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Abstract

The Yanzhou mining area in the west Shandong Province, China contains coals of Permian and Carboniferous age. A total of 21
bench coal samples were collected from coal seam 3 of the Permian Shanxi Formation, Xinglongzhuang coal mine, Yanzhou
Coalfield, China. Pyritic and organic sulfur generally account for the bulk of the sulfur in coal. In this paper, the distribution and
concentration of sulfur in the Yanzhou mining district are analyzed, and the forms of sulfur are studied. Organic sulfur content was
determined by substraction and it is positively correlated to total and pyritic sulfur.

The vertical variation of Hg, As and Se and sulfur contents in coal seam 3 of the Shanxi Formation in the Xinglongzhuang mine
show that all these trace elements are enriched in the roof and floor rocks of the coal bed and that the concentrations are also
relatively high in the clay partings within the coal bed. In the studied samples, Hg and Se have an even higher concentration than
that in the world coals. The concentrations of Hg and Se in the seam studied are greater than the global mean of these elements in
coals. Se content in the studied coal is 5 times as high as the world coal value and Hg is about one to two orders of magnitude
above World Clarke value. Hg is also more enriched compared to the average concentration in Chinese coals.

The pyritic sulfur is positively correlated with total sulfur, and both are enriched in the roof rock, floor rock and clay parting of
the coal bed. The concentrations of the trace elements As, Hg and Se are closely related to sulfur. Hg correlates more with pyritic
sulfur than organic sulfur. Se relates more to organic sulfur than to pyritic sulfur. As is almost equally related to organic sulfur and
pyritic sulfur. Therefore three trace elements may be mainly associated with sulfides and other inorganic matter, also occur in
organic forms, especially for Se, already sard this.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Sulfur in coal; Trace elements; Distribution and occurrence; Yanzhou coalfield

1. Introduction

A large coal resource occurs in the Yanzhou

coalfield, Shandong Province, China. Currently, there

* Corresponding author. Tel.: +86 551 3603714; fax: +86 551 3621485. are 18 working underground coal mines in the Yanzhou
E-mail address: 1gj@ustc.edu.cn (G. Liu). coalfield with a total annual production of 20 Mt. Most
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of the coal is used for power generation and a minor
proportion is used for coke production. The location of
the Yanzhou Coalfield and description of geologic
formations has been previously reported by Liu et al.
(1999b, 2004a) and shown on Fig. 1 and 1-1.
Geochemical studies of toxic trace elements in coal
have intensified in recent years, due to a growing
awareness of the potential effects of these elements on
the environment, and the development of advanced
analytical techniques. Despite this increase in research,
knowledge of the distribution of most trace elements
within the various host phases of the coal is limited. This
is partly due to the paucity of trace element data for
many coals, and partly due to the fact that the trace
elements in coal are derived from a variety of host
phases. A proportion of the trace elements in coal
originated from the parent plant materials (Finkelman,
1980; Chen et al., 1987; Swaine, 1990; Zhou and Ren,
1992; Finkelman, 1993; Spears and Zheng, 1999; Liu
etal., 1999b; Hower et al., 2000, 2005b,c; Yudovich and
Ketris, 2005a,b, 2006; Shaver et al., 2006a,b), and these
organically-associated trace elements may be redistrib-
uted during coalification. Another portion of the trace
elements is hosted in various accessory minerals in coal,

these minerals having a variety of syngenetic to
epigenetic origins (Fiene et al., 1979; Finkelman,
1980; Spears, 1987; Swaine, 1990; Finkelman, 1993,
1994; Palmer and Lyons, 1996; Ward and Gurba, 1998,
1999; Ward et al., 1999; Kolker et al., 2000a; Huggins
et al., 2000; Ward et al., 2001; Huggins et al., 2002;
Ward, 2002; Ruppert et al., 2005; Ward et al., 2005; Dai
et al., 2006). It is normally assumed that chalcophile
trace elements are associated with pyrite and other
sulphides in coal, and lithophile elements with carbo-
nates or clay minerals (Finkelman, 1980, 1989; Swaine,
1990; Finkelman, 1994, 1995; Liu et al., 1999b;
Huggins et al., 2000, 2002; Liu et al., 2004a).

As, Se and Hg are potentially toxic trace elements in
coal (Swaine, 1990, 1992; Finkelman et al., 1999; Zheng
etal., 1999; Swaine, 2000; Liu et al., 2006, submitted for
publication). Numerous studies have focused on the
release of Hg, As and Se during coal combustion, the
redistribution of trace elements in by-products of coal
combustion and associated their environmental effects
(Rong and Weng, 1990; Li and Tang, 1994; Helble,
1994; Wang et al., 1996a,b, 1997; Foner et al., 1999;
Spears et al., 1999; Spears and Zheng, 1999; Vassilev
and Colette, 1999; Yan et al., 1999; Qiu et al., 1999;

Yanzhou mining area

Fault

Coal field

Fig. 1. Location of the Yanzhou mining district in Shangdong Province, China. 1. Stratigraphic section of the Upper Carboniferious Taiyuan
Formation and the Lower Permian Shanxi Formation in the Yanzhou coalfield. 2. The contents of total sulfur (St, %), pyritic sulfur (Sp, %), sulphide

sulfur (Ss, %), organic sulfur (So, %).
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Fig. 1 (continued ).

Furimsky, 2000; Swaine, 2000; Senior et al., 2000a,b;
Zengetal., 2001; Sugawara et al., 2002; Guo et al., 2002,
2003, 2004; Huang et al., 2004; Liu et al., 2004b;
Mardon and Hower, 2004; Mastalerz et al., 2004;

Sakulpitakphon et al., 2004). Because of high toxicity
of Hg, As, and Se and their compounds, it is desirable to
reduce the Hg, Se, and As content of coals prior to
combustion in power plants (Swaine, 2000; Swanson,
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2001; Liu et al., 2002a). In order to reduce the pollution
of Hg, Se, and As and to provide suitable processing
methods, many studies have reported on the distribution
and mode of occurrences of Hg, Se, and As in coal. The
mode of occurrence of an element is an important factor
in determining its toxicity and behavior during mining,
processing, and utilization. Detailed knowledge on the
mode of occurrence of an element is crucial to the
understanding of its technological behavior, by-product
potential, geological significance, and environmental
impact (Finkelman, 1980, 1989; Swaine, 1990; Kolker et
al., 2000b; Liu et al., 2002a; Kolker et al., 2005; Hower
etal.,2005a; Yudovich and Ketris, 2005a,b, 2006; Zheng
et al., submitted for publication).

In this study, samples were collected in coal seam 3 of
the Shanxi Formation (Lower Permian). Coal rank in
western Shandong is primarily high volatile bituminous,
although medium volatile bituminous coal occurs in the
deeper areas of the coalfield. Characterization of the
samples was described in previous work (Liu et al., 1999a,
b, 2004a). Results of these studies indicate that they are very
similar to coals of the Jining and Zibao coalfields, which
border the Yanzhou Coalfield (Liu et al., 2003, 2005).

In the current study, we determined the content of
Hg, As, and Se in coal samples, with the objective of
comparing their distribution and mode of occurrences in
relation to sulfur. Our goal was to provide an increased
understanding of the geochemistry of sulfur and
concentration of potentially hazardous trace elements
(As, Hg, and Se) in the coals of the study district, in
addition to presenting information relevant to environ-
mental protection during coal mining and utilization.

2. Sampling

In this study, coal seam 3, which is divided into two sub-
seam, named 3; and 3,, was sampled in the Yanzhou
coalfield. A total of 21 samples of coal seam 3 and
associated clay partings were collected from the Xinlongz-
huang underground coal mine, which had a production of
5.0 Mt in 2005. The coal seams in the Yanzhou coalfield are
numbered in ascending sequence from 17 to 1. The samples
of seam 3 were analyzed to identify the vertical distribution
of sulfur and selected trace elements. These samples are
identified as M1 to M21 from bottom to top of the coal bed.
Samples M 14 and M15 represent clay partings in the coal
bed, and M21 is roof of the bed (also coaly claystone). All
samples were collected as channel samples from a fresh
face of the coal bed. The individual sampling intervals were
approximately 10-cm to 20-cm thick as they occur
continuously, and the 10-cm thick clay parting in the coal
bed was sampled separately.

3. Methods

Bulk coal samples were air-dried, ground and split
until a representative 0.5-kg sample ground to pass a
0.250-mm sieve was obtained for mineralogical,
proximate, and chemical analyses. Other splits were
made at different size fractions for petrological studies.
The methods used to obtain proximate and ultimate
analysis, chemical and petrographic analysis and other
parameters are reported in previous studies (Liu et al.,
1999b, 2002b, 2004a). In this study, we determined Hg
and Se in coal. Other parameters were reported in
previous studies (Liu et al., 1999b, 2002b, 2004a).

For Hg and Se analysis, 0.1 g of coal samples was
treated with 12 ml of an oxidizing mixture (HNOs:
HCl=3:1) and 3-ml HF in a Teflon crucible and placed in
a microwave oven (600 W, 30 min; 1200 W, 25 min;
1200W, 30 min). After being cooled, the recovered
samples were diluted to 25 ml with double-distilled
deionized water.

Hg concentrations in solution were determined by a
Flow Injection Mercury System (FIMS, PERKIN ELMER
As90). Se and As concentrations were determined by
Inductively Coupled Plasma-Atomic Emission Spectrom-
etry (ICP-AES). The detection limit of this method is
0.05 ng/g. Quality control for Hg and Se was provided by
parallel analysis of standard reference material from
National Institute of Standards and Technology Certificate
of Analysis (SRM 1632b). The precision are controlled in
the limit of the standard quality. The measured value of Hg
and Se are 63.4 ng/g and 85.1 ng/g, respectively.

The values of ash, total sulfur (St), pyritic sulfur (Sp),
organic sulfur (So) and sulfate sulfur (Ss), As, Hg, and
Se in coal are listed in Table 1.

4. Results and discussion
4.1. Distribution of sulfur

In the Yanzhou coalfield, it is well known that the
sulfur contents in the Taiyuan coals are much higher than
those in the Shanxi coals (Liu et al., 1999b, 2003, 2004a).
The difference could be due to a marine influence on the
depositional environment of the coal seams, as was
pointed out in previous studies (Chou, 1990; Wu, 1990;
Wu et al., 1995; Chou, 1999; Liu et al., 1999b, 2001,
2002b, 2004a). In these reports, the origin and formation
of pyritic sulfur and organic sulfur in high-sulfur coals
were studied. Results indicated that nearly all the iron in
many coals in the study district was associated with pyrite
and siderite. However, these results were preliminary and
further research on sulfur is needed.
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Table 1

Ash yield %, total sulfur (St, %), pyritic sulfur (Sp, %), sulphide sulfur
(Ss, %), organic sulfur (So, %) and selected environmentally
significant trace element concentrations (ppm), all presented on a
dry whole coal basis, Shanxi Coal Seam 3

Samples  Ash St Sp Ss So As Hg Se

% % % % % ppm ppm ppm
M1 19.81 231 1.69 0.09 053 378 0.58 6.72
M2 12.3 1.02 0.71 0.07 024 324 024 4.67
M3 10.7 092 064 0.05 023 125 021 443
M4 13.7 0.88 055 0.02 031 132 0.17 4.63
M5 9.65 0.72 048 0.01 023 1.05 0.16 3.15
M6 873 095 0.65 0.02 028 212 022 390
M7 11.25 0.86 0.62 0.02 022 196 0.18 293
M8 10.05 093 063 0.04 026 138 021 3.45
M9 945 1.02 074 0.07 021 1.62 027 2.6l
M10 1231 132 095 0.04 033 2.01 038 431
M1l .72 1.15 091 0.05 0.19 2.17 037 225
M12 14.7 142 1.03 0.03 036 232 052 425

M13 247 287 211 0.05 071 321 071 7.36
M14 56.67 396 298 0.1 0.88 476 0.84 8.87
M15 5996 432 341 0.12 079 454 1.07 8.12
Ml6 20.11 326 271 0.08 047 3.86 090 533
M17 172 435 3.02 0.06 127 297 097 984

M18 11.5 086 051 0.06 029 301 026 3.27
M19 123 091 059 0.08 024 231 020 273
M20 1172 1.02 0.71 0.07 024 205 027 2.69
M21 60.81 842 696 026 120 3.63 176 642

4.1.1. Total sulfur

Table 1 shows the ash yield, sulfur forms, Hg, As,
and Se concentrations, all presented on a dry, whole-
coal basis, in channel samples from the Shanxi coal
seam 3 from the Xinglongzhuang mine.

Within the section of the Shanxi coal seam 3
analyzed in detail (Table 1), the total sulfur content of
the coal samples varied from 0.72 (M5) to 4.35
(M17) wt.%. The average total sulfur content of the
coal itself is 1.49 wt.%, excluding clay partings and roof
rock samples (M14, M 15 and M21). There is an increase
in the total sulfur content for this seam section in both of
the clay partings (3.96 wt.% (M14) and 4.32 wt.%
(M15)) and the roof rock (8.42 wt.%, M21). However,
in the middle of the seam, the total sulfur contents of
samples M13 (2.87 wt.%) to M17 (4.35 wt.%) are
unusually high, with an average value of 3.75 wt.%,
because they are associated with banded pyrite lamellae.

4.1.2. Pyritic sulfur

Pyritic sulfur is the dominant form of sulfur. SEM and
XRD indicate the presence of sulfur-bearing minerals in
addition to pyrite, including marcasite, sphalerite,
galena, and chalcopyrite. Pyrite occurs in several
forms, most commonly as nodules and partings (e.g.

M15, M17). Disseminated pyrite, ranging in size from a
few millimeters to less than 1 pum, is also present, as well
as platy pyrite in cleats, pyrite veins, and pyrite in
permineralized peat or coal balls, and studies of their coal
samples (Chou, 1990; Swaine, 1994; Chou, 1999; Liu
et al., 1999a,b; Liu and Yang, 2000; Liu et al., 2001).

The pyritic sulfur contents of the plies in the
Xinglongzhuang coal mine seam section varied from
0.48 t0 6.96 wt.%, with an average of 1.55 wt.% (Table 1).
Excluding samples M14, M15 and M21 (clay partings
and roofrock), the pyritic sulfur content of the seam varies
from 0.48 to 3.02 wt.%, with an average of 1.07 wt.%.
Pyritic sulfur is closely correlated with total sulfur in the
coal bed (Fig. 1-2). There are several distinct forms of
pyrite in M21. An early, syngenetic phase developed as
framboids and isolated euhedral crystals. The second
phase of pyrite occurs as an anastomosing array of veins,
sub-parallel to the coal banding, which cross-cut the
framboidal clusters. These veins are themselves cut by
cleat-fill pyrite of a third phase.

From Table 1, it can be seen that the coal with a
marine roof in the underground coal mine presents a
more complex situation. Not only are the total sulfur and
pyritic sulfur concentrated in the lower and upper plies
of the seam, but also plies with higher sulfur content
occur in the middle of the seam (M13-M17) (Fig. 1-2).
The high levels of total sulfur in the basal and top plies
could be explained by the development of peat mire in a
transgressive marine setting and inundation of the peat
surface by sulfate-rich sea water. The concomitant high
pyritic sulfur levels would indicate the availability of
ferrous iron in peat.

4.1.3. Organic sulfur

The organic sulfur in the Yanzhou coalfield has been
reported and studied by previous studies (Chen et al.,
1993; Liu et al., 1999b, 2001; Gao et al., submitted for
publication). In these studies, macerals were separated
from the coal seam by means of isopycnic density
gradient centrifugation. Direct measurement of the
organic sulfur content and its distribution in the coal
macerals was made by transmission electron microscope
(TEM) (Chen et al., 1993). In this study, organic sulfur in
21 samples was determined by subtraction. The organic
sulfur ranges from 0.19 wt.% to 1.27 wt.%, with an
average of 0.45 wt.% (Table 1). The organic sulfur levels
show the correlation with the total sulfur (Fig. 1-2).
According to the results of this study, the highest
concentration of organic sulfur in the macerals of the coal
seam is 1.27 wt.%. The range of organic sulfur contents
in liptinite is much wider than that of other macerals. The
individual macerals have various proportions of organic
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sulfur (Ward and Gurba, 1998, 1999; Liu et al., 1999b).
Inertinite in the seam has the lowest organic sulfur
concentration. The organic sulfur concentration of
vitrinite lies between the liptinite and the inertinite.

4.1.4. Sulfate sulfur

The coals contain minor amounts of sulfate sulfur.
Sulfate minerals such as gypsum and barite are found in
some study samples. The following iron sulfate minerals
may be weathering products of pyrite: szomolnokite,
rosenite, melanterite, coquimbite, etc. The sodium
sulfate minerals, mirabilite and thenardite, found in
coal refuse, are reaction products of iron sulfate with
sodium associated with coal.

The proportions of sulfate sulfur in the samples are
less than 0.1 wt.%, with the exception of samples M 14,
M15 and M21 (clay partings and roof rock). Average
sulfate sulfur is 0.07 wt.%, which is much lower than the
other sulfur forms.

4.2. The distribution and occurrences of As, Hg and Se

Trace elements are present in coals at different
concentrations, depending on the various processes by
which they have entered the coal at the different stages of
coalification. Most elements are associated with the
mineral matter in coal;, however, certain elements may
have an organic affinity (Finkelman, 1981, 1989; Swaine,
1990; Zhong, 1992; Finkelman, 1993, 1994; Liu et al.,
2002b). The elements associated with mineral matter are
variably affected by combustion, but are mostly concen-
trated in ash (Yang and Qian, 1983; Sun and Jervis, 1986;
Finkelman, 1994; Swaine, 1994; Nerin et al., 1994; Lu
etal., 1995, 1996; Xu and Zhai, 1997; Spears and Zheng,
1999; Yan et al., 1999; Zheng et al., 1999; Liu et al.,
2002b; Ding et al., 2001; Liu et al., 2004c).

4.2.1. Arsenic

The concentration of As in 21 incremental channel
samples from the Yanzhou Coalfield is presented in
Table 1. The content of As ranges from 1.05 ppm (M5)
to 4.76 ppm (M14), with an average value of 2.59 ppm.
The average value of As is 2.31 ppm, excluding clay
parting and roof rock (M 14, M 15 and M21), with the As
content ranging from 1.05 ppm (MS5) to 3.86 ppm
(M16). The distribution of As in the channel samples is
approximate to the distribution of the total sulfur. The
highest As values are from a middle bench (M14 and
M15), the samples also have relatively higher total
sulfur contents (St=4.32% and 3.96%), with pyritic
sulfur accounting for 3.41% and 2.98%. However, the
highest sulfur is in the roof of coal (M21) (8.42%) with

highest pyritic sulfur 6.96%, and the content of As in the
sample is 3.63 ppm, which is fifth highest in all samples.

The contents and distribution of trace elements in
coals are clearly relevant to any aspects such as geo-
logical background, coal-forming plant, sedimen-
tary environment and coalification. The category and
distribution varies in different coalfieds. Previous
studies (Chen et al., 1985; Zhou, 1985; Chen and
Yang, 1989; Zhou and Ren, 1992; Liu and Xu, 1992;
Cui and Chen, 1998; Zhou, 1998; Liu et al., 1999a,b;
Zhuang et al., 1999a,b; Ren et al., 1999; Zhang et al.,
1999; Ding et al., 2001; Li et al., 2002; Lu, 2003; Liu
et al.,, 2004a; Zhang et al., 2004a) indicated that the
range of As is below detection limit to 10 ppm in most
Chinese coalfields and the mean value is about 5 ppm.
This value is lower than that of the average for World
coals, and it is much lower than the mean value for coals
in the United State (24 ppm) and Russia (25 ppm)
(Swaine, 1990; Finkelman, 1993).

Compared other provincial coal from previous results
(Liu et al., 1999a,b, submitted for publication), the
average As content in the Yanzhou coal is higher by
about 2 ppm than Inner Mongolia, Hebei, Jiangsu,
Ningxia and Qinghai Provinces. However, the average
value of As in the Yanzhou coal is much lower than the
average value (18.16 ppm) of As in coals from the
southwest China (Yunnan, Guizhou, Sichuan and
Chongqing) (Chen et al., 1985; Chen and Yang, 1989;
Cui and Chen, 1998). For example, Ding et al. (2001)
analyzed 32 samples from Guizhou coals, and showed
that the contents of 12 samples exceeded 1000 ppm with
a maximum value of 35,000 ppm.

Many studies on modes of occurrences of As in coals
have been conducted. Some work (Finkelman, 1981;
Coleman and Bragg, 1990; Finkelman, 1994; Belkin
etal., 1997; Hower et al., 1997; Swaine, 2000; Liu et al.,
2001; Ruppert et al., 2005) reported that As-bearing
sulfide, often associated with pyrite, was the most
common form of inorganic As. Kolker et al. (2000b)
concluded that arsenic is most often found in the
minerals realgar (AsS), orpiment (As,S3), and arseno-
pyrite (FeAsS). As is also found in association with
sulfides of copper, lead, and zinc and with the minerals
pyrite, chalcopyrite, and sphalerite. Finkelman (1995)
reported that 80% of As exists in these forms. The
modes of occurrence of As in coal are quite complex, As
is found mainly in the form of inorganic compounds, but
As in association with organic matter was also been
observed.

In China, many researchers (Zhang et al., 1992;
Zhong, 1992; Wang et al., 1996a,b, 1997; Lu et al,,
1997; Zhou, 1998; Zhao et al., 1998; Zhang et al., 1999;
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Ding et al., 1999; Liu et al., 1999b; Huang et al., 2000;
Wang, 2000; Zhang et al., 2000a; Guo et al., 2001; Chen
et al., 2002; Liu et al., 2002b; Chen and Tang, 2002a;
Ding et al., 2003; Zhao et al., 2003; Liu et al., 2004a;
Zhang et al., 2004a,b; Liu et al., submitted for
publication) indicated that As is associated with organic
matter, but also associated with pyrite. Many factors
impact the occurrences of As in coals and there are many
occurrences of organic As.

Guo et al. (2001) conducted chemical sequential
leaching on anthracite of Laiyang, lignites of Qianjiayin,
and bituminous coals of Qingshan, and found that most
As (73%-83%) occurred in sulfide minerals. Liu et al.
(2002b) studied the relationship between the contents of
trace elements and sulfur in coals of different density
with float-sink test from Baodian of Shandong Province
and found that: 1) As content was positively correlated
with sulfides and sulfate; and 2) As content decreased
with increasing coal density due to high mineral. Using
neutron activation analysis, Huang et al. (2000)
examined high-S coals of Paleozoic Taiyuan Formation
from Zaozhuang of Shandong Province and reported As
content up to 20 ppm in bright coals. Further analyses
with SEM-EDX showed that As was mainly associated
with pyrite and As up to 90 ppm was found in pyrite
which contained high calcium. Zhou (1998) analyzed
samples of Permian coals from Laochang mine in
eastern Yunnan Province and found that: 1) As content
increased with increasing sulfur content in coal beds
with greater than 0.6% sulfur; and 2) pyrite was the main
carrier of arsenic, containing more As than organic
matter and clay minerals. Using sequential leaching and
statistical analyses, Zhao et al. (2003) determined the
modes of occurrence of As in the following order:
sulfide As>organic As>arsenate>silicate As>soluble
and exchangeable arsenic. Using neutron activation
analysis, Chen et al. (2002) tested 147 samples of
Chinese coals from different regions, ages, and ranks,
and concluded that inorganic arsenic mostly occurred as
isomorphic substitution of sulfur in pyrite. However,
Zhou (1998) analyzed samples of Late Permian coals
from Xingren and Xingyi of Guizhou Province using X-
ray absorption fine structure spectroscopy and found
that As existed as arsenate and arsenite, not sulfide, in
high-As coals.

From Fig. 2(a,b,c), it can be shown that the As is
correlated with sulfur, especially for pyritic sulfur and
organic sulfur. When the pyritic sulfur exceeds 1%, the
content of As is over 2 ppm. For example, pyritic sulfur
concentrations in M1 (1.69%), M12 (1.03%), M13
(2.11%), M14 (2.98%), M15 (3.41%), M15 (2.71%),
M16 (3.02%) and M21 (6.96%), have As in those

samples ranging from 2.32 ppm to 4.76 ppm. The form of
As may mainly be associated with sulfide. In these
samples, M2, M6, M18, M19 and M20, the pyritic sulfur
contents are relatively low, as is the total sulfur. However,
in these samples, the content of As is also over 2 ppm.
The correlation coefficients of As to total sulfur, pyritic
sulfur and organic sulfur are 0.671, 0.648 and 0.653,
respectively. The organic sulfur is slightly higher than the
association with pyritic sulfur. Based on these data, we
conclude that the form of As may be associated with
either inorganic or organic components in the samples.

Previous studies showed that organic As exists in
coal, but the exact organic form was still unclear.
Finkelman (1981) reported that for coals having less
than 5 ppm As, most As is associated with organic
matter. Liu et al. (1999b) analyzed coal samples from
the Baodian deposit of Shandong Province and also
found As to be associated with organic matter in low
density coal, in addition to its association with sulfides.
Based on sequential leaching of anthracite of Laiyang,
lignite of Qianjiayin, and bituminous coal of Qingshan,
Guo et al. (2001) found that 8% of the As was or-
ganically associated. Zhao et al. (1998, 1999, 2003)
analyzed Late Permian anthracite from Xingren and
Xingyi of Guizhou Province using XRD, TEM-EDX-
SAD, and EMPA, and found that As occurred in organic
association, instead of in the form of elemental As or
As-containing minerals.

Knowledge of modes of occurrence of an element is
crucial to the assessment of the feasibility of its
recycling and utilization and to the understanding of
pathways by which it is introduced into the environ-
ment. Study of the mode of occurrence is complicated
by the fact that variable modes of occurrence could
occur for an element in the same sample, and multiple
elements could co-exist in a single mode. Modes of
occurrence of trace elements in coal have been
determined mostly indirectly, and to a lesser extent
directly, because of limitations in direct methods. More
research is needed to fully understand the modes of
occurrence of arsenic in coal, particularly the organi-
cally associated form (Zhang et al., 2000a,b).

4.2.2. Mercury

The concentration of Hg in 21 incremental channel
samples of seam 3 from the Yanzhou Coalfield is pre-
sented in Table 1. Including clay partings and roof rock,
the content of Hg ranges from 0.16 ppm (M5) to
1.76 ppm (M21), with an average value of 0.50 ppm. The
average value of Hg is 0.37 ppm, excluding clay partings
and roof rock (M14, M15 and M21), with the Hg content
ranging from 0.16 ppm (M5) to 0.97 ppm (M17).
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Fig. 2. The relationship between different forms of sulfur and trace elements (Hg and As).

The highest Hg value was from the roof bench sample,
which also had the highest sulfur content (St=8.42%),
and highest pyritic sulfur content (6.96%). However,
some high Hg values were from middle benches (M13—
M17), with Hg value ranging from 0.71 ppm to 1.07 ppm.
The total sulfur in the middle benches ranges from 2.87%
to 4.35%, and pyritic sulfur ranges from 2.11% to 4.35%.
The third highest Hg value was from a bottom seam bench
(M1), which also had a high sulfur content (2.31%).

The average of Hg content in these 21 coal samples
(including clay partings and roof rock) is higher than
coals from other areas, as indicated by a comparison
with those of Carboniferous—Permian coals of northern
China (0.01 ppm to 5 ppm, average value of 0.17 ppm)

(Tang and Huang, 2004), Chinese coal (0.01 ppm to
5 ppm, average value of 0.1 ppm) (Tang and Huang,
2002, 2004), U.S. coal (average value of 0.17 ppm)
(Finkelman, 1993), and the mercury Clarke value for
world coal (0.1 ppm) (Yudovich and Ketris, 2005b). The
mean Hg values for theYanzhou coalfield are three times
as high as those in World Clarke value. The highest
levels of Hg in the Yanzhou coalfield exceed the range
of Carboniferous—Permian coals of northern China and
the Chinese coals (0.5 ppm) reported by Tang and
Huang (2004). In comparison with the mercury Clarke
value for world coal (Yudovich and Ketris, 2005b), Hg
in the coals from the Yanzhou coalfield is much higher.
However, most samples (11 samples are below 0.3 ppm)
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in this study do not have particularly high levels of Hg,
ranging from 0.16 ppm to 0.3 ppm.

The occurrence of Hg in coal in solid solution in pyrite
has been reported by many authors, primarily based on the
correlation of sulfur with Hg contents, particularly in
coals extremely enriched in mercury (Ding et al., 2001;
Diehl et al., 2004; Zheng et al., submitted for publication).

We can seen from Fig. 2(d, e and f).that the Hg
content is closely related to total sulfur and pyritic
sulfur. The relationship is very close to pyritic sulfur and
organic sulfur. The correlation coefficients of Hg to total
sulfur, pyritic sulfur and organic sulfur are 0.985, 0.984
and 0.886, respectively. In the samples, Hg association
with sulfides may be dominant, and organic Hg appears
to be secondary.

Hg offers many challenges in determining its modes
of occurrence. Because of relatively low concentrations
and high volatility, there are little data on the behavior
and Hg occurrence in coal. Finkelman (1980, 1981)
carried out laboratory float—sink and analysis of
minerals separated from coal. In these studies, he
suggested that Hg is clearly associated with pyrite,
especially late-stage (epigenetic) pyrite. He concluded
that the level of confidence estimated of the Hg
occurrence in coal is 6 out of 10 (Finkelman, 1994).
In another study, Feng et al. (1998) and Feng and Hong
(1999) indirectly proved that in the high-Hg coals of
Guizhou, the sulfide form of Hg dominates.

During the last decade, many researchers have
determined that Hg occurs in the form of pyrite.
However, previous studies also suggest Hg may be
associated with organic components in coal (Ruch et al.,
1971; Fiene et al., 1979; Belyaev et al., 1989; Lyons et
al., 1989; Palmer et al., 1993, 2000; Khrustaleva et al.,
2001; Dronen et al., 2004; Brownfield et al., 2005). For
example, Zheng et al. (submitted for publication) carried
out the sequential extraction tests with 29 coal samples
from Huaibei coalfield. The results showed that the
correlation between Hg and the total sulfur contents in
the Huaibei coal samples is only 0.17 (n=29).
Interestingly, when they studied this relationship on
coal seam 3, 4, and 10 coal samples in the huaibei
coalfield, a very high positive correlation coefficient
between Hg and the total sulfur contents (R=0.64) was
found. The results show that magmatic intrusions not
only influenced the concentration and distribution of Hg
in coals, but also the modes of occurrence. In No. 3, 4,
and 10 coals of the Huaibei Coalfield, the sulfide and
organic sulfur-bound forms of Hg may dominate, but in
No. 5 and 7 coals, Hg may occur in organic modes.
Palmer et al. (1993, 2000) concluded that organic Hg
occurs in a subbituminous coal from the Powder River

basin. Organic Hg in coal has a wide range, from 0 to
100%. For example, Filby et al. (1977) concluded that
over 78% of Hg in a Kentucky bituminous coal is
associated with organics. Fiene et al. (1979) studied the
Herrin No. 6 (Illinois), Blue Greek (Alabama), Pitts-
burgh No. 8, and Rosebud (Montana) coal, which results
demonstrated organic Hg was that 100% in Herrin No. 6
and Blue Greek, and 47% and 3% in the Pittsburgh No.
8 and Rosebud coal, respectively.

4.2.3. Selenium

Se is a necessary trace element for plants, animals and
humans. Selenium is present as Se’, Se?”, Se*", Se® in
natural waters. Although selenium metal has little tox-
icity, the selenide, selenite, and other selenium com-
pounds such as selenium fluoride, have a high toxicity.
During coal combustion and pyrolysis, Se is oxidized
into SeO, and other forms, which can easily dissolve in
water and transform into selenite or be distributed into
atmosphere (Sun and Jervis, 1986; Nriagu and Pacyna,
1988; Finkelman et al., 1990; Clarke and Sloss, 1992;
Liuetal., 2004c; Zhu and Zheng, 2004; Zhu et al., 2004).

Table 1 shows the Se content of the Shanxi seam 3
samples varied from 2.25 ppm (Ml11) to 9.84 ppm
(M17). The average value is 5.23 ppm. Excluding clay
parting and roof rock (M14, M15 and M17), the average
value of Se is 4.35 ppm.

In the study area, the average value is much lower
than that in Huainan coalfield, which is located south of
the Yanzhou coalfield (Chen and Tang, 2002Db).
According to Ren et al. (1999) the geometric mean for
118 Chinese coals, is 3.6 ppm, and ranges from 0.12 ppm
to 56.9 ppm, and the average value is lower than that in
Yanzhou. However, the average Se content of Guizhou
coal is 5.47 ppm (Feng et al., 1998), and is almost equal
to the average Se content in Yanzhou coalfield. Some
reports (Ren et al., 1999; Zhuang et al., 1999a,b; Chen
and Tang, 2002b; Bai et al., 2003; Zhu and Zheng, 2004;
Zhu et al., 2004; Li et al., 2006) showed the average
value of Se from 129 samples in Yutangba coal is about
143 ppm, which is highest for any province.

The world average Se content in coals (coal Clarke of
Se) for hard coals and brown coal are 1.6 ppm and
1.0 ppm, respectively (Yudovich and Ketris, 2006). The
average Se content in the Yanzhou is five times as high
as the world coal value, and higher than most pubished
country averages. In Australian lignites, Se ranges from
0.2 ppm to 1.2 ppm (Swaine, 1990). In US coal, the
average value of Se is 1.8 ppm for 7563 samples
(Coleman et al., 1993).

The Se contents from M1 to M4, and M12 to M17, are
relatively higher, particularly for the parting samples
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Fig. 3. The relationship between different forms of sulfur and Se.

(Fig. 3). The roof and floor rocks of the coal bed also have
higher Se values. It can also be shown that Se content
increases with increasing total sulfur, however, it is clear
that the Se content is closely associated with organic
sulfur (Fig. 3). The relationship of Se to organic sulfur is
stronger than the relationship to total sulfur or pyritic
sulfur. The correlation coefficient of Se to total sulfur,
pyritic sulfur and organic sulfuris 0.707, 0.662 and 0.882,
respectively. Hence, organic Se may dominate, but pyritic
Se may be present in some samples.

Organic forms of Se in coals have been reported in
previous studies (Finkelman, 1980, 1981; Minkin et al.,
1984; Finkelman, 1985; Swaine, 1990; Dreher and
Finkelman, 1992; Finkelman, 1994; Finkelman et al.,
1999; Troshin et al., 2001; Dai et al., 2003; Zhu and
Zheng, 2004; Zhu et al., 2004; Wen et al., 2006; Yudovich
and Ketris, 2006). For example, Troshin et al. (2001)
concluded that a strong correlation of Se and organic
carbon (R=+0.79 for 29 samples) indicates Se bonding
with coal organic matter. In order to study the occurrence
of Se in coal, Finkelman et al. (1999) performed the semi-
quantitative estimation of Se modes of occurrence in 25
coals by means of selective leaching, microprobe, and
SEM-EDS analyses. The experiments concluded that
organic Se contribution makes up no less that 50% with
most of the remaining Se associated with pyrite.

According to the results of this study, we can see from
Fig. 3, Se content is positive correlated to pyretic sulfur,
but more closely tied to organic sulfur. Se can substitute
readily for sulfur in many sulfide minerals. Several
reports cite the occurrence of Se in pyrite extracted from
coal (Minkin et al., 1984). Se also occurs in micrometer
size crystals of clausthalite, a ubiquitous accessory phase
in many coals (Finkelman, 1985; Hower and Robertson,
2003) Se has been detected in several other sulfide
minerals (including galena) in coal (Finkelman, 1981)
and in several other mineral forms (Swaine, 1990). In the
studied samples, it can be concluded that the organic Se
and pyritic Se are dominant forms.

5. Conclusions

(1) In the Shanxi coal seam 3, the total sulfur and
pyritic sulfur contents are both relatively high in
the roof and floor rocks and in the upper clay
parting ply of the coal seam. Organic sulfur
content is positively correlated to total and pyritic
sulfur. The origin of the sulfur enrichment in roof
and floor rocks, and in the clay parting of the seam,
is thought to be from sulphate ions carried into the
palacoenvironments during the peat forming
process.
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(2) Hg, Se and As are more highly concentrated in the
top and bottom of the seam. There are general
similarities in the vertical variations. However, in
the upper clay parting of the seam, all of the selected
trace elements have an even higher concentration.
The concentrations of Hg and Se in the seam
studied are greater than the global mean of these
elements in coals. Se content in the studied coal is
five times as high as the world coal value and Hg is
about three times as high as that in World Clarke
value. Hg is more enriched compared with the
average concentration in Chinese coals.

(3) Hg, Se and As in studied samples are closely
associated with sulfur. Hg is slightly more
associated with pyritic sulfur than to organic
sulfur. Se is much closer to organic sulfur than to
pyritic sulfur. As is almost equally related to
organic sulfur and pyritic sulfur.

(4) Inthe studied samples, the three trace elements may
be mainly associated with sulfide and other inor-
ganic matter, however, they also occur in organic
forms. Se shows most dependence for organic
modes of occurrence followed by As and last Hg.

Acknowledgements

This work was supported by the Natural Science
Foundation of China (40273035) and Youth Natural
Science Foundation of Anhiu (04045064). We wish to
thank Zhongxin Hu for assistance during the sampling.
We thank Editor and Prof. J.C Hower and Theresa Wiley
for reviewing the manuscript and giving us many
constructive comments.

References

Bai, X., Li, W.H., Chen, W.M., 2003. The study on distribution of
selenium in Chinese coals and its washability. Journal of China
Coal Society 28, 69—-73.

Belkin, H.E., Zheng, B.S., Finkelman, R.B., 1997. Geochemistry of
coals causing arsenism in southwest China. 4th International
Symposium on Environmental Geochemistry. U. S. Geological
Survey Open-File Report 97-496.10.

Belyaev, V.K., Pedash, E.T., Ko, N.A., 1989. Minor elements in coal
and host rocks at the Shubarkol coal deposit. Exploration and
Conservation of Mineral Resources 11, 12—16.

Brownfield, M.E., Affolter, R.H., Cathcart, J.D., Johnson, S.Y.,
Brownfield, I.K., Rice, C.A., 2005. Geologic setting and
characterization of coals and the modes of occurrence of selected
elements from the Franklin coal zone, Puget group, John Henry no.
1 mine, King County, Washington, USA. International Journal of
Coal Geology 63 (3—4), 247-275.

Chen, R., Qian, Q.F., Yang, Y., 1985. The distribution of trace
elements in coals from 107 coal mines in China. Chinese Science
Bulletin (1), 27-29.

Chen, R., Yang, S.J., 1989. The distribution of As, Se, Cr, U and Th in
Chinese coals. Environmental Science 10 (6), 23—26 (in Chinese
with English abstract).

Chen, P, Tang, X.Y., 2002a. Arsenic in coal of China. Coal Geology of
China 14, 18-24 (sup, in Chinese with English abstract).

Chen, P., Tang, X.Y., 2002b. Selenium in coal of China. Coal Geology
of China 14, 29-32 (supple., in Chinese with English abstract).

Chen, J.R., Kneis, H., Martin, B., 1987. Trace elemental analysis of
bituminous coals using Heidelberg proton microprobe. Nuclear
Instruments and Methods 1, 151-157.

Chen, Z.H., Wu, F.D., Zhang, S.L., Zhang, L.M., Ma, 1.X., Ge, L.G.,
1993. The Depositional Environments and Coal-Accumulating
Regularities of Late Paleozoic Coal Bearing Measures in North
China. University of Geosciences Press, China, p. 153.

Chen, P., Kuang, H.W., Tang, X.Y., 2002. Research on the distribution
and occurrence of arsenic in coal. Journal of China Coal Society 27
(3), 259-263 (in Chinese with English abstract).

Chou, C.L., 1990. Geochemistry of sulfur in coal. In: Orr, W.L., White,
C.M. (Eds.), Geochemistry of Sulfur in Fossil Fuels. Acs
Symposium Series, vol. 429. American Chemical Society,
Washington, D.C. Chapter 2,30-52 , ISGS Reprint Seres 1990.

Chou, C.L., 1999. Geologic characteristics of sulfur in coals and
development of the clean coal technologies. Earth Science
Frontiers 6, 23-27 (Supplement).

Clarke, L.B., Sloss, L.L., 1992. Trace Elements from Coal Combustion
and Gasification. IEACR/49. IEA Coal Research, London, p. 111.

Coleman, S.L., Bragg, L.J., 1990. Distribution and mode of occurrence
of arsenic in coal. In: Chyi, L.L., Chou, C.L. (Eds.), Recent
Advances in Coal Geochemistry. Spec. Pap. - Geol. Soc. Am.,
vol. 248, pp. 13-34.

Coleman, S.L., Bragg, L.J., Finkelman, R.B., 1993. Distribution and
mode of occurrence of selenium in US coals. Environmental
Geochemistry and Health 15, 215-227.

Cui, F., Chen, H., 1998. Distribution and modes of occurrence of
arsenic in coal of China. Coal Science and Technology 26 (12),
44-46 (in Chinese with English abstract).

Dai, S.F., Ren, D.Y., Hou, X., 2003. Geochemical and mineralogical
anomalies of the late Permian coal in the Zhijin coalfield of
southwest China and their volcanic origin. International Journal of
Coal Geology 55, 117-138.

Dai, S.F.,, Zeng, R., Sun, Y., 2006. Enrichment of arsenic, antimony,
mercury, and thallium in a late Permian anthracite from Xingren,
Guizhou, southwest China. International Journal of Coal Geology
66 (3), 217-226.

Diehl, S.F., Goldhaber, M.B., Hatch, J., 2004. Modes of occurrence of
mercury and other trace elements in coals from the Warrior field,
Black Warrior Basin, Northwestern Alabama. International Journal
of Coal Geology 59, 193-208.

Ding, Z.H., Zheng, B.S., Zhan, J., 1999. Preliminary study on the
mode of occurrence of arsenic in high arsenic coals from southwest
Guizhou province. Science in China 42 (6), 655-661.

Ding, Z.H., Zheng, B.S., Long, J.P, 2001. Geological and geochemical
characteristics of high arsenic coals from endemic arsenosis areas
in southwestern Guizhou province, China. Applied Geochemistry
16, 1353—1360.

Ding, Z.H., Zheng, B.S., Finkelman, R.B., 2003. Subsequent leaching
study of typical high-as coal samples from southwest Guizhou
Province. Earth Science—Journal of China University of Geos-
ciences 28 (2), 209-213 (in Chinese with English abstract).

Dreher, G.E., Finkelman, R.B., 1992. Selenium mobilization in a
surface coal Mine. Power River Basin, Wyoming, USA. Envi-
ronmental Geology and Water Sciences 19 (3), 155-167.



382 G. Liu et al. / International Journal of Coal Geology 71 (2007) 371-385

Dronen, L.C., Moore, A.E., Kozliak, E.I.,, Seams, W.S., 2004. An
assessment of acid wash and bioleaching pre-treating options to
remove mercury from coal. Fuel 83, 181-186.

Feng, X.B., Hong, Y.T., 1999. Modes of occurrence of mercury in
coals from Guizhou, China. Fuel 78 (10), 1181-1188.

Feng, X.B., Ni, J., Hong, Y.T., Zhu, J.M., Zhou, B., Wang, Y., 1998. A
preliminary study on the distribution laws of some volatile trace
elements in coal of Guizhou province. Environmental Chemistry
17 (2), 148-153.

Fiene, F.L., Kuhn, J.K., Gluskoter, H.J., 1979. Mineralogical affinities
of trace elements in coal. In: Rogers, S.E., Leemmon Jr., A.W.
(Eds.), Symposium on Coal Cleaning to Achieve Energy and
Environmental Coals Processing, vol. 1. EPA, Washington D.C.
Rep. EPA-600/7-79-098a, 29-58.

Filby, R.H., Shah, K.R., Sautter, C.A., 1977. A study of trace element
distribution in the solvent refined coal (SRC) process using
neutron activation analysis. Analytical Journal of Radioanalytical
Chemistry 37, 693—704.

Finkelman R.B.,1980. Modes of occurrence of trace elements in coal.
PhD Thesis. Dept. Chem., University of Maryland, College Park.
301-303.

Finkelman, R.B., 1981. Mode of occurrence of trace elements in coal.
U.S. Geo. 1. Suru. Open-file Rep. pp. 81-99.

Finkelman, R.B., 1985. Mode of occurrence of accessory sulfide and
selenide minerals in coal. C.R. Neuv. Congr. Int. Strarigr. Geol.
Carbonifere, vol. 4, pp. 407—412.

Finkleman, R.B., 1989. What we don’t know about the occurrence and
distribution of trace elements in coal. Journal of Coal Quality 8, 3—4.

Finkelman, R.B., 1993. Trace and minor elements in coal. In: Engel,
M.H., Macko, S.A. (Eds.), Organic Geochemistry. Plenum, New
York, pp. 593-607.

Finkelman, R.B., 1994. Modes of occurrence of potentially hazardous
elements in coal: levels of confidence. Fuel Processing Technology
39, 21-34.

Finkelman, R.B., 1995. Modes of occurrence of environmentally sensi-
tive trace elements in coal. In: Swaine, D.J., Goodarzi, F. (Eds.),
Environmental Aspects of Trace Elements in Coal. Klawer Academic
Publishing, Netherlands, pp. 24—50.

Finkelman, R.B., Palmer, C.A., Krasnow, M.R., Aruscavage, P.J.,
Sellers, G.A., Dulong, F.T., 1990. Combustion and leaching behav-
iour of elements in the argon premium coal samples. Energy and
Fuels 4 (6), 766-767.

Finkelman, R.B., Harvey, B., Zheng, B.S., 1999. Health impacts of
domestic coal use in China. Proceedings of the National Academy
of Sciences of the United States of America 76, 3427-3431
(March, Colloquium paper).

Foner, H.A., Robl, T.L., Hower, J.C., Graham, U.M., 1999.
Characterization of fly ash from Israel with reference to its
possible utilization. Fuel 78, 215-223.

Furimsky, E., 2000. Characterization of trace element emissions from
coal combustion by equilibrium calculations. Fuel Processing
Technology 63, 29—44.

Gao L.F,, Liu G.J., Chou C.L., Zhang H.Y., submitted for publication.
Determination of sulfur-containing organic compounds in coals
from Huaibei Coalfield, Anhui province, China. Fuel.

Guo, X., Zheng, C., Liu, Y., 2001. The study on the mode of
occurrence of mercury, arsenic and selenium in coal. Journal of
Engineering Thermophysics 22 (6), 763—766 (in Chinese with
English abstract).

Guo, R., Yang, J., Liu, D., Liu, Z., 2002. Transformation behavior of
trace elements during coal pyrolysis. Fuel Processing Technology
77-78, 137-143.

Guo, R., Yang, J., Liu, D., Liu, Z., 2003. The fate of As, Pb, Cd, Cr and
Mn in a coal during pyrolysis. Journal of Analytical and Applied
Pyrolysis 70, 555-562.

Guo, R., Yang, J., Liu, Z., 2004. Thermal and chemical stabilities of
arsenic in three Chinese coals. Fuel Processing Technology 85,
903-912.

Helble, J.J., 1994. Trace element behavior during coal combustion: results
of a laboratory study. Fuel Processing Technology 39, 159—172.
Hower, J.C., Robertson, J.D., 2003. Clausthalite in coal. International

Journal of Coal Geology 53 (4), 219-225.

Hower, J.C., Robertson, J.D., Wong, A.S., 1997. Arsenic and lead
concentration in the Poud Creek and Fire Clay coal beds Eastern
Kentucky coal field. Applied Geochemistry 12, 281-289.

Hower, J.C., Greb, S.F., Cobb, J.C., David, A.W., 2000. Discussion on
origin of vanadium in coals: parts of the Western Kentucky (USA)
No. 9 coal rich in vanadium. Journal of the Geological Society 157
(6), 1257-1259.

Hower, J.C., Mastalerz, M., Drobniak, A., et al., 2005a. Mercury
content of the Springfield coal, Indiana and Kentucky. Interna-
tional Journal of Coal Geology 63 (3-4), 205-227.

Hower, J.C., Eble, C.F., Quick, J.C., 2005b. Mercury in Eastern Ken-
tucky coals: geologic aspects and possible reduction strategies.
International Journal of Coal Geology 62 (4), 223-236.

Hower, J.C., Ruppert, L.F., Eble, C.F., Clark, W.L., 2005c.
Geochemistry, petrology, and palynology of the Pond Creek coal
bed, northern Pike and southern Martin counties, Kentucky.
International Journal of Coal Geology 62 (3), 167—-181.

Huang, W.H., Yang, Q., Tang, D., 2000. Trace elements geochemistry
of the coals in the Taiyuan Formation from Zaozhuang coal field.
Geoscience 14 (1), 61-68 (in Chinese with English abstract).

Huang, Y., Jin, B., Zhong, Z., Xiao, R., Tang, Z., Ren, H., 2004. Trace
elements (Mn, Cr, Pb, Se, Zn, Cd and Hg)in emissions from a
pulverized coal boiler. Fuel Processing Technology 86, 23—32.

Huggins, F.E., Huffman, G.P., Kolker, A., 2000. Direct comparison of
XAFS spectroscopy and sequential extraction for arsenic specia-
tion in coal. Abstracts of Papers of the American Chemical Society,
vol. 220 (21-Fuel Part 1).

Huggins, F.E., Huffman, G.P., Kolker, A., Mroczkowski, Stanley J.,
Palmer, Curtis A., Finkelman, R.B., 2002. Combined application
of XAFS spectroscopy and sequential leaching for determination
of arsenic speciation in coal. Energy and Fuels 16 (5),
1167-1172.

Khrustaleva, G.K., Andrianova, T.P., Medvedeva, G.A., Kvochkina,
L.V., Ulanov, N.N., 2001. Geological Aspects of Coal Conversion
to Liquid Fuels: A Review. Geoinformmark, Moscow, pp. 55-56.

Kolker, A., Wooden, J.L., Persing, H.M., 2000a. Stanford-USGS
SHRIMP-RG ion microprobe: a new approach to determining the
distribution of trace elements in coal. Abstracts of Papers of the
American Chemical Society, vol. 220. 20-Fuel Part 1.

Kolker, A., Huggins, F.E., Palmer, C.A., 2000b. Mode of occurrence
of arsenic in four US coals. Fuel Processing Technology 63 (2—3),
167-178.

Kolker, A., Palmer, C.A., Bragg, L.J., Tewalt, S.J., 2005. Mercury in
coal and its impact on utility mercury emissions. Geochimica et
Cosmochimica Acta 69 (10), A699-A699 (Suppl.).

Li, M., Tang, S., 1994. Analysis of contents on F, Se, S, C and other
trace elements in coal in Huibei province. Chinese Journal of
Endenmiology 13 (14), 243-244.

Li, D.H., Chen, K., Deng, T., 2002. Distribution and enrichment
factors of arsenic in coal of southwestern China. Journal of China
University of Mining and Technology 31 (4), 419—422 (in Chinese
with English abstract).



G. Liu et al. / International Journal of Coal Geology 71 (2007) 371-385 383

Li, D.H., Tang, Y.G., Chen, K., Deng, T., Cheng, Fangping, Liu, Dong,
2006. Distribution of twelve toxic trace elements in coals from
Southwest China. Journal of China University of Mining and
Technology 35 (1), 15-20.

Liu, J., Xu, Y., 1992. Distribution of Ge, Ga, As and sulfur in thermal
coal. Coal Geology & Exploration 20 (5), 27-32 (in Chinese with
English abstract).

Liu, D., Yang, Q., 2000. Occurrence and geological genesis of pyrites
in Late Paleozoic coals in North China. Chinese Journal of
Geochemistry 19, 301-311.

Liu, G.J., Yang, PY., Peng, Z.C., 1999a. Geochemistry of trace
elements in Jining coalfield. Geology Geochemistry 27 (4), 77-82
(In Chinese with English abstract).

Liu, GJ., Wang, G.L., Zhang, W., 1999b. Study on Environmental
Geochemistry of Trace and Minor Elements in Yanzhou Coal,
China. China University of mining and Technology Press. (in
Chinese with English abstract).

Liu, GJ., Peng, Z.C., Yang, PY., 2001. Sulfur in coal and its
environmental impact from Yanzhou mining district, China.
Chinese Journal of Geochemistry 20 (3), 273-281.

Liu, G.J,, Peng, Z.C., Wang, G.L., Chou, C.L., 2002a. Study on the
trace elements in coal. Advance in Earth Science 17 (1), 53-62 (in
Chinese with English Abstract).

Liu, G.J., Yang, P.Y., Peng, Z.C., 2002b. Occurrence of trace elements
in coal of Yanzhou Mining District. Geochimica 31 (1), 85-90 (in
Chinese with English Abstract).

Liu, G.J,, Yang, P.Y., Peng, Z.C., 2003. Comparative study of the quality
of some coals from the Zibo Coal Field. Energy 28 (10), 969-978.

Liu, G.J,, Yang, P.Y., Peng, Z.C., Chou, C.L., 2004a. Petrographical
and geochemical contrasts and environmentally significant trace
elements in marine-influenced coal seams, Yanzhou Mining Area,
China. Journal of Asian Earth Sciences 23 (4), 491-506.

Liu, GJ., Yang, P.Y., Peng, Z.C., 2004b. Petrological and mineralog-
ical characterizations and chemical composition of coal ashes from
power plants in Yanzhou Mining District, China. Fuel Processing
Technology 85 (15), 1635—-1646.

Liu, G.J., Zheng, L.G., Peng, Z.C., 2004c. Distribution of hazardous
trace elements during coal beneficiation. Geochimica et Cosmo-
chimica Acta 67 (18), A522 (supplement).

Liu, G.J., Zheng, L.G., Gao, L.F., 2005. The characterization of coal
quality from the Jining coalfield. Energy 30 (10), 1903—1914.
Liu, G.J., Zheng, L.G., Duzgoren-Aydin Nurdan, S., Gao, L.F., 2006.
Toxic trace elements As, F and Se in Chinese indoor coals
combustion and their health implications. Reviews of Environ-

mental Contamination and Toxicology 189, 89—106.

Liu GJ., Zheng L.G., Chou C.L., submitted for publication.
Environmental geochemistry of arsenic in Chinese coals. Applied
Geochemistry.

Lu, X.W.,, 2003. A preliminary study on the arsenic content,
distribution laws and speciations of coal in Weibei Area, Shanxi
Province. Journal of Arid Land Resources and Environment 17 (6),
66-70 (in Chinese with English abstract).

Lu, X.H., Zeng, H., Yang, Z., 1995. The distribution and enrichment of
trace elements in particles released from coal combustion. Environ-
mental Chemistry 14 (6), 489—493 (in Chinese with English abstract).

Lu, X.H., Ali, A., Liu, H., 1996. Study on the speciation distribution of
heavy metals in particulates released from coal combustion.
Environmental Chemistry 15 (4), 337-342 (in Chinese with
English abstract).

Lu, X.H., Zeng, H., Yan, R., 1997. Modeling of the relationship between
trace elements and three species of sulfur in coal. Environmental
Chemistry 16 (4), 306310 (in Chinese with English abstract).

Lyons, C., Palmer, C.A., Bostick, N.H., Fletcher, J.D., Dulong, F.T.,
Brown, F.W., Brown, Z.A., Krasnow, M.R., Romankiw, L.A.,
1989. Chemistry and origin of minor and trace elements in vitrinite
concentrates from a rank series from the Eastern United States,
England and Australia. International Journal of Coal Geology 13,
481-527.

Mardon, S.M., Hower, J.C., 2004. Impact of coal properties on coal
combustion by-product quality: examples from a Kentucky power
plant. International Journal of Coal Geology 59 (3—4), 153—169.

Mastalerz, M., Hower, J.C., Drobniak, A., Mardon, S.M., Lis, G.,
2004. From in-situ coal to fly ash: a study of coal mines and power
plants from Indiana. International Journal of Coal Geology 59
(3-4), 171-192.

Minkin, J.A., Finkelman, R.B., Thompson, C.L., Chao, E., Ruppert, L.F.,
Blank, H., Cecil, C.B., 1984. Microcharacterization of arsenic- and
selenium-bearing pyrite in Upper Freeport coal. Indiana County,
Pennsylvania. Scand. Electron. Microsc., vol. 4, pp. 1515-1524.

Nriagu, J.Q., Pacyna, J.M., 1988. Quantitative assessment of
worldwide contamination of the air, water and soils with trace
metals. Nature 333, 134—139.

Nerin, C., Zufisurre, R., Cscho, J., 1994. Arsenic as long distance
tracer of air pollution. Toxicological and Environmental Chemistry
44 (1-2), 33-42.

Palmer, C.A., Lyons, P.C., 1996. Selected elements in major minerals
from bituminous coal as determined by INAA, implications for
removing environmentally sensitive elements from coal. Interna-
tional Journal Of Coal Geology 32 (1-4), 151-166.

Palmer, C.A., Mroczkowshi, S.J., Finkelman, R.B., Crowley, S.S.,
Bullock Jr.,, J.H., 1993. The use of sequential leaching to quantify
the modes of occurrence of elements in coal. 15th Ann. Intern.
Pittsburgh Coal Conf. Proc. (Pittsburgh, Sept. 14-18), p. 28.
CD-Rom, PDF166.

Palmer, C.A., Mroczkowshi, S.J., Kolker, A., Finkelman, R.B.,
Bullock Jr., J.H., 2000. Chemical analyses and modes of
occurrence of selected trace elements in a Power River Basin
coal and its corresponding simulated cleaned coal. U.S. Geol. Surv.
Open-File Rep., vol. 00-23, pp. 52-57.

Qiu, J.R., Li, F., Zheng, C.G., 1999. Mineral transformation during
combustion of coal blends. International Journal of Energy
Research 23 (25), 453—-463.

Ren, D.Y., Zhao, F.H., Wang, Y.Q., Yang, S., 1999. Distribution of
minor and trace elements in Chinese coals. International Journal of
Coal Geology 40, 109—118.

Rong, Q.T., Weng, H.X., 1990. Environmental Geochemistry.
Geology Press, Beijing, pp. 217-218.

Ruch, R.R., Gluskoter, H.J., Kennedy, E.J., 1971. Mercury content of
Illinois coals. T11. State Geol. Surv. Environ. Geol. Notes, vol. 43,
pp. 14-16.

Ruppert, L.F., Hower, J.C., Eble, C.F., 2005. Arsenic-bearing pyrite
and marcasite in the Fire Clay coal bed, Middle Pennsylvanian
Breathitt Formation, eastern Kentucky. International Journal of
Coal Geology 63 (1-2), 27-35.

Sakulpitakphon, T., Hower, J.C., Schram, W.H., Ward, C.R., 2004.
Tracking mercury from the mine to the power plant, geochemistry
of the Manchester coal bed, Clay County, Kentucky. International
Journal of Coal Geology 57 (2), 127-141.

Senior, C.L., Zeng, T., Che, J., et al., 2000a. Distribution of trace
elements in selected pulverized coals as a function of particle size
and density. Fuel Processing Technology 63 (2-3), 215-241.

Senior, C.L., Helble, J.J., Sarofim, A.F., 2000b. Emissions of mercury,
trace elements, and fine particles from stationary combustion
sources. Fuel Processing Technology 65, 263—288.



384 G. Liu et al. / International Journal of Coal Geology 71 (2007) 371-385

Shaver, S.A., Hower, J.C., Eble, C.F., McLamb, E.D., Kuers, K.,
2006a. Trace element geochemistry and surface water chemistry of
the Bon Air coal, Franklin County, Cumberland Plateau, southeast
Tennessee. International Journal of Coal Geology 67 (1-2), 47-78.

Shaver, S.A., Eble, C.F., Hower, J.C., Saussy, F.L., 2006b. Petrography,
palynology, and paleoecology of the lower Pennsylvanian Bon Air
coal, Franklin County, Cumberland Plateau, southeast Tennessee.
International Journal of Coal Geology 67 (1-2), 17-46.

Spears, D.A., 1987. Mineral matter in coals with special reference to
the Pennine Coalfields. In: Scott, A.C. (Ed.), Coal and Coal-
bearing Strata Recent Advances. Geology Soc. London. Spec.
Publ., vol. 32, pp. 171-185.

Spears, D.A., Zheng, Y., 1999. Geochemistry and origin of elements in
some UK coals. International Journal of Coal Geology 38, 161-179.

Spears, D.A., Manzanares-Papayanopoulos, L.I., Booth, C.A., 1999.
The distribution and origin of trace elements in a UK coal; the
importance of pyrite. Fuel 78, 1671-1677.

Swaine, D.J., 1990. Trace Elements in Coal. Butterworths, London,
pp. 178-386.

Swaine, D.J., 1992. Environmental aspects of trace-elements in coal.
Environmental Geochemistry and Health 14 (1), 2-2.

Swaine, D.J., 1994. Trace elements in coal and their dispersal during
combustion. Fuel Processing Technology 39, 121-137.

Swaine, D.J., 2000. Why trace elements are important. Fuel Processing
Technology 65-66, 21-23.

Swanson, A., 2001. Australian coal preparation—a 2000 review.
Journal of the South African Institute of Mining and Metallurgy
101 (3), 107-113.

Sugawara, K., Yukio, E., Hiroaki, 1., Sugawara, T., Masayuki, S.,
2002. Dynamics behavior of trace elements during pyrolysis of
coal. Fuel 81, 1439-1443.

Sun, J., Jervis, R.E., 1986. Distribution characterization of trace
elements during coal combustion. China Science Bulletin (A) 16,
1285-1294.

Tang, X.Y., Huang, W.H., 2002. Trace elements of coal and its
significances on research. Coal Geology of China 14, 1-4 (supp.,
in Chinese with English abstract).

Tang, X.Y., Huang, W.H., 2004. Trace Elements in Chinese Coals. The
Commercial Press, Beijing.

Troshin, Y.P., Lomonosov, I.S., Lomonosova, T.K., 2001. Geochem-
istry of the oreObearing elements in sediments of the Genozoic
depressions. Baikal rift zone. Geology and Geophysics 42,
348-361.

Vassilev, S.V., Colette, B.D., 1999. Characterization of refuse-derived
char from municipal solid waste: 2. Occurrence, abundance and
source of trace elements. Fuel Processing Technology 59,
135-161.

Wang, D., 2000. Classification and distribution of Arsenic in coal.
Coal Quality Technology (6), 27-30 (in Chinese with English
abstract).

Wang, Q.C., Kang, S., Chen, C., 1996a. Study on the contents and
distribution of trace elements in coal in Northeast China and
Eastern Inner Mongolia. Environmental Chemistry 15 (1), 27-35
(in Chinese with English abstract).

Wang, Y.Q., Ren, D.Y., Wang, L., 1996b. Occurrences of trace and
minor elements in coal. Coal Geology & Exploration 24 (2), 9-11
(in Chinese with English abstract).

Wang, Y.Q., Ren, D.Y., Lei, J., 1997. Distribution of minor elements in
Chinese coals. Scientia Geological Sinica 32 (1), 65-73 (in
Chinese with English abstract).

Ward, C.R., 2002. Analysis and significance of mineral matter in coal
seams. International Journal of Coal Geology 50 (1-4), 135-168.

Ward, C.R., Gurba, L.W., 1998. Occurrence and distribution of organic
sulfur in macerals of Australia coals using electron microprobe
techniques. Organic Geochemistry 28 (11), 635-647.

Ward, C.R., Gurba, L.W., 1999. Chemical composition of macerals in
bituminous coals of the Gunnedah Basin, Australia, using electron
microprobe analysis techniques. International Journal of Coal
Geology 39, 279-300.

Ward, C.R., Spears, D.A., Booth, C.A., Staton, Ian, Gurba, Lila W.,
1999. Mineral matter and trace elements in coals of the Gunnedah
Basin, New South Wales, Australia. International Journal of Coal
Geology 40 (4), 281-308.

Ward, C.R., Bocking, M., Ruan, C.D., 2001. Mineralogical analysis of
coals as an aid to seam correlation in the Gloucester Basin, New
South Wales, Australia. International Journal of Coal Geology 47
(1), 31-49.

Ward, C.R., Nunt-jaruwong, S., Swanson, J., 2005. Use of miner-
alogical analysis in geotechnical assessment of rock strata for coal
mining. International Journal of Coal Geology 64 (1-2), 156—171.

Wen, H., Carignan, J., Qiu, Y., 2006. Selenium speciation in kerogen
from two Chinese selenium deposits: environmental implications.
Environmental Science and Technology 40 (4), 1126—-1132.

Wu, E.D., 1990. Sulfur and relativity of ash compositions in coal beds
of Carboniferous—Permian, northern part of Hedong coalfield,
Shanxi. Earth Science Journal of China University of Geosciences
15 (4), 431-440.

Wu, ED., Chen, Z.H., Zhang, S.L., Ge, L.G., 1995. Transgressions
during Permo-Carboniferous Period in North China. Geoscience 9
(3), 284-292.

Xu, Y., Zhai, J., 1997. Distribution and enrichment of trace elements in
particles of power fly ash with different size from Huaneng
Nanjing Poer Plant. Geochimica 26 (3), 73—77 (in Chinese with
English abstract).

Yan, R., Gauthier, D., Flamant, G., Badie, J.M., 1999. Thermodynamic
study of the behaviour of minor coal elements and their affinities to
sulphur during coal combustion. Fuel 78, 1817-1829.

Yang, S., Qian, Q., 1983. The distribution of elements in ashes during
coal combustion in power plants. Environmental Chemistry 2 (2),
32-37 (in Chinese with English abstract).

Yudovich, Ya.E., Ketris, M.P., 2005a. Arsenic in coal: a review. Inter-
national Journal of Coal Geology 61 (3—4), 141-196.

Yudovich, Ya.E., Ketris, M.P., 2005b. Mercury in coal: a review Part 1.
Geochemistry. International Journal of Coal Geology 62, 107—134.

Yudovich, Ya.E., Ketris, M.P.,, 2006. Selnium in coal: a review.
International Journal of Coal Geology 67, 112—126.

Zeng, T.F., Sarofim, A.F., Senior, C.L., 2001. Vaporization of arsenic,
selenium and antimony during coal combustion. Combustion and
Flame 126 (3), 1714—1724.

Zhang, Z., Fan, J., Jin, J., 1992. The occurrences of As, Pb, Be and Cr
in coals. Journal of Fuel Chemistry 20 (2), 206—211 (in Chinese
with English abstract).

Zhang, J., Wang, Y.Q., Zhang, R., 1999. Distribution of arsenic in coal
and its resides. Research of Environment Sciences 12 (1), 27-30
(in Chinese with English abstract).

Zhang, A., Huang, X., Jiang, X., 2000a. Study in damages of arsenism
caused burning coal pollution. China Public Health 16 (8),
735-736 (in Chinese with English abstract).

Zhang, J.Y., Ren, D.Y., Wang, Y.Q., 2000b. The relationship between
organic trace elements in coal and coal rank. Coal Geology &
Exploration 28 (6), 11-13 (in Chinese with English abstract).

Zhang, J.Y., Zheng, C.G., Ren, D.Y., 2004a. Distribution of potentially
hazardous trace elements in coals from Shanxi Province, China.
Fuel 83, 129-135.



G. Liu et al. / International Journal of Coal Geology 71 (2007) 371-385 385

Zhang, J1.Y., Ren, D.Y., Zhu, Y.M., 2004b. Mineral matter and
potentially hazardous trace elements in coals from Qianxi Fault
Depression Area in southwestern Guizhou, China. International
Journal of Coal Geology 57, 49-61.

Zhao, F.H., Ren, D.Y., Zheng, B.S., 1998. Modes of occurrence of
arsenic in high arsenic coals from EXAFS spectroscopy. Science
Bulletin 43 (14), 21-23 (in Chinese with English abstract).

Zhao, F.H., Ren, D.Y., Yin, S., 1999. The study of the occurrence of
Arsenic in coal by sequential chemical extract. Environmental
Science 20 (3), 79-81 (in Chinese with English abstract).

Zhao, F.H., Ren, D.Y,, Peng, S., 2003. The modes of occurrence of
arsenic in coal. Advance in Earth Science 18 (2), 214-220 (in
Chinese with English abstract).

Zheng, B.S., Ding, Z., Huang, R., 1999. Issues of health and disease
relating to coal use in southwest China. International Journal of
Coal Geology 40, 119-132.

Zheng L.G., Liu G.J., Huang M.H., Zhang Y., submitted for publication.
Distribution and modes of occurrence of mercury in coals from the
Huaibei Coalfields. International Journal of Coal Geology.

Zhong, L., 1992. The relationship between occurrence of arsenic and
sulfur in coal. Analysis and Utilization of Coal 7 (4), 21-22 (in
Chinese with English abstract).

Zhou, Y.P., 1985. Controlling factors and distribution of arsenic from
coal in Yunnan. Coal Geology & Exploration (3), 2—8 (in Chinese
with English abstract).

Zhou, Y.P., 1998. Distribution type and occurrence form of Arsenic in
anthracite of Laochang area. Coal Geology & Exploration 26 (4),
8—13 (in Chinese with English abstract).

Zhou, Y.P., Ren, Y., 1992. Distribution of arsenic in coals of Yunnan
Probvince, China and its controlling factors. International Journal
of Coal Geology 20, 85-98.

Zhu, J. M., Zheng, B.S., 2004. Distribution of selenium in a mini-
landscape of Yutangba, Enshi, Hubei Province, China. Applied
Geochemistry 16, 1333—1344.

Zhu, J.M., Zuo, W., Liang, X., Li, S., Zheng, B.S., 2004. Occurrence
of native selenium in Yutangba and its environmental implications.
Applied Geochemistry 19, 461-467.

Zhuang, X., Yang, S., Zeng, R., Xu, W., 1999a. Characteristics of trace
elements In coals from several main coal districts in China.
Geological Science and Technology Information 13 (3), 63—66.

Zhuang, X., Xiang, C., Zeng, R., 1999b. Comparative studies of trace
elements in coals from three different types of basins. Acta
Petrologica et Mineralogica 18 (3), 254-264 (in Chinese with
English abstract).



	Distribution and mode of occurrence of As, Hg and Se and Sulfur in coal Seam 3 of the Shanxi Fo.....
	Introduction
	Sampling
	Methods
	Results and discussion
	Distribution of sulfur
	Total sulfur
	Pyritic sulfur
	Organic sulfur
	Sulfate sulfur

	The distribution and occurrences of As, Hg and Se
	Arsenic
	Mercury
	Selenium


	Conclusions
	Acknowledgements
	References


