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Abstract

The Heshan coals, with very high organic sulphur content, are found in the Upper Permian marine carbonate successions

(Heshan Formation) in the Heshan Coalfield, central Guangxi, southern China. The petrography, mineralogy, and geochemistry

of coals and non-coal partings from the Suhe and Lilan coal mines of the Heshan Coalfield have been investigated using

proximate, petrographic, inductively coupled plasma mass spectrometry (ICP-MS), X-ray fluorescence (XRF), X-ray

diffraction (XRD), and scanning electron microscopy with an energy-dispersive X-ray (SEM-EDX) techniques. The sulphur

content in the coals (with ash less than 50%) ranges from 5.3% to 11.6%, of which more than 90% is organic sulphur,

reflecting a strong marine water influence on the palaeomire. The high vitrinite reflectance (1.89–2.18%Romax) indicates that

the coals in the Heshan Coalfield are mainly low-volatile bituminous coal. Microscopic observation has revealed that the coal

is mainly composed of vitrinite and inertinite macerals with relatively low TPI and high GI values, suggesting an unusual,

strongly alkaline palaeomire, with high pH. XRD analysis plus optical and scanning electron microscopy show that the

minerals in these coals are mainly quartz, calcite, dolomite, kaolinite, illite, and pyrite, although marcasite, strengite, and

feldspar, as well as some oxidised weathering products such as gypsum, are also present. Most trace elements in the Heshan

coals are enriched with respect to their world mean, with Mo, U, and W highly enriched, more than 10 times their world

means. The trace elements are believed to be associated either with organic compounds (Mo and U) or minerals such as

aluminium–iron-silicates (Sc, Ge, and Bi), aluminium-silicates (Cs, Be, Th, Pb, Ga, and REE), iron-phosphates (Zn, Rb, and

Zr), iron-sulphides (As, Cd, Cr, Cu, Ni, Tl, and V), and carbonates (Sr, Mn, and W). Abnormally high organic sulphur content,

high ash yields, relatively high GI values, very low TPI values, very high U contents, and very low Th/U ratios suggest that the

Heshan coals accumulated in low-lying, marine-influenced palaeomires, developed on carbonate platforms. Many of these

characteristics have also been recorded in the Tertiary coals of the circum-Mediterranean coal basins, where no marine
UN
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influence is present. The similarities are thought to be produced by strongly alkaline groundwater chemistry, common to both

environments.
D 2003 Elsevier Science B.V. All rights reserved.
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Coal is most commonly preserved in nonmarine

siliciclastic successions or paralic, interbedded silici-

clastic–carbonate successions (Stach et al., 1982;

Diessel, 1992). It is relatively unusual for coal to be

preserved within marine carbonate successions. The

Late Permian Heshan Formation in central Guangxi,

southern China is composed of epicontinental marine

coal-bearing carbonate successions in which mineable

coal seams are directly intercalated with the marine

carbonate rocks. The Heshan coal is the informal

name for these coals, and they are characterised by

very high organic sulphur contents and high ash yields

(Shao et al., 1998). Previous studies have focused on

facies and microfacies relationships and coal-forming

models (Zhang et al., 1983; Zhang and Shao, 1987;

Chen, 1987; Jin and Li, 1987; Shao and Zhang, 1992;

Huang et al., 1994; Shao et al., 1995, 1998; Hou et al.,

1995) and have demonstrated that the Heshan coals

were deposited in marine carbonate platform settings.

Geochemical data of this type of coal have seldom

been provided. Because of their high sulphur content

and therefore potential impact on the atmosphere

when burnt, the coal mines producing the Heshan

coals are being closed down. However, the Heshan

coal will continue to be the major feed coal in some

local power plants before the coal mines are fully

closed.
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UNC2. Geological setting

Palaeotectonic and palaeogeographical reconstruc-

tions of the Permian in southern China have revealed

that the Jiangnan basin and the Dian-Qian-Gui basin

were situated between the Yangtze Block and Cathay-

sian Block (Wang and Jin, 2000). During the Late

Permian, the current Yunnan and Guizhou Provinces

occupied the western part of the Yangtze block, and
ED P
ROOF

Dian-Qian-Gui basin (Wang and Jin, 2000). These

regions constitute a large intracratonic basin with the

depositional environments ranging from nonmarine,

transitional, to fully marine (Liu et al., 1993). The

Late Permian siliciclastic coal measures in eastern

Yunnan and western Guizhou constitute the largest

coal reserves in southern China, with an overall non-

marine alluvial plain and transitional paralic plain

setting (China National Administration of Coal Geol-

ogy, 1996). Contrasting with these areas, central

Guangxi has a distinct palaeogeographic framework

of isolated carbonate platforms surrounded by deep-

water troughs (Sha et al., 1990; Shao and Zhang,

1992; Wang and Lu, 1994; Feng et al., 1995). The

carbonate platform deposits are represented by lime-

stones intercalated with coals (Shao et al., 1998),

whereas the deep troughs are characterised by cherts

with volcaniclastic turbidites (Wang and Lu, 1994)

and siliciclastic submarine fan turbidites (Shao and

Zhang, 1999).

The Heshan Coalfield investigated in this paper is

located within one of these isolated carbonate plat-

forms in central Guangxi. The main structure of the

coalfield is an asymmetric syncline. The western limb

dips 12–20jE and the steeper eastern limb dips 19–

90jW, or is even overturned (Fig. 1). The coalfield is

about 30 km long and 12 km wide. The Upper

Permian strata in this region include the Heshan

Formation and overlying Dalong Formation (Fig. 2).

The base of the Upper Permian is clearly indicated by

a disconformity that extends throughout most of

southern China and was formed during the ‘‘Dongwu

movement’’, a discrete orogenic episode during the

Hercynian orogeny (Han and Yang, 1980; Hu, 1994).

The Permian–Triassic boundary occurs in marls in the

Heshan area, and the Triassic zone fossil Claraia

wangi is found above the inferred boundary (e.g.

Liao, 1980; Shen et al., 1995). Two chronostrati-

graphic stages have been defined for the Late Permian



UNCORRECTED P
ROOF

ARTICLE IN PRESS

115

116

117

118

119

120

Fig. 1. Location and geological outline of the Heshan Coalfield in central Guangxi, southern China.
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of this area, Wujiapingian and Changxingian (Sheng

and Jin, 1994), and the boundary between these two

stages is placed at the base of the limestone above
Seam 2 in the upper part of the middle Heshan

Formation, based on conodont biostratigraphic data

(Mei et al., 1999).
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Fig. 2. Stratigraphic section of the Upper Permian coal measures in

the Suhe coal mine, Heshan Coalfield.
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UNIn the Heshan Coalfield, the Heshan Formation is

about 140 m thick and consists of coal-bearing marine

carbonate rocks, whereas the Dalong Formation is

20–30 m thick and is mainly composed of volcani-

clastic submarine fan turbidities intercalated with thin-

bedded, ammonoid-containing cherts (Shao and

Zhang, 1999). There are seven recognised coal seams

in the Heshan Formation, namely, 2, 3A, 3B, 3C, 4A,
 P
ROOF

4B, and 5, in descending order, of which Seams 3C,

4A, and 4B are major mineable seams (Fig. 2). These

coal seams, together with some marker beds such as

bauxitic claystones at the base of Seams 2 and 5, are

widely distributed over a large area of central Guangxi,

including the Heshan Coalfield (Shao et al., 1995). In

particular, a discontinuity surface occurs at the base of

Seam 4A, which is characterised by hummocky undu-

lations and represents a depositional hiatus during the

Late Permian (Shao and Zhang, 1992). The coals are

low-volatile bituminous in rank, with the volatile

matter contents ranging from 3.9% to 23.3% and a

mean maximum vitrinite reflectance of 2.03% Romax.

They are characterised by extremely high organic

sulphur contents ranging between 6% and 10% and

high ash yields ranging between 25% and 40% (Shao

et al., 1998). The coal seams are usually 1 to 3 m thick,

with numerous intercalations of clay. In the Lilan coal

mine, coal seams 4A and 4B are amalgamated into a

single seam, Seam 4. The Heshan Formation is sub-

divided into Lower and Upper Members, with the

boundary at the base of Seam 4B, or the base of the

amalgamated Seam 4.
E3. Sampling and analytical methods

The coals analysed in this study are from the Suhe

and Lilan underground coal mines and the Matan

outcrop section, at the western side of the Heshan

Coalfield (Fig. 1). Incremental channel samples were

taken from the working face of both coal mines and

the Matan outcrop. Both coals and interclays for each

seam in the Suhe coal mine were sampled. Seam 2 is

composed of carbonaceous mudstone containing

marine fossils, whereas all the other seams are com-

plicated in structure, being composed of intercalations

of coals, carbonaceous mudstones, and cherts. All

seams studied are within the Upper Member of the

Heshan Formation, and their overall lithologies and

sample numbers are shown in Fig. 3. All samples

were crushed and split into quarters. One quarter was

used for detailed petrographical analysis and another

for geochemical analyses.

A partial proximate analysis for moisture, ash

yields, and volatile matter, as well as analysis for total

sulphur, were carried out on all samples, following the

procedure of the British Standards Institution (BS
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Fig. 3. Seam sections showing lithology and sample numbers of the Heshan coals in the Suhe and Lilan coal mines. (1)– (6) Suhe coal mine: (1) Seam 2, (2) Seam 3A, (3) Seam 3B,

(4) Seam 3C, (5) Seam 4A, (6) Seam 4B; (7) Seam 4 in Lilan coal mine.

L
.
S
h
a
o
et

a
l.
/
In
tern

a
tio

n
a
l
Jo
u
rn
a
l
o
f
C
o
a
l
G
eo
lo
g
y
1
0
4
0
(2
0
0
3
)
1
–
2
6

5



T

ARTICLE IN PRESS

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

L. Shao et al. / International Journal of Coal Geology 1040 (2003) 1–266
ORREC

1016 Part 3, 1973). The total sulphur, sulphate sul-

phur, and pyritic sulphur of the samples from the Lilan

coal mine were determined in the Jiangsu Provincial

Coal Research Institute, using Beijing Coal Chemistry

Institute (1982) procedures, as described by Liu et al.

(2001). The petrographic characterisation of the coals

was performed using standard optical reflected light

microscopy. The mineral content was determined

using both scanning electron microscopy with an

energy-dispersive X-ray photometer (SEM-EDX)

(Cambridge instruments S360 with Link AN 10000

EDX analyser) and X-ray diffraction spectrometry

(XRD) (Phillips PW1710 using Cu Ka radiation set

at 35 kVand 40 mAwith a 3–50j 2h range) at Cardiff

University.

For the geochemical analysis, samples were ashed

at 750 jC in a muffle furnace, according to the

method outlined in Gayer et al. (1999). Approxi-

mately 200 mg of ash, accurately weighed, was

sequentially digested, using concentrated HF, aqua

regia, and 5 M HCl. A 5-ml aliquot of the diluted

sample was spiked at 50 ppb with a Rh internal

standard and analysed by inductively coupled plasma

mass spectrometry (ICP-MS) (Perkin-Elmer Sciex

Elan 5000), using an external calibration with multi-

element standards. The analytical results were con-

verted to a whole coal dry basis using the ash yield

(750 jC) of each sample. It should be noted that, due

to the interference of Ar–Cl with As in ICP-MS, As

concentrations are likely to be slightly overestimated.

X-ray fluorescence (XRF) (Phillips PW1400, with

a Cu Ka source) was used to determine the major

elements SiO2, Al2O3, K2O, Na2O, Fe2O3, as well as

the trace element Ni. Fused beads, using a flux of

sodium borate, were prepared for each sample to be

analysed by XRF.

SEM-EDX analysis was also used to determine the

organic sulphur content of individual macerals.
C 257
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UN4. Results and discussion

4.1. Partial proximate and ultimate analysis

Partial proximate and ultimate analysis was under-

taken on the samples from the Suhe coal mine and

shows that the Heshan coals have high ash yields,

abnormally high sulphur contents, and relatively low-
ED P
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volatile matter contents (Table 1). The ash contents,

on a dry basis, are high, ranging from 13.18% to

48.93%. The higher ash contents are coincident with

complex seam structures in the coals, which have a

large proportion of non-coal partings of mainly car-

bonaceous mudstone and cherts.

The volatile matter contents of the coals ( < 50%

ash), on a dry basis (Vmdb), range from 9.8% to

13.8%, with an average of 12.0%. The volatile matter

content of these high ash coals is considered to be a

poor indicator of rank, as a significant proportion of

the volatiles is likely to have originated from minerals

within the coal and ash. The vitrinite reflectance

(Romax), which ranges between 1.89% and 2.18%,

with an average of 2.03% (Table 4), is a more reliable

rank indicator and suggests that all the seams are low-

volatile bituminous coals.

The total sulphur content of the samples from the

Suhe coal mine ranges between 0.37% and 11.58%,

but mostly fall within 5.7% and 9.3%. These total

sulphur contents show a significant inverse correla-

tion with the ash yields (Fig. 4) and indicate that the

sulphur is mainly organic sulphur. Analyses of differ-

ent sulphur types have been further conducted on the

coal samples from Lilan coal mine (Table 2). The

total sulphur of Seam 4 from the Lilan coal mine

ranges from 3.89% to 6.56%, the pyritic sulphur

ranges from 0.06% to 0.25%, the sulphate sulphur

ranges from < 0.01% to 0.74%, and the organic

sulphur ranges from 3.42% to 6.46%. It is clearly

shown that the sulphur in the Heshan coals is domi-

nated by organic sulphur that constitutes 93% of the

total sulphur. The organic sulphur content of coals

from the Lilan coal mine has also been estimated

using energy dispersive spectroscopy of the back-

scattered electrons in SEM, combined with maceral

group analysis of the coals. Table 3 shows that the

vitrinite group macerals have a higher organic sulphur

content, ranging from 8.13% to 8.89% with an

average of 8.37%, than the inertinite group macerals,

which contain organic sulphur ranging from 6.85% to

7.24% with an average of 7.08%.

4.2. Petrography

Maceral analysis, using reflected light microscopy,

has shown that the Heshan coals are composed of two

maceral groups, consisting of 71.7–92.8% vitrinite
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t1.1 Table 1

Partial proximate and ultimate analysis of the Heshan coals from Suhe coal minet1.2

Sample ID Sample lithology Seam Thickness (cm) Ash db (%) Moisture (%) VM db (%) S db (%)t1.3

Seam 2t1.4
2-4 carb. mudstone top 25 79.86 2.59 20.04 1.34t1.5
2-3 algal limestone – 25 75.03 0.44 14.90 0.37t1.6
2-2 carb. calc. mudstone – 13 76.86 2.18 20.04 0.94t1.7
2-1 carb. mudstone bottom 160 88.45 11.02 16.79 0.83t1.8

t1.9
Seam 3At1.10
3A-5 coal top 22 42.97 1.09 10.51 7.95t1.11
3A-4 coal – 20 23.66 0.80 11.14 9.28t1.12
3A-3 coal – 22 42.86 0.98 9.75 7.65t1.13
3A-2 carb. mudstone – 20 76.99 3.50 12.43 5.73t1.14
3A-1 coal – 22 43.73 0.81 12.49 7.74t1.15
3A-0 carb. mudstone bottom – 62.03 2.25 13.06 9.31t1.16

t1.17
Seam 3Bt1.18
3B-1 coal – 16 46.35 1.24 12.17 7.62t1.19

t1.20
Seam 3Ct1.21
3C-4 chert top 5 68.53 1.68 10.45 6.66t1.22
3C-3 coal – 11 42.41 2.56 11.49 7.68t1.23
3C-2 coal – 18 38.78 1.80 12.23 8.67t1.24
3C-1 coal – 22 13.18 1.30 13.47 11.58t1.25
3C-0 chert bottom 25 76.08 1.43 9.68 4.90t1.26

t1.27
Seam 4At1.28
4A-5 carb. mudstone top 20 58.50 2.45 15.28 4.13t1.29
4A-4 coal – 18 42.60 2.40 12.86 5.34t1.30
4A-3 carb. mudstone – 20 79.17 3.53 14.69 2.02t1.31
4A-2 carb. mudstone – 30 75.10 4.26 14.83 4.19t1.32
4A-1 carb. mudstone bottom 40 59.71 7.26 23.26 8.09t1.33

t1.34
Seam 4Bt1.35
4B-7 coal top 5 41.61 0.93 13.84 8.13t1.36
4B-6 carb. mudstone – 7 54.32 0.70 10.55 8.32t1.37
4B-5 chert – 4 91.17 0.45 3.94 1.02t1.38
4B-4 carb. mudstone – 10 82.65 4.07 11.50 1.76t1.39
4B-3 coal – 7 28.05 1.32 12.52 8.11t1.40
4B-2 coal – 19 48.93 1.01 10.94 8.32t1.41
4B-1 carb. mudstone – 7 63.21 1.04 9.95 6.50t1.42
4B-0 chert bottom 13 64.60 0.93 8.75 6.11t1.43

db—dry basis; VM—volatile matter.t1.44

L. Shao et al. / International Journal of Coal Geology 1040 (2003) 1–26 7
UNand 7.2–28.3% inertinite (Table 4). Liptinite group

macerals have not been observed in the Heshan coals,

which show no fluorescence because of their high rank

(%Romaxf 2.03). The vitrinite macerals are mainly

composed of collodetrinite with some collotelinite,

telinite, corpogelinite, and vitrodetrinite. Some of

these vitrinite macerals may represent original liptinite

group macerals that have been altered during the
coalification process, but, by comparison with related

lower rank coals in which liptinite is preserved, the

percentage is likely to be less than 5%. The inertinite

macerals are mainly fusinite, semifusinite, and inerto-

detrinite, with some macrinite and micrinite.

Two maceral ratios, the gelification index (GI) and

the tissue and organ preservation index (TPI), are used

to reflect the degree of preservation and degradation,
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Fig. 4. Plot between the ash yields and total sulphur contents for the Heshan coals, showing a significant inverse correlation between these two

components.
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and to some extent, the origin of the maceral precur-

sors (Diessel, 1986). They are defined as follows:

GI ¼ ðTotal Vitrinite þMacriniteÞ=ðFusinite

þ Semifusiniteþ InertodetriniteÞ

TPI ¼ ðTeliniteþ Collotelinite þ Fusinite

þ SemifusiniteÞ=ðCollodetriniteþMacrinite

þ InertodetriniteÞ

Conditions of relatively high water level are indi-

cated by GI values greater than 2.0, whereas GI values
UNCOR 304

305Table 2

Sulphur in Seam 4, the Lilan coal mine

Sample ID St, ad (%) Sp, d (%) Ss, d (%) So, d (%)

L4-1 3.89 0.25 0.22 3.42

L4-3 5.52 0.1 0.1 5.32

L4-4 6.08 0.06 0.01 6.01

L4-6 6.2 0.14 0 6.06

L4-8 6.56 0.08 0.2 6.28

L4-12 4.96 0.24 0.5 4.22

L4-14 5.64 0.18 0.74 4.72

Min. 3.89 0.06 0.00 3.42

Max. 6.56 0.25 0.74 6.28

Mean 5.55 0.15 0.25 5.15

S.D. 0.90 0.08 0.27 1.07
ED Pless than 2.0 indicate relatively low water levels. TPI

values higher than 1 indicate wet conditions, whereas

TPI values lower than 1 indicate dry conditions. In

addition to these interpretations, Gentzis and Goodarzi

(1990) suggested that the GI and TPI values can

provide information on the chemistry of the coal-

forming environment, such as redox-potential and

pH values. Acidic conditions inhibit bacterial activity

and decay of plant material, resulting in a relatively

high abundance of well-preserved plant structures and

high values of TPI. Alkaline conditions permit bacte-

rial activity and decay of plant material, resulting in

relatively low preservation of plant structure and low

values of TPI.

GI and TPI values have been calculated for the

Heshan coal and results are given in Table 4. All these
t3.1Table 3

Organic sulphur detected by SEM-EDX for coals of Seam 4 in the

Lilan coal mine t3.2

Vitrinite Inertinite t3.3

Points Min. Max. Mean S.D. Points Min. Max. Mean S.D. t3.4

L4-1 1 8.17 8.17 8.17 3 7.08 7.19 7.12 0.06 t3.5
L4-2 12 7.08 9.43 8.44 0.84 6 6.67 7.45 7.03 0.29 t3.6
L4-4 5 7.28 8.70 8.13 0.63 4 6.98 7.36 7.24 0.18 t3.7
L4-5 4 7.98 8.40 8.23 0.18 5 6.08 7.37 6.85 0.52 t3.8
L4-7 5 8.64 9.06 8.89 0.17 6 6.72 7.47 7.19 0.28 t3.9
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t4.1 Table 4

Maceral and mineral contents and vitrinite reflectance of the Heshan coals from the Suhe coal minet4.2

Sample Maceral components as percentage of total maceral content Mineral components (vol.%) V/I GI TPI Vitrinite reflectancet4.3
ID

Total Vitrinite macerals Inertinite macerals Mtotal Py Q Carb Clayt4.4
maceral

vol.%
Vtotal T CT CD CG VD Itotal MIC MAC SF F ID

Romax% Romin% Rorand%t4.5

3A-5 65.2 81.7 8.3 8.7 58.7 0.6 5.4 18.3 0.0 0.6 3.1 3.5 11.0 34.8 2.5 1.0 0.6 30.7 4.5 4.67 0.34t4.6
3A-4 66.5 77.4 0.0 3.0 57.7 0.0 16.7 22.4 0.5 1.7 3.5 7.1 9.8 33.5 2.4 1.3 1.1 28.7 3.5 3.90 0.20 1.96 1.83 1.9t4.7
3A-3 64.8 81.8 2.2 10.2 62.2 0.9 6.3 18.2 0.0 1.4 1.9 5.2 9.7 35.2 0.9 0.8 33.5 4.5 4.94 0.27t4.8
3A-1 77.2 83.5 0.9 8.8 65.0 0.0 8.8 16.6 0.0 4.7 5.1 6.0 0.9 22.8 5.7 6.4 1.8 8.9 5.0 7.40 0.29 1.98 1.7 1.85t4.9
3B-1 56.2 74.7 2.0 8.2 48.6 4.1 11.9 25.3 0.5 3.2 0.0 7.5 14.1 43.8 3.1 1.5 0.7 38.5 3.0 3.62 0.27t4.10
3C-3 59.2 80.7 2.1 2.7 68.4 0.0 7.6 19.6 0.3 0.7 2.0 2.4 14.2 40.8 1.2 0.8 0.4 38.4 4.1 4.38 0.11t4.11
3C-2 48.1 71.7 5.4 2.3 17.0 1.5 45.5 28.3 0.0 0.0 5.4 3.1 19.8 51.9 9.7 3.8 0.4 38.0 2.5 2.54 0.44 2.07 1.85 1.96t4.12
3C-1 77.2 89.9 4.7 3.2 72.2 1.0 8.8 10.2 1.0 0.0 2.2 1.2 5.8 22.8 1.9 1.1 0.6 19.2 8.8 9.77 0.14 2.18 1.95 2.04t4.13
4A-4 58.6 69.5 7.0 4.1 22.5 3.8 32.1 30.5 1.7 0.0 7.8 5.5 15.5 41.4 3.0 1.9 1.0 35.5 2.3 2.41 0.64 2.06 1.84 1.95t4.14
4B-7 68.7 86.0 1.3 9.2 67.8 0.6 7.1 14.3 0.0 0.6 4.5 7.9 1.3 31.3 3.1 1.8 16.1 10.3 6.0 6.33 0.33 1.89 1.69 1.8t4.15
4B-3 76.3 92.8 0.8 2.9 87.8 0.0 1.3 7.2 0.0 1.3 3.8 1.7 0.4 23.7 2.5 6.0 0.6 14.6 12.9 15.96 0.10t4.16
4B-2 71.9 76.4 5.0 13.8 41.3 0.4 15.9 23.6 2.8 2.8 7.8 6.4 3.9 28.1 9.1 1.5 2.8 14.7 3.2 4.38 0.69 2.06 1.85 1.96t4.17

V—vitrinite; CD—collodetrinite; CT—collotelinite; T—telinite; CG—corpogelinite; VD—vitrodetrinite; I—inertinite; F—fusinite; SF—semifusinite; MIC—micrinite; MAC—

macrinite; ID—inertodetrinite; Q—quartz; PY—pyrite; Carb—carbonate; Ro—Vitrinite reflectance in oil; Romax—the mean maximum reflectance of vitrinites; Romin—the mean

minimum reflectance of vitrinites; Rorand—the mean random reflectance of vitrinites; GI—gelification index=(Total Vitrinite +Macrinite)/(Fusinite + Semifusinite + Inertodetrinite);

TPI—tissue preservation index=(Telinite +Collotelinite + Fusinite + Semifusinite)/(Collodetrinite +Macrinite + Inertodetrinite).t4.18
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coals have GI values between 2.41 and 15.96, and TPI

values between 0.10 and 0.69. As discussed above,

some of the vitrinite macerals may have been derived

from liptinite macerals during coalification. This is

thought to account for less than 5% of the total

vitrinite and has resulted in slightly raised GI values

(by less than 0.3%) and probably very slightly raised

TPI values. Nevertheless, because these maceral indi-

ces were established for lower rank coals (Diessel,

1982), there remains some uncertainty in their use

with low-volatile bituminous coals. The GI values of

the Heshan coals are relatively high, similar to some

other marine transgressive coals such as the Wynn

Seam of the Permian in New South Wales (Diessel,

1992) and the Amman Rider seam of the Pennsylva-

nian in South Wales (Gayer et al., 1999). However,

the TPI values are generally lower than these marine

transgressive coals. These relatively high GI values

and very low TPI values suggest high levels of

microbial activity and relatively deep, alkaline water
UNCORRECT

Fig. 5. Vertical trends for some petrographic characteristics of the Heshan

vitrinite and intertinite; GI = gelification index; TPI = tissue preservation

intended but the thickness of each coal seam is given following the name
ROOF

conditions. This is consistent with an overall marine

carbonate platform setting. The variations of the GI

and TPI values (Fig. 5) indicate that the peat mire

experienced episodic changes in its hydrology. Regu-

lar flooding of the peat surface introduced oxygenated

waters and nutrients into the peat, thus promoting

microbial degradation and oxidation of the organic

matter (Stach et al., 1982).

4.3. Mineralogy and major element geochemistry

The ash yields are generally high in the Heshan

coals due to the complex seam structures and mud-

stone partings in the coals. There are also a large

variety of minerals in the coals. Microscopic obser-

vation has revealed that the mineral component is

normally higher than 30% by volume, ranging

between 22.8% and 51.9%. These comprise clay

minerals (8.9–38.5%), pyrite (0.9–9.7%), quartz

(0.8–6.4%), and carbonates (0.4–16.1%). Table 5
ED P

coals in the Suhe coal mine of the Heshan coalfield. V/I = ratio of

index (for explanation, see text and Table 4). No vertical scale is

of the seam number.
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t5.1 Table 5

Semiquantitative data of mineral compositions in the Heshan coals inferred by the XRD analyses and recalculated with ash contents (in %)t5.2

Seams Illite Kaolinite Quartz Pyrite Marcasite Calcite Dolomite Strengite Anatase Gypsum Albitet5.3

2-4 2.6 1.4 28.3 2.1 43.3 2.2t5.4
2-3 14.1 0.7 60.3t5.5
2-2 1.5 21.6 0.8 52.9t5.6
2-1 15.1 5.6 52.3 4.0 0.7 0.6 9.6 0.6t5.7
3A-5 2.3 37.6 0.9 1.7 0.4t5.8
3A-4 1.2 18.0 0.6 0.9 0.7 0.2 1.4 0.6t5.9
3A-3 0.9 38.7 0.4 0.6 1.9 0.3t5.10
3A-2 15.0 0.9 39.1 5.7 1.4 13.1 0.9 1.0t5.11
3A-1 2.2 30.8 2.1 0.1 3.5 4.6 0.2 0.1t5.12
3A-0 1.6 2.4 47.2 6.7 0.9 2.9 0.4t5.13
3B-1 1.6 0.9 38.4 2.3 0.5 2.3 0.3t5.14
3C-4 2.4 60.8 2.3 3.0t5.15
3C-3 2.0 0.8 38.4 0.4 0.7t5.16
3C-2 3.1 32.0 1.3 0.5 0.8 0.7 0.3t5.17
3C-1 3.0 4.3 1.7 1.2 0.3 2.2 0.6t5.18
3C-0 1.4 71.5 1.1 1.5 0.5t5.19
4A-5 2.0 40.5 6.0 2.5 2.5 2.5 2.3 0.3t5.20
4A-4 1.1 25.2 10.7 1.8 1.2 1.0 1.0 0.6t5.21
4A-3 5.0 33.5 26.9 2.2 0.4 5.9 1.0 1.3 3.1t5.22
4A-2 8.3 21.3 31.7 3.2 0.4 1.1 7.3 0.7 1.1t5.23
4A-1 14.0 1.6 21.8 8.5 1.0 1.6 2.4 2.0 4.3 2.5t5.24
4B-7 1.8 3.1 26.1 3.2 4.6 1.9 0.5 0.3t5.25
4B-6 1.0 3.1 44.0 4.2 1.8 0.2t5.26
4B-5 1.8 72.9 2.7 9.0 4.7t5.27
4B-4 20.7 57.0 0.4 0.9 0.2 2.8 0.6t5.28
4B-3 12.8 11.7 0.7 0.8 1.0 0.3 0.7t5.29
4B-2 5.1 37.9 2.5 0.6 1.1 0.9 0.7t5.30
4B-1 0.8 0.3 55.4 2.2 2.2 1.9 0.4t5.31
4B-0 3.2 57.5 2.7 1.3t5.32
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summarises the semiquantitative results of the min-

eralogical composition of the Heshan coals deter-

mined from the XRD analysis. Quartz, calcite,

dolomite, kaolinite, illite, and pyrite are the most

abundant minerals (Fig. 6). Marcasite, mixed-layer

clays, strengite, anatase, and feldspar, as well as some

weathering oxidation products such as gypsum and

haematite, are also present. The clay minerals kaolin-

ite and illite normally occur admixed with the coal

material except in a few instances, where they form

alteration products replacing euhedral calcite and

dolomite. Pyrite is mainly either syngenetic or early

epigenetic in origin, occurring as framboidal, euhe-

dral, and subhedral crystals within the coal (Fig. 7).

Euhedral quartz crystals occur enveloped by coal

laminae (Fig. 7), implying a pre-coal compaction

origin probably resulting from subaerial volcanism

during coal accumulation. Carbonates are common in

some coals. Dolomite crystals are also enveloped by
coal laminae (Fig. 7), indicating early dolomitisation

before peat compaction (Shao et al., 1998).

Table 6 lists the major and trace element composi-

tions of the Heshan coals. In general, elements in coal

occur either associated with the inorganic constituents

(minerals) or with organic constituents (Finkelman and

Gross, 1999; Spears and Zheng, 1999; Querol et al.,

1999; Gayer et al., 1999; Karayigit et al., 2001; Zhuang

et al., 2000). The mode of occurrence of an element in

coal can be inferred from its association with particular

minerals or major elements, based on the Pearson’s

correlation coefficients between elements. Elements

with positive correlations with the ash yields indicate

an inorganic association suggesting that the elements

are combined in minerals in the coal. Elements that do

not correlate with the ash yields may either have an

organic association or a mixed mode of occurrence in

the coal. Nicholls (1968) suggested that elements that

were organically bound in a coal would show a neg-
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Fig. 6. XRD spectra for the Heshan Coals from the Suhe coal mine in the Heshan Coalfield. (A) Seam 4A-2; (B) Seam 4B-1. An—anatase;

Cal—calcite; Dol—dolomite; Gy—gypsum; I—illite; K—kaolinite; Ma—marcasite; Py—pyrite; Q—quartz; Str—strengite.
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Uative linear or curvilinear relationship with the ash yield

when plotted as a concentration in the ash. This is

because the increasing ash content dilutes the concen-

tration of the element in the ash. However, the effect

cannot normally be detected above an ash yield of
about 25%. These relationships can usually be inferred

by the Pearson’s correlation coefficients between pairs

of elements or between element and ash yield. In the

Heshan Formation, four chert samples (3C-4, 3C-0,

4B-5, and 4B-0) with very high SiO2 contents have
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Fig. 7. SEM four-quadrant backscatter images of polished blocks showing some minerals in Seam 4 from the Lilan coal mine, Heshan Coalfield,

central Guangxi. (A) Framboidal, euhedral and subhedral pyrite crystals; (B) euhedral hexagonal quartz crystal (left) and compositionally zoned

dolomite crystal with rims (right); (C) euhedral hexagonal quartz crystal; (D) calcite crystals. All these crystals are enveloped by vitrinite

laminae, indicating a pre-compaction, syngenetic origin for these minerals.
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UNCORRECbeen excluded from our Pearson’s correlation analysis.

In the Heshan coals, most major elements show pos-

itive correlation with the ash yields at the 95% confi-

dence level; they are SiO2 (r= 0.52), Al2O3 (r = 0.58),

CaO (r = 0.4), MgO (0.36), Na2O (r = 0.73), TiO2

(r = 0.57), and P2O5 (r= 0.44), indicating that these

elements are mainly associated with minerals. K2O and

Fe show no correlation with the ash yields, and this is

due to the influence of calcareous and carbonate rocks

in the upper part of Seam 2. If we exclude three samples

from that seam which have more than 10% of CaO, the

correlation of K2O and Fe with the ash yields become

significant, with the coefficients being 0.33 and 0.39,

respectively. This suggests that K and Fe in the coals

are also mainly associated with minerals.

Abundant Al2O3 in the Heshan coals demonstrates

the dominance of detrital clay minerals in the coals,

which is consistent with the occurrence of illite,

kaolinite, and illite/smectite mixed layers identified

by the XRD analysis. Although SiO2 and Al2O3 are

positively correlated with the ash yields, they do not
show a significant intercorrelation (r = 0.30), suggest-

ing that SiO2 has another source in addition to clay

minerals. The abundant quartz identified by the XRD

analysis suggests that the extra SiO2 is present in the

form of quartz. The highest level of SiO2 occurs in the

cherty bands in the 4B and 3C coal seams.

CaO in the Heshan coals ranges between 0.22%

and 37.12%, with an average of 4.32%, and is present

in the form of carbonate minerals. High levels of

calcite and dolomite were identified by the XRD

analysis. Na2O is positively correlated with CaO, with

a coefficient of 0.66, suggesting that Na is mainly

associated with carbonate minerals, which is a sur-

prising result, as Na is normally associated with

silicates (e.g. Querol et al., 1998).

The MgO contents in the Heshan coals are between

0.27% and 2.18%, with an average of 0.85%, and

show strong association with SiO2 as well as with

K2O. As K is most commonly found in illites, these

associations may suggest that the K, Si, and Mg are

present in the clay minerals, illite, or illite/smectite
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t6.1 Table 6

Major and trace elements of the Heshan coals from the Suhe coal minet6.2

Sample no. 2-4 2-3 2-2 2-1 3A-5 3A-4 3A-3 3A-2 3A-1 3A-0 3B-1 3C-4 3C-3 3C-2t6.3

in %t6.4
Ash 79.86 75.03 76.86 88.45 42.97 23.66 42.86 76.99 43.73 62.03 46.35 68.53 42.41 38.78t6.5
St 1.34 0.37 0.94 0.83 7.95 9.28 7.65 5.73 7.74 9.31 7.62 6.66 7.68 8.67t6.6
SiO2 27.44 15.90 21.65 19.55 19.83 16.84 26.94 31.17 21.76 31.98 24.07 37.73 22.47 20.66t6.7
Al2O3 9.52 2.58 6.51 9.37 4.12 3.90 3.56 13.42 4.75 7.75 5.14 5.89 4.52 4.83t6.8
CaO 19.69 37.12 26.53 1.42 0.75 0.42 1.17 2.29 3.12 0.38 1.12 0.29 0.53 0.59t6.9
MgO 0.48 0.78 1.08 0.73 0.56 0.36 0.90 1.74 1.70 0.93 1.03 0.86 0.68 0.71t6.10
K2O 0.73 0.11 0.50 0.91 0.79 0.76 0.32 1.57 0.80 0.51 0.45 0.62 0.58 0.77t6.11
Na2O 0.33 0.44 0.39 0.28 < 0.01 < 0.01 < 0.01 0.08 < 0.01 < 0.01 < 0.01 0.02 < 0.01 < 0.01t6.12
Fe 1.01 0.37 0.96 3.22 0.60 0.30 0.44 1.21 0.84 2.78 1.35 1.60 0.74 1.13t6.13
TiO2 0.31 0.11 0.25 0.74 0.15 0.15 0.14 0.45 0.21 0.31 0.37 0.53 0.23 0.23t6.14
P2O5 0.006 0.013 0.007 0.024 0.004 0.005 0.007 0.012 0.007 0.016 0.009 0.007 0.010 0.009t6.15

t6.16
in ppmt6.17
As 20.7 12.4 19.9 36.0 15.7 2.1 3.6 15.6 4.5 20.5 11.2 6.7 7.5 9.6t6.18
Ba 36.2 27.4 27.7 53.3 51.6 53.3 321.9 106.5 83.4 54.5 33.8 56.8 143.8 104.0t6.19
Be 1.4 0.3 1.0 3.4 1.4 4.1 1.7 4.1 3.6 1.8 1.1 0.6 0.9 1.2t6.20
Bi 0.6 0.2 0.4 1.2 0.3 0.2 0.1 0.6 0.4 1.1 0.4 0.3 0.6 0.3t6.21
Cd 0.2 0.0 0.1 0.0 0.9 0.3 0.5 0.7 0.5 0.8 1.2 0.2 0.2 0.2t6.22
Co 9.9 9.8 14.8 7.4 3.9 15.9 6.3 10.9 9.5 11.8 8.1 11.8 17.1 8.5t6.23
Cr 58.3 27.4 42.7 88.0 35.8 12.7 12.3 12.4 30.0 43.3 104.8 6.7 11.2 12.7t6.24
Cs 3.9 0.5 2.5 9.8 3.0 2.5 2.1 11.1 3.7 4.9 4.8 6.1 5.5 5.9t6.25
Cu 7.3 4.3 5.4 10.4 9.9 8.2 10.6 26.3 14.3 17.3 23.1 13.7 4.5 9.8t6.26
Ga 14.4 3.4 9.7 28.2 8.1 9.7 7.3 26.1 10.4 9.0 7.8 7.5 7.2 7.8t6.27
Ge 0.9 0.4 0.6 1.4 0.3 0.5 0.4 0.4 0.5 0.5 0.3 0.3 0.3 0.4t6.28
Mn 151.1 221.3 169.0 79.6 65.5 14.7 34.1 166.1 46.1 134.4 128.7 192.3 54.9 114.3t6.29
Mo 13.5 7.7 13.5 13.3 111.2 24.8 23.5 22.6 134.2 132.5 119.7 9.6 17.4 26.9t6.30
Nb 10.0 4.2 8.1 20.9 9.9 17.0 16.2 10.2 8.3 26.8 13.3 2.8 7.2 7.1t6.31
Ni < 1 < 1 < 1 < 1 10 < 1 < 1 < 1 9 4 27 < 1 < 1 < 1t6.32
Pb 24.4 9.0 22.3 45.5 16.3 8.9 38.1 43.9 11.4 30.8 11.7 10.9 17.1 15.6t6.33
Rb 39.9 5.4 26.3 83.5 42.7 33.4 21.0 84.8 38.6 33.1 25.9 29.9 28.8 34.1t6.34
Sc 7.3 3.4 7.2 17.5 5.7 8.7 4.9 13.5 8.0 9.1 6.6 5.5 5.3 5.8t6.35
Sr 1688.7 3388.7 3147.4 311.5 151.7 200.4 226.7 379.3 345.6 202.3 230.3 344.4 878.8 1465.0t6.36
Ta 1.8 2.2 2.4 2.9 0.7 0.6 0.6 1.3 1.0 1.8 0.9 0.7 1.2 0.9t6.37
Th 20.4 3.6 14.0 43.3 12.9 9.6 33.3 17.4 9.1 58.5 16.6 5.9 7.8 9.5t6.38
Tl 0.3 0.1 0.1 0.3 1.5 0.8 1.7 2.0 1.8 4.2 2.2 0.3 0.9 1.0t6.39
U 8.7 7.0 6.9 13.0 125.5 44.0 41.0 37.9 175.8 87.3 117.6 9.2 21.1 37.0t6.40
V 137.7 65.4 124.5 188.7 197.4 48.7 40.0 44.9 239.0 247.4 273.5 35.1 31.1 45.3t6.41
W 75.1 130.2 84.3 14.7 26.3 53.1 64.0 27.0 42.1 56.8 36.6 42.1 71.6 44.6t6.42
Y 13.5 26.8 21.9 30.8 17.2 91.3 53.9 37.1 92.3 78.4 27.7 7.8 14.2 13.6t6.43
Zn 32.6 13.4 32.5 61.2 58.1 38.5 98.5 71.6 43.5 63.9 64.2 35.6 28.7 40.7t6.44
Zr 142.5 47.1 103.6 815.8 174.9 144.3 152.0 195.9 135.9 746.5 211.7 72.4 84.9 76.5t6.45
La 28.2 21.8 27.3 45.4 7.9 34.4 42.3 25.7 50.5 34.2 7.7 5.0 13.7 12.7t6.46
Ce 72.3 38.9 70.9 95.3 18.5 85.0 89.6 61.6 115.8 75.6 23.9 12.0 30.5 30.0t6.47
Pr 8.4 4.5 8.7 8.7 2.4 11.7 11.1 7.9 16.0 9.3 3.5 1.6 3.9 3.6t6.48
Nd 32.6 16.3 34.0 28.9 9.3 46.6 42.1 31.9 67.2 35.2 14.1 6.0 13.9 14.2t6.49
Sm 7.1 4.2 8.1 6.2 2.6 13.0 9.8 7.8 17.4 9.6 4.5 1.5 2.9 3.2t6.50
Eu 1.0 0.9 1.5 1.0 0.5 1.7 1.2 1.3 2.5 1.5 0.9 0.4 0.7 0.7t6.51
Gd 5.9 5.4 8.1 6.7 3.0 15.6 10.7 8.0 19.8 11.5 5.1 1.5 3.2 3.4t6.52
Tb 0.9 0.9 1.3 1.2 0.6 3.0 1.9 1.3 3.3 2.6 1.1 0.3 0.6 0.6t6.53
Dy 4.7 6.2 6.5 7.9 4.0 20.2 11.8 8.0 19.8 17.5 7.4 2.1 3.9 3.4t6.54
Ho 0.8 1.3 1.1 1.7 0.9 4.2 2.4 1.6 4.2 3.9 1.7 0.4 0.8 0.7t6.55
Er 2.3 3.7 2.9 4.8 2.8 12.8 7.5 4.6 11.8 12.3 5.3 1.4 2.3 2.0t6.56
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3C-1 3C-0 4A-5 4A-4 4A-3 4A-2 4A-1 4B-7 4B-6 4B-5 4B-4 4B-3 4B-2 4B-1 4B-0

13.18 76.08 58.50 42.60 79.17 75.10 59.71 41.61 54.32 91.17 82.65 28.05 48.93 63.21 64.60

11.58 4.90 4.13 5.34 2.02 4.19 8.09 8.13 8.32 1.02 1.76 8.11 8.32 6.50 6.11

7.26 35.75 21.69 19.35 24.04 23.30 21.86 15.25 30.14 42.06 28.96 15.35 26.52 35.79 35.38

2.58 4.31 15.92 12.17 16.23 15.78 11.11 4.89 3.76 2.88 12.71 6.87 7.35 7.29 6.38

0.61 0.26 2.47 0.53 2.38 0.28 0.31 3.83 0.48 1.04 0.84 0.22 0.29 0.74 0.16

0.27 0.52 0.28 0.32 0.51 0.44 1.11 0.75 0.70 0.42 2.18 0.63 0.99 1.44 0.99

0.51 0.68 0.23 0.37 0.41 0.49 1.28 0.62 0.73 0.22 1.11 0.63 1.15 1.16 1.09

< 0.01 0.08 0.08 0.04 0.31 0.48 0.02 < 0.01 < 0.01 0.10 0.17 < 0.1 < 0.1 < 0.1 < 0.1

0.81 1.34 0.65 0.44 0.50 1.09 3.12 1.03 2.05 0.27 < 0.1 0.02 1.40 1.44 1.39

0.13 0.32 0.47 0.39 0.59 0.65 0.59 0.33 0.48 0.16 1.01 0.49 0.35 0.42 0.42

0.004 0.021 0.003 0.004 0.005 0.008 0.010 0.006 0.009 0.004 0.004 0.004 0.005 0.007 0.008

3.3 7.3 2.4 2.1 2.4 11.8 24.8 54.9 70.1 12.4 8.1 6.8 41.7 61.2 62.0

34.1 51.4 49.3 63.6 74.3 86.7 151.6 56.6 73.0 62.3 68.9 60.5 87.8 109.7 112.4

1.5 0.4 2.6 2.0 4.4 4.0 6.5 2.1 1.8 0.6 4.7 3.6 2.7 3.3 3.1

0.4 0.3 1.1 0.8 1.7 2.6 1.5 0.6 1.0 0.3 1.0 0.6 0.8 1.0 1.0

0.4 0.2 0.2 0.0 0.3 0.2 3.2 1.2 1.2 0.4 0.2 0.3 0.2 0.5 0.5

6.2 13.0 8.1 3.4 6.0 23.0 17.2 3.6 11.4 11.4 5.6 3.8 19.9 8.7 7.7

17.2 6.2 12.9 25.1 53.2 74.1 321.3 157.5 242.0 45.9 5.3 38.5 227.3 238.8 246.9

1.8 3.3 3.0 5.0 7.2 7.4 18.0 4.4 6.0 1.8 17.6 12.5 10.0 9.5 9.6

7.5 8.9 20.0 12.1 9.4 12.1 30.2 11.4 16.6 5.5 6.4 15.0 16.1 13.9 15.4

7.9 4.0 25.0 23.1 33.9 32.4 23.1 13.0 16.3 5.4 28.4 18.7 11.8 12.0 12.5

0.5 0.2 0.8 0.7 1.3 1.7 1.0 0.6 0.8 0.4 0.6 0.5 0.4 0.6 0.6

24.7 270.9 7.6 4.0 11.3 19.7 77.8 79.6 56.1 21.1 18.6 9.1 37.4 84.8 82.2

72.1 4.0 10.2 4.5 2.5 15.8 50.3 171.7 136.7 13.1 14.8 15.7 71.9 33.6 35.3

11.3 3.1 19.2 14.7 24.3 27.6 28.7 117.5 35.3 9.0 119.2 30.2 28.0 22.1 22.6

< 1 < 1 < 1 < 1 < 1 < 1 22 21 26 < 1 < 1 < 1 22 16 15

9.0 9.9 48.5 39.4 49.1 135.3 49.8 20.5 29.8 8.9 57.4 19.2 22.7 28.4 27.0

18.9 33.3 10.0 16.8 22.3 25.3 77.6 35.3 44.4 13.2 57.4 29.5 57.7 69.0 70.7

4.7 3.5 13.0 12.7 10.4 15.4 13.6 5.1 6.5 1.5 8.4 8.2 6.9 8.0 7.9

391.8 260.6 207.8 111.6 296.1 162.4 143.1 404.2 114.2 99.0 278.8 107.4 173.2 204.4 88.2

0.4 0.7 2.1 1.8 3.5 3.7 2.8 6.9 3.3 2.1 29.4 2.0 2.4 2.4 2.4

5.2 6.4 39.7 25.7 56.9 53.5 24.8 39.8 22.8 6.1 49.5 15.1 14.1 14.7 14.8

1.2 0.4 0.1 0.1 0.1 0.7 1.6 4.7 5.6 0.9 0.3 0.3 4.1 6.7 6.7

78.1 9.5 24.7 10.2 11.8 44.7 87.0 131.2 77.8 16.1 7.9 28.3 75.3 35.3 30.5

108.0 14.8 35.6 31.0 53.9 132.5 380.9 444.2 393.8 40.2 11.0 67.4 287.0 146.1 144.9

28.0 100.4 30.4 11.1 32.0 51.3 21.7 19.7 44.7 221.4 48.5 10.3 211.5 37.9 45.6

20.9 7.0 43.4 99.4 56.9 54.2 53.1 43.1 22.7 5.5 37.5 41.1 25.0 24.3 24.5

29.0 24.3 7.0 4.1 6.4 4.4 94.9 94.1 75.3 29.7 18.6 9.4 16.3 37.4 41.5

61.3 40.9 326.1 248.5 272.7 331.6 296.2 881.9 260.3 45.6 531.5 284.9 151.7 154.0 162.0

14.7 8.4 26.4 36.1 54.6 23.3 32.8 33.2 29.4 16.8 88.0 31.7 20.5 21.7 22.7

34.2 16.2 56.6 86.5 125.3 48.9 67.5 72.8 63.1 35.3 187.2 77.4 46.2 47.4 49.4

4.5 2.2 7.0 11.4 16.3 5.6 7.4 8.6 7.1 4.0 21.2 10.2 5.8 5.6 6.1

17.1 8.4 26.4 46.7 64.3 20.3 26.0 31.6 24.6 13.7 73.8 39.2 22.3 20.2 21.9

4.1 1.9 6.3 12.3 14.2 5.8 6.6 7.9 5.8 2.6 12.8 9.5 4.9 4.5 4.9

0.7 0.5 1.3 2.1 2.2 1.0 1.3 1.1 0.8 0.3 1.6 1.5 0.9 0.9 0.9

4.3 1.9 7.1 14.5 14.1 7.0 8.0 9.7 5.6 2.2 12.3 9.9 5.2 4.9 5.3

0.7 0.3 1.4 2.8 2.3 1.7 1.7 1.9 1.1 0.3 1.8 1.8 1.0 0.9 0.9

4.6 1.8 9.4 19.1 13.5 12.5 11.8 12.4 6.6 1.7 10.0 11.4 5.8 5.8 5.9

0.9 0.4 2.1 4.3 2.7 3.0 2.7 2.6 1.3 0.3 1.9 2.3 1.2 1.1 1.2

2.6 1.1 6.4 13.6 7.8 9.7 8.6 7.6 3.9 0.9 5.4 6.5 3.4 3.2 3.5

(continued on next page)
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Sample no. 2-4 2-3 2-2 2-1 3A-5 3A-4 3A-3 3A-2 3A-1 3A-0 3B-1 3C-4 3C-3 3C-2t6.57

in ppmt6.58
Tm 0.3 0.5 0.4 0.7 0.5 1.9 1.2 0.7 1.7 2.0 0.8 0.2 0.4 0.3t6.59
Yb 2.3 3.5 2.4 4.8 3.3 13.0 8.2 4.4 11.3 13.5 5.6 1.5 2.7 2.0t6.60
Lu 0.3 0.5 0.3 0.7 0.5 1.9 1.2 0.7 1.6 2.0 0.9 0.2 0.4 0.3t6.61
U/Th 0.43 1.94 0.49 0.30 9.76 4.58 1.23 2.17 19.24 1.49 7.07 1.55 2.69 3.88t6.62
Sr/Ba 46.7 123.8 113.6 5.8 2.9 3.8 0.7 3.6 4.2 3.7 6.8 6.1 6.1 14.1t6.63

Ash: ashed at 750 jC; St: air dry base; SiO2, Al2O3, K2O, NaO, Fe2O, and Ni are from XRF analysis, and all the others from ICP-MS. All data

are whole coal-based.t6.64

Table 6 (continued)
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mixed layers as have been identified by XRD. How-

ever, at least part of the MgO content is associated with

carbonates, as indicated by the presence of dolomite in

the XRD and SEM-EDX analyses (Table 5 and Figs. 6

and 7).

Fe is usually associated with pyrite in high sulphur

coals, and a positive correlation between Fe and

sulphur is commonly observed in most coal measures

(Liu et al., 2001). However, this correlation has not

been observed in the Heshan coals, and this is due to

the strong organic affinity of sulphur, although sig-

nificant amounts of pyrite in some samples were

observed by optical microscopy and in the XRD and

SEM-EDX analyses (Table 5 and Figs. 6 and 7). It is

interesting that a significant positive correlation exists

between Fe2O3 and P2O5, which suggests that at least

part of the Fe is associated with phosphate minerals.

The strengite (FePO4�2H2O) identified by the XRD

analysis (Table 5 and Fig. 6) may well account for this

association.

4.4. Trace element geochemistry

The trace element contents in the Heshan coals are

summarised by seams in Table 6, and the mean values

of these elements from Seams 3A, 3B, 3C, 4A, and

4B in the Suhe coal mine and their comparison with

world averages and Chinese averages are given in

Table 7. Compared to the world averages (Swaine,

1990), the Heshan coal is enriched with As, Be, Cd,

Co, Cr, Cs, Ga, Mn, Mo, Nb, Rb, Sc, Sr, Ta, Th, Tl, U,

V, W, Y, and Zr. Ta, U, W, and Mo are particularly

enriched, having an enrichment factor (expressed as

H/W in Table 7) of more than 15.0, more than 10

times the world averages. For all elements studied,

only Ba, Bi, Cu, Ge, Ni, Pb, and Zn are relatively

depleted. Of those elements with relatively high
ED P
ROOFlevels, As, Be, Cd, Co, Cr, Mn, Mo, and U are on

the US-EPA list of the most toxic elements (1990). If

compared with some other Chinese coals (Ren et al.,

1999), the elements Cd, Co, Cr, Mo, Pb, Rb, Sr, Th,

U, and V have relatively high levels, with U showing

the greatest enrichment (H/C = 6.42), whereas As, Ba,

Cu, Mn, and Zn are relatively depleted.

In the Heshan coals, U has a maximum concentra-

tion of 175.8 ppm and Mo of 171.7 ppm (Tables 6 and

7). These relatively high values of the two elements

occur in the top of Seam 4B (4B-7) and the lower part of

Seam 3A (3A-1). The highest level ofW (221.4 ppm) is

recorded in the lower part of Seam 4B (4B-5). The

abnormally high V values (>380 ppm) are recorded in

the top of Seam 4B (4B-6, 4B-7) and the bottom of

Seam 4A (4A-1). The highest value of Ta (29.4 ppm)

occurs in the middle of Seam 4B (4B-4).

4.5. Trace element affinity and mode of occurrence

The ash content of coal is derived from three major

sources: the inorganic matter associated with the

original peat vegetation, the detrital and volcaniclastic

input into the peat mire, and any epigenetic mineral-

isation. Each of these sources will have a character-

istic trace element chemistry, so that correlations with

ash content, particularly in the high-ash Heshan coals,

where the detrital and volcanogenic contribution is

large and variable, are difficult to interpret. In these

circumstances, the diagnostic major elements are of

much greater interpretative value for trace element

affinity analysis than the ash percentage alone (Spears

and Zheng, 1999). This is largely because the major

elements can be shown to occur in particular, observ-

able mineral phases within the coal, and thus a

correlation between a trace and major element implies

a specific mode of occurrence for the trace element.
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3C-1 3C-0 4A-5 4A-4 4A-3 4A-2 4A-1 4B-7 4B-6 4B-5 4B-4 4B-3 4B-2 4B-1 4B-0

0.4 0.2 1.0 2.1 1.1 1.5 1.3 1.1 0.6 0.1 0.8 0.9 0.5 0.5 0.5

2.5 1.1 6.7 14.1 7.2 10.1 8.5 7.4 3.9 0.9 5.2 6.0 3.2 3.2 3.3

0.4 0.2 1.0 2.0 1.0 1.5 1.3 1.0 0.6 0.1 0.7 0.8 0.5 0.4 0.5

15.03 1.48 0.62 0.40 0.21 0.83 3.51 3.29 3.41 2.62 0.16 1.88 5.34 2.40 2.07

11.5 5.1 4.2 1.8 4.0 1.9 0.9 7.1 1.6 1.6 4.0 1.8 2.0 1.9 0.8
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However, a negative correlation with the ash content

suggests that an element is concentrated in the organic

matter. For analysis of trace element affinity, several

plots have been drawn based on the Pearson’s corre-

lation coefficients (r) between the elements.

In order to determine the predominant modes of

occurrence for these trace elements, interplots have

been further made between the correlation coefficients

of these elements with different major elements, total

sulphur, and ash. Fig. 8A is a plot of rAl2O3 against

rFe, from which three groups of elements can be

distinguished. The first is the iron-related elements,

including Zn, V, As, Tl, Ni, Cd, Cr, Rb, Cu, and Zr;

the second is the aluminium-silicate-related elements,

including Cs, Be, Th, Pb, Ga, and REE; and the third

group is the aluminium–iron-silicate-related elements

including Sc, Ge, and Bi. As indicated previously, Fe

is positively correlated with P2O5, which suggests that

Fe is present in the form of iron-phosphate in addition

to the more common sulphide association. Plots of rFe

against rP2O5 can help to distinguish between sul-

phide and phosphate affinity of the Fe-related ele-

ments. Fig. 8B indicates a phosphate affinity for Zn,

Rb, and Zr and suggests that all the other Fe-associ-

ated elements, including As, Cd, Cr, Cu, Ni, Tl, and V,

may be present in iron-sulphide minerals. As noted

above, iron carbonate has not been identified in these

coals and the lack of correlation with Ca (Fig. 8C)

confirms that these trace elements are unlikely to have

a carbonate association. This analysis suggests that Zn

may be associated with iron-phosphate minerals,

which contrasts with the observations of Palmer and

Lyons (1996) and Spears and Zheng (1999) who

concluded that Zn is mainly associated with carbonate

minerals.

Sr and Mn show a positive correlation with both

CaO and the ash contents, indicating a carbonate
ED P
ROOFaffinity (Fig. 8C). W has a positive correlation with

CaO (r = 0.41) but a less significant correlation with

the ash content (r = 0.12), which may imply a mixed

carbonate and organic affinity. Finkelman (1981)

found that W was largely organically associated in

US coals, although Rose (2001) demonstrated a mixed

carbonate/sulphide and silicate mode of occurrence in

UK anthracites. Palmer and Lyons (1996) noted that

calcite, where present, is a major contribution of Sr

and also Zn and Ni.

U and Mo are solely associated with the total

sulphur and significant inverse correlation with ash

contents. Therefore, they are inferred to have an

organic affinity.

Ba shows very weak correlation with total sulphur

(r = 0.24), and this may suggests a possible barium-

sulphate affinity.

Ta shows positive correlations with the ash yields

(r = 0.36) and with MgO (r = 0.54), indicating a mag-

nesium-containing mineral association. It is unlikely

that this is a carbonate as Ta shows no correlation with

either CaO or Fe. A slight correlation with Al2O3

(r = 0.3) suggests a Mg-bearing clay mineral as a

possible candidate.

Y shows less significant correlation with Al2O3

(r = 0.23) and significant correlation with the REE

(r = 0.66), implying an overall clay mineral association.

The modes of occurrence of Co and Nb are more

difficult to infer from the present data. The Co shows

a weak correlation with ash contents (r = 0.17) but has

fair to significant relationships with Fe (r= 0.3), Bi

(r = 0.38), and W (r= 0.52), which might suggest a

mixed sulphide and organic mode of occurrence as

was inferred for Co in UK anthracites by Rose (2001).

Nb also shows a weak correlation with the ash

contents (r = 0.12) but has significant relationships

with MgO (r = 0.34), TiO2 (r = 0.54), Cs (r= 0.43),
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t7.1 Table 7

Mean values of major and trace elements from Heshan coals in the Suhe coal mine and their comparison with world and Chinese averagest7.2

Heshan coals Chinese coal range (Ren et al., 1999) Swaine’s worldwide ranges (Querol et al., 1999)t7.3

Min. Max. Mean S.D. Min. Max. Mean H/C Min Max Mean H/Wt7.4

Ash (%) 13.18 91.17 58.19 20.25t7.5
St (%) 0.37 11.58 5.87 3.12t7.6

t7.7
in wt.%t7.8
SiO2 7.26 42.06 24.85 7.90t7.9
Al2O3 2.58 16.23 7.45 4.21t7.10
CaO 0.02 24.79 2.28 5.54t7.11
MgO 0.09 1.11 0.44 0.23t7.12
K2O 0.11 1.57 0.69 0.34t7.13
Na2O 0.00 0.48 0.10 0.15t7.14
Fe2O3 0.00 4.60 1.58 1.18t7.15
TiO2 0.00 0.58 0.21 0.14t7.16
P2O5 0.00 0.02 0.01 0.01t7.17

t7.18
in ppmt7.19
As 2.1 70.1 19.2 20.0 0.21 32,000 276.61 0.07 0.5 80 29 1.92t7.20
Ba 27.4 321.9 79.2 56.6 4.1 1540 169.01 0.47 20 1000 120 0.40t7.21
Be 0.3 6.5 2.4 1.5 0.1 15 3 1.21t7.22
Bi 0.1 2.6 0.7 0.5 2 20 0.13t7.23
Cd 0.0 3.2 0.5 0.6 0.04 1.2 0.46 1.12 0.1 3 0.5 1.03t7.24
Co 3.4 23.0 10.2 5.0 0.03 39.6 6.72 1.51 0.5 30 4 2.03t7.25
Cr 5.3 321.3 76.2 90.7 0.46 942.7 34.87 2.19 0.5 60 8 3.81t7.26
Cs 0.5 18.0 6.3 4.4 0.3 5 3.59t7.27
Cu 4.3 30.2 12.6 6.4 4.28 133.7 28.22 0.45 0.5 50 7 0.84t7.28
Ga 3.4 33.9 14.6 9.0 1 20 2.3 1.69t7.29
Ge 0.2 1.7 0.6 0.4 0.5 50 7 0.12t7.30
Mn 4.0 270.9 82.0 71.0 6.02 8540 271.22 0.30 5 300 70 1.17t7.31
Mo 2.5 171.7 45.6 49.9 0.2 241 18.15 2.51 0.1 10 4 15.20t7.32
Nb 2.8 119.2 23.3 27.8 1 20 5.96t7.33
Ni 0.0 27.0 6.9 2.0 1.1– 255 22.62 0.30 0.5 50 13 0.34t7.34
Pb 8.9 135.3 29.7 25.1 5.28 69.7 24.77 1.20 2 80 59 0.74t7.35
Rb 5.4 84.8 38.2 21.8 1.4 408 20.68 1.85 2 50 15 2.55t7.36
Sc 1.5 17.5 8.1 3.8 1 10 4 1.54t7.37
Sr 88.2 3388.7 551.8 840.5 4.9 894 175.96 3.14 15 500 240 2.76t7.38
Ta 0.4 29.4 2.9 5.3 0.1 1 29.42t7.39
Th 3.6 58.5 22.5 16.9 0.09 25.4 6.9 3.25 0.5 10 4 5.61t7.40
Tl 0.1 6.7 1.7 2.0 < 0.2 1 6.72t7.41
U 6.9 175.8 48.3 45.0 0.16 199.3 7.52 6.42 0.5 10 2 24.14t7.42
V 11.0 444.2 138.3 123.2 3.4 1292 94.11 1.47 2 100 19 3.46t7.43
W 10.3 221.4 58.0 51.4 0.5 5 44.28t7.44
Y 5.5 99.4 37.4 26.1 2 50 1.99t7.45
Zn 4.1 98.5 40.5 27.8 0.56 193 43.24 0.94 5 300 20 0.81t7.46
Zr 40.9 881.9 246.7 224.9 5 200 28 4.41t7.47
La 5.0 88.0 28.2 17.1t7.48
Ce 12.0 187.2 63.2 37.4t7.49
Pr 1.6 21.2 7.7 4.5t7.50
Nd 6.0 73.8 29.3 17.4t7.51
Sm 1.5 17.4 7.0 4.0t7.52
Eu 0.3 2.5 1.1 0.5t7.53
Gd 1.5 19.8 7.6 4.5t7.54
Tb 0.3 3.3 1.4 0.8t7.55
Dy 1.7 20.2 8.8 5.4t7.56
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Table 7 (continued)t7.57

Heshan coals Chinese coal range (Ren et al., 1999) Swaine’s worldwide ranges (Querol et al., 1999)t7.58

Min. Max. Mean S.D. Min. Max. Mean H/C Min Max Mean H/Wt7.59

in ppmt7.60
Ho 0.3 4.3 1.9 1.2t7.61
Er 0.9 13.6 5.5 3.7t7.62
Tm 0.1 2.1 0.8 0.6t7.63
Yb 0.9 14.1 5.6 3.8t7.64
Lu 0.1 2.0 0.8 0.6t7.65
Th/U 0.1 6.2 0.9 0.3t7.66
Sr/Ba 0.7 14.1 4.1 0.6t7.67

H/C= ratio of concentrations in mean Heshan coal and mean Chinese coal; H/W= ratio of mean concentrations in Heshan coal and mean

worldwide coal.t7.68
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Ta (r = 0.8), Th (r = 0.48), and Zn (r = 0.66), which

again may imply a mixed mode of occurrence, partly

organic and partly clay mineral association.

Of the rare earth elements (REE), Th has positive

correlation with Al2O3 (r = 0.67), suggesting that it is

mainly associated with clay minerals. La, Ce, Pr, Nd,

and Eu have slightly positive correlations with the

Al2O3 (r>0.34) and thus may have a partial clay

mineral association, being adsorbed on the clays. The

remaining REE (Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, and

Lu) show no clear relationships with other components

and their mode of occurrence is problematical.
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UNCORREC5. Depositional environment of the Heshan coals

Previous studies have suggested that the Heshan

coals accumulated in mires developed on tidal flats

associated with isolated carbonate platforms, sur-

rounded by deeper water facies (Shao et al., 1998,

2003).The coal-forming materials are believed to be

mangrove-like plants which can grow in an alkaline,

brackish, and saline environment (Shao et al., 1998).

This represents an unusual coal-forming environment,

contrasting with the more common siliciclastic asso-

ciation of coal measures. All the evidence, such as the

abnormally high organic sulphur, the presence of

marine fossils in the coals and the interclays, and

the presence of some authigenic minerals including

dolomite and calcite, indicate an alkaline environment

for peat accumulation. In addition to these, the sulphur

contents, petrographical data, and major and trace

elements of the coal may provide further support for

this hypothesis.
ED P
ROOThe sulphur in marine-influenced coal is largely

controlled by availability of the marine sulphate, so

that the extent of marine influence is reflected in the

concentration of sulphur in the coal (Casagrande et al.,

1977; Chou, 1990; Spears et al., 1999; Gayer et al.,

1999). Particularly, the organic sulphur may be closely

related to the original salinity of the groundwater in the

palaeomire. The Heshan coals have not only a marine

roof but also a marine limestone floor, and the sulphur

concentration in the coals is much higher than in most

coals from siliciclastic coal measures. This strongly

suggests that these coals formed in a more fully marine

environment. The organic sulphur in low sulphur coals

is believed to originate from plants (Smith and Batts,

1974; Price and Shieh, 1979; Casagrande, 1987).

Nevertheless, the abnormally high organic sulphur

contents in the Heshan coals cannot be accounted for

by the original plant sulphur alone. Present-day marine

mangrove peats from the Little Shark area of the

Florida Everglades have only 2–4% of organic sul-

phur (Casagrande et al., 1977). Therefore, there must

have been another source of sulphur which combined

into the peat after the plants died and were buried. We

believe that the high organic sulphur in the Heshan

coals could be more reasonably explained as a result of

bacterial reduction of marine sulphate and subsequent

incorporation of reduced sulphur into the organic

matrix. The relatively low pyrite content of the Heshan

coals is due to the minimal input of terrestrial iron by

freshwater, which is consistent with the carbonate

platform setting in central Guangxi, remote from any

terrestrial input.

It should be noted that many coals in which no

significant marine influence can be detected have
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Fig. 8. Cross-plots of the Pearson’s correlation coefficients (r) for major and trace elements with respect to contents of total iron, Al2O3, P2O5,

CaO and ash. (A) Plot of rFe– rAl2O3; (B) plot of rFe– rP2O5; (C) rCaO– rAsh. Dashed lines represent r = 0.33 indicating a 95% confidence

level for correlation. Areas indicating likely mineral affinities are outlined, see text for discussion.
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high concentrations of sulphur, e.g. many of the

Tertiary coals of the circum-Mediterranean basins

(Querol et al., 1996; Karayigit et al., 2000, 2001)

and the Tertiary coals of intracontinental rift basins of

Europe (Bouška et al., 1997). The sulphur in these

coals is commonly derived from sulphide- and sul-

phate-rich rocks in the source land of the basins, as

has been demonstrated by sulphur isotope studies

(e.g. Bouška et al., 1997). In these basins, also, U,

Mo, and W have a major organic affinity (Querol et

al., 1996).

The relatively high GI values and very low TPI

values indicate that the Heshan coal might have

formed in an environment with a generally high water

table and high pH values. Strongly alkaline conditions

would have favoured the bacterial breakdown of the

plant tissue in the peat. Vertical distributions of mac-

erals through the Heshan coals (Fig. 5) show episodic

changes with corresponding high and low values of

different indices including GI, TPI, and vitrinite–

intertinite ratio. Seam 4B has relatively high GI and

low TPI, implying a palaeomire with a higher water

table and higher pH value. Compared with Seam 4B,

Seam 4A has relatively low GI and high TPI, indicat-

ing a lower water table and lower pH values for the

palaeomire. The amalgamated Seam 4 in the Lilan coal

mine is about 1.80 m thick and shows an upward

decreasing GI and increasing TPI, which is consistent

with the overall maceral compositions of Seams 4A

and 4B. Seams 3A, 3B, and 3C have comparatively

higher values of GI and lower TPI, compared with

Seam 4A, implying that these seams might have

formed in mires with a higher water table and higher

pH values. A more complete analysis of the relation-

ship between coal-forming mire development and sea-

level variations, and its sequence stratigraphic signifi-

cance, has been documented by Shao et al. (2003).

The geochemical data also show some vertical

variations within the seams (Fig. 9), reflecting overall

trends of marine influence in the palaeomires. The

very high contents of total sulphur (5.3–11.6%), CaO

(0.22–37.12%), and Sr (107–3389 ppm) are the

result of a strong marine influence. The overall high

values of the total sulphur in Seams 3A, 3B, and 3C

imply a stronger influence from marine water in these

seams. It is interesting that the CaO and Sr show

upward increasing trends in Seams 4B and 4A, which

may imply that the marine influence was becoming
ED P
ROOF

stronger towards the top of the palaeomires. Similarly,

upward decreasing trends in Sr and CaO in Seam 3A

may indicate a lessening marine influence. It is also

noticeable that Seam 4A has much higher aluminium

contents than in other seams, which may suggest a

greater influx of weathering products in the palae-

omire of this seam during deposition.

Very high uranium contents have been found in the

Heshan coals. The enrichment of U in coals has been

attributed to the episodic inundation of the coal

depositional environment by marine waters (Van der

Flier and Fyfe, 1985). This is due to seawater being

relatively enriched in soluble oxidised U complexes,

such as UO2 +, which are reduced by humic acids in

the peat mire to less soluble uranous forms. These can

form complexes with organic matter or be adsorbed

onto clay minerals. In the Heshan coals, the positive

correlation between total (mainly organic) sulphur and

U contents indicates the affinity of the uranium to

organic matter. This is in good agreement with the

inferred depositional environments for the Heshan

coals (Shao et al., 1998). The actinide elements Th

and U can be used for palaeoenvironmental interpre-

tation (Van der Flier and Fyfe, 1985), and the Th/U

ratios within the Heshan coals may provide further

evidence of marine influence in these coals. Plots of

Th/U ratios against depth are given in Fig. 9. Taylor

and McLennan (1985) gave an average Th/U ratio for

Post-Archean shales of 4.8–0.3 and suggested that

ratios >4.8 indicate relative enrichment of Th, and

ratios < 4.8 indicate relative enrichment of U. In the

Heshan coals, Th/U ratios vary between 0.05 and

6.22, with an average of 0.29. The lowest Th/U ratios

occur in Seams 3A, 3B, and 3C (Fig. 9), which may

suggest a stronger marine influence in these seams

than in Seams 2, 4A, and 4B. In Seams 3A and 3C,

the lowest Th/U ratios occur in the basal coal layer in

each seam, which implies a decreasing marine influ-

ence upwards through the seams, in agreement with

the Ca and Sr data. However, caution should be

exercised in relying too heavily on U enrichment as

an indicator of marine influence. U enrichment has

been noted in coals that demonstrably had no marine

influence, e.g. the Oligocene coals of the Mequinenza

Formation in the South Pyrenean Ebro foreland basin

(Querol et al., 1996). Here, it has been argued that

strongly alkaline conditions, resulting from the recy-

cling of sulphate and carbonate lithologies in earlier
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UNCOdeposits of the basin, were responsible for U enrich-

ment in the groundwater of the peat mire (Querol et

al., 1996). U enrichment is thus likely an indicator of

alkaline groundwater conditions, which, in the case of

the Heshan Formation coals, were produced by

marine transgression.

In spite of the above evidence suggesting a major

marine influence during the deposition of the Heshan

coals, the presence of iron-phosphate minerals implies

a freshwater influence during palaeomire develop-

ment. It has been documented that the concentration
of total iron in freshwater is 197 times higher than in

seawater (Diessel, 1992), suggesting that the majority

of iron is ultimately sourced from the land. Strengite

(FePO4�2H2O) is found to be the major iron-phos-

phate mineral in the Heshan coals which is usually

enriched in the lower half of each seam. The iron-

phosphate is believed to be derived mainly from

freshwater (Nelson, 1967). It is also noticeable that

Fe and P2O5 have a close relationship and both are

present at higher levels at the base of most of the

Heshan coals. This may result from the development
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of palaeosols near the base of the coal seams. In

particular, the base of Seam 4A is an obvious dis-

continuity surface (Shao and Zhang, 1992). The

upward decreasing trends of both Fe and P2O5 within

Seam 4A, 3C, and 2 (Fig. 9) indicate that the fresh-

water had a stronger influence during the early stages

of the palaeomire development. The low levels of Fe

in the higher parts of these seams may reflect the low

levels of Fe in the groundwater over these carbonate

platforms, remote from a terrigenous detrital source.

This result would appear to contradict the Th/U ratio

pattern in Seam 3C, discussed above, where the low-

est Th/U ratio occurs in the basal coal layer (sample

3c-1). However, the basal layer of Seam 3C (sample

3C-0), in which the high levels of Fe and P2O5 occur,

lies beneath the lowest coal layer, suggesting a rapid

transition from freshwater in the chert to marine water

in the overlying coal.

From above analysis, we believe that the Heshan

coals were formed in mires with a relatively high

concentration of saline water. The high ash contents

imply low-lying mires, with an influx of detrital

material and dissolved ions. The low TPI values

reflect strong microbial activity in association with

a high water table. Geochemical parameters suggest

that marine influence increased throughout the peat

mire development. The lithofacies of the roof and

base of the coal seams are mainly tidal-flat facies

with laminated clayey algal-clast packstones, suggest-

ing that the coal-forming mires were developed on a

tidal-flat environment. Thus, this study confirms that

the coal-forming materials were most likely derived

from mangrove-like plants that tolerated variable

mixtures of alkaline, brackish to fully marine sea-

water in tide-influenced swamps, which were similar

to modern intertidal mangrove swamps (Shao et al.,

1998).
 O 847
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UNC6. Conclusions

(1) The sulphur contents in the Heshan coals (with

ash less than 50%) range from 5.3% to 11.6%, of

which 92% is organic sulphur. The SEM-EDX

analysis shows that the average organic sulphur

content of the vitrinite group macerals is 8.3%,

which is higher than that in the inertinite group

macerals, with an average of 7.08%. The high
ED P
ROOF

vitrinite reflectance (1.8–2.04% Rom) indicates

that the Heshan coals in the Heshan Coalfield are

mainly low-volatile bituminous coal.

(2) The coal is composed of vitrinite and inertinite

macerals with low TPI and high GI values,

suggesting a unique palaeoenvironment with

alkaline, high-pH water conditions. This may

represent the characteristics of a low-lying mire

developed in a marine carbonate platform setting.

(3) The minerals in the Heshan coals are mainly

quartz, calcite, dolomite, kaolinite, illite, and

pyrite. The minor minerals in the coals are

marcasite, strengite, and feldspar, as well as some

weathering oxidation products such as gypsum.

(4) Major elements in the Heshan coals have higher

concentrations compared to the coals in non-

marine siliciclastic coal measures, which is

consistent with the high ash yields of the Heshan

coals. In particular, very high levels of SiO2

reflect the predominance of quartz, and high

levels of CaO are consistent with the presence of

calcite and dolomite in the coals.

(5) Most trace elements in the Heshan coals are

enriched with respect to their world ranges, in

particular, Mo, Ta, U, and W are highly enriched,

being more than 10 times their world means.

These trace elements are believed to be associated

either with minerals or organic matter. The

mineral associations include aluminium-silicates

(such as Cs, Be, Th, Pb, Ga, and REE),

aluminium–iron-silicates (such as Sc, Ge, and

Bi), iron-phosphates (Zn, Rb, and Zr), iron-

sulphides (such as As, Cd, Cr, Cu, Ni, Tl, and

V), carbonates (Sr, Mn, and W), and possibly

barium-sulphate (Ba). U and Mo are associated

with the organic matter.

(6) The coal-forming environments for the Heshan

coals are believed to be low-lying, marine-

influenced palaeomires developed on carbonate

platforms. This can be demonstrated by the

abnormally high organic sulphur contents, high

ash yields, relatively high GI values, very low TPI

values, very high U contents, and very low Th/U

ratios, as well as the presence of a marine

limestone in the roof and floor of the coal seams.

Seams 3A, 3B, and 3C may have experienced a

stronger marine influence than Seams 2, 4A, and

4B.
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(7) The Heshan coals have several features in

common with coals from the Tertiary circum-

Mediterranean coal basins, despite the complete

absence of marine influence in the latter. The

similarities include the following: high contents

of organic sulphur; enrichment in U, Mo, and W;

the predominant organic affinity of U; relatively

high values of GI; and relatively low contents of

Fe. It is considered that these similarities were

produced by a common strongly alkaline ground-

water chemistry, unusual in most coal-forming

mires.
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