ren
et al., 2006; Eskenazy, 1987; Hower et al., 1999; Dai et al., 2010).
In addition, trace elements in coal have significant effects on the
environment (Tozsin, 2014; Sia and Abdullah, 2011; Liu et al.,
2015; Ali et al., 2015; Zheng et al.,, 2008; Sahoo et al., 2014).
Some elements, particularly toxic trace elements such as Zn, Cu,
Cd, and Ni, are generally not enriched in coal but are significantly
enriched in coal-related atmospheric particulate matter; these
toxic trace elements are derived mainly from coal mining, combus-
tion, and utilization (Lewinska-Preis et al., 2009; Song et al., 2015a;
Lv et al,, 2006). Coal mining, combustion, and utilization have con-
tributed significantly to the severe atmospheric particulate pollu-
tion in North China in recent periods (Song et al., 2014, 2015a,
2015b). Therefore, it is of geochemical and environmental signifi-
cance to understand the contents, affinity, and modes of occur-
rences of major and trace elements in coal.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.gexplo.2016.12.008&domain=pdf
http://dx.doi.org/10.1016/j.gexplo.2016.12.008
mailto:zqm6502644@163.com
mailto:lqf@cumtb.edu.cn
http://dx.doi.org/10.1016/j.gexplo.2016.12.008
http://www.sciencedirect.com/science/journal/03756742
www.elsevier.com/locate/gexplo

Q. Zheng et al. / Journal of Geochemical Exploration 175 (2017) 36-47 37

The coal from the Qinshui Coalfield, North China, is dominated by
anthracite coal and has relatively low coal ash yield (Qin et al., 1999).
Most elements in this coal are significantly depleted compared with
other coal in China and abroad owing mainly to the low ash yield
(Tang et al., 2013; Dai et al., 2012b). However, some toxic trace ele-
ments derived from coal mining, combustion, and utilization domi-
nated by chalcophile elements are significantly enriched in
atmospheric particulate matter (Song et al., 2015a). This paper pre-
sents the mineral assemblages, content of major element oxides,
and trace elements in the coals of the Qinshui Coalfield. The objec-
tives of this study are to investigate the variation in depositional en-
vironments and mineral assemblages and to examine the inorganic
or organic affinity and modes of occurrence of various major element
oxides and trace elements in this coal.

2. Geological setting

The Yangquan Mining District is located in the northern region of
the Qinshui Coalfield and covers an area of 1400 km? (Fig. 1; Jiao and
Wang, 1999). This mining district is a location of major anthracite
coal production in China and has a proven coal reserve of 141.8 Gt
(2013; Zhu, 2013). The Yangquan Mining District has an annual pro-
duction capacity exceeding 100 Mt and includes several large-scale
coal mines such as First Coal Mine, Second Coal Mine, Fifth Coal
Mine, Xinjing Coal Mine, Sijiazhuang Coal Mine, and others (Xu
and Sun, 2009; Zhu, 2013). The coal-bearing strata in the Yangquan
Mining District are situated in the Carboniferous Taiyuan and
Permian Shanxi formations, with average thicknesses of 120 m and
46 m, respectively (Fig. 2). The Carboniferous Taiyuan Formation
conformably overlies the Carboniferous Benxi Formation and is
composed mainly of white feldspar-quartz sandstone, dark gray
limestone, dark gray siltstone, sandy mudstone, and coal. The min-
able coal seam in this formation is dominated by No. 15 Coal, follow-
ed by Nos. 8, 9, 12 and 13 coals. The Permian Shanxi Formation
conformably overlies the Taiyuan Formation and is composed main-
ly of gray-white feldspar-quartz sandstone, dark gray siltstone,
sandy mudstone, and coal, and the minable coal seam in this forma-
tion is dominated by No. 3 Coal, followed by Nos. 2 and 6 coals. The
No. 15 Coal is the sampling coal seam, which varies in thickness
from 5.0 m to 8.7 m (Ge et al., 1985; Jiao and Wang, 1999). The stra-
ta overlying the Shanxi Formation are included the non-coal-bear-
ing Permian Lower Shihezi Formation (Wang et al., 1998; Jiao and
Wang, 1999). The No. 15 Coal is dominated by anthracite coal and
has a total sulfur content varying from 1.7% to 3.5% with an average
of 2.3% (Fu and Wu, 2012). According to Chinese Standard GB/T

15224.2-2004 (2004), the No. 15 Coal is a middle- to high-sulfur
coal. The peat for No. 15 Coal accumulated prior to large-scale
transgression in a brackish water swamp of a coastal plain and
was influenced by seawater during and after the accumulation;
this resulted in the relatively high total sulfur content (Jiao and
Wang, 1999). The No. 15 Coal in the Yangquan Mining District con-
tains two relatively continuous intra-seam mudstone partings,
Bacunshi and Lvshi, with thicknesses of 0.10 m and 0.20 m,
respectively.

3. Samples and methods
3.1. Sample collection

The sampling coal mine in the present study is First Coal Mine,
which is located in the northern Yangquan Mining District. The No.
15 Coal in First Coal Mine has an average thickness of 5.3 m. From
this coal, 10 coal bench samples were continuously collected from
roof to floor following the procedure described in Chinese Standard
Method GB/T 482-2008 (2008), and each coal bench was cut over
an area with 10-cm wide and 10-cm deep with a thickness of
0.5 m; two continuous intra-seam partings were also collected. The
numbers of coal samples from the roof and floor are YQ1-15-C1 to
YQ1-15-C10, and the numbers of the two intra-seam partings are
B-P and L-P (Fig. 3). Once collected, all of the samples were immedi-
ately stored in plastic bags to avoid contamination and
deliquescence.

3.2. Ash yield and volatile matter

The ash yield on a dry basis and volatile matter on a dry and ash-free
basis for the coal samples in the present study were determined accord-
ing to American Society for Testing and Materials (ASTM) Standards
D3174-04 (2005) and D3175-02 (2005).

3.3. X-ray diffraction (XRD) analysis

The coal and parting samples were crushed and ground to
<200 pum for the following analysis. The minerals in the coal and part-
ing samples were identified by X-ray diffraction (XRD) analysis. The
XRD pattern of each sample was examined by using Quan software,
developed by Lin (1990), to quantitatively calculate the proportion
of each mineral phase identified by XRD analysis according to the
methods proposed by Chung (1974a, 1974b, 1975) and outlined in
Chinese Petroleum and Gas Industry Standard Method SY/T 5163-
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Fig. 1. Location of the Yangquan Mining District and sampling mine (Modified from Jiao and Wang, 1999)
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Fig. 2. Sedimentary sequence and depositional environment of the Yangquan Mining District (Modified from Jiao and Wang, 1999).

2010 (2010). The operating conditions for XRD analysis were as fol-
lows: power: 6 kW (40 kV, 150 mA); scanning speed: 4°/min; step:
0.02°; div slit: 1°; and rec slit: 0.3 mm. The XRD pattern was recorded

over a 26 interval of 4-45°. XRD analysis was performed by the State
Key Laboratory of Coal Resources and Safe Mining, China University
of Mining and Technology, Beijing.
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3.4. X-ray fluorescence analysis

X-ray fluorescence (XRF; ARL ADVANT'XP +) spectrometry was
used to determine the oxides of the major elements of the high-
temperature ash (815 °C) of the coal and parting samples methods
described by Dai et al. (2012a); these oxides include SiO-, TiO-,
Al,03, Fe;03, MnO, MgO, Ca0, Na,0 and K,0. The XRF analysis was
performed by the State Key Laboratory of Coal Resources and Safe
Mining, China University of Mining and Technology, Beijing.

3.5. Inductively coupled plasma mass spectrometry analysis

Inductively coupled plasma mass spectrometry (ICP-MS) was used
to determine the contents of trace elements in the coal according to
the method proposed by Dai et al. (2011) and Chinese Standard Method
GB/T 14506.30-2010 (2011); these include Li, Be, Sc, V, Cr, Co, Ni, Cu, Zn,
Ga, Rb, Sr, Y, Mo, Cd, In, Sb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu, W, Tl, Pb, Bi, Th, and U. The ICP-MS analysis was performed
by the China National Nuclear Corporation (CNNC) Beijing Research In-
stitute of Uranium Geology.

4. Results
4.1. Coal chemistry

The volatile matter (Vqar) of the No. 15 Coal of Yangquan Mining Dis-
trict varies from 3.35% to 7.54% with a weighted average of 6.05% (Table

Table 1
Sampling thickness (m), ash yield (%) and volatile matter (%) of coal benches collected
from Yangquan Mining District.

Sample ST Aq Vdaf
YQ1-15-C1 0.5 9.01 6.88
YQ1-15-C2 0.5 10.01 6.07
YQ1-15-C3 0.5 2.55 6.41
YQ1-15-C4 0.5 11.65 335
YQ1-15-C5 0.5 19.41 3.87
YQ1-15-C6 0.5 12.45 7.54
YQ1-15-C7 0.5 18.01 7.22
YQ1-15-C8 0.5 11.51 6.50
YQ1-15-C9 0.5 7.65 7.08
YQ1-15-C10 0.5 3.89 5.61
Av. 0.5 10.61 6.05

ST, sampling thickness; Aq, ash yield; Va5, volatile matter; Av., average value.

1). According to ASTM D 388-99 (2005), the Yangquan coal is an anthra-
cite-grade coal, which is consistent with previous studies (Fu and Wu,
2012). The ash yield (Aq) of the No. 15 Coal varies from 2.55% to
19.41% with a weighted average of 10.61% (Table 1). According to the
Chinese Standard Method GB/T 15224.1-2004 (2004), the Yangquan
coal is an extra low- to medium-ash coal.

4.2. Minerals in coal

The minerals identified by XRD patterns of coal samples include ka-
olinite, ammonian illite, anatase, diaspore, calcite, dolomite, sodian il-
lite, and quartz (Table 2; Fig. 4).

Ammonian illite and kaolinite are the dominate minerals, with mean
proportions of 62.3% and 30.0%, respectively. Liu et al. (1996), Liang et
al. (1996), and Dai et al. (2012a) identified ammonian illite in the coal
seams of North China Coal Basin and suggested that this mineral was
transformed from pre-existing kaolinite at a relatively high temperature
(>150 °C). The inverse proportions of ammonian illite and kaolinite
(r= —0.98) and the relatively high degree of coalification in the pres-
ent study is compatible with the above suggestion.

Anatase and diaspore were identified in most coal samples with
mean proportions of 0.8% and 2.1%, respectively. Diaspore has been
identified in some Chinese coals (Dai et al., 2012a; Wang et al., 2011a,
2011b; Shi et al., 2014). This mineral is formed by gibbsite dehydration
at a relatively high temperature, which is associated with igneous intru-
sions or a high degree of coalification (Permana et al, 2013).

Table 2
Mineral compositions of coal benches determined applying X-ray diffraction and Quan
and Softwares (%; on organic matter-free basis).

Sample Amm Kao An Dia Cal Dol Sod Qua
YQ1-15-C1 50.3 40.4 0.2 29 12 5.0

YQ1-15-C2 87.3 2.6 0.5 34 15 47

YQ1-15-C3 92.4 7.6

YQ1-15-C4 68 20.2 0.4 5.9 1.0 4.5
YQ1-15-C5 776 19.5 2.2 0.7

YQ1-15-C6 47.8 45.7 0.5 6.0

YQ1-15-C7 729 22.1 23 2.7

YQ1-15-C8 64.5 223 0.6 5.4 2.7 4.5
YQ1-15-C9 81.9 1.0 16 4.6 10.9
YQ1-15-C10 62.2 37.8

Av. 62.3 30.0 0.8 2.1 14 14 1.0 1.1

Amm, ammonian illite; Kao, kaolinite; An, anatase; Dia, diaspore; Cal, calcite; Dol, dolo-
mite; Sod, sodian illite; Qua, quartz; Av., average proportion.
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Fig. 4. Non-oriented XRD powder diffraction pattern of YQ1-15-C1 Amm, ammonian illite;
Kao, kaolinite; An, anatase; Cal, calcite; Dol, dolomite; Dia, diaspore.

Alternatively, diaspore can be formed by Si-expulsion of kaolinite in
weak reducing conditions (Shi et al., 2014; Zheng et al., 2016). In the
present study, the diaspore is inferred to have been formed along with
the conversion of kaolinite to ammonian illite.

Small proportions of calcite and dolomite, each with an average of
1.4%, were identified in some samples; however, the proportions of cal-
cite in YQ1-15-C6 and dolomite in YQ1-15-C1 are as high as 6.0% and
5.0%, respectively. Carbonate minerals in coal are epigenetic minerals
in common due to the acidic water of peat mire in the stage of peat ac-
cumulation, which has a positive effect on carbonate decomposition
(Bouska et al., 2000; Dai et al., 2012a; Jiang et al., 2015; Belkin et al.,
2010). Dai et al. (2012a) used XRD and SEM-EDX analyses to identify
carbonate minerals in coal associated with igneous intrusions. Sutcu
and Karayigit (2015) reported that calcite in coal is associated with fos-
sil shells. In the current study, the calcite and dolomite in Yangquan
coals are inferred to have been formed by epigenetic processes.

Small proportions of sodian illite were identified in YQ1-15-C4 and
YQ1-15-C, each at 4.5%, which are considered to be associated with
Na-rich volcanic ash input. Liang (1996) used an optical microscope to
observed sodian illite associated with Na-rich volcanic ash in the Car-
boniferous coal from Third Coal Mine, which is adjacent to the sampling
mine. Quartz was identified only in YQ1-15-C9, at 10.9%; however,
ammonian illite is absent. This sample might have undergone stronger
hydrodynamic forces than the other samples during peat accumulation.

4.3. Elements in coal

4.3.1. Major element oxides

The contents of major element oxides in the Yangquan coal deter-
mined by XRF are shown in Table 3. Compared with Chinese coals, all
of the major element oxides are depleted with a concentration coeffi-
cient (CC) <1, which is attributed mainly to the low ash yield for Yang-
quan coals (Fig. 5). Potassium oxide, MgO, Ca0, Fe,03, P,0s, and MnO
are significantly depleted with CCs lower than 0.3; Al;03, and SiO,,
and TiO, are depleted to some extent with CCs between 0.4 and 0.7.
With a CC of 0.92, Na,O0 is close to the average value for Chinese coals,
corresponding to the presence of sodian illite in some of the samples.
The SiO,/Al,05 ratios of Yangquan coals, at an average of 1.25, are higher
than those of kaolinite, tobelite, and paragonite at 1.18. This indicates
that the SiO,/Al,03 ratios of ammonian illite and sodian illite are higher
than 1.18, which is attributed mainly to the substitution of Si for Al in
the tetrahedral sheets.

The (CaO + MgO + Fe,03)/(SiO, + Al,O3) ratio of coal (K value) can
be used as an indicator of the depositional environment in the stage of
peat accumulation when epigenetic processes are at a low level (Ren
et al., 2006). Coal with a K value <0.22 is influenced mainly by fresh
water during peat accumulation, and a > 0.23 K value represents the in-
fluence of seawater. The K value of Yangquan coals varies from 0.011 to
0.120, with an average of 0.056, and is lower than 0.22. However, the
relatively high total S content of the No. 15 Coal of Yangquan Mining
District, at 2.3% on average, indicates that this coal was influenced by
seawater during peat accumulation (Fu and Wu, 2012; Jiao and Wang,
1999). The K value of No. 15 Coal is lower than expected, which could
be attributed to the relatively strong groundwater dynamic force,
which results in the dissolution of some Ca- and Mg- bearing minerals
in coal (e.g., calcite and dolomite). The strong correlation of K value
and ash yield (r= — 0.82) indicates that the coal is influenced by sea-
water (fresh water) when the ash yield is relatively low (high).

According to studies by Hayashi et al. (1997), He et al. (2010), and
Dai et al. (2015a), the Al,03/TiO, ratio can be used to indicate the parent
rocks of sedimentary rocks and sediments in coal. Sedimentary rocks
and sediments derived from mafic, intermediate, and felsic igneous
rocks have Al,03/TiO, ratios varying from 3 to 8, 8 to 21, and 21 to 70,
respectively. The Al,05/TiO, ratios of coal benches varying from 17.35
to 206.53 with an average of 66.42, indicate a parent material of felsic
igneous rock. This is consistent with the Middle Proterozoic moyite of
the Yinshan Old Land, which is a major source region of detrital mate-
rials for the North China Coal Basin (Dai et al.,, 2012b).

4.3.2. Trace elements

The contents of trace elements in the coals collected from Yangquan
Mining District are listed in Table 4. Compared with Chinese coals, most
trace elements in Yangquan coals have a very low content with a CC <1,

Table 3

Contents of major element oxides and ratios of Si0,/Al,03, (Fe,03 +Ca0+MgO0)/(SiO, + Al,03) and Al,03/TiO- in coal benches (major element oxides in %; on whole-coal basis).
Sample Si0, AL O3 NaO K>0 MgO Ca0 Fe,03 TiO, MnO P,05 Si0,/Al,05 K Al,03/TiO;
YQ1-15-C1 3.96 3.19 0.16 0.006 0.077 0.148 0 0.015 0 0.0071 1.24 0.031 206.53
YQ1-15-C2 447 3.60 0.26 0.005 0.054 0.327 0.073 0.044 0.0011 0.0156 1.24 0.056 82.67
YQ1-15-C3 1.02 0.93 0.05 0.007 0.011 0.124 0.097 0.010 0.0012 0.0022 1.10 0.119 94.00
YQ1-15-C4 5.64 451 0.21 0.021 0.020 0.081 0.045 0.054 0.0009 0.0099 1.25 0.014 83.89
YQ1-15-C5 9.44 7.45 0.13 0.037 0.024 0.035 0.119 0.373 0.0005 0.0116 1.27 0.011 19.94
YQ1-15-C6 5.68 447 0.16 0.021 0.022 0.514 0.214 0.102 0.0063 0.0056 1.27 0.073 43.82
YQ1-15-C7 8.66 6.87 0.13 0.034 0.024 0.034 0.177 0.396 0.0003 0.0121 1.26 0.015 17.35
YQ1-15-C8 5.22 4.25 0.22 0.019 0.048 0.318 0.245 0.080 0.0039 0.0100 1.23 0.064 53.20
YQ1-15-C9 3.78 2.53 0.07 0.006 0.043 0.187 0.106 0.137 0.0011 0.0195 1.49 0.053 18.47
YQ1-15-C10 1.80 1.56 0.06 0.012 0.009 0.027 0.367 0.035 0.0003 0.0046 1.16 0.120 4433
Av. 4.97 3.94 0.14 0.017 0.033 0.179 0.144 0.124 0.0015 0.0098 1.25 0.056 66.42
Chinese coal® 8.47 5.89 0.16 0.19 0.22 1.21 4.85 0.33 0.015 0.092 1.44 0.437 17.85

K, (Fe;03 + Ca0 +Mg0)/(Si0; + ALOs).

¢ From Dai et al. (2012b)
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Fig. 5. The ratio of major element oxides and trace elements in coal bench samples of this study to Chinese coal. The concentration of major element oxides and trace elements in Chinese
coal were cited from Dai et al. (2012b).

which is due mainly to the low ash yield. According to the classification
levels of CC value proposed by Dai et al. (2015b), most elements includ-
ing Be, V, Cr, Co, Ni, Zn, Mo, Cd, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Tm,
Lu, T, and Bi are significantly depleted with a CC<0.5, and Ga, Sb, Sc, Cu,

Rb, Sr, Y, In, Dy, Ho, Er, Yb, W, Pb, Th, and U are close to the average
values of Chinese coals with a CC ranging from 0.5 to 2, and only Li is
slightly enriched with a CC of 2.1. No element is significantly enriched

with a>5 CC (Fig. 5).

Table 4
Concentrations of trace elements in coal benches and parting samples (trace elements in pig/g; on whole-coal basis).

Sample

Li Be Sc \ Cr Co Ni Cu Zn Ga Rb Sr Y
YQ1-15-C1 45.9 0.463 131 4.87 2.61 1.35 2.84 5.48 7.72 4.72 0.359 84.9 5.44
YQ1-15-C2 57.6 0.449 2.85 5.78 3.88 0.695 1.69 10.2 433 3.31 0.181 156 7.18
YQ1-15-C3 8.64 0.633 3.87 8.95 2.96 3.78 1.81 3.15 103 8.07 0.204 794 133
YQ1-15-C4 83 0.544 14 5.69 25 1.39 1.54 4.66 9.93 7.16 0.604 80.8 5.75
YQ1-15-C5 136 1.060 5.82 19.2 9.8 0.794 191 26.9 142 111 0.986 68.8 144
YQ1-15-C6 79.7 0.584 513 15.1 6.72 125 2.35 14.7 132 9.15 0.642 78.2 103
YQ1-15-C7 114 0.881 5.67 204 9.49 0.833 1.98 329 116 10.7 0.862 67.9 132
YQ1-15-C8 99.3 0.759 1.87 104 438 2.26 2.44 10.7 126 10.8 0.676 110 6.57
YQ1-15-C9 27.8 0.948 5.54 22.2 159 2.35 2.51 124 12.8 109 0.209 103 19.9
YQ1-15-C10 18.3 2.810 1.72 4.15 3.62 4.26 12.7 3.85 242 333 0.362 433 16.3
Av. 67.0 0.913 3.52 11.67 6.23 1.896 3.18 12.49 12.09 7.92 0.509 87.2 11.23
Chinese coal® 31.8 2.11 438 35.1 154 7.08 13.7 175 414 6.55 9.25 140 18.2
Bacunshi-P 41.8 1.73 11.7 534 43.2 2.6 9.29 29.1 15.3 199 26.4 217 245
Lvshi-P 247 2.69 6.72 104 333 0.443 0.739 4.64 9.33 31.7 10.8 114 10.2

Mo cd In Sb Cs Ba La Ce Pr Nd Sm Eu Gd
YQ1-15-C1 0.863 0.149 0.016 12.9 0.082 47.5 5.08 11 124 4.36 0.827 0.174 0.818
YQ1-15-C2 0.634 0.067 0.029 0.14 0.097 85.2 10.6 22.7 2.61 9.26 19 0.373 1.6
YQ1-15-C3 0.695 0.064 0.02 0.123 0.056 26.6 0.118 0.307 0.056 0.46 0.454 0.176 0.495
YQ1-15-C4 0.884 0.063 0.023 0.071 0.144 722 131 25.6 2.96 10.8 1.83 0.318 1.54
YQ1-15-C5 123 0.047 0.084 0.114 0.195 94.4 14.5 309 3.54 13 2.46 0.592 2.14
YQ1-15-C6 0.774 0.048 0.04 0.105 0.147 57.8 8.17 18.2 217 8.01 1.8 0.352 1.6
YQ1-15-C7 1.13 0.076 0.083 0.103 0.185 92 143 30.8 3.36 124 2.46 0.584 2.08
YQ1-15-C8 134 0.034 0.028 0.295 0.13 69.7 11 228 2.59 9.1 1.65 0.283 142
YQ1-15-C9 0.917 0.098 0.031 0.068 0.071 312 8.53 16.3 1.93 7.15 1.56 0.382 1.49
YQ1-15-C10 0.553 0.155 0.014 0.105 0.042 418 8.98 16.7 1.98 7.88 1.67 0.304 1.55
Av. 0.902 0.080 0.037 1.402 0.115 61.8 9.438 19.531 2.244 8.24 1.661 0.354 1473
Chinese coal® 3.08 0.25 0.047 0.84 1.13 159 22.5 46.7 6.42 22.3 4.07 0.84 4.65
Bacunshi-P 1.54 0.113 0.123 0.109 3.11 493 78.3 152 16.5 59.8 10.2 1.87 9.59
Lvshi-P 1.96 0.053 0.052 0.178 13 365 24.6 48.8 5.36 18.5 2.87 0.537 2.73

Tb Dy Ho Er Tm Yb Lu w Tl Pb Bi Th U
YQ1-15-C1 0.17 1.07 0.21 0.534 0.095 0.662 0.085 0.879 0.028 7.99 0.117 1.82 0.543
YQ1-15-C2 0.285 1.56 0.294 0.75 0.122 0.833 0.105 0.176 0.007 5.89 0.155 2.4 0.564
YQ1-15-C3 0.193 1.96 0.483 1.28 0.274 1.98 0.279 2.55 0.009 1.41 0.051 0.458 0.505
YQ1-15-C4 0.25 1.26 0.237 0.651 0.104 0.727 0.095 0.736 0.014 5.12 0.159 2.25 0.686
YQ1-15-C5 0.431 2.75 0.552 143 0.252 1.75 0.232 0.587 0.022 313 0.882 13.9 293
YQ1-15-C6 0.358 2.37 0.468 1.14 0.207 1.39 0.18 0.219 0.011 7.06 0.222 4.38 2.05
YQ1-15-C7 0.39 2.5 0.524 138 0.232 1.68 0.223 0.509 0.022 334 0.946 11.8 297
YQ1-15-C8 0.232 1.28 0.257 0.714 0.11 0.778 0.105 0.697 0.017 109 0.225 2.31 1.26
YQ1-15-C9 0.382 32 0.716 1.84 0.357 2.44 0.322 0.423 0.011 3.22 0.174 3.09 1.64
YQ1-15-C10 0.305 2.03 0.441 1.07 0.168 113 0.146 0.569 0.077 7.17 0.082 0.732 0.223
Av. 0.300 2.00 0418 1.08 0.192 134 0.177 0.735 0.022 11.35 0.301 4314 1.337
Chinese coal® 0.62 3.74 0.96 1.79 0.64 2.08 0.38 1.08 0.47 15.1 0.79 5.84 243
Bacunshi-P 1.36 5.7 1.04 2.96 0.407 2.87 0.387 1.74 0.207 23.7 0.578 20.7 4.38
Lvshi-P 0.437 2.22 0.413 1.12 0.185 1.27 0.173 3.58 0.827 6.65 1.09 23.5 6.99

2 From Dai et al. (2012b)
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5. Discussion
5.1. Vertical variations

Each coal bench has different mineral assemblages, ash yields and K
values, indicating different local geochemical conditions. According to
the method proposed by Dai et al. (2006) and the vertical variations in
mineral assemblages, ash yields, and K values, the No. 15 Coal of Yang-
quan Mining District is divided into the following five zones (Fig. 3).

Zone 1: This zone includes YQ-15-C1 and YQ-15-C2 benches. The
minerals are dominated by ammonian illite and kaolinite, at >10%,
with small proportions of dolomite, diaspore, anatase, and calcite at
<10%. The relatively high ash yield, at 9.5%, and the low K value of
0.04 indicate that this zone was influenced mainly by both seawater
and fresh water during peat accumulation. Antimony is significantly
enriched with a CC of 7.76, and Li is somewhat enriched with a CC of
1.62 in this zone.

Zone 2: This zone is YQ1-15-C3 Bench. The proportion of ammonian
illite in this bench is as high as 92.4%, and kaolinite has a small propor-
tion of 7.6%. No other minerals with small proportions were identified,
which is attributed mainly to the relatively low ash. The relatively low
ashyield, at 2.5%, and high K value of 0.12 indicate that this zone was in-
fluenced mainly by seawater during peat accumulation. In this zone, Ga
and W are enriched to some extent.

Zone 3: This zone includes YQ1-15-C4, YQ1-15-C5, YQ1-15-C6, YQ1-
15-C7, and YQ1-15-C8 benches. The minerals are dominated by
ammonian illite and kaolinite, at >10%, with small proportions of ana-
tase, diaspore, calcite, dolomite, and sodian illite, at <10%. The relatively
high ash yield, at 14.6%, and low K value of 0.04 indicate that this zone
was influenced mainly by both seawater and fresh water during peat ac-
cumulation. In this zone, Na,O, Li, Cu, Ga, In, Pb, and Th are enriched
with a CC >1, which is attributed mainly to the relatively high ash
yield and the Na-rich volcanic ash input.

Zone 4: This zone is YQ1-15-C9 Bench. The minerals are dominated
by kaolinite and quartz, at >10%, with small proportions of anatase, cal-
cite, and dolomite at <10%. Ammonian illite is absent in this zone, which
is different from the other zones. The relatively high ash yield, at 7.7%,
and the low K value of 0.05 indicate that this zone was influenced by
both seawater and fresh water during peat accumulation.

Zone 5: This zone is YQ1-15-C10 Bench. The minerals are dominated
by ammonian illite and kaolinite, at >10%. No other minerals with low
proportions were identified, which is due mainly to the relatively low
ash. This zone is characterized by low ash, at 3.9%, and a high K value
of 0.12, which indicates the influence of mainly seawater during peat
accumulation.

Clay minerals are sensitive to ambient conditions; thus, clay mineral
assemblages can act as indicators of depositional environments (Zhao
and Zhang, 1990; Xu et al., 2003). According to the previous discussions,
Zones 2 and 5 were influenced mainly by seawater during peat accumu-
lation and have an average ammonian illite/kaolinite (Am/Kao) value of
6.9. This value is higher than that of Zones 1, 3, and 4, with an average
Am/Kao value of 6.3, indicating the influence of mainly fresh water
and seawater. This indicates that compared with fresh water, seawater
is more favorable for the conversion of kaolinite to ammonian illite in
coal during coalification. This is likely attributed to the relatively high
pH and reducing conditions of seawater.

5.2. Comparison of XRD and XRF analyses

According to the method proposed by Ward et al. (1999) and Dai et
al. (2012a), the inferred proportions of SiO,, Al,0s, K,0, Na,0, TiO,, Ca0,
and MgO were calculated from Quan software results. This method in-
cludes the loss of hydroxyl water from clay and bauxite minerals, CO,
from carbonates, and NH3 from ammonian illite, which are released to-
tally from the corresponding minerals at temperatures as high as 815 °C
(Liu et al., 2009). The chemical formulae of kaolinite, anatase, diaspore,

calcite, dolomite, sodian illite, and quartz used in the calculation are
listed as follows: Al4Si4010(OH)s, TiO,, AIO(OH), CaCOs, (Ca,Mg)(CO3)s,
NaAl,(AlLSiz)0,¢(0OH),, and SiO,. As described by Zheng et al. (2016),
Higashi (2000), and Zhao and Zhang (1990), the chemical formula of
ammonian illite used in the present study is (NHgyK;
x)Al>(ALSi3)0;109(OH),, which is the solid solution between muscovite
and tobelite. The x for each sample was calculated according to the
method described by Drits et al. (1997):

NH,4/(NH4 + K) = 2.786dg01 —27.79. 1)

The XRF data, including SiO,, Al;03, K50, Nay0, TiO,, Ca0, MgO,
Fe,03, and MnO were also normalized for comparison with the XRD
data.

The proportions of SiO,, Al;03, K,0, Na,0, TiO,, CaO, and MgO in-
ferred from the XRD data were compared graphically with those nor-
malized from the XRF data; these two sets of proportions are shown
as X-Y plots with a diagonal line in Fig. 6.

The points for SiO, and Al,O3 plots fell above and below the diagonal
lines, indicating that those inferred from the XRD data are lower and
higher than those normalized from the XRF data, respectively. This oc-
curred because the Si/Al"Y ratio of the tetrahedral sheets in ammonian
illite was considered to be 3 for the calculation of SiO, and Al205 pro-
portions from XRD data; however, the actual Si/Al'Y ratio of the current
ammonian illite is higher than 3. In the process from coalification to
low-grade metamorphism, ammonian illite would gradually be trans-
formed to tobelite, muscovite, or the solid solution between them,
along with the expulsion of Si from the tetrahedral sheets, the integra-
tion of Al into the tetrahedral sheets, and an Si/Al"Y ratio approaching 3.

The points for Na;O and CaO plots fell above the diagonal lines, indi-
cating lower proportions of Na,O and CaO inferred from the XRD data
compared with those normalized from the XRF data. This is mainly at-
tributed to the interlay cations of ammonian illite dominated by NHZ
and K™ that contain some amount of Ca? ™ and Na™.

No dolomite was identified in most samples by XRD, although these
samples have a < 0.5% MgO proportion normalized from the XRF data.
This is attributed mainly to the low content of dolomite below the
XRD detection limit or the substitution of some amount of Al! in the oc-
tahedral sheets of ammonian illite by Mg. The points representing YQ1-
15-C1, YQ1-15-C2, and YQ1-15-C9 for the MgO plot, which contain
some proportions of dolomite at 5%, 4.7%, and 4.6%, respectively, fell
below the diagonal line. This indicates higher MgO proportions inferred
from the XRD data than those normalized from the XRF data. This result
is likely attributed to the isomorphous substitution of Mg in dolomite by
Fe; the dolomite in the present study was inferred to be the solid solu-
tion between dolomite and ankerite.

The points for the K0 plot were scattered to some extent, which is
attributed mainly to the relatively low proportion of K,0. In addition,
the isomorphous substitution of Al for Si in the tetrahedral sheets and
the integration of Na* and Ca?* have significant effects on the K™ pro-
portion within the total interlayer cations of ammonian illite, resulting
in the scattered KO plot.

The points for the TiO, plot were scattered but were still parallel to
the equality line, indicating that Ti occurs mainly as anatase.

No Fe-bearing mineral was identified in Yangquan coal, although
some proportion of Fe,03 was still detected by XRF. This is attributed
to the content of pyrite, a common Fe-dominated mineral in coal
below the XRD detection limit. In addition, some Fe may have been
substituted for AlI! in the ammonian illite.

5.3. Cluster analysis
Cluster analysis was used in the present study to identify the organic

or inorganic affinity of major element oxides and trace elements in the
Yangquan coal. According to the results of this analysis, the major
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Fig. 6. Comparisons between major element oxides inferred from XRD data and those normalized from XRF data.

element oxides and trace elements were divided into four groups, each
of which is described in Fig. 7.

Group 1 includes SiO,, Al,03, TiO,, Li, Cs, K,0, Rb, Ba, Pb, Ce, Pr, La,
Nd, Sm, Gd, Eu, Tb, Cu, U, In, Th, and Bi. All of these elements have cor-
relation coefficients with ash yields higher than 0.75 except for Tb,

which has a relatively low correlation coefficients with ash yield but is
as high as 0.61. These elements have strong inorganic affinity and
occur mainly in silicate or aluminosilicate minerals such as kaolinite
and ammonian illite. In this group, most elements are lithophile ele-
ments except for Cu, Pb, In, and Bi (Liu et al., 1984). Copper is a typical
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Fig. 7. Dendrogram produced by cluster analysis of analytical results for 10 coal bench
samples.

chalcophile element and occurs mainly as sulfide in reducing condi-
tions; thus, Cu in the present study is inferred to occur as a sulfide inclu-
sion or ultramicro inclusion in clay minerals. Indium and Bi have strong
correlations with Cu (rcy—1n =0.97,1cy — i = 0.97), indicating similar
modes of occurrences as Cu. Lead is a chalcophile element and occurs
mainly as sulfide in coal. However, Pb?* can isomorphously substitute
for K™ in endogenic conditions owing to their similar charges and cation
radii (Liu et al., 1984). The Pb in Yangquan coal is inferred to have
substituted for the interlayer K* of ammonian illite owing to the strong
correlation between K,0 and Pb (rpp —k,0=0.87).

Group 2 includes P,0s, Dy, Tm, Sc, Yb, Lu, Ho, Er, Y, Ga, Mo, V and Cr.
With the exception of Mo, Ga, and V, these elements have relatively
weak correlations with ash yield, with correlation coefficients varying
from — 0.14 to 0.46; this indicating both organic and inorganic affinity.
The heavy REYs (HREYs) and several medium REYs (MREYs) in Yang-
quan coal are associated with organic matter to some extent. Gallium
is typical dispersed element and generally substitutes for Al occurring
in aluminum hydroxide minerals or clay minerals (Dai et al., 2006,
2012a, 2012c; Shi et al,, 2014; Ren et al., 2006). Compared with the
lithophile elements in Group 1, the Ga in Yangquan coal is less strongly
correlated with ash yield (g, — asn =0.53) and is weakly correlated with
diaspore (r'ca— diaspore = 0.06). This indicates that Ga substitutes for Al
occurring in clay minerals and also in organic matter to some extent.
The Ga is enriched in Zones 2, 3, and 4 to some extent. However, the
Al,O3 is depleted in these three zones, indicating that the Ga in the or-
ganic fraction has different origins from that in the inorganic fraction,
such as coal-forming plants and depositional water. The V in Yangquan
coal has a similar mode of occurrence as Ga owing to their similar

correlation coefficients with ash yield. The Mo in Yangquan coal has a
correlation coefficient of 0.71 with ash yield, indicating that Mo occurs
mainly in clay minerals and to a small extent in organic matter. The
mode of occurrence of Mo in the inorganic fraction is inferred to be sim-
ilar to that of Cu owing to its chalcophile properties, and the Mo in the
organic fraction is inferred to be derived from coal-forming plants be-
cause this element is essential for plants (Liu et al., 1984).

Group 3 includes MgO, Ca0, Na,0, MnO, Sb, and Sr. This group rep-
resents the elements occurring in carbonate minerals, although it has
a weak correlation with ash yield (r,s, from —0.10 to 0.08). The MnO
in Yangquan coal is strongly correlated with CaO (rcao—mno=0.87)
but weakly correlated with Fe;03 (rfe,0, — mno =0.32), indicating that
the Mn occurs mainly as carbonate rather than sulfide. Antimony is a
chalcophile element and occurs generally as sulfide in coal. In the cur-
rent study, Sb in Yangquan coal is strongly correlated with MgO (rsp_ -
mgo = 0.71) but negatively correlated with Fe,03 (rsp—fe,0,= —0.46),
indicating that the Sb occurs mainly in dolomite rather than sulfide.
The Sb in the YQ1-15-C1 Bench is significantly enriched (CC = 14.0)
and is inferred to be associated with leaching of the overlying floor by
groundwater. The mode of occurrence of Sb in the Yangquan coal re-
quires further study.

Group 4 includes Fe,03, Co, W, Be, Zn, Ni, Tl, and Cd. Most ele-
ments in this group are chalcophile elements. Zinc, Ni, and Tl are
weakly but negatively correlated with ash yield (r,s, from —0.45 to
—0.17) and are positively correlated with Fe,03 strongly (ree,o,
from 0.65 to 0.83), indicating the occurrence of sulfide. Although
weakly correlated with Fe,0s, the Cd is relatively strongly correlated
with Niand Tl (rcq —ni = 0.68,7rcq —11=0.71), also indicating a sulfide
occurrence. The Co is strongly negatively correlated with ash yield
(rco—ash = — 0.82), indicating an organic affinity, and the W in Yang-
quan coal is less strongly correlated with ash yield
(rw—asn = —0.50), indicating a dominant organic affinity followed
by inorganic affinity. Beryllium is a lithophile element and occurs
mainly in silicate or aluminosilicate in coal. In the present study, Be
has strongly positive correlation with Fe,0s3; its mode of occurrence
requires further study.

5.4. Rare earth elements and yttrium

The total REY content of Yangquan coal varies from 21.815 pg/g to
88.929 pg/g with an average weight of 59.677 pg/g. This value is signif-
icantly lower than that of Chinese coal, at 135.89 pg/g, owing mainly to
the low ash yield. Zones 1, 3, and 4, influenced by both fresh water and
seawater during peat accumulation, have a mean total REY content of
64.288 g/g. This value is higher than the average value of 41.235 pg/g
for Zones 2 and 5, which were influenced by seawater during peat accu-
mulation. According Seredin and Dai (2012) and Dai et al. (2016), a
threefold classification of REY was used for this study: light REY
(LREY), including La, Ce, Pr, Nd, and Sm; MREY, including Eu, Gd, Tb,
Dy, and Y; and HREY, including Ho, Er, Tm, Yb, and Lu. According to
the correlation of ash yield with various REYs, the inorganic affinity of
REY is shown in order as LREY > MREY > HREY. The LREY, Eu, Gd, and
Tb in Yangquan coal are characterized by inorganic affinity, and HREY,
Dy, and Y are characterized by both organic and inorganic affinities.
Compared with the upper continental crust (UCC) in North China, two
REY enrichment types were identified for Yangquan coal: light (L)-
type REY enrichment (Lan/Luy > 1) and heavy (H)-type REY enrichment
(Lan/Luy < 1). The REY distribution patterns for coal benches are shown
in Fig. 8. Zones 1, 3, and 5 are characterized by L-type distribution with
Lan/Luy values of 1.51, 1.56, and 1.15, respectively, and zones 2 and 4
are characterized by H-type distribution with Lay/Luy values of 0.008
and 0.50, respectively. Compared with coal benches, Baicunshi and
Lvshi Partings have a significantly LREY-enriched distribution pattern
with Lan/Luy values of 3.79 and 2.67, respectively. The L-type distribu-
tions and Eu minimums (6Eu), in Zones 1, 3, and 5, at 0.66, 0.6, and
0.58, respectively, indicate terrigenous origin (Seredin and Dai, 2012;
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Fig. 8. REY distribution patterns of coal bench and parting samples normalized by Upper Continental Crust (UCC) of North China. The REY concentrations of UCC were cited from Chi and

Yan (2007).

Dai et al., 2012c), and The H-type distribution and &Eu, 1.14 and 0.77, re-
spectively, are higher than those of Zones 1, 3, and 5. This indicates an
origin different from terrigenous detritals for REY, particularly for
HREY in Zones 2 and 4. These zones closely underlie Bacunshi and
Lvshi Parting, which are characterized by significant HREY enrichment.
As described by Dai et al. (2014, 2016), the leaching of overlying part-
ings by groundwater during parting formation resulted in the H-type
distribution for Zones 2 and 4. The 6Ce of Zones 2 and 5, at 0.85 and
0.95, respectively, is lower than those of Zones 1, 3, and 4, at 1.04,
1.03, and 0.96, respectively. These results are compatible with the influ-
ences of Zones 2 and 5 by seawater and Zones 1, 3, and 4 by both seawa-
ter and fresh water.

6. Conclusion

The Yangquan coal is an anthracite coal characterized by low A4 and
Vaap, With average values of 10.61% and 6.05%, respectively. Almost all of
the major element oxides and trace elements are depleted in this coal
compared with other Chinese coal, which is attributed mainly to low
Ag. The minerals in Yangquan coal are dominated by ammonian illite
and kaolinite, followed by calcite, dolomite, anatase, sodian illite, and
diaspore.

The mineral assemblages, Aq, and K values of the coal bench
samples vary significantly in the vertical direction. The coal
influenced by seawater during peat accumulation is characterized
by low ash, a high K value, and a high proportion of ammonian
illite.

The major element oxides and trace elements in the coal bench
samples were divided into four groups according to cluster analy-
sis. Group 1, represented by SiO, and Al,03, occurs mainly in sili-
cate or aluminosilicate minerals. Group 2, represented by HREY, is
characterized by both organic and inorganic affinities. Group 3,
represented by MgO and CaO, occurs mainly in carbonate minerals.
Group 4, represented by Fe,0s, occurs mainly in sulfide minerals.

The Yangquan coal is characterized by L-type REY distribution and
<1 8Euy, indicating an terrigenous detrital origin. Zone 2 and Zone 4
are characterized by H-type REY distribution attributed mainly to
leaching of the overlying partings.
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