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The Huainan coalfield situated in the southern margin of North China Plate contains coal deposits of Carbonifer-
ous-Permian age. The 1 and 3 seams of the Early Permian Shanxi Formation and seams 4-1, 4-2, 5-1, 7-2 and 8 of
the Late Early Permian Lower Shihezi Formation were analyzed for coal petrography, mineralogy and geochem-
ical parameters. Collected data were designed to offer basic information on the assessment of coal quality and fur-
ther to reveal possible factors controlling on coal quality. The shift of basin subsidence center from Huaibei coal-
bearing basin to Huainan coal accumulation region caused the change of coal-forming environment (groundwa-
ter table, detrital matters and swamp style) which may further cause the differences in coal quality. The average
vitrinite contents, ash yields and mineral matters are higher in the Lower Shihezi Formation coals than in the
Shanxi Formation coals. The contents of vitrinite sharply decrease upward within coal seam 4, whereas the
inertinite contents, ash yields and mineral matters show opposite trend which may be attributed to the relatively
high-accommodation settings produce coals usually in the form of an upward high-to-low vitrinite succession.
Two groups of elements are classified among coal seams. According to the vertical variation of elements contents
among coal seams, most of elements in Group 1 are depleted in coal seam 4-2 except for Be, B, Sc, Fe, Mg, Ca, Li, Sn
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while almost all the elements in Group 2 are enriched in coal seam 4-2.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Coal will continue to be a major energy source in China as well as in
many other developing countries (Dai et al., 2012a; Liu et al.,, 2005). By
the end of 2014, China has produced and consumed nearly 2 billion tons
of oil-equivalent coal, ~50% of world coal production and consumption
(BP report: bp.com/statisticalreview).

In recent decades, trace element releases during coal exploitation
and utilization have drawn much more attention, due to their adverse
impacts on the ecological environment and human health (Chen et al.,
2011; Dai et al., 2008; Dai et al., 2012a, 2012b, 2012c; Liu et al., 2004;
Liu et al., 2007b; Qi et al., 2011). In some local areas of China, severe en-
demics such as arsenosis, fluorosis, and selenosis prevail, which are pre-
sumably related to the emissions of toxic elements (As, F, Se) during
burning of local coals (Dai et al., 2012a; Finkelman et al., 1999;
Finkelman et al., 2002; Li et al., 2012; Liu et al., 2007a). Knowledge on
the origins and characteristics of toxic trace elements such as As, Pb,
Cr, Cd, Hg, Se, Sb, Ni, and TI in feed coal can provide fundamental
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information for addressing environmental issues and/or human health
problems (Dai et al., 2008; Finkelman et al., 2002; Tian et al., 2013).

The physio-chemical properties (e.g. petrography, mineralogy, ele-
mental geochemistry) of coals are dominated by a combination of
many geological factors including sediment-source regions, deposition-
al environments, tectonic settings, climate and hydrological conditions
etc. (Dai et al., 2015a; Dai et al., 2012b; Li et al., 2014; McCabe, 1991;
Querol et al., 1996; Sun et al., 2010a; Swaine, 1990; Swaine and
Goodarzi, 1995). Swaine and Goodarzi (1995) indicated that source ma-
terials, depositional environments, climatic and hydrological conditions
were the dominant factors affecting coal properties. Li et al. (2014)
demonstrated that the Early Jurassic coals of Yili basin, Xinjiang Prov-
ince have contrasting coal qualities between Badaowan Formation and
Xishanyao Formation. Dai et al. (20123, 2012b, 2012c¢) further summa-
rized and categorized five primary factors for the enrichment of trace el-
ements in Chinese coal deposits: source-rocks (Dai et al., 2008; Dai et al.,
2015c; Dai et al., 2013; Dai et al., 2012c), seawater (Liu et al., 2004),
volcanic-ash (Dai et al., 2003), hydrothermal-fluid and groundwater
(Dai et al., 2012a). In turn, some trace elements are used as geochemical
tracers of coal basins. For example, the enrichment of B, Sr, Co, Mo, S and
U is commonly used to reflect the degree to which the coal deposits
were affected by seawater seawater-influenced coal (Swaine and
Goodarzi, 1995).
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Huainan coalfield is situated in the southeastern margin of North
China, with abundant coal reserves (Han, 1990; Lan, 1984). Previous
studies on the petrology and geochemistry of the regional coals indi-
cated that depositional environment, and epigenetic geological ac-
tivities (e.g. magmatic intrusion) have significantly affected coal
geochemical compositions (Chen et al.,, 2011; Chen et al,, 2014; Sun
et al., 2010b; Yang et al., 2012). Additionally, coals from Huainan
coalfield are usually transported to other provinces for power gener-
ation, which may bring adverse impacts on the environment. Hence,
it's essential to investigate the coal quality characteristics and possi-
ble geological processes controlling coal quality from both geological
and environmental viewpoint.

In this study, we present the data of trace elements in 180 coal sam-
ples collected from 9 boreholes in Dingji mine in Huainan coalfield. Our
aims are: 1) to assess the concentrations and distribution patterns of the
trace elements in coal profiles; 2) to understand the geological process-
es that affect the geochemical compositions of coals from different coal-
forming periods.

2. Geological setting

The Huainan coalfield is situated in southeastern rim of Sino-Korean
Platform and is a main Late Paleozoic coal deposition basin of North
China (Han, 1990) (Fig. 1). The coalfield is 70 km long (N-S) and 25-
km wide (W-E), and covers an area of >2000 km? with coal reserves es-
timated to be approximately 44,000 Mt (Sun et al., 2010a). There are
nine active mines in Huainan coalfield and the studied coal mine is lo-
cated in the central northern part with a length of 13 km (N-S) and
width of 11 km in width (E-S) (Fig. 1).

2.1. Coal-bearing strata

The coal-bearing strata in the Huainan coalfield include the Late
Carboniferous Taiyuan Formation, the early Permian Shanxi Forma-
tion, the Middle Permian Lower Shihezi Formation, and the Late
Permian Upper Shihezi Formation. The Taiyuan Formation mainly
consists of 13 limestone beds, several layers of mudstone, sandstone

boundary of Huainan
boundary of coal mine
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and unminable thin coal seams, with an average thickness of ~97 m.
There are 29 layers of coal seams in the Shanxi (4.2 m), Lower Shihezi
(13.7 m) and Upper Shihezi Formation (9.1 m) with a cumulative
thickness of 27 m (Fig. 2). The coal seams of 8, 7-2, 5-1, 4 (split into
4-1,4-2) in the Lower Shihezi Formation and seams 3, 1 in the Shanxi
Formation are sampled in this study. Their total economically min-
able thickness is ~15 m. Fig. 2 gives a detailed description of strati-
graphic and lithological characteristics of coal-bearing sequences.

2.2. Geological process of study area

Previous publications indicated that the coal-bearing sequences in
Huainan coalfield were formed on an epicontinental sea, evolving
from Shanxi Formation deposited in a tidal-flat delta influenced by
brackish water to the Lower Shihezi Formation deposited in a lower
delta plain occasionally influenced by seawater incursion (Chen et al.,
2011; Lan, 1984; Lan, 1989; Sun et al., 2010a, 2010b; Yang and Lan,
1992). The paleoplate of North China entered the subtropic semiarid
and arid climatic belt between the Late Early Permian and Early Late
Permian and determined that peat accumulation was restricted to the
paralic delta plain where there were oceanic wet climate and high
ground water table favoring coal formation (Liu, 1990). From the Early
Permian (Shanxi Formation) to the Middle Permian (Lower Shihezi For-
mation), the subsidence center moved southward to Huainan basin and
in turn caused paleoenvironment changes (Han, 1990). The rate of tec-
tonic subsidence in Middle Permian (Lower Shihezi Formation) was rel-
atively higher than the Early Permian (Shanxi Formation), favoring
stable accumulation of peat.

3. Materials and methods

During the geological exploration of Dingji mine, a total of 180 coal
samples were collected from 9 boreholes of the minable coal seams 1,
3 from Shanxi Formation, seams 4-1, 4-2, 5, 7, 8 from Lower Shihezi
Formation. In general, three bench samples are taken from the upper,
middle, and lower parts of each coal seam (Fig. 2). All samples were in-
stantly stored in plastic bags to minimize contamination and oxidation.

Fig. 1. Location of the Huainan coalfield and main coal mines in the study area.
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Fig. 2. Stratigraphic column and lithological characteristics of coal-bearing sequence in the Huainan coalfield, Anhui province, China.

The samples were then air-dried, split and ground to pass
through 200 mesh sieve before analysis. Coal proximate analysis in-
cluding moisture, ash yield and volatile matter were determined ac-
cording to Chinese National Standard GB/T-212 (2008) (comparable
to ASTM standards D3173-11-2001 for moisture, D3174-11-2001 for
ash yield and D3175-11-2001 for volatile matter). Total sulfur was
measured by GB/T-214 (2007) (comparable to ASTM-D4239-12-
2012).

The maceral compositions of coal samples were determined by
counting points of polished coals under a reflecting microscope accord-
ing to the Chinese National Standard GB/8899-1998 (comparable to
ASTM D2798-11a-2011). Mineralogical analyses of coal samples were
performed by X-ray diffraction (XRD, Philips X'Pert PRO), using a target
voltage of 40 kV, and an emission current of 30 mA with a scanning
angle of 5-70° 26 at rate of 0.1° per second.

Approximately, 0.1 g of each powder coal sample was weighted by
laboratory electronic balance, and then was digested with an acid mix-
ture (HNO3: HCl: HF = 3:1:1) in a programmed microwave oven (from
room temperature to 120 °C in 10 min and kept for 10 min; then in-
crease to 160 °C in 5 min and kept for 10 min; finally increase to
180 °Cin 5 min and kept for 15 min). The major elements including
Na, Mg, Al, Si, K, Ca, Fe and Ti and trace elements B, Mn, Sr, and Ba, in
the coal samples were determined by inductively coupled plasma atom-
ic emission spectrometry (ICP-AES, Optima 7300DV). Other trace ele-
ments including Li, Be, Sc, V, Cu, Ni, Zn, As, Pb, Sb, Sn, Cr, Cd, Y, Hf, Th
and REE were determined by inductively coupled plasma mass spec-
trometry (ICP-MS, Thermo X Series 2). The accuracy of the elements
was evaluated by the standard reference material NIST-1632b (coal)
and GBW07406 (GSS-6, soil). The relative standard deviation was with-
in 5% for most of the elements in replicated samples.
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Table 1
The main coal quality parameters of coal seams in Dingji mine, Huainan coalfield.
Coal-bearing strata Coal seams Thickness(m) Maq (%) Aq (%) Sea (%) Vaar (%)
Min-max Min-max Min-max Min-max Min-max
Ave(N) Ave(N) Ave(N) Ave(N) Ave(N)
Lower Shihezi Formation 8 0.25-4.84 0.95-4.91 16.66-36.72 0.13-0.79 20.31-40.31
2.23 1.96(35) 24.32(35) 0.47(30) 35.78(35)
7.2 0-2.87 0.77-2.90 19.19-38.42 0.25-0.88 9.51-39.30
0.87 1.71(17) 26.98(17) 0.48(12) 33.97(18)
5.1 0.83-6.15 0.88-2.68 11.09-28.66 0.29-1.07 30.50-37.27
3.08 1.77(24) 20.90(25) 0.52(17) 35.80(25)
42 0-4.13 1.09-2.66 16.06-36.37 0.52-1.52 33.78-36.95
1.56 1.75(20) 25.80(20) 1.00(17) 35.30(19)
4 0.33-11.87 1.06-3.56 14.05-25.77 0.23-2.00 30.83-36.31
Shanxi Formation 334 2.06(34) 21.04(34) 0.81(25) 34.60(34)
3 0.-6.43 1.07-2.45 10.28-31.59 0.23-0.66 32.12-38.10
2.88 1.70(16) 16.95(16) 0.38(9) 35.23(16)
1 0-2.13 0.83-2.70 5.33-31.59 0.22-0.83 31.66-39.34
0.93 1.64(18) 17.20(18) 0.51(9) 34.75(18)

N: the number of samples; Min: minimum; Max: maximum; Ave: average; M,q: moisture on air-dried basis; Aq: ash yields; S;q: total sulfur on dry basis; Vq.s: volatile matter on dry and

ash-free basis.

4. Results and discussion
4.1. Coal quality parameters

The ash yield of coals ranges from 5.33% to 38.42%, with an arith-
metic mean of 21.94% (Table 1). Based on the Chinese standard clas-
sification for ash yield of coal (GB/T 15224.1-2004 with 10-16% for
low ash coal, 16-29% for medium ash coal, and >29% for high ash
coal), most samples from the study area are classified as low- to me-
dium-ash coal. Coals from Shanxi Formation (average = 17.08%) are
relatively lower in ash yields as compared to coals from Lower
Shihezi Formation (average = 23.40%). Sun et al. (2010a, 2010b)
also found that ash yields of the coals from Zhuji mine in Huainan
coalfield showed the same “increasing stratigraphically upward”
trend compared with the coals of Huaibei coalfield (Zheng et al.,
2008b); and they ascribed this trend to the increasing terrigenous
input igneous intrusion associated with underground water activity
within the coal-bearing region. However, coal seams in Dingji mine
were rarely affected by igneous intrusion. The relatively high ash
yield in the Lower Shihezi Formation coals in the studied area may
due to the relatively high accommodation/peat accumulation ratio
or high groundwater table of the peat mire favoring minerals accu-
mulation during the Lower Shihezi Formation period (Diessel et al.,
2000). In addition, the total sulfur and ash yield is both relatively
high in coal seam 4-2 than the split coal seam 4-1.

The major minerals identified by XRD in coal sample include kaolin-
ite, quartz, illite, illite-montmorillonite, montmorillonite and muscovite
(Table 2; Fig. 4). As shown in Table 2 and Fig. 3, concentrations of clay
minerals in the Lower Shihezi Formation coal are higher than the Shanxi

Table 2

Formation, suggesting clay minerals are mainly derived from detrital
debris during the coal formation.

The range of moisture and volatile matter content is 0.77-4.91%
and 9.51-40.31%, respectively. According to Chinese National Stan-
dards for moisture (MT/850-2000, <6.00% for ultra-low moisture
coal) and for volatile matter (MT/849-2000, 10-20% for low volatile
matter coal, 20-28% for medium volatile coal, 28-37% for medium
high volatile coal and 37-50% for high volatile matter coal), the stud-
ied coals are classified as ultra-low moisture coal and lower-medium
to medium high volatile coal. There is no significant difference in
moisture and volatile matter yield between Lower Shihezi Formation
(1.89% and 35.16%, respectively) and Shanxi Formation coals (1.67%
and 34.89%, respectively).

Table 2 shows the proportions of macerals in coal samples. On aver-
age, vitrinite proportion in the Lower Shihezi Formation coals (aver-
age = 73%) is higher than Shanxi Formation coals (average = 64%) by
9%, while the inertinite shows a reverse trend. This suggests that the
peat in the lower Shihezi Formation was probably formed in a more re-
ducing coal swamp with high water table level (Diessel et al., 2000;
Suarez-Ruiz et al,, 2012).

It is noted the split coal seams 4-1 and 4-2 exhibit significant dif-
ference in maceral composition. As shown in Fig. 3, the contents of
vitrinite sharply decrease sharply upward from coal seam 4-1 (aver-
age = 79.14%) to 4-2 (average = 63.85%), contrary to the increase of
inertinite from coal seam 4-1 (13.96) to 4-2 (24.92%). The variations
of ash yield and mineral contents within coal seam 4 show similar
trends as inertinite (Fig. 3). Similar trends have been drawn in the
Great Northern seam near the top of the Late Permian Newcastle
Coal Measures at Wyong, New South Wales, Australia. As shown in

The average proportions (%) of macerals and minerals in coal seams from Dingji mine, Huainan coalfield.

Coal seams Vitrinite Inertinite Lipitinite Organic matter Clay Sulfide Carbonate Oxides and others Mineral matters
8 72.9 19.8 7.3 93.4 4.8 0.1 1.7 0.0 6.6
7-2 71.5 19.6 8.9 89.7 8.8 03 1.2 0.0 103
5-1 75.5 17.4 7.1 95.8 3.2 0.4 0.6 0.0 4.2
4-2 63.9 249 11.2 84.9 13.7 1.0 04 0.0 121
4-1 79.1 14.0 6.9 94.9 43 03 0.5 0.0 5.1
3 64.7 26.6 8.7 93.6 5.6 0.5 03 0.0 6.4
1 63.4 203 8.8 91.8 7.1 0.3 0.8 0.0 8.2
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Fig. 3. Vertical variations of vitrinite, inertinite, liptinite proportions, ash yield and mineral contents among coal seams.

some previous studies, split coals with high mineral contents were
commonly related to their high peat accommodation/accumulation
ratio in the coal basin with more allochthonous coal components,
such as detrital minerals (Davies et al., 2005; Diessel, 1992, 2007;
Greb et al., 2002). Further, the relatively high accommodation/peat
accumulation ratio could result in frequent flooding of the peat
which raises the adventitious minerals and generate several thin
coal seams (Table 1) in a single stratigraphic sequence (Diessel
etal.,, 2000; Diessel, 2007). The optimum coal-forming conditions re-
quire a balanced accommodation/peat accumulation ratio. The shifts
of this ratio to other side, i.e. accommodation/peat accumulation
ratio >1 or <1, could lead to a deterioration of coal continuity
(Diessel et al., 2000; Diessel, 2007; McCabe, 1991). Therefore, due
to accelerating basin subsidence since Lower Shihezi Formation,
the resultant relatively higher accommodation may contribute to

400
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Fig. 4. X-ray diffractogram of selected coal from Dingji Coal Mine: K — kaolinite, I — illite, Q
— quartz, M: montmorillonite.

several thin and split coal seams (4-1, 4-2, 5, 7, 8) as shown in
Table 1.

4.2. Geochemistry

4.2.1. Element concentrations

Table 3 shows the arithmetic means of major and trace elements
for coal seams 1, 3, 4-1, 4-2, 5, 7, and 8 in Dingji mine, Huainan coal-
field. Their comparison to the average concentrations of elements in
Chinese and world coals is shown in Fig. 5 (Dai et al., 2012a; Ketris
and Yudovich, 2009). The Dingji coals are slightly enriched in
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Fig. 5. Variations of potentially hazardous trace elements in Dingji coals. Also shown are
the arithmetic averages of potentially hazardous trace elements in world coals (green
line), Chinese coals (red line) and Dingji coals (blue line). Shadow area: The range of
trace elements concentrations in world coals.
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major elements Al, Na, K and trace elements Li, Be, Sc, Cr, Co, Ni, Cu,
As, Pb, Sn and Sb compared to the corresponding elements in Chinese
coals reported by Dai et al. (2012a, 2012b, 2012c¢), and the remainder
elements are lower or fairly equal. From the environment point of
view, the high abundances of some potentially hazardous trace ele-
ments in some coal seams from study area are of great concern. The
concentrations of B, V, Cr, Co, Ni, and Cu in some coal samples are
above the upper limit of world coals (Ketris and Yudovich, 2009).
The arithmetic means of Co, As, Pb, Sn and Sb in Dingji coals are
higher than the corresponding elements in Chinese as well as
world coals by a factor of 1.5-3.5. Kolker et al. (2009) found that
the hazardous trace elements in the abandoned coal mine could be
released into surrounding environment, posing great threaten to
human health, (Kolker et al., 2009). Therefore, during exploration,
transportation and utilization of coals in Dingji mine, great attention
should be taken to prevent the release of hazardous trace elements
(Co, As, Pb, Sn, Sb) in specific coal seams. (See Table 4.)

The average contents of the trace elements from different coal-
bearing formations are shown in Fig. 6. The concentrations of trace ele-
ments B, V, Cr, Co, Zn, Mn, Sr and Ba in the coals of Shanxi Formation
(coal seams 1 and 3) are higher than those of the Lower Shihezi Forma-
tion (coal seams 4-1, 4-2, 5-1, 7-2 and 8). Enrichment of trace elements
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Fig 7. Vertical variations of selected elements in the No. 5-1 coal from borehole DJ2138. Unit for elements: mg/kg.
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Fig 8. Vertical variations of selected elements in the No. 3 coal from borehole DJ23241; unit for elements: mg/kg.

including B, Sr and Ba is usually indicative of coals deposited in a
seawater-influence environment. This is in line with the from previous
studies (Chen et al., 2011; Sun et al., 2010b) that indicated that the
sweater started to retreat from Huainan coal basin from Early Permian.
As shown in Fig. 10, some lithophile elements such as Y, Hf, Si, Al, REE, Ti,
P, Th, K and Li are more enriched in Lower Shihezi Formation (coal
seams 4-1,4-2, 5-1, 7-2 and 8), which may be attributed to the differ-
ence of minerals contents among coal seams. As mentioned above, the
accelerating basin subsidence since Lower Shihezi Formation resulted
in the paleo-environment changes such as rising groundwater table
and increasing detrital input, which may favor minerals formations in
some coal seams (4-2, 7-2 and 8) during Lower Shihezi Formation
period.

4.2.2. Vertical variations in individual coal seams
The vertical distribution of elements is commonly uneven in individ-
ual coal seams (Dai et al., 2015b; Eskenazy, 2009; Hower et al., 2002;

Kelloway et al., 2014; Seredin et al., 2006; Yudovich, 2003; Zilbermints
et al., 1936), indicating multiple elemental origins and post-
depositional processes (Arbuzov et al., 2014; Dai et al., 2014; Permana
et al., 2013; Ward, 2002).

In this study, the following coal bench samples were collected to in-
vestigate the vertical variation of trace elements in individual coal
seams: i) one roof, one floor, two partings and five coal samples of the
No. 5-1 coal from borehole DJ2138, and (i) one roof, one floor and
four coal samples of the No. 3-1 coal from borehole DJ23241. The distri-
bution patterns of selected trace elements in the No. 5-1 coal from bore-
hole DJ2138 are shown in Fig. 7. Trace elements in this coal seam show
large variations. There are increasing trends for Li, Cr, Mo, Zn, Th, Sr and
Sc from bottom to the top of the coal seams. Most of the elements (Li, Cr,
Zn, Sr, Th, Hf, Co, Cu, V, Ni, V) are enriched in the partings or the coal
benches near them, indicating that the partings are significant carriers
of these elements. Similar observation, termed as “Zilbermints Law”,
has been demonstrated by Zilbermints et al. (1936) for Ge in Donetsk
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basin coals. Eskenazy (2009) also found that and coal partings have the
highest concentrations of Zn, Cr, Co, Ni, and Th.

With regard to the No. 3 coals from borehole D] 23241, elements in-
cluding Li, Ni, Cr, Cu, Pb, V and Th show a bow-like distribution pattern,
concentrating in the host rocks (roof and floor) (Fig. 8). It possibly indi-
cates that these elements are derived from terrigenous inputs. The uni-
form variation of these elements in the middle part of the coal bed
profile may reflect a relatively stable coal-forming environment. Similar
trends have been seen in other studies (Arbuzov et al., 2014; Chen et al.,
2015; Chen et al., 2011; Liu et al., 2004; Song et al., 2007). For example,
Chenetal. (2015) observed a similar symmetric marginal enrichment of
elements in both roof and floor rock samples in the coal seams of Donlin
coal mine in Chongging, southwestern China.

4.2.3. Geochemical associations

The concentrations of trace elements are generally not uniform both
laterally and vertically in coal-bearing strata. The vertical variation of
trace elements among different coal seams may provide some valuable
information with regard to the origins of elements and their relation-
ships with coal-forming environment (Chen et al., 2011; Eskenazy and

Stefanova, 2007; Hower et al., 2005; Palmer et al., 2004; Sun et al.,
2010b; Zheng et al., 2007; Zheng et al., 2008a).

The vertical distribution patterns of elements among coal seams in
stratigraphic units are investigated by hierarchical cluster analysis
(Fig. 9). Generally, two groups are classified by cluster analysis.

The elements in Group 1 can be divided into three subgroups:
Groups 1A, 1B and 1C (Fig. 10). Trace elements Sr, Zn, Co, As, Be and B
are subdivided into Group 1A. Overall, the concentrations of these ele-
ments decreased from the lower to upper coal seams (Fig. 10, Group
1). Boron is a good indicator of marine-influenced coals as proposed
by Goodarzi and Swaine (Chen et al., 2011; Goodarzi and Swaine,
1994; Liu et al,, 2004; Sun et al., 2010b; Yan et al., 2014). In this study,
B, Sr, Co, Zn are enriched in coals from Shanxi formation, suggesting
that they are possibly brackish seawater origins. This is generally consis-
tent with previous study of Huainan coals (Chen et al., 2011; Lan, 1984;
Lan, 1989; Sun et al., 2010b; Yan et al.,, 2014; Yang and Lan, 1992). Mo-
lybdenum, V, Sc, Mn, Cd and Ba are classified into Group 1B (Fig. 10). Al-
most all these elements are depleted in coal seam 4-2, especially for Mn,
Mo, V, Cd. Group 1Cis composed of Pb, Sb, Sn, Ca, Cr, Li, Ni, Cu, Fe and Mg
(Fig. 10). In general, most of elements in Group 1 are depleted in coal
seam 4-2 except for Be, B, Sc, Fe, Mg, Ca, Li and Sn.
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Fig. 10. Vertical variation of elements among 7 mineable coal seams, major elements (Si, Al, Fe, Mg, Na, K, Ca): %; trace elements: mg/kg.

Yttrium, Hf, Si, Al, REE, Ti, P, Th and K are contained in Group 2
(Fig. 10). These elements have high positive correlation coefficients
with ash yield. As mentioned above, clay is the primary minerals in
coal samples. The vertical distributions of REE, Y, Th and Hf are similar
to ash yield, and almost all of them have peak concentrations in coal
seam 4-2. In contrast to elements in Group 1A, increased trends in ele-
ments concentrations are seen from coal seam 1 to coal seam 8. As men-
tioned above, Lower Shihezi Formation coal seams might receive the
increasing accommodation for peat accumulation may result in relative-
ly more detrital inputs than in Shanxi Formation. More minerals, includ-
ed kaolinite, illite, montmorillonite that are the host minerals for Si, Hf,
Si, Al, REE, Y, Ti, P, Th and K may input into Lower Shihezi coals, especial-
ly into coal seam 4-2 and consequently lead to the enrichment of these
elements of Group 2 during Lower Shihezi period. Generally, almost all
the elements in Group 2 are enriched in coal seam 4-2 as discussed
before.

5. Conclusions

In this study, we systematically collected coals from drilling holes
in a typical Dingji coal mine, Huainan coalfield, and measured their
petrological, mineralogical and geochemical parameters. We found
that the average vitrinite contents, ash yields and mineral matters
are higher in the Lower Shihezi Formation coals than in the Shanxi
Formation coals, suggesting that the upper coal seams were possibly
deposited in a more reducing environment with more terrigenous
inputs.

A comparison with Chinese coals showed that our studied coals are
slightly enriched in major elements Al, Na and K and trace elements
Li, Be, Sc, Cr, Co, Ni, Cu, As, Pb, Sn and Sb. The concentrations of poten-
tially hazardous trace elements including Co, As, Pb, Sn and Sb in some
coal samples are highly enriched. The vertical variations of trace ele-
ments within individual coal seams indicate that host rocks are carriers
of some elements in coal. Using hierarchical cluster analysis, we broadly
classified two groups of elements. Group 1 includes three subgroups of
1A (Sr-Zn-Co-As-Be-B), 1B (Mo-V-Sc-Mn-Cd-Ba-Pb-Sb) and 1C
(Sn-Ca-Cr-Li-Ni-Cu-Fe-Mg). Group 2 has a typical elemental combi-
nation of Y-Hf-Si-Al-REE-Ti-P-Th-K. Most of elements in Group 1
are depleted in coal seam 4-2, whereas most elements in Group 2 are
enriched in coal seam 4-2.
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Table 3
The numbers of samples, and abundances of 47 elements in coal seams.

Elements 8 7-2 5-1 4-2 4-1 3 1

Average Max Min N Average Max Min N Average Max Min N Average Max Min N Average Max Min N Average Max Min N Average Max Min N
Si0.% 4.87 12.57 023 16 437 12.50 0.77 13 6.73 1797 128 11 1031 20.29 183 5 8.58 18.64 250 11 7.03 13.83 0.66 9 6.37 16.54 149 11
TiO2% 027 1.06 0.02 29 0.35 1.21 0.02 29 032 124 002 34 0.31 0.81 0.03 19 037 0.98 0.06 27 0.18 0.57 0.02 18 0.13 0.49 0.03 19
Al,03% 5.68 14.24 1.10 22 6.47 14.12 1.28 17 9.24 16.13 094 14 9.71 15.91 1.87 10 934 15.86 1.60 16 9.33 24.19 138 11 8.40 20.73 076 11
Fe,03% 1.46 3.34 0.16 28 0.81 1.50 025 19 1.22 1563 025 33 0.97 2.16 044 10 0.86 134 0.51 19 1.12 2.38 0.11 13 1.06 2.64 035 14
Mg0% 0.23 0.63 0.03 26 0.12 0.26 0.03 26 0.11 030 0.01 33 0.11 0.36 0.02 19 0.12 0.27 0.01 25 0.17 0.33 0.04 18 0.16 038 0.06 19
Ca0% 0.17 0.31 0.10 12 0.72 1.20 023 12 0.51 164 007 21 0.42 1.18 0.07 12 037 0.68 0.07 11 0.17 0.32 0.06 9 0.73 1.84 0.02 12
Na0% 0.42 0.87 004 5 0.33 0.43 027 3 0.54 065 039 4 0.60 0.88 033 3 0.61 0.91 035 3 0.34 0.51 024 3 bdl bdl bdl 0
K,0% 0.26 1.09 0.02 14 0.25 0.71 0.04 15 0.27 116 004 16 0.22 1.03 0.02 12 0.43 0.89 0.06 11 0.21 0.39 003 9 0.19 0.57 0.02 13
P 14489 42264 38.05 14 155.56 492.83 33.87 17 13646 283.84 3987 16 175.34 382.87 58.75 10 157.99 388.80 49.83 19 151.61 291.73 3644 12 12255 233.05 3424 11
Li 4037 89.35 1737 21 3354 78.03 9.83 21 2583 7494 10.84 26 39.64 96.44 1350 17 4373 93.83 1278 25 3934 67.02 12.65 15 38.61 68.89 13.27 13
Be 2.16 6.34 127 16 2.03 4.00 0.83 18 2.04 493 120 27 2.74 6.63 128 14 218 6.76 093 14 2.60 8.68 0.14 12 4.46 5.56 327 7
B 51.24 92.49 728 14 40.18 85.38 315 15 53.08 7554 12.74 17 6554 175.12 1626 8 80.19 16437 20.51 17 106.56 249.23 4592 10 12552 146.10 6743 7
Sc 6.63 9.94 324 21 6.94 12.70 318 18 5.02 929 1.04 25 5.82 8.05 2.57 12 6.25 1041 352 19 8.87 20.26 244 12 6.63 1.00 233 13
\ 28.77 73.15 2.83 29 3416 104.42 492 29 2647 13542 697 35 2759 92.42 10.11 17 3561 10097 1429 25 40.53 94.99 844 15 31.86 60.62 6.52 13
Cr 24.02 47.03 1250 28 25.68 8243 328 29 17.69 4737 630 36 19.64 53.31 856 17 26.43 92.11 293 24 17.87 40.12 7.85 15 30.51 6121 1317 13
Co 16.36 51.85 0.02 28 1541 49.86 050 29 14.96 47.07 020 36 11.73 32.32 061 17 21.16 51.42 246 22 33.62 84.14 1.51 15 3141 74.95 559 13
Ni 19.49 64.40 7.82 28 1692 81.38 383 29 1940 77.00 357 36 11.13 23.31 1.78 17 1647 38.74 230 25 1095 21.73 291 15 1446 38.43 6.62 13
Cu 25.42 4053 1095 28 2232 56.48 6.17 29 36.98 78.02 480 37 1497 35.11 572 12 14.02 26.24 233 24 1248 44,10 489 15 3268 70.37 448 17
Zn 15.59 67.17 8.89 27 2820 69.80 375 29 2436 8784 270 36 14.16 38.84 354 17 21.63 89.63 434 25 4763 117.79 398 15 3696 103.96 8.15 13
Mn 54.61 575 267.66 26 42.87 10.83 115.10 26 34.27 6.19 8596 33 34.20 3.02 11116 19 4225 354 103.74 26 53.03 333 11042 18 5143 942 23151 19
As 431 7.15 023 10 3.36 7.45 064 8 1059 4837 038 16 2.33 7.64 036 8 2.04 5.29 0.03 16 15.04 59.16 057 14 11.66 52.45 0.03 14
Pb 17.50 56.69 408 21 21.01 58.58 242 17 14.01 5277 231 23 7.92 14.93 504 9 1275 26.17 480 14 16.66 26.19 9.04 12 19.52 40.80 6.67 10
Sr 95.67 27510 26.75 28 118.09 552.09 19.83 29 11642 617.18 20.83 36 929133 403.681 11.82 17 120.73 893.81 10.67 25 185.08 67340 3821 15 151.80 31025 5743 13
Y 8.51 21.02 058 29 1092 21.70 527 29 8.26 1940 1.02 37 9.59 21.56 2.83 15 7.40 16.52 0.74 25 8.12 19.93 1.75 16 6.91 17.40 093 13
Mo 1.75 5.05 0.04 15 225 5.94 048 14 1.00 322 011 19 0.67 2.52 004 9 211 11.56 027 14 2.77 16.94 010 9 1.55 4.46 023 10
Sn 3.39 537 053 8 4.59 10.67 082 14 3.55 6.75 0.83 17 3.63 5.47 053 8 3.90 5.68 1.73 14 4.10 5.02 1.92 10 5.16 9.54 133 8
Sb 231 2.47 223 3 2.21 2.26 217 3 222 225 216 3 bdl bdl bdl 0 237 2.68 220 3 1.86 2.24 149 7 2.14 3.17 180 5
cd 0.29 0.57 006 9 0.19 0.40 0.04 11 0.19 040 0.02 11 0.05 0.11 002 9 0.15 0.40 0.01 11 0.34 0.49 0.03 12 0.32 0.82 003 9
Ba 157.62 40459 31.16 25 146.61 521.00 37.60 29 11837 263.29 45.74 37 118.83 283.69 49.19 17 123.62 203.32 34.18 25 15554 386.67 39.70 15 183.24 37271 7752 13
La 16.15 45.15 0.14 28 11.58 37.30 036 29 13.13 73.81 032 37 14.71 142.42 1.03 17 11.75 35.39 0.03 25 15.80 31.30 0.83 15 3287 94.40 2.67 10
Ce 35.58 91.97 139 29 2431 58.23 083 29 3649 16245 2.75 37 2993 87.84 376 17 3443 68.28 393 25 3575 59.73 1470 15 4931 101.62 2253 13
Pr 443 12.67 145 19 5.61 10.91 052 16 5.81 10.70 146 21 511 9.04 1.10 8 5.23 9.56 177 14 4.66 8.72 1.88 12 4.89 11.78 153 9
Nd 1331 39.64 149 29 9.94 23.99 0.87 29 1250 5156 153 37 11.84 98.94 0.84 17 1057 27.87 1.05 25 1220 25.63 0.83 15 2544 94.65 3.02 13
Sm 4.47 11.22 223 20 2.77 4.70 0.90 18 3.19 849 059 23 333 17.00 042 9 3.54 7.80 0.78 14 3.80 6.93 133 12 7.24 16.64 2.01 10
Eu 1.00 2.52 037 19 0.90 1.52 021 16 0.68 148 015 21 0.75 3.57 015 9 1.06 2.04 021 14 1.16 2.05 024 12 1.70 4.15 048 10
Gd 2.67 8.00 042 26 1.72 3.55 0.27 26 1.93 595 031 35 1.85 10.94 023 17 2.00 5.23 0.24 25 2.62 5.51 0.63 15 3.28 9.56 020 13
Tb 0.56 1.72 021 18 0.52 1.20 0.09 16 0.70 218 023 21 0.68 1.76 023 9 0.62 1.61 0.10 14 0.64 1.46 011 12 0.63 1.81 0.16 10
Dy 2.30 9.58 094 27 3.47 6.06 142 27 3.17 722 086 35 2.95 9.64 064 17 218 5.80 0.80 25 2.23 4.76 0.75 15 2.46 6.08 058 13
Ho 0.55 1.40 027 19 0.54 0.92 020 16 0.45 097 014 21 0.44 0.89 030 9 0.62 1.18 027 14 0.66 1.22 0.16 12 0.79 1.25 029 10
Er 0.96 2.84 029 27 1.02 1.92 021 27 0.95 168 028 35 0.88 1.70 0.28 17 1.09 2.09 0.23 25 1.22 2.64 039 15 1.10 234 029 13
Tm 0.23 0.66 0.09 19 0.29 1.00 0.09 16 0.20 059 0.06 21 0.31 0.96 0.09 12 031 0.57 0.10 14 0.31 0.63 0.06 12 0.34 0.77 0.10 10
Yb 1.30 3.69 032 28 1.33 341 029 29 0.90 3.08 027 37 1.01 1.58 053 17 1.28 3.16 028 25 1.78 3.98 032 15 1.58 424 054 13
Lu 0.40 0.94 012 27 0.38 0.98 0.02 27 0.36 113 006 35 0.37 0.83 0.15 17 0.26 0.98 0.11 25 0.15 0.31 0.08 15 0.25 0.69 010 13
REE 7418 387.11 9.75 6438 155.67 6.28 80.47 33129 9.00 131.89 349.98 3448 7494 171.56 9.88 83.00 154.87 2231 8391 231.99 9.73
Hf 0.97 3.90 014 14 1.53 9.00 017 12 0.66 520 0.07 20 0.52 1.70 008 9 0.28 0.61 017 8 0.29 0.35 026 5 0.48 0.83 031 5
Th 5.05 10.36 227 18 435 11.85 091 16 5.44 2080 1.09 27 5.10 9.41 270 9 5.59 10.89 123 14 4.25 8.34 075 12 494 9.87 132 10

bdl: below detection limit; Max: maximum; Min: minimum; N: the number of coal samples. The unit for major element oxides is % and for other elements is mg/kg.
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Table 4

The elemental abundances in coals from the Dingji coal mine and comparisons with Chi-
nese and world coals.
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This study Chinese World coals
Elements coals®

Max  Min AM N AM N Max Min® AMC
Si0y% 20.29 0.24 471 76 847 1322 nd nd nd
TiO.% 1.24 0.017 0.28 175 033 1322 nd nd 0.133
AlL03% 2419 0.76 788 97 598 1322 nd nd nd
Fe,05% 15.63 0.11 113 136 485 1322 nd nd nd
MgO% 0.63 0.008 0.15 166 022 1322 nd nd nd
Ca0% 1.83 0.014 048 85 123 1322 nd nd nd
Na,0% 0.9 0.04 047 21 0.16 1322 nd nd nd
K,0% 1.16 0.01 027 90 0.19 1322 nd nd nd
P 492,83 33.87 149.28 99 400 1322 10 1 39
Li 96.44 9.83 36.83 138 318 1274 80 1 14
Be 8.68 0.14 24 108 211 1249 15 0.1 2
B 155.77 3.15 5046 88 53 1048 400 5 47
Sc 20.26 1.04 6.42 120 438 1919 10 1 3.7
\Y 135.42 2.83 3149 163 35.1 1324 100 2 28
Cr 92.11 293 2276 162 154 1615 60 0.5 17
Co 84.14 0.02 18.88 160 7.08 1523 30 0.5 6
Ni 81.38 1.78 1649 163 13.7 1392 50 0.5 17
Cu 78.02 233 2461 162 175 1362 50 0.5 16
Zn 117.79 2.7 2526 162 414 1458 300 5 28
Ga 136.2 1 1955 87 6.55 2451 20 1 5.8
Mn 267.66 3.02 4398 167 116 1322 300 5 71
As 59.16 0.03 7.73 86 3.79 3386 80 0.5 9
Pb 58.58 231 1596 106 15.1 1446 80 2 9
Sr 893.81 10.67 130.19 163 140 2075 500 15 10
Y 21.7 0.58 825 164 182 888 50 2 8.2
Mo 16.94 0.04 1.7 90 3.08 789 10 0.1 22
Sn 10.67 0.53 402 79 211 848 10 1 11
Sb 3.17 bdl 213 24 0.84 596 10 0.1 0.9
Cd 0.82 0.01 022 72 025 1384 3 0.1 0.2
Ba 521 31.16 13912 161 159 1205 300 70 150
La 142.42 0.03 1481 161 225 392 40 11 1
Ce 162.45 0.83 3414 165 46.7 392 70 2 23
Pr 12.67 0.52 515 99 642 392 10 1 34
Nd 98.94 0.83 1282 165 223 392 30 3 12
Sm 17 0.42 3.87 106 407 392 6 0.5 22
Eu 4.15 0.15 0.99 101 084 392 2 0.1 043
Gd 10.94 0.2 22 157 465 392 4 0.4 2.7
Tb 2.18 0.09 0.62 100 062 392 1 0.1 0.31
Dy 9.64 0.58 275 159 374 392 4 0.5 2.1
Ho 14 0.14 0.56 101 096 392 2 0.1 0.57
Er 2.84 0.21 1.01 159 179 392 3 0.5 1
Tm 1 0.06 0.27 104 064 392 nd nd 0.3
Yb 4.24 0.27 125 164 208 392 3 0.3 1
Lu 1.13 0.02 033 159 038 392 1 0.03 02
Hf 9 0.07 0.77 73 371 392 5 0.5 1.2
Th 20.8 0.75 5.02 106 584 1052 10 0.5 3.2

Max: maximum; Min: minimum; AM: arithmetic average; N: the number of coal samples;

nd: no data; the unit for major element oxides is % and for other elements is mg/kg.
2 From Dai et al. (2012a).
5 From Swaine (1990).
€ From Ketris and Yudovich (2009).
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