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ABSTRACT  
 
Inductively coupled plasma mass spectrometry, electron microprobe and instrumental 
neutron activation analysis were used to analyze trace elements in pyrite and coal in 
this paper. The sulfur form analysis shows that 66 % of the total sulfur in high-sulfur 
coals of the Taiyuan Formation occurrs as pyrite, whereas 79 % of that in low-sulfur 
coals of the Shanxi Formation occurs as organic sulfur. Macroscopic occurrence 
characteristics of pyrite include thin-layer, nodular and veined pyrite, and microscopic 
types of pyrite including framboidal pyrite, euhedral crystals and fine-grained pyrite 
accumulations can be identified under SEM. The hazardous elements As, U, Mo and Ni 
in high-sulfur coals of the Taiyuan Formation are much richer than those in low-sulfur 
coals of the Shanxi Formation, because the influence of seawater during and after coal 
accumulation in the Taiyuan Formation is more intense. In addition, the contents of As, 
Se, Mo and Sr in pyrite nodule are much higher than those in coal samples, indicating 
that As has strong affinity with pyrite. Electron microprobe analysis shows that 
hazardous elements such as Cu, Zn, As, Cd, Ag, Ni and Pb associated with pyrite 
account for up to 2.5 % of the total pyrite. It is suggested that nodular pyrite and thin-
layer pyrite are the main occurrence types, when high-sulfur coals are processed to 
remove sulfur and minerals, the majority of hazardous trace elements can be removed. 
 
1 INTRODUCTION 
 
The study of sulfur in coal is of great significance for coal processing and utilization and 
environmental protection. The content and distribution of different forms of sulfur can be 
used for the interpretation of coal-forming environments1. Pyritic sulfur, which can lead 
to acid rain if not processed well, is an important type of sulfur in coal. Toxic trace 
elements in coal are other harmful matters that can cause environmental pollution and 
health problems 2-4. The relationship between pyrite and hazardous trace elements has 
been investigated in many countries 5-9. 
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Studies on pyrite and hazardous trace elements in Chinese coals have mainly been 
focused on Wuda coalfield (Inner Mongolia), Heshan coalfield (Guangxi), Antaibao 
mining district (Shanxi) and some high-sulfur coalfields in Guizhou 7, 10-13. Different 
occurrence modes of pyrite have been identified and hazardous elements that may co-
exist with pyrite, including As, Se, Sb and Hg, have been detected in coals of North 
China 13-14.  
 
The Qinshui Basin is the most successful district of coalbed methane development in 
China. The sulfur content in coal of the Taiyuan Formation is higher than 2%, toxic trace 
elements in which may dissolve and migrate into the shallow aquifer during drainage 
process. In this paper, we report hazardous elements in high-sulfur coal of the Taiyuan 
Formation in the Qinshui Basin and the Taozao coalfield to give more evidence of the 
influence of pyrite on hazardous elements and provide reference for coal processing 
and utilization.  
 
2 GEOLOGICAL SETTING 
 
The Qinshui Basin, located in south-eastern Shanxi, North China, is a large 
synclinorium basin, with the axis extending toward NNE. The basin is 330 km long (N-S) 
and 120 km wide (W-E), with a total area of more than 30,000 km2 (Fig. 1). The coal 
reserves of the Qinshui Basin are estimated to be 270 Gt 15, making it the most 
prospective basin for coal mining and coalbed methane development. 
 
The coal-bearing strata in the Qinshui Basin mainly include Carboniferous Taiyuan 
Formation (C3t) and Permian Shanxi Formation (P1s), with an average thickness of 108 
m and 54 m, respectively 15. The Taiyuan Formation was deposited in a marine-
continental sedimentary environment with common seawater intrusion. In contrast, the 
Shanxi Formation, in the stage of early Permian, was deposited in fluvial delta without 
much effect by seawater. 
 
The No. 15 coal seam of the Taiyuan Formation and the No. 3 coal seam of the Shanxi 
Formation are the primary mining coal seams in the Qinshui Basin, with thicknesses of 
2-6 m and 1-8 m, respectively. The coals in the Qinshui Basin are mainly low volatile 
bituminous coals and anthracites 15.  
 
The Taozao coalfield is located in south-eastern margin of North China Platform 14. The 
No. 2 and No. 3 coal seam of the Shanxi Formation and the No. 14, No. 16, No. 17 and 
No. 18 coal seam of the Taiyuan Formation are minable in this coalfield. The coals in 
the Taozao coalfield are within the medium volatile bituminous rank. Sedimentary 
environment of Shanxi Formation and Taiyuan Formation in the Taozao coalfield is 
much the same as that in the Qinshui Basin. 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Location of the Qinshui Basin and the Taozao coalfield, North China 
 

3 SAMPLES AND ANALYTICAL METHODS 
 
In this paper, four coal samples from the Shanxi Formation and six coal samples from 
the Taiyuan Formation were taken in the Qinshui Basin and the Taozao coalfield. In 
addition, roof and floor rocks were also collected in order to gain more information for 
our discussion. Coal samples were taken from roof to floor following Chinese Standard 
Method GB/T 482–2008. Each coal sample was cut over an area about 10-cm wide and 
10-cm deep. All collected samples were immediately stored in plastic bags to minimize 
contamination and oxidation. Samples were contracted and crushed to pass the 200-
mesh sieve for geochemical analysis.  
 
The mineralogy of coal and roof and floor rocks was determined by power X-ray 
diffraction (XRD).  XRD analysis of each sample was performed on a D/max-2500/PC 
power diffractometer with Ni-filtered Cu-Kα radiation and a scintillation detector. 
 
Inductively coupled plasma mass spectrometry ((X series II ICP-MS) was used to 
determine trace elements in each sample from Qinshui Basin. Arsenic and Se were 
determined by ICP-MS using collision cell technology (CCT) in order to avoid 
disturbance of polyatomic ions. For ICP-MS analysis, samples were digested using an 
UltraClave Microwave High Pressure Reactor (Milestone). The reagents digestion of for 
each 50-mg coal sample were 5 ml 65% HNO3, 2 ml 40% HF, and 1 ml 30% H2O2. 
Mercury was determined using a Milestone DMA-80 Hg analyzer.  
 
Instrumental neutron activation analysis (INAA) was used to determine trace elements 
in each sample from the Taozao coalfield. The analysis deviation of most elements was 
controlled within 5%. Trace elements in different forms of pyrite were determined using 



electron microprobe. The detection limit of the instrument was set at 0.01% and the 
analysis resolution was 1 μm.  
A scanning electron microscope (SEM, TESCAN-VEGA\\LMU) and a SEM (JSM-IT300) 
with energy dispersive X-ray spectrometers (EDX) were used to study morphology and 
microstructure of minerals in coal. 
 
4 RESULTS AND DISCUSSION 
 
4.1 Distribution of different forms of sulfur 
 
The contents of sulfur, controlled by the sedimentary environment, vary in coals of the 
Shanxi Formation and the Taiyuan Formation. The contents of sulfur in coals of the 
Shanxi Formation are less than 1.4 %, while those of the Taiyuan Formation are more 
than 1.8 %, with the highest content more than 6 % (Table 1). 
 
Although the contents of sulfur in coals of the Shanxi Formation are relatively low, the 
percentage of organic sulfur is very high and stable, ranging from 73 % to 97 %, with 
the average ratio of 79 %. While for the high-sulfur coal of the Taiyuan Formation, the 
pyritic sulfur occupies more than 42 % of the total sulfur except the sample YQ-1 (Fig. 
2). Therefore, the higher content the total sulfur is, the higher percentage of the pyritic 
sulfur is; the lower content of the total sulfur is, the higher percentage of the organic 
sulfur is. As is shown in Fig. 3, pyritic sulfur is highly and positively correlated with the 
total sulfur.  
 
The main reason for the difference of the content and forms of sulfur in coals of different 
formations is the influence of seawater during and after peat swamp stage. The 
immediate roof of the high-sulfur coals of the Taiyuan Formation is mostly limestone. 
The infiltrated seawater can provide sufficient sulfur source and a reducing environment, 
where anaerobic bacteria can survive, for the pyrite formation. 
 
Table 1  
Sulfur composition in coal from the Qinshui Basin and the Taozao coalfield (%) 

Sample Location Formation 
Coal 
seam 

St, ad Sp, ad Ss, ad So, ad Ad Mad Sp/ St So/ St 

TZ-2 Taozao Shanxi 2 0.59 0.08 0.03 0.48 5.59 1.28 0.14 0.81 
TL Qinshui Shanxi 2 1.4 0.37 0.01 1.02 22.4 0.63 0.26 0.73 
SH Qinshui Shanxi 3 0.34 0.01 0 0.33 9.64 0.53 0.03 0.97 

X8-3 Qinshui Shanxi 3 0.24 0.02 0.01 0.21 13.93 0.80 0.08 0.88 
Average  Shanxi  0.64 0.12 0.02 0.51 12.89 0.81 0.19 0.79 
ZZ-13 Taozao Taiyuan 13 6.41 5.76 0.12 0.53 19.71 0.56 0.90 0.08 
ZZ-14 Taozao Taiyuan 14 4.81 3.9 0.14 0.77 14.19 0.6 0.81 0.16 
ZZ-18 Taozao Taiyuan 18 3.79 2.64 0.28 0.87 8.98 0.68 0.70 0.23 

TB Qinshui Taiyuan 10 3.93 1.94 0.1 1.89 7.82 0.87 0.49 0.48 
YQ-1 Qinshui Taiyuan 15 1.86 0.28 0.01 1.57 14.23 1.11 0.15 0.84 
X8-15 Qinshui Taiyuan 15 3.38 1.43 0.18 1.77 25.4 0.83 0.42 0.52 

Average  Taiyuan  4.03 2.66 0.14 1.23 15.06 0.78 0.66 0.31 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Distribution of different forms of sulfur     Fig. 3. Relationship between pyritic sulfur and total sulfur 
 
4.2 Occurrence characteristics of pyrite 
 
Macroscopic occurrence modes of pyrite in the late Paleozoic coal of North China 
mainly include thin-layer pyrite (Fig. 4A), nodular pyrite (Fig. 4B) and veined pyrite (Fig. 
4C). Pyrite of these forms can only be observed in the coal of the Taiyuan Formation. 
Thin-layer pyrite (Fig. 4A) mainly exists on the surface of fractures in vitrain and clarain, 
the shape of which is controlled by fractures. Sometimes, thin-layer pyrite may co-exist 
with thin-layer calcite 16. Thin-layer pyrite and veined pyrite are post-depositional 
sulfides and thought to be formed through hydrothermal processes 17-18. Nodular pyrite 
(Fig. 4B) is composed of fine pyrite crystalline grains, which is always distributed in the 
durain in the form of lens. Veined pyrite (Fig. 4C), like thin-layer pyrite, is distributed in 
fractures. The pyrite veins are formed by epigenetic mineralization of hot fluid.  
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Macroscopic photos of pyrite in coal 
 
Microscopic occurrence modes of pyrite mainly include framboidal pyrite (Fig. 5A), 
euhedral crystals (Fig. 5D, E) and fine-grained pyrite accumulations (Fig. 5B, C, F). 
These pyrites are syngenetic 17 and mainly occur in coals of the Taiyuan Formation, 
because the influence of seawater during and after peat formation in the Taiyuan 
Formation is more intense than that in the Shanxi Formation. Framboidal pyrites (Fig. 
5A), spherical or elliptical in shape, ranging from 5 to 40 μm, are aggregates of small 
pyrite crystals. They are always intimately associated with vitrinite bands. Euhedral 
crystals occur individually (Fig. 5D) or in the form of clustered euhedral crystals (Fig. 



5E). They have complete crystal shape, including cube (Fig. 5F), octahedron (Fig. 5E), 
pyritohedron (Fig. 5D) and some transitional forms, with the average diameter of 5μm. 
Fine-grained pyrite accumulations, like framboids, are aggregated pyrite crystals, but 
they do not have fixed shapes. In most cases, they occur in vitrinite (Fig. 5B). Some of 
them can co-exist with marcasite (Fig. 5C) or euhedral crystals (Fig. 45). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. SEM images of different forms of pyrite in coal 
 

4.3 Hazardous elements in coal and pyrite 
 
The positive correlation of pyritic sulfur with As, Se and Hg (Fig. 6) indicates that As, Se 
and Hg have affinity with pyrite. Pyrite was detected by XRD in the floor shale of the No. 
3 coal seam, the roof shale of the No. 15 coal seam and the No. 15 coal seam of X8 
borehole, As, Se and Hg contents in which are higher than those in the roof shale of the 
No. 3 coal and the No. 3 coal seam of X8 borehole where no pyrite was detected (Fig. 
7). Although the No. 15 coal seam and the roof shale of it have the same pyrite content, 
coal sample has less pyrite since the total inorganic component in coal is small. 
However, Se content in the No. 15 coal seam is higher than that in the roof shale of it, 
which indicates that Se in coal has organic affinity. 
 
 
 
 
 
 
 
 
 

Fig. 6. Relationship between pyritic sulfur and As, Se and Hg content 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Vertical distribution of As, Se and Hg in coal and roof and floor rocks of X8 borehole 
 
The contents of As, U, Mo and Ni in high-sulfur coals of the Taiyuan Formation are 
higher than those in low-sulfur coals of the Shanxi Formation (Table 2). As, Se, Mo and 
Sr are much richer in pyrite nodule than those in coal samples, especially the contents 
of As and Se in pyrite nodule are 24.6 μg/g and 24 μg/g, respectively, which can 
interpret the enrichment of As and Se in pyrite. In addition, trace elements such as Rb, 
Cr, Sc, Zn and Co in roof and floor rocks are richer than those in coal samples, 
indicating that these elements have inorganic affinity. 
 
Table 2 
Concentrations of trace elements in high- and low-sulfur coals, nodular pyrite, roof and floor shales by 
INAA (μg/g) 
Sample U As Rb Se Th Cr Sr Ag Zr Ni Sc Zn Co W Mo 

L 1.18 0.41 2.83 4.85 3.39 12.35 77 0.4 55 21.77 5.35 6.55 7.93 0.88 1.38 
H 3.38 8.24 4.16 3.35 1.86 9.36 89 0.42 55 39 4.51 10.24 5.01 0.96 4.72 
P 1.24 24.6 3.07 24 1.99 4.08 770 0.49 75 36.55 0.69 8.64 0.76 0.92 29.4 
R 5.29 18.17 51 4.52 12.9 64 192 0.63 153 50 13 27 15.8 1.7 4.25 

H. high-sulfur coals, number of samples, 16; L. low-sulfur coals, number of samples, 10; P. nodular 
pyrites in coal, number of samples, 4; R. roof and floor rocks, number of samples, 6. 
 
Associated trace elements in pyrite in coal mainly include Co, Ni, Cu, Zn, As, Sb, Se, 
Mn, Hg, Pb, Cd and Cr, which account for up to 2.5 % of the total pyrite (Table 3). 
Chalcopyrite is found to have been inserted into large massive pyrites in the No. 14 coal 
seam of the Taiyuan Formation. The contents of Cu, Fe and As are 34.84 %, 27.36 % 
and 3.66 %, respectively. 
Most of the toxic trace elements in the Taiyuan Formation occur in the partings and 
pyrites. Some fine-grained pyrites contain more toxic elements, which are not likely to 
be washed away by traditional washing processes. Fortunately, the fine-grained pyrites 
make up no more than 20 % in most coals. Nodular and thin-layer pyrites are the main 
occurrence types, when high-sulfur coals are processed to remove sulfur and minerals, 
the majority of hazardous trace elements can be removed. 
 
 
 



Table 3  
Associated elements in pyrites in coal by electron microprobe analysis  

ZZ-18-1. fine-grained pyrite; ZZ-18-2. grouped framboid pyrite; ZZ-14-1. rounded chalcopyrite; ZZ-14-2. small 
rounded pyrite; ZZ-14-3. big-grained pyrite; ZZ-14-4. grouped pyrite of small grains; ZZ-14-5. thin-banded pyrite; ZZ-
14-6. square grain pyrite; ZZ-14-7. rounded grain pyrite. 

 
5 CONCLUSIONS 
 
Sulfur in low-sulfur coals of the Shanxi Formation mainly occurs as organic sulfur, 
whereas pyritic sulfur is the main type of sulfur in high-sulfur coals of the Taiyuan 
Formation with the highest sulfur content more than 6 %. A positive correlation is found 
between pyritic sulfur and total sulfur. Macroscopic occurrence modes of pyrite in coal 
of North China mainly include thin-layer pyrite, nodular pyrite and veined pyrite and 
microscopic occurrence modes of pyrite include framboidal pyrite, euhedral crystals and 
fine-grained pyrite accumulations. Hazardous trace elements of As, Se and Hg have 
affinity with pyrite, and Se has organic affinity to a certain extent. Nodular pyrite has 
more As and Se than coal samples. Associated trace elements in pyrite can account for 
up to 2.5 % of the total pyrite. Since nodular and thin-layer pyrites are the main 
occurrence types of pyrite, and fine-grained pyrites make up no more than 20 % of 
pyrites in most coals. Therefore, the majority of hazardous trace elements can be 
removed, when high-sulfur coals are processed to remove sulfur and minerals. 
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