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Abstract Minerals in the Late Permian coals from the Niuchang-Yigu mining area, Zhenxiong County, northeastern

Yunnan, China, were investigated using optical microscopy and low temperature ashing plus X-ray diffraction

(LTA ? XRD). The results showed that minerals in the coal LTAs are mainly quartz, kaolinite, chamosite, mixed-layer

illite/smectite (I/S), pyrite, and calcite, with trace amounts of marcasite, dolomite, and bassanite. The authigenic quartz

generally occurs in collodetrinite or as a filling in cleats or cell cavities. This silica was mainly derived from aqueous

solutions produced by the weathering of basaltic rocks in the Kangdian Upland and from hydrothermal fluids. The presence

of b-quartz paramorph grains in collodetrinite probably indicates that these grains were detrital and came from a volcanic

ash. Clay minerals are generally embedded in collodetrinite and occur as cell-fillings. Pyrite occurs as framboidal, anhedral,

and euhedral grains and a cell-filling. The coals are high in pyrite and the high pyrite content probably results from seawater

invading during the stage of peat accumulation. Calcite generally occurs as vein-fillings, indicating an epigenetic origin.
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1 Introduction

Understanding the abundance and occurrence modes of

minerals in coal is significant both academically for

developing conjectures concerning coal-forming processes

and pragmatically for optimizing coal utilization (Ren

1996; Ward 2002; Dai et al. 2012c).

There are large coal resources in southwestern China in

Yunnan Province, resources second in abundance only to

those in neighboring Guizhou Province (Fig. 1). The coal-

bearing strata in Yunnan are Carboniferous, Permian,

Triassic, and Neogene in age. The major sediment source

for the Eastern Yunnan region, which was an important

coal accumulation area in the Late Permian, was the

Kangdian Upland (China Coal Geology Bureau 1996).

Previous work on the origin and mode of occurrence of

mineral matter in the Late Permian coals from eastern

Yunnan includes that of Chen et al. (1992), Dai and Chou

(2007), Dai et al. (2008, 2014), and Wang et al. (2012,

2013). Tonsteins derived from pyroclastics in the Late

Permian coal seams from eastern Yunnan have also been

studied (Zhou 1999; Zhou and Ren 1983; Zhou et al. 1982,

1990; Dai et al. 2014). In this paper, we present new data

on the abundances, origin, and mode of occurrence of

minerals in coal from two cores, the ‘‘NYa’’ and ‘‘NYb’’

holes drilled through the Longtan and Changxing Forma-

tions in the Niuchang-Yigu mining area, Zhenxiong

County, northeastern Yunnan.
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2 Geological setting

The Niuchang-Yigu mining area is located in Zhenxiong

County, northeastern Yunnan Province (Fig. 1). The

Longtan and Changxing Formations are the major coal-

bearing sequences of Late Permian age in this area (Fig. 2.;

China Coal Geology Bureau 1996). The Longtan Forma-

tion mainly consists of fine-grained sandstone, siltstone,

mudstone, sandy mudstone, carbonaceous mudstone and

coal seams and has a thickness of [ 230 m in borehole

NYa and 202 m in hole NYb (Fig. 2). The Longtan For-

mation has a disconformable contact with the underlying

Late Permian Xuanwuyan Formation and a conformable

contact with the overlying Changxing Formation.

3 Sampling and analytical procedures

The coal samples were collected from two drill cores (the

NYa and NYb holes) (Fig. 2). Four coal samples, NYa 2,

NYa 3, NYa 4, and NYa 5, were collected from the NYa

drill hole. Seven samples (NYb C3, NYb C5a, NYb C5b,

NYb C6, NYb C7a, NYb C7b, and NYb C8a) were col-

lected from NYb. The NYb C3 coal is from the Changxing

Formation and the other coals are in the Longtan Formation

(Fig. 2).

The proximate analyses, which determine moisture,

volatile matter, and ash yield, were conducted according to

Chinese Standards GB/T 212-2008 (2008). The total sulfur

content was determined following Chinese Standards GB/T

214-1996 (1996). The content of C, H, and N was deter-

mined with a Vario MACRO elemental analyzer.

Polished grain mounts were prepared following Chinese

Standards GB/T 474-2008 (2008) for microscopic analysis.

Mean random reflectance of vitrinite was determined using

a Craic QDI 302TM spectrophotometer attached to a Leica

DM-4500P microscope at a magnification of 5009. The

standard reference gadolinium gallium garnet (manufac-

tured by Klein & Becker) with a calculated standard

reflectance of 1.722 % at k = 546 nm in oil immersion

was used for calibrating the vitrinite reflectance spectra.

Maceral components were identified using white-light

reflectance microscopy in oil. The maceral classification

and terminology are based on Taylor et al. (1998) and the

ICCP System 1994 (International Committee for Coal and

Organic Petrology (ICCP 1998, 2001).

Mineralogy was determined by optical microscopy and

X-ray powder diffraction (XRD). Low-temperature ashing

(LTA) of coal was performed using an EMITECH K1050X

plasma asher prior to XRD analysis. XRD analysis was

performed with a Rigaku D/max 2500pc powder diffrac-

tometer using Ni-filtered Cu-Ka radiation and a scintilla-

tion detector. The XRD pattern was recorded in a 2h range

of 2.6–70�, with a step size of 0.01�. X-ray diffractograms

of the LTAs were subjected to quantitative mineralogical

analysis using SiroquantTM commercial interpretation

software developed by Taylor (1991) based on the princi-

ples for diffractogram profiling set out by Rietveld (1969).

Fig. 1 Location of Niuchang-Yigu mining area, Zhenxiong County, northeastern Yunnan
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Further details describing the use of this technique for coal-

related materials are given by Ward et al. (1999, 2001) and

Ruan and Ward (2002).

4 Results and discussion

4.1 Coal chemistry

Proximate and ultimate analyses results, total sulfur, the

gross calorific values, and random vitrinite reflectance data

for the Niuchang-Yigu coals are shown in Table 1.

The weighted averages of moisture, volatile matter, gross

calorific value, and random vitrinite reflectance are 0.86 %,

12.06 %, 22.46 MJ/kg, and 2.25 %, respectively. The ash

yield from Niuchang-Yigu coals is high, ranging from

23.53 % to 48.63 %, with a weighted average of 34.92 %. The

total sulfur content of the coals ranges from 0.07 % to 6.27 %,

with an average of 2.45 %. According to Chinese Standard

GB/T 15224.1-2010 (2010), the NYa 4, NYb C7a, and NYb

C7b samples are medium-ash coals (20.01 % \ Ad B

30.00 %), whereas the NYa 2 and NYa 5 samples are high-ash

coals (40.01 % \ Ad B 50.00 %). The other samples are

medium–high ash coals (30.01 % \ Ad B 40.00 %).

According to Chinese Standard GB/T 15224.2-2010 (2010),

the special-low-, low-, medium-, medium–high-, and high-

sulfur coals have B 0.50 %, 0.51 %–1.00 %, 1.01 %–

2.00 %, 2.01 %–3.00 %, and [ 3.00 % total sulfur contents,

respectively. According to this standard, more than half of the

samples analyzed are medium–high- and high-sulfur coals.

4.2 Maceral composition

Maceral compositions are presented in Table 2. The

weighted average of the vitrinite and inertinite contents in

Niuchang-Yigu coals are 71.3 and 28.7 %, respectively.

The vitrinite is dominated by collodetrinite (Fig. 3a),

collotelinite (Fig. 3a), and vitrodetrinite, with traces of

telinite and corpogelinite (Fig. 3b). Corpogelinite was

observed in only two samples, NYb C3 and NYb C5a; the

abundances in those samples being 1.1 % and 0.4 %,

respectively. The inertinite is mainly composed of fusinite

(Fig. 3a), inertodetrinite (Fig. 3a), and semifusinite

(Fig. 3d), along with a trace amount of macrinite (Fig. 3c).

Fig. 2 Sedimentary sequences in the Niuchang-Yigu mining area

Composition and mode of occurrence of minerals 15

123



4.3 Minerals in low temperature ash of Niuchang-Yigu

coal

The minerals in LTAs of Niuchang-Yigu coal are mainly

quartz, kaolinite, chamosite, mixed-layer illite/smectite (I/

S), pyrite and calcite, with trace amounts of marcasite,

dolomite and bassanite (Table 3).

4.3.1 Quartz

Quartz is a common mineral in most coals (Ren 1996; Tang

and Huang 2004). In general, quartz is mainly of terrige-

nous detrital origin (Ren 1996) but authigenic quartz is

quite common in the Late Permian coals from eastern

Yunnan (Ren 1996; Dai and Chou 2007; Dai et al. 2008,

2014).

The quartz content of LTAs of Niuchang-Yigu coals is

between 33.2 % and 67.6 %, with a weighted average of

48.8 %, an average close to that of the Late Permian coals

from the Taoshuping area (43.8 %; Wang et al. 2012).

Quartz in the Niuchang-Yigu coals has three main modes

of occurrence, (1) embedded in collodetrinite with a variety

of shapes (Fig. 4a), (2) as cell- and cleat-fillings (Fig. 4b,

d), and (3) coexisting with pyrite and clay minerals

(Fig. 4f). These modes of occurrence suggest an authigenic

origin. The authigenic quartz in eastern Yunnan coals was

derived from silica-containing solutions produced by the

weathering of basaltic rocks in the Kangdian Upland (Ren

Table 1 Proximate and ultimate analyses (%), total sulfur (%), gross calorific values (MJ/kg), and random vitrinite reflectance (%) in the

Niuchang-Yigu coals

Samples Thickness (m) Mad Ad Vdaf Cdaf Hdaf Ndaf St,d Qgr,d Ro,ran

NYa 2 0.55 0.76 48.63 13.71 87.71 3.93 1.55 2.53 17.57 2.19

NYa 3 0.91 0.89 30.95 11.01 88.00 3.49 1.39 3.14 24.23 2.34

NYa 4 1.64 1.01 25.76 10.67 90.25 3.61 1.61 0.54 26.19 2.48

NYa 5 1.22 0.84 47.91 14.77 86.20 4.83 1.35 0.07 17.60 2.23

NYb C3 0.66 0.84 38.45 13.02 86.81 4.15 1.69 3.62 21.24 2.34

NYb C5a 0.40 0.77 39.37 10.45 88.39 3.69 1.54 1.58 20.58 2.48

NYb C5b 1.06 0.93 34.99 15.38 83.64 3.71 1.32 6.27 21.89 2.23

NYb C6 1.04 0.75 31.14 11.03 85.68 3.61 1.29 4.94 23.35 2.35

NYb C7a 1.00 0.84 28.92 10.14 87.30 3.71 1.43 2.45 24.55 2.39

NYb C7b 1.09 1.01 23.53 11.41 89.22 4.19 2.23 1.15 26.60 2.39

NYb C8a 0.81 0.77 34.49 11.09 90.35 3.55 1.73 0.63 23.23 2.46

WA 0.86 34.92 12.06 87.60 3.86 1.56 2.45 22.46 2.35

M moisture, A ash yield, V volatile matter, C carbon, H hydrogen, N nitrogen, St total sulfur, ad air-dry basis, d dry basis, daf dry and ash-free

basis, Qgr,d gross calorific value, on dry basis, Ro,ran random reflectance of vitrinite, WA weighted average

Table 2 Maceral compositions in the Niuchang-Yigu coals (vol. %, on mineral-free basis)

Samples Cd Ct Cg T Vd V F Sf Mac Id I

NYa 2 43.5 2.5 bdl 1.9 18.0 65.8 12.4 9.3 1.9 10.6 34.2

NYa 3 54.6 9.2 bdl 5.6 5.1 74.5 11.2 3.1 2.0 9.2 25.5

NYa 4 45.1 14.5 bdl 6.7 3.3 69.6 11.4 10.3 1.7 7.0 30.4

NYa 5 49.1 1.8 bdl 0.9 13.4 65.2 17.0 3.6 0.9 13.4 34.8

NYb C3 55.3 10.6 1.1 1.8 4.4 73.3 11.4 4.4 4.8 6.2 26.7

NYb C5a 45.9 10.1 0.4 1.1 3.0 60.4 28.4 3.7 3.7 3.7 39.6

NYb C5b 62.3 6.2 bdl bdl 6.8 75.3 16.7 3.1 0.6 4.3 24.7

NYb C6 69.3 5.1 bdl bdl bdl 74.5 17.5 0.7 0.7 6.6 25.5

NYb C7a 54.5 10.1 bdl 2.2 3.9 70.8 20.8 3.9 1.7 2.8 29.2

NYb C7b 50.6 19.7 bdl 2.5 2.5 75.3 10.9 5.4 2.9 5.4 24.7

NYb C8a 65.6 5.4 bdl bdl 9.1 80.1 8.6 0.5 2.2 8.6 19.9

WA 54.2 8.7 0.3 2.1 6.3 71.3 15.1 4.4 2.1 7.1 28.7

Cd collodetrinite, Ct collotelinite, Cg corpogelinite, T telinite, Vd vitrodetrinite, V total vitrinite, F fusinite, Sf semifusinite, Mac macrinite, Id

inertodetrinite, I total inertinite, WA weighted average, bdl below detection limit

16 T. Li et al.

123



1996) and then precipitated from hydrothermal fluids (Dai

and Chou 2007; Dai et al. 2008). Most of the detrital quartz

found in the coals also originated from the weathering of

basaltic rocks in the Kangdian Upland (Fig. 4c).

Some quartz grains distributed in the collodetrinite have

a well-developed b-quartz crystal paramorph. This crystal

form probably indicates a volcanic origin for these grains

(Fig. 4c). Several tonstein layers deposited in the middle-

Fig. 3 Photomicrographs of macerals in the Niuchang-Yigu coals. a Cd collodetrinite, Ct collotelinite, F fusinite, and Id inertodetrinite in

sample NYb C7b coal; reflected light, oil immersion. b Cg corpogelinite in sample NYb C3 coal; reflected light, oil immersion. c Mac macrinite

and detrital CM carbonate minerals in sample NYb C7b coal; reflected light, oil immersion. d Sf semifusinite in sample NYb C3 coal; reflected

light, oil immersion

Table 3 Low temperature ash yield (%) and mineral compositions of LTAs of Niuchang-Yigu coal by XRD analysis (%; on organic matter-free

basis)

Samples LTA yield Quartz Kaolinite Chamosite I/S Pyrite Calcite Marcasite Dolomite Bassanite

NYa 2 52.18 67.6 bdl 4.4 16.5 7.7 3.6 bdl 0.2 bdl

NYa 3 33.79 60.8 12.5 2.8 6.9 11.1 1.2 4.7 bdl bdl

NYa 4 28.10 37.2 29.8 7.4 19.4 2.1 4.2 bdl bdl bdl

NYa 5 50.81 38.0 38.7 9.0 14.0 bdl 0.3 bdl bdl bdl

NYb C3 42.10 58.5 bdl 7.9 11.6 15.5 3.4 1.5 bdl 1.6

NYb C5a 43.19 57.8 7.7 7.3 bdl 7.2 14.3 bdl 5.7 bdl

NYb C5b 42.40 33.2 10.9 3.1 16.6 25.5 3.6 bdl 0.8 6.2

NYb C6 37.78 49.3 7.1 1.8 bdl 17.5 14.6 3.8 0.9 5.1

NYb C7a 33.23 40.4 22.6 9.0 bdl 7.4 10.5 3.8 0.5 5.8

NYb C7b 26.26 35.5 44.7 8.8 bdl 3.9 5.9 bdl 0.3 1.0

NYb C8a 36.23 58.8 25.5 10.4 bdl 2.0 3.3 bdl bdl bdl

WA 38.73 48.8 18.2 6.5 7.8 9.1 5.9 1.3 0.8 1.8

WA weighted average, bdl below detection limit
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late to Late Permian coal seams in this area (Zhou et al.

2000; Dai et al. 2014), demonstrate that there had been

frequent volcanic eruptions during the Late Permian.

4.3.2 Clay minerals

Clay minerals in the LTAs of Niuchang-Yigu coal include

kaolinite, mixed-layer I/S, and chamosite. The clay mineral

content ranges from 8.9 % to 61.7 %, with a weighted

average of 32.5 % (Table 3). In the coals studied, the clays

occur in three different modes. They occur as irregular

massive lumps in collodetrinite (Fig. 4a), as cell-fillings

(Fig. 4d), and as clots coexisting with quartz and pyrite

(Fig. 4f). Vermicular kaolinite was also found in the coal

(Fig. 4e).

Kaolinite is the dominant clay mineral in most Niu-

chang-Yigu samples except for samples NYa 2 and NYb

C3. The kaolinite content ranges from below detection

limit (bdl) to 38.7 % and from bdl to 44.7 % in the LTAs

of NYa and NYb cores, respectively. In general, the kao-

linite content is roughly vertically zoned increasing from

top to bottom in both holes.

Chlorite, with the two common forms being chamosite

and clinochlore, is generally uncommon in coal (Bouška

et al. 2000; Tang and Huang 2004) but it is present in our

samples. Chamosite has the same diffraction peaks as cli-

nochlore in XRD patterns but it can be identified by its

weaker odd-order peaks (the 001 and 003 peaks) and

stronger even-order peaks (the 002 and 004 peaks) in X-ray

diffractograms (Dai and Chou 2007; Moore and Reynolds

1989). Figure 5 shows that the chlorite in this study is

chamosite, which is actually common in the Late Permian

coals from eastern Yunnan (Dai and Chou 2007; Dai et al.

2008, 2014; Wang et al. 2012, 2013).

Chamosite exists in each coal seam examined for this

study with the content ranging from 1.8 % to 10.4 %

(average of 6.5 %) and reaching its highest values in the

lower coals in the both holes (sample NYa 5 at 9.0 % and

NYb C8a at 10.4 %). The mode of occurrence of the

chamosite, coexisting with kaolinite as cell-fillings, indi-

cates that it is the product of Fe- and Mg-rich solutions that

probably originated from volcanic activity (Dai and Chou

2007; Dai et al. 2008).

The mixed-layer I/S is an intermediate product in the

smectite to illite transformation process. It is commonly

observed in the coal LTAs of the NYa hole, and its content

ranges from 6.9 % to 19.4 %. However, it appears only in

two samples in hole NYb, (NYb C3 and NYb C5b). Mixed-

layer I/S is also common in other Late Permian coals from

eastern Yunnan (Dai and Chou 2007; Dai et al. 2008; Wang

et al. 2012), and is the dominant clay mineral in Changxing

coal (Wang et al. 2013). There it generally occurs as thin

beds, massive lenses, and fracture- or cell-fillings (Wang

2011).

4.3.3 Pyrite, marcasite and bassanite

The content of pyrite in the LTAs ranges from bdl to

25.5 % (mean 9.1 %), lower than that of quartz and kao-

linite (Table 3). It is, however, relatively high in the LTAs

bFig. 4 Photomicrographs of minerals in the Niuchang-Yigu coals.

a quartz grains with different shapes and clay minerals embedded in

collodetrinite in sample NYb C7b coal; reflected light. b quartz and

pyrite as cell-fillings in sample NYa 3 coal; reflected light. c Well-

developed crystal of b-quartz and detrital quartz in collodetrinite in

sample NYa 5 coal; reflected light. d cleat-filling quartz, cell-filling

clay minerals, and isolated framboidal pyrite in sample NYb C5a

coal; reflected light. e Vermicular kaolinite in sample NYb C7b coal;

reflected light. f quartz along with pyrite and clay minerals in sample

NYa 3 coal; reflected light. g irregular massive lumps of clay minerals

and framboidal and euhedral pyrite in collodetrinite in sample NYb

C5a coal; reflected light. h calcite occurs as vein-fillings in sample

NYb C5a coal; plane-polarized and reflected light

Fig. 5 XRD pattern of LTA of sample NYa 5 coal. Ch chamosite, I/S illite-smectite, K kaolinite, Q quartz, Ca calcite

Composition and mode of occurrence of minerals 19

123



of high-sulfur coals including the NYa 3, NYb C3, NYb

C5a, and NYb C6 samples (11.1 %, 15.5 %, 25.5 %, and

17.5 %, respectively). The pyrite-total sulfur correlation

coefficient (r) is 0.99—essentially all of the sulfur in the

coal is contained in pyrite.

In our samples pyrite occurs in framboidal, anhedral and

euhedral forms (Fig. 4d, f, g), and also as cell-fillings

(Fig. 4b). Dai and Chou (2007) also found pyritized algae

in the coals from this area. The high pyrite content is

probably due to the invasion of seawater during early

diagenesis (Dai and Chou 2007; Ren 1996).

Although having the same chemical compositions,

marcasite and pyrite can be differentiated by both optical

microscopy and XRD (Ward 2002; Fig. 6). Marcasite is

present in at least four LTAs (NYa 3, NYb C3, NYb C6,

and NYb C7a identified by XRD analysis), with the content

in those four samples being 4.7 %, 1.5 %, 3.8 %, and

3.8 %, respectively. Marcasite commonly exists in the coal

LTAs which have high content of pyrite as well. However,

sample NYb C5b has the highest pyrite content, but the

marcasite content is below detection limit in that sample.

The content of bassanite in the LTAs is from bdl to

6.2 % (mean 1.3 %; Table 3). It has also been identified in

LTAs of some other Chinese coal such as the Wulantuga

and Guanbanwusu coals in Inner Mongolia and the Fusui

coals in Guangxi (Dai et al. 2012a, 2012b, 2013). It is

commonly thought that the bassanite in the coal LTAs was

formed in the plasma-ashing process (Ward et al. 2001;

Ward 2002).

4.3.4 Calcite and dolomite

The carbonate minerals in the LTAs are calcite and dolomite,

with a weighted average content of 5.6 % and 0.8 %,

respectively (Table 3). The calcite content ranges from

3.3 % to 14.6 % in the LTAs of NYb core, much higher than

that in the NYa core (0.3 %–4.2 %). Although the dolomite

content in most of the LTAs is low, sample NYb C5a has a

high content of 5.7 % (Fig. 7, Table 3). The calcite mainly

occurs as vein-fillings, (Fig. 4h), indicating an epigenetic

origin. Detrital calcite is only rarely observed in coal as it can

be easily decomposed in the acid environment of a peat mire

(Kortenski 1992; Bouška et al. 2000). However, detrital

carbonate grains do occur in some of our samples in the

collodetrinite (Fig. 3c) and are present in other Late Permian

coals from eastern Yunnan (Wang 2011).

5 Conclusions

Most coals analyzed for this study have high total sulfur

contents and high ash yields. Vitrinite is the dominant

maceral group in all the coals, followed by inertinite. The

minerals in LTAs of Niuchang-Yigu coals are mainly

quartz, kaolinite, chamosite, mixed-layer I/S, pyrite, and

calcite, with trace amounts of marcasite, dolomite, and

bassanite. Quartz is mainly embedded in collodetrinite and

occurs as cleat- and cell-fillings. The silica was primarily

transported by aqueous solutions originated from the

weathering of basaltic rocks in the Kangdian Upland and

by hydrothermal fluids. The presence of b-quartz param-

orph grains, distributed in collodetrinite, probably indicates

that quartz from volcanic ash was deposited during peat

accumulation. Clay minerals generally occur in collodetr-

inite and as fill in coal-forming plant cells. The chamosite

was the product of Fe- and Mg-rich solutions that were

probably generated by volcanic activity. In most cases,

pyrite occurs as framboidal, anhedral, and euhedral parti-

cles in collodetrinite but it also is present as cell-fillings.

The high pyrite content is probably the result of seawater

invasion during early diagenesis. A small proportion of the

carbonate minerals present occur as detrital grains in col-

lodetrinite but most of the calcite occurs as vein-fillings

and no doubt has an epigenetic hydrothermal origin.

Fig. 6 XRD pattern of LTA of the sample NYa 3 coal. Ch chamosite,

K kaolinite, Q quartz, Ma marcasite, Py pyrite, Ca calcite

Fig. 7 XRD pattern of LTA of the sample NYb C5a coal. Ch

chamosite, K kaolinite, Q quartz, Py pyrite, Ca calcite, Do dolomite
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