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Geochemical and coal petrographical analyses were undertaken on low-rank Upper Pliocene Balingian coal
from Sarawak, Malaysia, in an attempt to reconstruct the conditions during peat accumulation and the
subsequent coalification processes. Chemically, the coal in this study is characterised by high moisture, low
ash yield and low sulphur content. The low ash yield and low sulphur content, together with the lack of
epiclastic partings clearly indicate that it was deposited in ombrotrophic raised bogs. The coal was plotted
in the Type III terrigenous kerogen zone of the van Krevelen diagram, with H/C value below 0.9. This
shows that the coal was derived from plant materials of terrigenous origin and is still immature for petroleum
generation. The petrographical study reveals, nonetheless, the expulsion of early generated hydrocarbons
from the disintegration of suberinite, and also from phlobaphinite and cutinite. Petrographically, the coal is
dominated by huminite, with low to moderate amounts of liptinite and low amounts of inertinite, pointing
to predominantly anaerobic deposition conditions in the paleomires, with limited thermal and oxidative
tissue destruction. Most of the studied samples are characterised by low TPI and high GI values, and are plot-
ted on the marsh field of the Diessel's diagram, or it could also originate from decomposed wood in forested
swamps. Nevertheless, coals originating from both these sources usually generate high ash yield, which is not
the case for the studied coal. This shows that the interpretation as suggested by the Diessel's diagram is not
valid for the studied coal. The coal has a mean random huminite reflectance between 0.26 and 0.35%, suggest-
ing a lignite coal rank for the coal. Nevertheless, geochemical classification based on total moisture and
calorific value suggests a subbituminous C rank.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Coals in Malaysia are present in the Tertiary basins in all three
geographical provinces, viz. Sarawak, Sabah and Peninsular Malaysia
(Fig. 1). However, most of the coal resources are located in the states
of Sabah and Sarawak. As at the end of 2011, total coal resources in
Malaysia stood at 1819 Mt, of which 1468 Mt or 80.7% were located
in Sarawak, 334 Mt or 18.3% in Sabah, and the remaining 1% in
Peninsular Malaysia. The coals range from subbituminous (see also
Sections 2 and 5.2.1) to anthracite in rank. Most of the coals are ther-
mal coal; nonetheless coals with coking properties exist in the
Bintulu, Silantek, Slimponpon and Maliau coalfields. Despite Malaysia
having sufficient coal resources to meet the nation's demand, the
country imported a total of 17.03 Mt of coal in 2010 (EIA, 2012),
mostly from Indonesia, Australia and South Africa.

Coal was used to be mined from the Sadong, Slimponpon, Labuan,
Batu Arang, Enggor, and Durian Chondong basins (Fig. 1), but the
mining operations have long been ceased. Coal mining was resumed
rights reserved.
in the country with the opening of the coalmine at the Merit-Pila
coalfield in 1986. Currently, opencast coal mining is actively being
carried out in the Merit-Pila, Mukah and Balingian coalfields, whilst
undergroundmining is being carried out in the Silantek coalfield, pro-
ducing about 2.5 Mt of coal per year (EIA, 2012).

Exploration for coal in this area was started by Sarawak Shell Bhd.
in 1974. However, the company withdrew from the area owing to
poor accessibility, and probably also because limited opencast re-
serves were found. The prospecting work was continued by Buroi
Mining Sdn. Bhd. in 1981, but the company too relinquished most of
its prospecting areas in 1999, except the area in the northeast corner
of the coalfield that had a coal resource of 52 Mt (Yin, 1991). The
Geological Survey Department of Malaysia (a government agency
now known as the Mineral and Geoscience Department of Malaysia)
started evaluating the coal resources in 1991 as a departmental pro-
ject, and identified a total of 203 million tonnes of coal resources in
the eastern part of the coalfield. The area relinquished by Buroi
Mining Sdn Bhd. was subsequently taken over by Sarawak Coal
Resources Sdn. Bhd. Using the existing data, the company started ex-
ploring the area in 2007, with mining being initiated in the same year.
Currently, the coal extracted from this area is used to fuel the
270 MW capacity mine-mouth Mukah Coal-Fired Power Station that
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Fig. 1. Location map showing the coal bearing Tertiary basins in Malaysia.
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started operation in 2009. The power station is expected to consume
1.2 Mt of Balingian coal a year.

Despite the importance of this coalfield, little is known about the
coal, and little published information is available so far. The character-
isation of the coal using the integration of conventional geochemical
and coal petrographical approaches is the main objective of this
study. The investigation is expected to elucidate the depositional
conditions and thermal maturity (coal rank) of Balingian coal.

2. Geological setting

Balingian coalfield, covering an area of approximately 410 km2, is
located in the low-lying coastal plain between the Mukah and the
Balingian Rivers of Sarawak, Malaysia. Accumulation of the Balingian
coal took place in the Liang Formation during Upper Pliocene. The
Liang Formation is unconformably underlain by the Lower Pliocene
Begrih Formation in the north and by the Eocene Belaga Formation
in the south (Figs. 2 and 3) (Hutchison, 2005).

The Liang Formation has a thickness of approximately 950 m
(Fig. 3), and is made up of thick and massive clays, sands, tuffs, coal
seams and gravel lenses. The fauna identified in the coal zone
include Ammodiscus sp., Glomospira sp., Haplophragmoides sp., and
Trochammina sp., which suggest a brackish-water environment of
Fig. 2. The geology of the Balingian coalfie
deposition. Outside the coal zone, however, the sediments were
deposited in a very shallow, near-shore type of marine depositional
environment (Hutchison, 2005). Five coal seamswith an accumulated
thickness of 22.42 m have been identified in this study. The coal has
been classified as lignite and represents the only minable lignite de-
posit reported in the country; however data of the present study indi-
cates that it is subbituminous C in rank (see also Sections 5.1.1, 5.1.4
and 5.2.1).

The Begrih Formation consists of conglomerates, conglomeratic
sandstones, mudstones, shales, tuffs and also a coal seam. The
formation contains mixed marine and brackish-water fauna,
suggesting depositional conditions that were probably predominant-
ly littoral (Hutchison, 2005).

The Belaga Formation is a highly deformed deep-water turbidity
deposit of the Upper Cretaceous to the Middle Eocene age
(Hutchison, 2005). The sediments consist of intensely folded thinly
interbedded sandstones with shales, mudstones, argillites, and slates.

3. Material and methods

A total of 24 coal samples were collected using the bench-by-
bench channel sampling method from all the five coal seams identi-
fied in this study. The sampling method applied is in conformity
ld and the sampling points (location).
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Fig. 3. Generalised stratigraphic column of the study area showing the relative strati-
graphic level of the coal seams and the mean random reflectance measurement of
ulminite (%).
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with Standard Classification of Coals by Rank ASTM D388 (1990). The
sampling interval was decided on the basis of changes in coal litho-
types, with each sample representing a single bench sample with a
bench thickness of not more than 1 meter.

All the samples were petrographically examined, however only
thirteen selected coal samples were geochemically analysed. Geochem-
ical analyses, inclusive of proximate and ultimate analyses, as well as
calorific value, were performed at the Accredited Coal Quality Testing
Laboratory of the Mineral and Geoscience Department Malaysia
(Sarawak). The proximate analysis carried out comprised determina-
tions of moisture, ash and volatile matter using in-house test methods
based on ASTM standard and fixed carbon values were calculated by
difference.

Three forms of moisture in coal, namely total moisture, equilibrium
moisture and air-dried moisture, can be measured by the prescribed
standard methods. Information on the various forms of moisture is
required for calculating the analysis results to other basis, especially
equilibrium moisture which is used as bed moisture or for calculating
the analysis results to moist basis for ASTM rank classification.
Nevertheless, equilibrium moisture could not be determined in this
study, as the laboratory was not equipped for this test. In this study,
total moisture (which shows the closest results with bed moisture)
was used to convert the analytical results into the moist basis for the
purpose of ASTM rank classification. Nevertheless, the requirements
of ASTM D388 (1990) were not met despite every attempt having
been made in the field to collect samples that were relatively fresh,
unoxidised and without visible surface moisture to reduce or eliminate
the effect of surface moisture. As such, coal rank determined in this
study is considered as an ASTM apparent rank, and not the definitive
ASTM standard rank.

The ultimate analysis carried out comprised the determinations of
carbon, hydrogen, nitrogen, and total sulphur using the ASTM
standard test methods, and oxygen was calculated by difference.
The calorific value was also determined using the ASTM standard
test methods for the ASTM coal rank classification system. All the geo-
chemical analyses results were reported in as received basis, unless
otherwise indicated.

Measurement of vitrinite/huminite reflectance was carried out
using a LEICA CTR 6000 Orthoplan microscope under reflected white
light, with ×50 oil immersion objectives using immersion oil with a
refractive index (ne) of 1.518 at 23 °C. A sapphire glass standard
with 0.589% reflectance value was used for calibration. Reflectance
measurements were determined in the random mode (Rrand) on
ulminite maceral at a wavelength of 546 nm, and the values reported
were arithmetic means of at least 50 measurements per sample.
Maceral composition analysis was carried out using the single scan
method, where identification of maceral was done using white and
blue light illumination in combination. The analysis was based on at
least 500 counts on each sample and the results were reported as
mineral free volume percentage, unless otherwise indicated.
Classification of maceral was done according to System 1994 of the
International Committee for Coal Petrology. Since petrograpically
the vitrinite/huminite reflectance indicates a lignite coal rank (see
also Section 5.2.1), the classification for low-rank coal was used in
this study.

The formulas proposed by Diessel (1986) to calculate TPI and GI are
based on coal facies analysis on the Permian high rank coals in Australia.
However, as pointed out by Amijaya and Littke (2005), Tertiary coals
are very different in terms of vegetation and climate compared with
the Permian coal; as such the formulas proposed by Diessel (1992) fail
to show the development of the paleomire in detail. As a result of this,
many formulas have also been proposed for application to Tertiary
low-rank coals; among others are Davis et al. (2007), Flores (2002),
Kalkreuth et al. (1991), Markic and Sachsenhofer (1997), and Singh
et al. (2010). The low-rank nature of Balingian coal bears similarity
in characteristics to the Tertiary coals from the Western Indonesia
in terms of their low ash and low sulphur content, as well as low
TPI and high GI values. Moreover, considering the proximity of the
Balingian coalfield to the TertiaryWestern Indonesian fields, both lo-
cations can be expected to have shared a similar climate. As such, the
formulas proposed by Davis et al. (2007) for the Tertiary coals of
Western Indonesia were used to calculate the TPI and GI in the pre-
sent study:

TPI ¼ telohuminite þ semifusiniteð Þ=ðdetrohuminiteþmacrinite

þinertodetriniteÞ
GI ¼ huminite=inertinite

The relationships between the analyses results were analysed
using the SPSS statistical program (Version 16). The relationships be-
tween the petrographical parameters were based on all the 24 sam-
ples studied, whereas the relationships involve geochemical
parameters, particularly the total moisture and total sulphur, were
based on the 13 samples available. To eliminate the effect of moisture
and mineral matter, total sulphur content used in the statistical anal-
yses was converted into dry mineral-matter free basic prior to statis-
tical analysis.

4. Results

4.1. Geochemistry

The results of the geochemical analyses and the calculated H/C and
O/C atomic ratios for the 13 bench samples are shown in Table 1. The
minimum, maximum, arithmetic mean and the standard deviations of
the geochemical results and the calculated H/C and O/C atomic ratios
are summarised in Table 2.
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Table 1
Geochemical analyses and the calculated H/C and O/C atomic ratios of Balingian coal.

Sample
number

Proximate analysis Ultimate analysis GCV Atomic ratios

Moisture Ash VM FC C H O N TS H/C O/C

(wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (MJ/kg)

ar ad ar ar ar ar ar ar ar ar ar dmmf dmmf

E55/4 29.9 14.9 3.3 33.0 33.8 47.2 3.29 44.89 1.00 0.27 17.87 0.84 0.23
E55/3 29.3 15.3 2.5 33.4 34.8 48.5 3.25 44.59 1.03 0.13 18.33 0.80 0.23
B03/9 25.5 13.2 1.7 37.3 35.5 51.0 3.49 42.64 0.97 0.24 19.26 0.82 0.25
B03/8 20.8 11.4 1.3 39.3 38.6 55.1 3.80 38.41 1.26 0.13 20.64 0.83 0.24
B03/7 24.2 11.2 1.7 37.4 36.6 51.4 3.44 42.14 1.21 0.11 18.90 0.80 0.26
B03/1 28.9 12.7 2.2 34.1 34.8 48.9 3.41 44.21 1.12 0.16 18.35 0.84 0.23
B01/6 32.7 14.9 3.0 31.0 33.4 45.6 3.08 47.07 0.90 0.35 17.34 0.81 0.23
B01/4 32.7 13.8 2.3 31.4 33.6 45.8 3.14 47.84 0.85 0.07 17.44 0.82 0.24
B01/3 34.6 14.3 2.2 30.1 33.1 44.8 3.00 49.06 0.85 0.09 17.02 0.80 0.24
B02/5 21.3 12.2 2.6 36.8 39.4 54.2 3.49 37.61 1.28 0.82 20.23 0.77 0.22
B02/4 24.8 12.7 2.3 35.0 37.8 52.1 3.32 40.63 1.24 0.41 19.38 0.76 0.22
B02/2 22.2 12.8 2.2 35.9 39.7 52.6 3.56 40.47 1.04 0.13 19.91 0.81 0.26
B02/1 25.9 13.2 2.3 34.2 37.6 50.1 3.38 42.93 1.05 0.24 18.96 0.81 0.25

VM volatile matter
FC fixed carbon
C carbon
H hydrogen
O oxygen
N nitrogen
TS total sulphur
GCV gross calorific value
ar as received
ad air-dried
wt weight
dmmf dry, mineral-matter free
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Proximate results indicated that the studied coal had relatively
high total moisture content, ranging from 20.8 to 34.6 wt.%, with an
arithmetic mean of 27.1 wt.% (Tables 1 and 2). The higher total mois-
ture content in the studied coal was contributed by samples from coal
seams at B01, ranging from 32.7 to 34.6 wt.%. Air-dried moisture var-
ied from 11.2 to 15.3 wt.%, with an arithmetic mean of 13.3 wt.%. Ash
yield was low, ranging from 1.3 to 3.3 wt.%, with an arithmetic mean
of 2.3 wt.% (Tables 1 and 2).

The ultimate results indicated that the arithmetic means of
carbon, hydrogen, oxygen, nitrogen and total sulphur content were
49.8 wt.%, 3.36 wt.%, 43.27 wt.%, 1.06 wt.% and 0.24 wt.% respectively.
Gross calorific value of the studied coal ranged from 17.02 to
20.64 MJ/kg, with an arithmetic mean of 18.90 MJ/kg (Tables 1 and 2).
Table 2
Minimum, maximum, arithmetic means and standard deviations of the geochemical
analytical results.

Parameter Unit Range Arithmetic
mean

Standard
deviation

Minimum Maximum

Moisture (ar) wt.% 20.8 34.6 27.1 4.56
Moisture (ad) wt.% 11.2 15.3 13.3 1.31
Ash (ar) wt.% 1.3 3.3 2.3 0.53
Volatile Matter (ar) wt.% 30.1 39.3 34.5 2.76
Fixed Carbon (ar) wt.% 33.1 39.7 36.1 2.36
Carbon (ar) wt.% 44.8 55.1 49.8 3.32
Hydrogen (ar) wt.% 3.00 3.80 3.36 0.21
Oxygen (ar) wt.% 37.61 49.06 43.27 3.49
Nitrogen (ar) wt.% 0.85 1.28 1.06 0.15
Total sulphur (ar) wt.% 0.07 0.82 0.24 0.20
Gross calorific
value (ar)

MJ/kg 17.02 20.64 18.90 1.14

H/C (dmmf) Atomic ratio 0.76 0.84 0.81 0.02
O/C (dmmf) Atomic ratio 0.22 0.26 0.24 0.01
4.2. Coal petrography

The results of the vitrinite/huminite reflectance and maceral
composition, along with the petrographic facies indices of the studied
coal, appear in Table 3. The minimum, maximum, arithmetic mean
and standard deviation of the petrographic analyses and the facies
indices are summarised in Table 4.

The mean random reflectance measurement of ulminite maceral of
the studied coal varied from 0.26 to 0.36% (Tables 3 and 4; Fig. 3). The
studied coal was dominated by huminite (56.7–97.4 vol.%), with low
to moderate amounts of liptinite (1.1–40.8 vol.%) and low amounts of
inertinite (0.8–8.9 vol.%) (Fig. 4).

Huminite content in the studied coal ranged from 56.7 to
97.4 vol.%, and was represented mainly by detrohuminite. Ulminite
prevailed detrohuminite only in samples B03/9, B03/3, B01/3, B01/2,
B01/1 and B02/2 (Table 3). The detrohuminite (Fig. 5a and b) content
varied greatly in the studied coal, ranging from 1.0 to 95.0 vol.% with
an arithmetic mean of 53.7 vol.% (Tables 3 and 4). The ulminite
(Fig. 5c) content, which also varied greatly in the studied coal, ranged
from 0.0 to 92.7 vol.% (Tables 3 and 4). Textinite (Fig. 5c) was either
absent or present in low concentrations in most of the studied sam-
ples (b1 vol.%), with the exceptions of only samples B03/8 and
B01/2 having a relatively high content of textinite, at 5.6 vol.% and
48.3 vol.% respectively (Table 3). The studied coal contained low
amounts of corpohuminite, usually below 5 vol.% (Table 3), except
for 3 samples, namely B03/8, B03/1 and B01/2, which contained
15.0, 21.0 and 28.0 vol.% of corpohuminite respectively (Table 3). Cor-
pohuminite occurred mainly as cell fillings in textinite (Fig. 5c and d).
Porigelinite content in the studied coal was usually below 4 vol.%, but
higher porigelinite content was seen in samples E55/2 (14.7 vol.%)
and B03/1 (13.4 vol.%) (Table 3). The maceral was present within
phlobaphinite, showing a microgranular appearance and bright inter-
nal reflectance (Fig. 5c).

Liptinite content in the studied coal ranged from 1.1 to 40.8 vol.%;
higher liptinite content (>10 vol.%) was recorded in samples B03/4,



Table 3
Random vitrinite/huminite reflectance (%), maceral composition (mineral free, vol.%), and petrographic facies indices of the studied coal.

Sample
no.

VR Huminite Liptinite Inertinite TPI GI

Tx U Dh Ch Pg TH Sp Cu Rs Ld Sub Ex TL Fg Idt F Sf Ma TI

E55/4 0.35 0.8 23.2 66.3 0.0 0.0 90.2 0.0 0.0 0.2 0.2 6.5 0.4 7.3 1.2 0.4 0.0 0.8 0.0 2.4 0.37 37.00
E55/3 0.33 0.0 1.5 95.0 0.2 0.0 96.7 0.0 0.2 0.7 0.7 0.7 0.0 2.2 0.0 0.9 0.0 0.2 0.0 1.1 0.02 89.00
E55/2 0.34 0.0 0.0 77.2 0.0 14.7 91.9 0.0 0.0 0.0 0.6 5.2 0.0 5.8 1.0 0.2 0.6 0.4 0.0 2.3 0.01 40.36
B03/9 0.32 0.6 61.0 31.0 1.0 0.0 93.6 0.2 0.4 0.0 0.0 3.9 0.0 4.5 0.4 0.2 0.4 0.8 0.0 1.9 2.00 50.33
B03/8 0.33 5.6 25.2 45.3 15.0 0.2 91.2 0.0 0.2 1.1 0.2 0.9 0.0 2.4 1.3 3.0 1.5 0.6 0.0 6.4 0.65 14.23
B03/7 0.30 0.0 11.5 84.3 0.0 0.0 95.9 0.0 0.0 0.2 0.9 1.5 0.0 2.6 0.2 1.1 0.0 0.2 0.0 1.5 0.14 62.86
B03/6 0.28 0.0 17.5 74.1 0.2 0.9 92.7 0.0 0.0 1.2 0.7 4.5 0.0 6.4 0.0 0.0 0.0 0.9 0.0 0.9 0.25 98.25
B03/4 0.35 0.0 9.2 52.3 3.8 0.4 65.7 0.0 0.2 0.0 0.6 31.8 0.0 32.6 0.0 0.4 0.4 0.8 0.0 1.7 0.19 39.25
B03/3 0.27 0.9 74.3 16.8 1.9 3.5 97.4 0.0 0.2 0.0 0.6 0.2 0.0 1.1 0.2 0.2 0.9 0.2 0.0 1.5 4.42 64.43
B03/2 0.30 0.0 8.4 65.5 0.6 0.0 74.5 0.0 0.0 1.8 0.0 22.7 0.0 24.5 0.0 0.0 1.0 0.0 0.0 1.0 0.13 74.20
B03/1 0.30 0.8 26.9 31.1 21.0 13.4 93.3 0.0 0.0 0.0 5.0 0.8 0.0 5.9 0.0 0.0 0.8 0.0 0.0 0.8 0.89 111.00
ML46B/2 0.33 0.0 0.2 52.1 4.4 0.0 56.7 0.0 0.2 0.0 0.9 39.6 0.0 40.8 1.4 0.0 0.7 0.5 0.0 2.5 0.01 22.36
ML46B/1 0.32 0.0 0.0 72.3 0.8 0.0 73.1 0.0 0.8 20.4 0.6 2.9 0.0 24.8 1.1 0.6 0.4 0.0 0.0 2.1 0.00 34.80
B01/6 0.26 0.0 44.0 47.4 0.0 0.0 91.4 0.0 0.2 0.4 0.6 1.1 0.0 2.4 0.4 2.6 1.5 1.5 0.2 6.2 0.91 14.69
B01/5 0.32 0.2 20.6 52.5 0.7 0.0 74.0 0.0 0.0 0.0 1.6 15.5 0.0 17.1 0.5 1.4 3.0 4.0 0.0 8.9 0.46 8.32
B01/4 0.29 0.0 46.4 47.4 0.8 0.0 94.7 0.0 0.0 1.6 0.4 1.8 0.0 3.9 0.0 0.4 0.2 0.8 0.0 1.4 0.99 65.86
B01/3 0.29 0.0 92.7 1.8 0.4 2.2 97.1 0.0 0.4 1.4 0.0 0.0 0.0 1.8 0.0 1.0 0.0 0.0 0.0 1.0 32.50 95.40
B01/2 0.36 48.3 18.5 1.0 28.0 0.0 95.8 0.0 2.4 0.2 0.2 0.4 0.0 3.2 0.0 1.0 0.0 0.0 0.0 1.0 33.20 95.20
B01/1 0.30 0.0 46.7 38.3 1.3 2.4 88.6 0.0 2.2 3.2 1.5 1.7 0.0 8.6 0.4 1.3 0.4 0.6 0.0 2.8 1.20 31.69
B02/5 0.35 0.3 4.7 74.8 1.3 0.3 81.3 0.3 1.0 2.9 0.8 12.2 0.0 17.1 0.5 0.0 0.0 1.0 0.0 1.6 0.08 52.17
B02/4 0.32 0.0 1.1 83.4 0.5 0.0 85.0 0.0 0.5 1.4 0.9 9.6 0.0 12.3 0.2 0.7 0.0 1.8 0.0 2.7 0.04 31.08
B02/3 0.34 0.0 1.0 85.5 1.2 0.0 87.7 0.0 0.0 0.2 0.5 7.1 0.0 7.9 0.7 1.2 0.5 1.2 0.7 4.4 0.03 19.83
B02/2 0.33 0.8 87.1 6.5 0.2 2.5 97.1 0.0 0.0 0.0 0.0 1.4 0.0 1.4 0.2 0.6 0.2 0.4 0.0 1.4 12.34 67.86
B02/1 0.35 0.0 1.8 87.4 4.7 0.0 93.9 0.0 0.0 2.4 0.6 0.6 0.0 3.7 1.4 0.0 0.2 0.8 0.0 2.4 0.03 38.42

VR Vitrinite/huminite reflectance
Tx Textinite
U Ulminite
Dh Detrohuminite
Ch Corpohuminite
Pg Porigelinite
TH Total huminite
Sp Sporinite
Cu Cutinite
Rs Resinite
Ld Liptodetrinite
Sub Suberinite
Ex Exsudatinite
TL Total liptinite
Fg Funginite
Idt Inertodetrinite
F Fusinite
Sf Semifusinite
Ma Macrinite
TI Total Inertinite
TPI Tissue Preservation Index
GI Gelification Index
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B03/2, ML46B/2, ML46B/1, B01/5, B02/5 and B02/4, with liptinite con-
tent as high as 40.8 vol.% (Tables 3 and 4). High liptinite content in
these samples was due mainly to the presence of high amounts of
suberinite (up to 39.6 vol.%), and also resinite. Suberinite content var-
ied greatly from non-existent to 39.6 vol.% in the studied coal
(Tables 3 and 4). It occurred as cell wall tissues and was characterised
by a yellow to brownish-yellow fluorescence (Fig. 6a and b). Resinite
in the studied coal appeared mostly as cell-filling in textinite (Fig. 5e
and f), but there were also some isolated small globular bodies. Ex-
cept for sample ML46B/1 which contained 20.4 vol.% of resinite, its
content in the studied coal was usually less than 3.2 vol.% (Table 3).
The contents of cutinite and liptodetrinite were low, with arithmetic
means of 0.4 vol.% and 0.8 vol.% respectively (Tables 3 and 4).
Liptodetrinite in the studied coal was often present together with
inertodetrinite which was finely dispersed in a groundmass of attri-
nite (Fig. 5a and b). Secondary liptinite macerals such as exsudatinite
and fluorinite had also been observed in the studied coal, but they
were either absent or were present in trace amounts (Tables 3 and
4). Exsudatinite in the studied coal appeared as crack fillings and
was yellow in fluorescent light (Fig. 6c and d). Fluorinite in the
studied samples was always associated with cutinite and charac-
terised by a greenish-yellow in fluorescent light (Fig. 6e and f).

The studied coal contained lowcontents of inertinite ranging from0.8
to 8.9 vol.% (Tables 3 and 4). Inertinite in the studied coalwasmade up of
funginite (b1.4 vol.%), inertodetrinite (b3.0 vol.%) (Fig. 5a), fusinite
(b3.0 vol.%), semifusinite (b4.0 vol.%) and macrinite (b0.7 vol.%).
5. Discussion

5.1. Geochemistry

Proximate analysis, ultimate analysis, and calorific value are the
conventional geochemical analyses carried out to determine the geo-
chemical parameters of a coal. The information derived not only de-
termines the suitability of coals for various industry uses (ASTM
D3176, 1989), but also provides information on the depositional con-
ditions and geologic history of the coal-bearing sequences and indi-
vidual coal seams (Ward, 2002). Nevertheless, the suitability of
coals for various industry uses is beyond the scope of this study.



Table 4
Minimum, maximum, arithmetic means and standard deviations of the petrographical
analytical results.

Parameter Range Arithmetic
Mean

Standard
Deviation

Minimum Maximum

Vitrinite/huminite reflectance 0.26 0.36 0.32 0.03
Textinite 0.0 48.3 2.4 9.84
Ulminite 0.0 92.7 26.0 28.14
Detrohuminite 1.0 95.0 53.7 28.02
Corpohuminite 0.0 28.0 3.7 7.21
Porigelinite 0.0 14.7 1.7 3.94
Total huminite 56.7 97.4 87.5 11.00
Sporinite 0.0 0.3 0.0 0.07
Cutinite 0.0 2.4 0.4 0.65
Resinite 0.0 20.4 1.6 4.11
Liptodetrinite 0.0 5.0 0.8 1.00
Suberinite 0.0 39.6 7.2 10.45
Exsudatinite 0.0 0.4 0.0 0.08
Total Liptinite 1.1 40.8 10.2 10.80
Funginite 0.0 1.4 0.5 0.50
Inertodetrinite 0.0 3.0 0.7 0.79
Fusinite 0.0 3.0 0.5 0.69
Semifusinite 0.0 4.0 0.7 0.85
Macrinite 0.0 0.7 0.0 0.15
Total inertinite 0.8 8.9 2.5 2.02
TPI 0.00 33.20 3.79 9.31
GI 8.32 111.00 52.44 29.8

Fig. 4. Ternary diagram showing maceral group composition of the samples.
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Therefore only chemical parameters with significance to the peat-
forming conditions and thermal maturity will be discussed in detail.

5.1.1. Total moisture
The vegetable debris from which coal was formed contained a

high content of both physically and chemically bound water
(Speight, 2005). The water content, however, decreases with the
rise in coal rank through the coalification processes, which eliminates
much of the moisture in the vegetable debris largely as a result of de-
creasing porosity (Stach et al., 1982). Moisture has been used as a
rank indicator for low-rank coals (Stach et al., 1982) (see also
Section 5.2.1). The classification made, using the total moisture arith-
metic mean (27.1 wt.%), indicated a subbituminous C coal rank for the
studied coal (see also Sections 5.1.4 and 5.2.1).

The total moisture of coal in this study had a significant negative
correlation with the mean vitrinite/huminite reflectance (Fig. 7).
The higher total moisture content for samples collected from the
coal seam at B01 is believed to be of lower maturity, though the
content of total moisture is also influenced by ambient conditions,
particularly the temperature and water vapour pressure of the envi-
ronment where the coal seams crop out, as well as the weathering
stage of the coal sample (Sivek et al., 2010). This is evidenced by
the relatively lower vitrinite/huminite reflectance of samples from
this coal seam (Fig. 7), despite the fact that it is stratigraphically the
second lowest coal bed identified (Fig. 3).

5.1.2. Ash yield
Minerals in coal represent material washed or blown into the

accumulating peat deposit (Davis et al., 1984) by epiclastic and pyro-
clastic processes (e.g., Ruppert et al., 1991; Triplehorn, 1990). The min-
erals could also have been formed as a result of accumulation of skeletal
fragments and other biogenic components within the peat deposits
(Ward, 2002), as well as through syngenetic and epigenetic precipita-
tion of minerals by crystallization in situ (Ward, 2002). The studied
coal was characterised by low ash yield (see also Section 4.1) which
could have been formed by three main processes, either the process of
doming of the peat deposits, the leaching of mineral matter from previ-
ously deposited peat, or the deposition of peat on surfaces where inor-
ganic sedimentation processes were not active (Amijaya and Littke,
2005). Although inorganic constituents in the coal-forming peat could
have been leached out during the coalification processes to produce
low ash coals (Amijaya and Littke, 2005; Bustin and Palsgrove, 1997;
Cohen and Stack, 1996; Diessel, 1992; Kosters and Bailey, 1983), this
was unlikely to be marked (Wϋst et al., 2002). Nevertheless, doming
of peat deposits could restrict the introduction of detrital mineral mat-
ter and sulphur-containing waters into the deposit (Cohen and Stack,
1996; Esterle and Ferm, 1994). Studies carried out by Anderson (1964,
1983), Esterle (1990), Esterle and Ferm (1994) and McCabe (1987) on
the prograding deltaic settings of the tropical coasts of Southeast
Asian attributed the low ash coals (also with low sulphur content) to
the ombrotrophic raised bogs. This inference is also agreed by many re-
searchers, such as Amijaya and Littke (2005), Cohen and Stack (1996),
Davis et al. (2007), Diessel (1992), Greb et al., 2002; Gruber and
Sachsenhofer (2001), Obaje et al. (1994) and also Taylor et al. (1998).
Therefore, we infer that the studied coal originated from ombrotrophic
raised bogs.

Upon combustion, carbon, oxygen, sulphur and water (including
water from clays) are driven off from the bulk mineral matter produc-
ing ash (ASTM D3174, 1987). Though mineral matter content in coal
can be determined directly by analytical methods, the method is time
consuming; hence, this is seldom carried out. Alternatively, mineral
matter content can also be calculated using empirical formulas,
many of which have been proposed for this purpose. However, in
the present study, mineral matter of the studied coal was estimated
by regression analysis carried out between GCV and ash yield as
proposed by Gray (1983). The analysis shows that the relationship
between the mineral matter and ash for the studied coal is: Mineral
matter=1.10 Ash. The mineral matter content developed in this
manner is similar to that obtained by the simplified Parr's formula
and the Standards Association of Australia formula. This mineral
factor is used to calculate the ash free basis to mineral matter free
basis for the ASTM coal rank classification (see also Section 5.1.4).

5.1.3. Total sulphur
The content of sulphur in the studied coal is low (see also

Section 4.1). Low sulphur content is a result of both the limited sul-
phur input and the lack of sulphate-reducing bacteria in acidic condi-
tions (e.g., Amijaya and Littke, 2005; Cameron et al., 1989;
Casagrande, 1987; Cohen et al., 1984; Davis et al., 2007; Diessel,
1992; Gruber and Sachsenhofer, 2001; Neuzil et al., 1993; Phillips
et al., 1994; Postma, 1982). The principal sulphur source was marine
water. Raised bogs, which were fed by rainwater alone, were usually
fresh-water with low sulphur content (Casagrande, 1987; Greb et al.,
2002; Gruber and Sachsenhofer, 2001; Súarez-Ruiz et al., 2012) (see
also Section 5.1.2). Therefore, the low sulphur content strengthens
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Fig. 5. Photomicrograph of (a) inertodetrinite (Idt) in the matrix of attrinite (A) of the detrohuminite maceral subgroup; reflected light (b) similar view of Fig. 5a under uv light
showing the presence of liptodetrinite (c) the presence of textinite (Tx), ulminite (U), phlobaphinite (Ph) of the corpohuminite maceral and porigelinite (Pg); reflected light (d)
vague fluorescing cell walls surrounding phlobaphinitic cells; similar field of Fig. 5c; uv light (e) textinite with cellular cavities filled with resinite; reflected light (f) similar
view of Fig. 5e; uv light. All photos were taken under oil immersion.
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our inference that the studied coal accumulated in ombrotrophic
raised bogs (see also Section 5.1.2). The proposition is further
supported by the absence of syngenetic pyrites in the coal, though
epigenetic cleat filling pyrites are common. The cleat filling pyrites
are believed to be precipitated post-depositionally from descending
solutions percolating through brackish-water strata which overlain
the coal seam. This agrees well with the brackish-water depositional
environment of the Liang Formation as indicated by the associated
fossils (see also following discussion).

Many studies carried out also show the close relationship between
marine roof rocks and higher sulphur content in coal (Cecil et al.,
1979; Chou, 1984, 1997; Cohen and Stack, 1996; Diessel, 1992;
Ferm et al., 1979; Spears and Zheng, 1999; Taylor et al., 1998;
Williams and Keith, 1963). This is believed to be the result of the in-
filtration of sulphate-bearing seawater into the original fresh- to
brackish-water peat mires during or after deposition resulting in the
enrichment of sulphur and ash at the upper parts of the underlying
coal seam (Altschuler et al., 1983; Cohen and Stack, 1996; Hunt and
Hobday, 1984; Mastalerz et al., 1997; Turner and Richardson, 2004;
Williams and Keith, 1963). In the present study, three of the four
coal seams where the coal sample were geochemically analysed,
namely E55, B01 and B01, display these enrichments (see also
Section 5.3). This is in agreement with the brackish-water deposition-
al environment of the Liang Formation (see also Section 2). Neverthe-
less, the low sulphur content at the upper parts of the coal seam
might indicate a barely to mildly brackish depositional environment
for the overlying clastic sediments.

5.1.4. Atomic ratios of H/C and O/C
Van Krevelen's diagram is a well known approach for chemical

characterisation of coals. The diagram plots the H/C–O/C atomic ratios
which are used to classify kerogens and information about the evolu-
tion path of organic matter from different organic sources (Erik,
2011). The composition of kerogen also determines the genetic po-
tential and the amount of hydrocarbons that can be generated during
burial.
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Fig. 6. Photomicrograph of (a) accumulation of colourful oil smears of early generated hydrocarbons as a result of disintegration of suberinite at a mean vitrinite/huminite reflec-
tance of 0.28%; reflected light (b) similar view of Fig. 6a; uv light (c) exsudatinite representing early generated hydrocarbons and phlobaphinite (Ph) surrounded by textinite (Tx);
reflected light (d) similar view of Fig. 6c showing yellow fluorescing exsudatinite; uv light (e) cutinite (Cu) sandwiching fluorinite (Fl); reflected light (f) similar view of Fig. 6e; uv
light. All photos were taken under oil immersion.
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The calculated H/C atomic ratio ranges from 0.76 to 0.84, whereas
the calculated O/C atomic ratio ranges from 0.22 to 0.26 (Table 2). All
the analysed samples fall within the van Krevelen's coalification band
of subbituminous rank (Fig. 8). In agreement with the petrographical
analysis (see also Section 4.2), the atomic H/C and O/C ratios of the
studied coal are plotted in the Type III terrigenous kerogen zone on
a van Krevelen diagram. The H/C values of the studied coal are all
below the H/C value of 0.9 that is considered necessary for petroleum
generation and expulsion from subbituminous coals (Erik, 2011). In
spite of this, petrographical evidence shows the early hydrocarbon
generation of the Balingian coal (see also Section 5.2).

5.1.5. Gross calorific value
Gross calorific value (GCV) is also an important rank parameter for

low-rank coals (see also Section 5.2.1). With a mean total moisture of
27.1%,mineralmatter content of 2.45% (converted using themineral fac-
tor for the studied coal), and GCV of 18.90 MJ/kg on as received basis, a
GCV of 19.56 MJ/kg (8408 Btu/lb) for themoist, mineral matter free was
obtained. This implies that the apparent rank of the studied coal fell
within the range of subbituminous C of the ASTM coal rank classifica-
tion. The coal was classified as lignite based on geochemical properties
by previous workers (Wolfenden, 1960) (see also Section 2).

5.2. Coal petrography

Coal petrographical studies are commonly conducted on coal tomea-
sure its thermal maturity by vitrinite/huminite reflectance, andmaceral
composition analysis to reconstruct the peat-forming conditions.

5.2.1. Thermal maturity
Thermal maturity (coal rank) reflects the degree of metamor-

phism that had taken place since deposition of the peat, due primarily
to the depth of burial, temperature, geothermal gradient, time, and
pressure (Carpenter et al., 2007; Stach et al., 1982; Ward and
Suárez-Ruiz, 2008). Various rank parameters have been proposed as
indicators at different coalification stages, viz. bed moisture and
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Fig. 7. Scatter plot showing the relationship between total moisture and vitrinite/
huminite reflectance (r=−0.61). Solid circles are sample with high total moisture.
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calorific value for low-rank coals, carbon for medium-rank coals and
volatile matter and vitrinite reflectance for high-rank coals (Stach
et al., 1982). Though vitrinite/huminite reflectance is not a reliable in-
dicator for the low-rank Balingian coal (Gurba and Ward, 1998; Stach
et al., 1982), it is, nevertheless, discussed together with other rank pa-
rameters, namely bed moisture and calorific value, as well as H/C and
O/C atomic ratios for comparison purposes.

Based on the mean random vitrinite/huminite reflectance measure-
ments (see also Section 4.2), the rank of the studied coal should settle
at the lignite coal rank. Hence, the coal rank as determined using the
vitrinite/huminite reflectance is lower compared with coal rank deter-
mined using the geochemical rank parameters (see also Sections 5.1.1
and 5.1.5). Although vitrinite/huminite reflectance is considered to
be themost accurate rank parameter with the capacity to serve as an in-
dependent rank indicator (Ward and Suárez-Ruiz, 2008), this measure-
ment is known to be suppressed, giving misleading results for
perhydrous coal, marine-influenced coal, or if the coal contains abun-
dant liptinitic maceral (Barker, 1991; Carr, 2000; Diessel, 1998; Diessel
and Gammidge, 1998; Gurba and Ward, 1998, 2000; Iglesias et al.,
2002; Mukhopadhyay, 1992, 1994; Price and Barker, 1985; Suárez-
Ruiz et al., 1994a, 1994b; Taylor et al., 1998; Ward and Suárez-Ruiz,
2008; Wilkins and George, 2002). Nevertheless, as shown in Fig. 8, the
Fig. 8. van Krevelen diagram illustrating the coalificaton band and coal rank in relation
to atomic H/C and O/C ratios (modified after Costa et al., 2010).
H/C–O/C atomic ratios of the studied coal plot within the van Krevelen
coalification band indicated that this was not perhydrous coal. More-
over, the fact that the coal-forming peat of the studied coal was deposit-
ed in fresh-water depositional conditions (see also Section 5.1.3) rules
out the vitrinite/huminite reflectance readings being compromised. Sta-
tistical analyses conducted also did not indicate the suppression of
vitrinite/huminite reflectance being due to the increase in liptinite
content (r=0.26). As such, the lower coal rank determined using the
vitrinite/huminite reflectance is believed to be due to the low-rank na-
ture of the studied coal in the first instance, with suppression of the
readings also due to early generated hydrocarbons present (see also fol-
lowing discussion). Thus, in this case, the vitrinite/huminite reflectance
itself is not considered a reliable thermalmaturity indicator for Balingian
coal.

Though the measured vitrinite/huminite reflectance suggests that
the studied coal is still thermally immature, the petrographical study
shows, nonetheless, the expulsion of early generated hydrocarbons
(Figs. 5d, 6a, b, c, d, e and f), suggesting its early maturation. The hy-
drocarbon is generated mainly from the disintegration of suberinite
(Fig. 6a and b), and also from phlobaphinite (Fig. 5d) and cutinite
(Fig. 6e and f). Although, according to Teichmüller (1974), maceral
in coal starts to expel hydrocarbon at the sub-bituminous/
bituminous coal rank boundary, Khorasani and Murchison (1988)
found in related studies that suberinite of the Surat-Bowen basins
(Australia) started to expel hydrocarbon at a rank equivalent to a
vitrinite reflectance of 0.35%. In an investigation on brown coals
from different countries, Shibaoka (1978) noted that hydrocarbon
could be generated from resinite, alginite, and sporinite at brown
coal stage. Also Hadiyanto (1992) noted the generation of hydrocar-
bon at a rank equivalent to a vitrinite reflectance of 0.25% in West
Aceh Basin. Similar features of early hydrocarbon generation have
also been previously reported for the Tertiary coals of Merit-Pila
(Fig. 1) (Abdullah, 1997).

The maturity of coal has long been known to increase with depth,
a phenomenon referred to as Hilt's Law, which can be measured by
vitrinite/huminite reflectance. Nevertheless, there is no tendency of
an increase of vitrinite/huminite reflectance with depth in the Balin-
gian coalfield (Fig. 3). This is probably because no significant depth
difference exists between the coal seams.

Statistical analyses showed that there was a significant positive
correlation of vitrinite/huminite reflectance in the studied coal with
funginite (r=+0.42), explaining the elevated vitrinite/huminite re-
flectance in association with funginite (also known as sclerotinite)
in coal. This phenomenon has also been reported by Belkin et al.
(2010), Hower et al. (2009, 2011), as well as O'Keefe and Hower
(2011). Hower et al. (2009) attributed this phenomenon to enzymes
secreted by fungi as they decompose woody remains; alternatively, it
might be due to fluid migration along a weak horizon during coalifi-
cation, or other causes entirely.

5.2.2. Peat-forming condition
Maceral composition in coals reflects the organic source materials

which contribute to (a) the accumulation of peat and (b) the conditions
during accumulation, viz. height of thewater table, pH, decay by aerobic
and anaerobic bacteria and mechanical breakdown of the organic mat-
ter related to transportation prior to final sedimentation (Kalkreuth
et al., 1991). Maceral analysis measures the relative proportions and
interrelationships of variousmacerals. The diagnosticmacerals and pet-
rographic facies indices derived from this analysis are widely used as an
indicator for the paleodepositional conditions of the coal-forming peat.

5.2.2.1. Diagnostic macerals. The predominance of huminite group
macerals (see also Section 4.2) in the studied coal indicates an an-
aerobic deposition condition in the peat-forming mires, whilst the
low content of inertinite indicates the occurrence of low levels
of peat (forest) fire and/or oxidation, and the coal having been
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deposited in waterlogged conditions (Diessel, 1992; Erik, 2011;
Flores, 2002; Stach et al., 1982; Sýkorová et al., 2005; Teichmüller
et al., 1998). The presence of large amounts of liptinite group mac-
erals like suberinite (e.g., sample B03/4, B03/2, ML46B/2, B01/5,
B02/5 and B02/4) and resinite (e.g., sample ML46B/1) in the studied
Fig. 9. Scatter plots showing the relationship between (a) total huminite and total liptinite (
liptinite (r=0.87) (d) total sulphur and suberinite (r=0.84) (e) total sulphur and cutinite
ulminite/detrohuminite ratio.
coal (see also Section 4.2) suggests an accumulation within forested
wet raised bogs (Erik, 2011; Ratanasthien et al., 1999).

As suggested by the Pearson's correlation coefficients and/or scatter
plots, the depletion of huminite in the studied coal is always accompa-
nied by the enrichment of liptinite (r=−0.98) (Fig. 9a), particularly
r=−0.98) (b) total sulphur and total huminite (r=−0.90) (c) total sulphur and total
(r=0.78) (f) detrohuminite and ulminite (r=–0.80). Solid circle is sample with low
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the suberinite (r=−0.91) and cutinite (r=−0.72), and vice versa,
whilst inertinite contributes little to this (r=−0.21). This implies that
bacterial activities played amore important role in thedestruction of lig-
nocelluloses material as compared with forest fire or oxidation. In the
process, themore resistant liptinitewas enriched. The proposition is fur-
ther supported by the scatter plots based on 13 geochemically analyzed
samples which demonstrate that whilst content of huminite decreases
(Fig. 9b), content of liptinite (Fig. 9c), particularly the cutinite (Fig. 9d)
and suberinite (Fig. 9e), increases with the rise of total sulphur content.

In the present case, large amounts of detrohuminite in the studied
coal could be related to both the dominance of herbaceous plants in
the paleomires and the poor preservation of woody substance due
to prolonged humification in slowly subsiding paleomires (Diessel,
1992; Súarez-Ruiz et al., 2012) (see also discussion earlier), which
are discussed in detail in Section 5.3. The decrease of detrohuminite
in the studied coal was always accompanied by the increase of ulmi-
nite, except for sample B01/2 (Fig. 9f), indicating either increasing
forest-type mires or a lower decomposition rate. For sample B01/2,
the decrease of detrohuminite was accompanied by an increase of
textinite and corpohuminite, indicating a lower degree of gelification
under relatively dry conditions (see also Section 5.3.4).

5.2.2. Petrographic facies
Diessel (1986) developed a scheme to reconstruct the peat-

forming conditions with the help of two petrographic facies indices
derived from maceral analyses, namely the Tissue Preservation
Index (TPI) and the Gelification Index (GI), both of which have been
extensively used to interpret peat-forming conditions of coal de-
posits. TPI is a measure of tissue preservation versus destructive tis-
sue breakdown and the proportion of woody plants in the original
peat forming assemblages, whereas GI measures the relative dryness
or wetness of autochthonous peat forming conditions (Alkande et al.,
1992; Diessel, 1992; Kalkreuth et al., 2000; Lamberson et al., 1991;
Silva and Kalkreuth, 2005).

Most of the studied samples are characterised by lowTPI and high GI
values, and are plotted on the marsh field of the Diessel's diagram
(Fig. 10). Coals with low TPI values could also suggest large scale de-
struction of wood in forested swamps (Amijaya and Littke, 2005;
Diessel, 1992). Nevertheless, marsh and forested swamp are considered
Fig. 10. Diagram of TPI versus GI showing the paleodep
as a kind of minerotrophic mires (Amijaya and Littke, 2005), coals orig-
inating from both of these sources usually generate high ash yield
(Amijaya and Littke, 2005; Diessel, 1992), which is not the case for
the studied coal (see also Section 5.1.2). This shows that the interpreta-
tion as suggested by the Diessel's diagram is not valid for the studied
coal. Crosdale (1993), as well as Amijaya and Littke (2005), had also
drawn the same conclusion in their studies carried out on the Miocene
coals of Maryville, New Zealand and Tanjung Enim, Indonesia, respec-
tively. Crosdale (1993) and Súarez-Ruiz et al. (2012), however, pointed
out that the interpretation of mire types is based largely on studies of
minerotrophic mires. For ombrotrophic mires, the distribution of diag-
nostic macerals is still poorly defined and the relationships between
sedimentary environments, mire types and maceral composition are
not yet established. Hence there is no good basis for paleoenvironmen-
tal interpretation (Crosdale, 1993; Dehmer, 1995; Moore and Shearer,
2003; Súarez-Ruiz et al., 2012; Wüst et al., 2001). Interpretations
based on maceral ratios as proposed by Diessel (1986) are also not
well supported by the analyses ofmodern peat deposits. A study carried
out on modern tropical peat deposits of Tasek Bera, Malaysia (Wüst
et al., 2001), as well as on template peat deposits at Ontario, Canada
(Hawke et al., 1999) and New Zealand (Moore and Shearer, 2003)
showed poor or no correlation between maceral indexes and the depo-
sitional environments.

Therefore, the Diessel's diagram was not used for paleoenviron-
mental interpretation, but to indicate the degree of humification
and gelification of plant materials (Moore and Shearer, 2003). In the
present case, the low TPI (TPIb1) which is accompanied by low ash
yield of the studied coal, could be related to poorer vegetation, espe-
cially in the central parts of the domed peats, or prolonged humifica-
tion in slowly subsiding raised bogs (Amijaya and Littke, 2005;
Anderson, 1983; Cohen and Stack, 1996; Davis et al., 2007; Diessel,
1992; Gruber and Sachsenhofer, 2001; Obaje et al., 1994; Taylor et
al., 1998) (see also Sections 5.1.2 and 5.1.3). The low TPI and low
ash yield of Tanjung Enim coal of the South Sumatra Basin (Amijaya
and Littke, 2005), Maryville coal of the New Zealand (Crosdale,
1993) and Foord seam of the Stellarton Basin of Nova Scotia
(Kalkreuth et al., 1991) have also been attributed to the development
of raised bogs (see also Section 5.1.2). High TPI value (TPI>1) was
shown in samples B03/9, B03/3, B01/3, B01/2, B01/1, and B02/2,
ositional environment of the Balingian coal facies.
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suggesting mild humification in rapidly subsiding forested raised
bogs (Diessel, 1992).

All the studied samples possessed high GI value (GI>1). The
values suggest strong gelification of plant tissues in continuous wet
raised bogs (Diessel, 1992).

5.3. Changes in the peat-forming environment

Vertical changes in the peat-forming conditions for the five coal
seams were explored using their petrographic characteristics, along
with ash yield and total sulphur content. The coal graphic logs are illus-
trated and discussed in a down-sequence order that is from E55
(Fig. 11), B03 (Fig. 12), ML46B (Fig. 13), B01 (Fig. 14) to B02 (Fig. 15).
All the coal seams are made up entirely of coal, except for a tonstein
parting at sampling site B03. The lack of non-coal epiclastic partings is
also an important indicator for the ombrotrophic origin of coal seams
(Cecil et al., 1985; Clymo, 1987; Greb et al., 2002; McCabe, 1987;
Staub, 1991; Staub and Esterle, 1992).

5.3.1. E55
This coal seam, 3.30 m thick, and was intersected by a drill hole

(Fig. 11). Three bench samples collected from this drill core were
petrographically examined, but only two selected samples were
geochemically analysed.

Ash yield and total sulphur content were low for the two geo-
chemically analysed samples, indicating that the coal was deposited
in ombrotrophic raised bogs (see also Sections 5.1.2 and 5.1.3). The
ash yield increased from 2.5 to 3.3 wt.% from the middle to the
upper part of the seam, whilst content of total sulphur increased
from 0.13 to 0.27 wt.% (Table 1). The highest values of ash yield and
sulphur contents were at the upper part of the coal seam (Fig. 11), in-
dicating the non fresh-water origin of the overlying clastic sediments.
This agrees well with the brackish-water deposition environment of
the host rocks.

Huminite content in the seam was high, ranging from 89.2 to
96.5 vol.% (Table 3; Fig. 11), and was dominated by detrohuminite
(65.2–94.8 vol.%). Liptinite content was low in the seam (2.4 to
8.3 vol.%). Higher liptinite was counted at the top (8.3 vol.%) and bot-
tom (5.8 vol.%) parts of the seam, in correspondence with high suber-
inite content (6.5 and 5.2 vol.% respectively) (Table 3; Fig. 11),
indicating the presence of forested plants. Inertinite content was
low in the seam, ranging from 1.1 to 2.4 vol.%, suggesting limited
thermal and oxidative tissues destruction. Most of the recorded iner-
tinite was actually funginite derived from fungal sclerotia.

The presence of large amounts of detrohuminite in the studied
samples is believed to be due mainly to the predominance of herba-
ceous plants, as no significant enrichment of liptinite group macerals
Fig. 11. Vertical inseam variations of maceral composition, petrographic facies indices, ash y
tinite, TI — total inertinite, U — ulminite, Dh — detrohuminite, Rs — resinite, Sub — suberinit
symbols used is shown in Appendix A).
were counted in the samples (Table 3; Fig. 11). The content of ulmi-
nite, however, increased from non-existent at the bottom to
23.2 vol.% at the upper part of the seam, suggesting an increase of for-
ested plants in rapidly subsiding paleomires (Diessel, 1992; Sýkorová
et al., 2005). This appears to contrast with the doming process, where,
as a result of doming, vegetation in the central parts of the domed
peat became poorer due to lack of nutrients. The sparse vegetation
was mostly stunted Shorea trees, besides shrubs, pitcher plants,
herbs and mosses (Amijaya and Littke, 2005; Anderson, 1983;
Esterle, 1990; Staub, 2002; Taylor et al., 1998), resulting in an upward
increase of the ratio of unstructured/structured huminite (Grady et
al., 1993). The contrast could be the result of increased supply of
nutrients by the inflowing fluvial-water in the rapidly subsiding
paleomires (see also discussion earlier); though in a fully raised bog
the water table was fed by rainfall alone. Also, as pointed out by
McCabe (1984), though raised mires formed in temperate countries
are dominated by low herbaceous flora, raised mires in the tropics
are densely forested.

The coal seam is characterised by very low TPI and high GI values.
The TPI increases from 0.01 and 0.02 at the lower and middle parts of
the seam to 0.37 at the top (Table 3, Fig. 11). An extraordinarily low
TPI at the lower and middle parts of the seam is related to the pre-
dominance of herbaceous plants, and probably also due to prolonged
humification in the slowly subsiding raised bogs. The relatively higher
TPI value at the top could be the result of increase in forested plants in
the paleomires and also the increased rate of subsidence. The high GI
value, ranging from 73.17 to 88.80, indicates waterlogged paleomires.

5.3.2. B03
The coal seam is 7.38 m thick with the presence of a tonstein part-

ing (Fig. 12). Nine samples, inclusive of the tonstein parting sample,
were collected. Except for the tonstein parting sample, all other sam-
ples were petrographically examined, but only four selected samples
were geochemically analysed.

Ash yield (1.3 to 2.2 wt.%) and total sulphur content (0.11 to
0.24 wt.%) were also low for the four geochemically analysed samples
(Table 1; Fig. 12) (see also Sections 5.1.2 and 5.1.3). Ash yield did not
correlate well with the total sulphur variability, suggesting that
fluvial-water had only a minor influence on the pH conditions. This
is in agreement with the criteria used to classify raised bogs, where
it is fed by rainwater only. No enrichment of sulphur and ash were
noted at the upper parts of the coal seam, suggesting that the overly-
ing clastic sediments were fresh-water origin.

The seam is characterised by moderate to high content of humi-
nite (65.7 to 95.9 vol.%), and is represented mainly by detrohuminite
(16.8 to 84.3 vol.%) and ulminite (8.4 to 74.3 vol.%) in varying propor-
tions and display opposite trend (Table 3; Fig. 12). The contents of
ield and total sulphur content for coal seam at E55. TH — total huminite, TL — total lip-
e, TPI — Tissue Preservation Index, GI — Gelification Index, S — sulphur. (The legend of
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Fig. 12. Vertical inseam variations of maceral composition, petrographic facies indices, ash yield and total sulphur content for coal seam at B03. TH — total huminite, TL — total
liptinite, TI— total inertinite, U— ulminite, Dh — detrohuminite, Rs — resinite, Sub — suberinite, TPI — Tissue Preservation Index, GI — Gelification Index, S — SULPHUR. (The legend
of symbols used is shown in Appendix A).
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detrohuminite and ulminite vary greatly below the tonstein parting.
Samples with large amount of detrohuminite are always accompa-
nied by enrichment of liptinite group macerals (up to 32.6 vol.%),
particularly suberinite (up to 31.8 vol.%) (Table 3; Fig. 12). This sug-
gests that coal seam below the tonstein parting was deposited within
forested raised bogs that had experienced different stages of humifi-
cation, probably caused by varying rates of subsidence. Nonetheless,
above the tonstein parting, the content of detrohuminite fell, from
84.3 to 31.0 vol.%, without enrichment of liptinite group macerals
(not more than 6.6 vol.%). This probably suggests changes of vegeta-
tion type in the peat-forming mires, from predominance of herba-
ceous plants to forested plants. The coal seam also contains low
amounts of inertinite, ranging from 0.8 to 6.4 vol.%. Higher inertinite
content was encountered in sample B03/8 (6.4 vol.%), as a result of
high inertodetrinite content (3.0 vol.%), which could be due to aero-
bic decay at the top of domed peat (ICCP, 2001; Moore et al., 1996).

The coal seam is characterised by low to moderate TPI (0.13 to
4.42) and high GI values (14.23 to 111.00) (Table 3; Fig. 12). Wide
variations of TPI are due to the change of vegetation types and also
the different rates of subsidence (see also discussion earlier). There
are two phases of water table fluctuation, separated by the tonstein
parting. The drastic change in water table could be attributed to the
rapid subsidence of the paleomires caused by volcanic activities near-
by. Below the tonstein parting, the GI value decreases from 111.00 to
Fig. 13. Vertical inseam variations of maceral composition and petrographic facies indices
U — ulminite, Dh — detrohuminite, Rs — resinite, Sub — suberinite, TPI — Tissue Preservat
in Appendix A).
39.25. The value of GI decreases from 98.00 to 50.33 above the ton-
stein parting, with sample B03/8 containing the lowest GI value
(14.23). These may indicate that the peat-forming paleomires be-
came drier as a result of more ombrogenous (Jasper et al., 2010). It
can be extrapolated, from the difference in vegetation types and
also the two gelification stages separated by the tonstein parting,
that the coal seammight represent the accumulation of twomarkedly
different mires.
5.3.3. ML46B
The coal seam at ML46B, which was intersected by a drill hole,

measures 1.40 meters. Two samples were collected from this coal
seam (Fig. 13). Both samples were petrographically examined, but
they were not geochemically analysed.

Huminite (56.7–72.9 vol.%) was the main maceral group present.
A substantial amount of liptinite (25.0–40.8 vol.%), particularly suber-
inite (up to 39.6 vol.%) and resinite (up to 20.4 vol.%) were also found
(Table 3; Fig. 13). Inertinite content was low (less than 2.5 vol.%), and
was represented mainly by funginite (b1.4 vol.%).

Detrohuminite (52.1–72.1 vol.%) was the main huminite group
maceral that was present in both samples, and was accompanied by
the enrichment of liptinite group macerals (Table 3; Fig. 13). This
shows the presence of forested plants, and plant tissues that had
for coal seam at ML46B. TH — total huminite, TL — total liptinite, TI — total inertinite,
ion Index, GI — Gelification Index, S — sulphur. (The legend of symbols used is shown
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Fig. 14. Vertical inseam variations of maceral composition, petrographic facies indices, ash yield and total sulphur content for coal seam at B01. TH — total huminite, TL — total
liptinite, TI — total inertinite, U — ulminite, Dh — detrohuminite, Rs — resinite, Sub — suberinite, TPI — Tissue Preservation Index, GI — Gelification Index, S — sulphur. (The legend
of symbols used is shown in Appendix A).
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undergone large scale destruction, leading to the enrichment of the
more resistant liptinite group macerals.

The coal seam is characterised by very low TPI value (less than
0.01) and high GI value (more than 22.36). The very low TPI value ar-
gues for an environment which favoured a severe humification of the
plant tissues prior to their being buried, probably in slowly subsiding
paleomires, whilst the high GI value indicates that the water table
was high enough to ensure the enhanced gelification of the tissues.

5.3.4. B01
The coal seam is 5.45 meters thick. Six bench samples were col-

lected from this coal seam (Fig. 14). All the samples were petrograph-
ically examined, but only three selected samples were geochemically
analysed.

Ash yield (2.2 to 3.0 wt.%) and total sulphur content (0.07 to
0.35 wt.%) were low for the three geochemically analysed samples
(Table 1; Fig. 14). The results of the analyses showed an enrichment
of ash yield and sulphur content at the upper part of the seam, with
a value of 3.0 wt.% and 0.35 wt.% respectively. This suggests the
Fig. 15. Vertical inseam variations of maceral composition, petrographic facies indices, ash
liptinite, TI — total inertinite, U — ulminite, Dh — detrohuminite, Rs — resinite, Sub — suberi
of symbols used is shown in Appendix A).
overlying rock was deposited in a brackish-water environment,
which is consistent with the depositional environment of the host
rocks.

Petrographically, the coal seam is characterised by high huminite
(74.0–97.1 vol.%), indicating an oxygen-deficient deposition
condition in the peat-forming mires. The studied coal contained
large amounts of well-preserved telohuminite (either textinite or
ulminite), except for sample B01/5 (Table 3). Large amounts of
telohuminite indicate an origin from forested raised bogs (Diessel,
1992; Erik, 2011; Flores, 2002; Sýkorová et al., 2005; Teichmüller et
al., 1998), with relatively little humification probably as a result of
rapid burial of the peat. Sample B01/5, as evidenced by the enrich-
ment of liptinite (17.1 vol.%), particularly suberinite (15.5 vol.%),
was however believed to have originated from forested raised bogs,
which had undergone more extensive degradation, probably in a
slowly subsiding paleomire. The greater abundance of textinite
(48.3 vol.%) over ulminite (18.5 vol.%) for sample B01/2 is an indica-
tion of decreased biochemical gelification related to bacterial activi-
ties under relatively dry conditions within forested raised bogs
yield and total sulphur content for coal seam at B02. TH — total huminite, TL — total
nite, TPI — Tissue Preservation Index, GI — Gelification Index, S — sulphur. (The legend
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(Diessel, 1992; Sýkorová et al., 2005). Large amounts of corpohumi-
nite (28.0 vol.%) were also counted in sample B01/2, indicating the
presence of tannins within the sample (Mavridou et al., 2003). Inerti-
nite content in this seam ranged from 1.0 to 8.9 vol.%. No consistent
vertical variations in inertinite group macerals were seen for the
seam. Maximum inertinite contents were determined in two samples
from the top of the coal seam, indicating higher levels of peat (forest)
fire and/or oxidation in the paleomires before the termination of peat
formation.

TPI for this seam ranged from 0.46 to 33.2, whilst GI was from 8.32
to 95.40 (Table 3; Fig. 14). Higher TPI was calculated for most of the
samples, except for sample B01/5, indicating a mild humification,
probably in rapidly subsiding forested raised bogs. Lower TPI for sam-
ple B01/5 was accompanied by enrichment of liptinite group mac-
erals, also indicating the presence of forested raised bogs, where the
plant tissues had undergone more severe degradation. The higher
GI, except for the upper part of the seam, reflects higher proportions
of vitrinite over inertinite macerals; this indicates a relatively higher
degree of gelification in continuously wet conditions.

5.3.5. B02
The coal seam is 4.88 m thick. Five samples were collected from

this coal seam (Fig. 15). All the samples were petrographically exam-
ined, but only four selected samples were geochemically analysed.

Chemically, the studied coal was also characterised by low ash
yield (2.2–2.6 wt.%) and low total sulphur content (0.13–0.82 wt.%).
Maximum ash yield and total sulphur content were determined in
samples at the top of the seam. The similar vertical variation patterns
between ash yield and sulphur content suggests that pH of the paleo-
mire was raised due to the influx of neutralizing waters into the mire,
although in a fully raised bog the water table would have been fed by
rainfall alone. The low sulphur content however points to fluvial-
waters, but not marine-waters, in diluting the humic acids.

The studied coal was dominated by huminite group macerals
(80.0–97.1 vol.%), particularly detrohuminite (6.5–87.4 vol.%) and
ulminite (1.0–87.1 vol.%). Other huminite group macerals, namely
textinite (0.0–0.8 vol.%), corpohuminite (0.2–4.7 vol.%) and porigeli-
nite (0.0–2.5 vol.%), were present only in small amounts (Table 3).
Detrohuminite dominated all the studied samples, except for sample
B02/2. High detrohuminite for the sample collected from the bot-
tommost of the seam, namely sample B02/1, was not accompanied
by enrichment of liptinite group macerals (3.7 vol.%), indicating
the dominance of herbaceous plants; nevertheless, the small
amounts of resinite (2.4 vol.%) point to the presence of stunted
trees in the paleomires. High detrohuminite at the middle and top
parts of the seam were, however, accompanied by the enrichment
of liptinite group macerals (7.9–18.4 vol.%), particularly suberinite
(7.1–12.2 vol.%) and resinite (0.2–2.9 vol.%), with a rising trend
(Table 3; Fig. 15). This indicates an increase of forested plants, but
at a decreasing subsidence rate, so that the plant tissues would
have sufficient time to be humified in usually acidic raised bogs.
The high ulminite content for sample B02/2 (87.1 vol.%), however,
suggests the presence of forested plants in continuous wet and
rapidly subsiding raised bogs.

TPI value of the studied coal ranged from 0.03–12.34, whilst the GI
value ranged from 19.83–67.86 (Table 3; Fig. 15). The wide variation
of TPI value is due to a change of vegetation type as well as the subsi-
dence rate of the paleomires (see also discussion earlier), whilst the
high GI value indicates waterlogged depositional conditions.

6. Conclusions

Geochemical data indicate that the studied coal is characterised by
high moisture, low ash and low sulphur contents. The low ash yield
and low sulphur content, together with the lack of epiclastic partings
clearly indicate that the coal was deposited in ombrotrophic raised
bogs. In agreement with the brackish-water depositional environ-
ment of Liang Formation, slight enrichment of ash yield and sulphur
content was noted at the upper parts of the coal seams. Nevertheless,
the low sulphur content at the upper parts of the coal seam indicates
either a barely or mildly brackish-water depositional environment for
the overlying clastic sediments.

The H/C and O/C atomic ratios of the studied coal were plotted in
the Type III terrigenous kerogen zone, within the coalification band of
the van Krevelen diagram, indicating a subbituminous coal rank. This
suggests that the coal was derived from plant materials of terrigenous
origin following a “normal” coalification path. The H/C values of the
studied coal are all below the H/C value of 0.9 that is considered nec-
essary for petroleum generation and expulsion from subbituminous
coals. In spite of this, petrographical evidence shows the early hydro-
carbon generation of Balingian coal.

The studied coal is dominated by huminite with low amounts of
inertinite, suggesting a predominantly anaerobic deposition condi-
tions in the paleomires with limited thermal and oxidative tissues de-
struction. Detrohuminite and ulminite are the two dominating
huminite group macerals that are present in varying proportions in
the studied coal. Samples with high proportions of detrohuminite
are attributed to the predominance of herbaceous plants in the paleo-
mires, and also to the degradation of woody substance in slowly sub-
siding paleomires. On the other hand, samples with high proportions
of ulminite indicate the predominance of forested plants in rapidly
subsiding paleomires.

Most of the samples in this study, characterised by low TPI and
high GI values, are plotted on the marsh field of the Diessel's diagram.
Alternatively, it could also originate from forested swamps as a result
of large scale destruction of wood. Nevertheless, coals originating
from marsh or forested swamp usually have high ash yields
(Amijaya and Littke, 2005; Diessel, 1992), whereas this is not the case
for the studied coal. Hence, the interpretation suggested by theDiessel's
diagrammay not be valid for the coal investigated in the present study.

The geochemical classification of thermal maturity (coal rank)
based on moisture and calorific value suggests a subbituminous C
rank for the studied coal. However, the petrographical classification
based on random vitrinite/huminite reflectance designates a lignite
coal rank. This inference may be a result of the characteristics of
low-rank Balingian coal for which vitrinite/huminite reflectance
may not be a suitable rank parameter. Moreover, the presence of
early generated hydrocarbons that were associated with these mac-
erals could have lowered the reflectance values. Therefore, vitrinite/
huminite reflectance is not a suitable rank parameter for Balingian
coal, whereas moisture and calorific values are deemed more reliable
rank indicators for these low-rank coals. There is also no tendency for
vitrinite/huminite reflectance to increase with depth in the Balingian
coalfield, contrary to what might be expected from Hilt's Law.
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