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Abstract

A study using high-resolution macroscopy and microscopy was conducted on the Neogene Mukah coal in Sarawak, Malay-
sia, to describe the changes in the coal facies, peat development and its precursors, and depositional conditions of the peat/
coal. Eight coal seams from three boreholes (MCO05, MC12, MCO1) were analyzed. Bright, banded bright, banded dull, and
dull coal lithotypes, with a predominance of the brighter lithotypes, were identified and primarily attributed to increases
in huminite content and decreases in liptinite and mineral matter contents. Coals were characterized by high huminite
(70.3%-91.9%), moderate liptinite (4.0%—26.3% mmf), minor inertinite (1.4%-5.9% mmf), and argillaceous mineral matter
(0.0%-50.6%). Clarite (3.5%—88.7%) was observed to be the most predominant microlithotypes with carbominerite content
ranging from 0.0% to 67.9%. The complete succession from topogenous to ombrogrenous peat evolution was identical
between the eight coal seams, and temporary development of rheotrophic—ombrotrophic mires was suggested. The basal
section of coal bench was dominated by humodetrinite/liptinite-rich coal or humocollinite/mineral matter-rich coal, whereas
the middle section was characterized by humotelinite- and humocollinite/liptinite-rich coal and overlain by humotelinite-rich
coal. The Mukah coal was suggested to have been deposited in a coastal floodplain within a (mainly) upper—lower delta plain
setting more prone to telmatic coal facies.
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Introduction

Responsible Editor: Domenico M. Doronzo The central region of Sarawak, comprising the Mukah—Bal-

ingian areas, forms the onshore region of the extensively
studied Balingian Province, which contains economi-
cally important coal seams considered to be the most pro-
lific producers of humic coal in Malaysia (e.g., Abdullah,
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1997a; Abdullah, 1997b; Abdullah, 2002; Sia and Abdullah
2012b; Hakimi et al. 2013; Sia et al. 2014) (Fig. 1a). Previ-
ously, studies on the Mukah—Balingian areas were limited
to general geological and paleontological research (Visser
and Crew 1950; Liechti et al. 1960; Wolfenden 1960), the
quality and re-estimation of coal reserves (Chen 1986), and
lithostratigraphy (De Silva 1986). However, after 2000, stud-
ies on petrographic and geochemical coal (Sia and Dorani
2000; Sia and Abdullah 2012b; Hakimi et al. 2013), coalbed
methane (Irwan et al. 2012), palynology and paleodeposi-
tional environments (Sia et al. 2014; Murtaza et al. 2015),
the concentration of coal-related minor elements and trace
components (Sia and Abdullah 2011, 2012a), characteristics
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Fig.1 (a) Geological map of Borneo ( modified from Widodo et al.,
2010). The geology of the (b) Mukah Coalfield and borehole samples.
Note the sampling points of the previous work by Sia and Abdullah
(2011), Sia et al. (2014), Hakimi et al. (2013), and Murtaza et al.

of reservoir (Nugraheni et al. 2014), paleogeographic evolu-
tion (Ramkumar et al. 2018; Murtaza et al. 2018; Hennig-
Breitfeld et al. 2019), paleovegetation and paleoclimates
(Sia et al. 2019), and sequence biostratigraphic frameworks
(Morley et al. 2021) were performed in this area.

The coal formation currently being investigated is from
the Mukah Coalfield, Sarawak (Fig. 1b), located in the low-
lying coastal plain between the Mukah and Balingian Riv-
ers, and covering an area of ~300 km?. These coal-bearing
sequences are Cenozoic in age (Wolfenden 1960) and were
deposited between the Early to Middle Miocene Balingian
Formation (Sia et al. 2014; Murtaza et al. 2018) that under-
lies the coalfield and, in turn, is unconformably overlain
by the Late Miocene to Early Pliocene Begrih Formation
(Wolfenden 1960; Liechti et al. 1960; Hutchison 2005; Mur-
taza et al. 2018) (Fig. 1c). Contact between these two for-
mations is marked by a wedge of basal conglomerate called
the Begrih Conglomerate (Wolfenden 1960; Sia and Dorani

@ Springer

b 120E 1240 ey
J A
*
* 2850
8N~ *
2aon LEGEND oo
I:] Balingian Formation|
[:’ Begrih Formation
E] Quarternary deposit
e o 15 30 60 Il Boreholes .
— — Road
an]
C
Geological age Central Sarawak Offshore Sarawak
5 Holocene
T > ) Cycle VIII
ég Pleistocene
° iﬁ{ Liang
S | upper Cycle VII
)
o é lower 3¢ Begrih Cycle VI
Balingian
upper
o Belait Cycle V
& | middle Cycle IV
§ Cycle 11l
lower Cycle Il
o
S Tang: Setap Shale Cycle|l
o ® Y
N | g | upper
5|8
8|2
o | lower
Tatau
45
@ | upper
@
3
w | lower
. Belaga
§ o Upper
& 8| lower
Cretaceous

(2018). (c) The stratigraphic chart of Central Sarawak. The Balingian,
Begrih, and Liang Formations are only exposed in the Mukah—Balin-
gian areas (modified from Mazlan 1999)

2000). The offshore equivalent to the onshore stratigraphy is
believed to be between Cycles Il and V of the Sarawak Basin
(Fig. 1c) (Mazlan 1999).

The foraminifera analyses of the Balingian Formation
have demonstrated a predominance of Ammodiscus sp., Glo-
mospira sp., Haplophragmoides sp., and Trochammina sp.,
indicating a brackish water environment (Wolfenden 1960;
Liechti et al. 1960; Hutchison 2005). The sub-environments
of Balingian Formation are defined by tide-influenced chan-
nels and brackish facies in the basal section, estuaries in the
central section, and upper and lower coastal plains in the top
section (Murtaza et al. 2018).

Previously, studies on the coal petrology of the Balin-
gian Formation have indicated that Mukah coal is character-
ized by high amounts of detrohuminite and lignite to sub-
bituminous B in rank, high total moisture, low total sulfur
content, and low ash yield (Sia et al. 2014). Furthermore,
the low sulfur concentration and palynomorph assemblages
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recovered from the Mukah coal seams indicate that the coal-
forming peat was deposited in freshwater mires (Sia et al.
2014). Palynological studies on Mukah coal have indicated
an abundance of arboreal pollen assemblages of Casuarina
sp. and Dacrydium sp., suggesting the presence of Kerangas
vegetation and Kerapah-type peat swamps in the precursor
mires (Sia et al. 2014).

This study is the first attempt to utilize high-resolution
macroscopic and microscopic analyses of the Neogene coal
developed in the Mukah Coalfield. This study applies coal
lithotype, maceral, and microlithotype analyses that primar-
ily emphasize the intra-seam and whole seam variations of
the coal. Based on organic petrography, the vertical lithotype
variations combined with data on the petrographic composi-
tions, characteristics of the seams, and facies modeling are
used to describe the coal facies, changes in the peat develop-
ment and its precursors, and dynamics of the depositional
conditions for the Mukah coal.

Sampling and methods

Three 50-m-deep mining boreholes were obtained from the
Mukah Coalfield; their coordinates were provided by the
mining company and taken based on the south orientation
of the sedimentary dipping and east—west strike orientation.
The cores were analyzed and described for litholofacies, coal
seams, and coal lithotypes. The boreholes and their coal
seams were named MCO05 (05/01, 05/02, 05/03), MC12
(12/01), and MCO1 (01/01, 01/02, 01/03, 01/04) from the
base to the top of the coal-bearing sequence (Fig. 2).

The coal lithotype analysis on each of the coal seams was
performed under high-resolution observation with a thick-
ness of 2 cm was used for the analysis. Characterization of
the coal lithotypes from the base to the top of the seams
on a macroscopic scale was recorded based on the bright-
ness system proposed by Diessel (1965) and Anon (1981).
In total, for petrographic analysis, 45 coal samples from each
coal lithotype were prepared. The coal samples were crushed
to 18mesh size (< 1 mm size particles). The polished par-
ticulate coal mounts were prepared using a mixture of cold
mounting Serifix-resin and hardener without pressure (Tay-
lor et al. 1998), and the pellets were mounted perpendicu-
lar to the bedding. The organic petrographic characteristics
were described under a plane-polarized reflected light using
a Leica DM 6000 M microscope and Leica CTR6000 pho-
tometry system equipped with fluorescence illuminators.

Petrographic composition was determined by maceral and
combined maceral-microlithotype analyses, as described by
Taylor et al. (1998), Hower and Wagner (2012), International
Committee for Coal and Organic Petrology (ICCP) for hum-
inite (Sykorova et al. 2005), liptinite (Pickel et al. 2017), and
inertinite (ICCP 2001) nomenclature. The quantitative and

qualitative analyses of the huminite, liptinite, and inertinite
macerals were determined at the cross-hair of the field reti-
cule and the maceral assemblage, or microlithotypes, within
a radius of 25microns from the centre (vol. %). Combined
two-digit maceral and one-digit microlithotype codes were
used (Hower and Wagner 2012). Here, 1,000 points with
a gap of 50 pm between each point were counted on each
polished sample, while the distances between points and the
lines of points were 0.5 mm. The block was placed at an
angle so that continuous counting within the lithotype did
not land on the same band, the megascopically-identifiable
section within the coal seam. For this study, a modification
was necessary because the studied coal was of low rank.
Therefore, vitrinite submacerals were substituted by hum-
inite submacerals (i.e., humotelinite, humodetrinite, and
humocollinite). The combined maceral-microlithotype data
were included in a modified Excel spreadsheet (Hower and
Wagner 2012) that was extended from the previous simpli-
fied versions to accommodate the ICCP macerals (Interna-
tional Coal and Organic Petrology Committee 1998; Taylor
et al. 1998).

Then, the vertical coal logs and their compositional vari-
ations and associated lithofacies with the coal seam and coal
facies data (Mukhopadhyay 1986; Singh and Singh 1996;
Lamberson et al. 1991; Amijaya and Littke 2005; Calder
et al. 1991; Hacquebard and Donaldson 1969; Singh et al.
2010) were used to interpret the paleofacies, paleomires,
and depositional environments, supported by the ash yield
evaluation (ASTM D5142 2009).

Results

Macroscopic description and interpretation
of coal-bearing strata

The lowermost section (MCO05) of the analyzed boreholes
(Fig. 2, 94-127 m) demonstrated that the thick coal seams,
carbonaceous mud, and organic-rich mudrocks at the base
were interpreted as coastal swamp facies. The coarsening
upward trend indicated the gradual decrease in growth of
the peat-forming environment into a more clay-rich and
sand-rich deposition. This trend suggested an increase in
depositional energy within a shallowing setting, starting
with flood plain deposits and followed by fluvial channel
fills. The middle section MC12) (Fig. 2, 50-94 m) of the
Balingian Formation demonstrated that the fining upward
trend reflected the change from a sand-dominated deposi-
tion at the base, followed by the abandonment of sand-rich
lithologies into more clay-rich lithologies and a peat-form-
ing environment, thus indicating an upward decrease in the
depositional energy from a fluvial channel fill to a flood
plain fill. Borehole MCO1, which represented the topmost
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Fig.2 Complete vertical profile of the whole seams and intra-seams showing the upward compositional changes in lithotypes, macerals, sub-
macerals, mineral matter, and microlithotypes for the studied Mukah coal. Note that seams within the coal sections are labeled, e.g., 05/01

section (Fig. 2, 3-50 m), was generally characterized by a
top section that displayed composite beds of fining upward
units and was capped by a mudstone facies and overlain by
thin coal layers. The hydraulic energy was suggested to be
low and hence interpreted as fluvial-dominated floodplain
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fills that reflected the gradual overgrowth and changed into
a peat-forming environment from an active channel setting.

The coal-bearing strata of the Balingian Formation were
dominated by mudstones with coarser-grained sandstone,
mainly at 80—100 m in depth, whereas coal seams occurred
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Fig.3 Photomicrographs of

(a) banded bright coal (BBC),
showing the dominant presence
of humotelinite submacerals
(textinite, Tx); reflected light,
(b) similar view of figure (a)
under uv light, (c) bright coal
(BC), showing predominant

of ulminite (Ul) with cavities
filled with resinite; reflected
light (d) similar view of figure
(c) under uv light, (e) dull coal
(DC), showing the presence of
semifusinite (Sf) sandwiching
resinite (Re), while resinite
filled the cellular cavities of
textinite (Tx) at left edge and
clay minerals were dispersed;
reflected light (f) similar view
of figure (e) under uv light, (g)
banded dull coal (BDC), show-
ing the association of macerals
consisting of bands of huminite
and liptinite macerals constitut-
ing more than 95%; reflected
light (h) similar view of figure
(g) under uv light

in the middle and lowermost parts of the formation. Gener-
ally, the formation in this study was interpreted to be depos-
ited in a low-lying coastal plain environment with an over-
all fluvial influence. However, variation in the deposition
environment may have occurred in different places in the

Mukah Coalfield.

Characteristics of the coal

Coal lithotypes

A total of eight seams were identified from the base to top
of the coal-bearing sequences. The thickness of the seams

@ Springer
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ranges from 0.5 to 3.5 m (Fig. 2). Four lithotypes were
observed: bright coal, banded bright coal, banded dull coal,
and dull coal (Fig. 2 and 3). From the coal log, the verti-
cal profile (Fig. 2) showed a predominance of bright coal
(>70%) in seam MCOS5, with the overall brightness pattern
of the seams showing an increasing trend toward the top
seam. Brighter lithotypes predominated in the basal (05/01)
and top (05/03) seam, while dull coals prevailed in the mid-
dle seams (05/02). However, the middle section MC12 had a
predominance of the dull coal lithotype (>70%) and shows a
decrease in brightness represented by dull lithotypes toward
the top of the seam. Banded dull lithotypes with thicknesses
up to 1.5 m are mostly found in the middle part of the seam.
In contrast, brighter lithotypes, specifically bright and
banded bright, with thicknesses of less than 0.5 m prevailed
toward the base of the seam. Moreover, the topmost section
MCO1 was primarily characterized by a predominance of
brighter coal as the banded bright lithotype (>70%). The
bright coals were found at the middle and top part of the sec-
tion with thicknesses up to 0.5 m. Furthermore, dull coal was
found in the middle part (seam 01/03) with less than 0.5 m
thickness. No clastic bands were observed within the coal
seams. In general, it is suggested that the upward trend of
the Mukah coal’s brightness increases in the sections MC05
and MCO1, whereas a “dulling-up” trend characterizes sec-
tion MC12 from the base to top of the coal intervals (Fig. 2).

Maceral composition of the coal

Table 1, Fig. 3a-h, and Fig. 4a—b show the overall compo-
sitions of various macerals and mineral matter content in
range and average (avg.) as total (vol. %) and mineral-free
basis (vol. %, mmf) of the analyzed coals. The Mukah coal
from the Balingian Formation was dominated by the hum-
inite group (70.3%-91.9% mmf), with high humotelinite
(22.2%—62.1% mmf), moderate humocollinite (10.0%—62.6%
mmf), and low humodetrinite (3.1%—28.1% mmf) (Table 1,
Fig. 4a, d). A low-to-moderate occurrence of liptinite
(4.0%-26.3% mmf) was reported with resinite being the
most dominant, ranging in average concentration from 1.5%
to 11.4% (mmf), followed by cutinite (0.0%—7.7% mmf), lip-
todetrinite (1.0%—6.1% mmf), suberinite (0.1%—4.9% mmf),
exsudatinite (0.5%—4.9% mmf), and sporinite (0.0%-2.3%
mmf) (Table 1, Fig. 4a, e). A very minor amount of inertinite
(1.4%-5.9% mmf) was observed (< 10%).

The mineral matter concentration in the Mukah coal dem-
onstrated low-to-moderate amounts with the average amount
ranging from 0.0% to 50.6%. The highest amount of argil-
laceous mineral matter was observed in MCO5-middle. All
samples have trace amounts of pyrite, thus were not recorded
in this study. The inertinite—-huminite/vitrinite (IV) factor
was low (mean 3.7) for the Mukah coal (Table 1).

@ Springer

Maceral composition of lithotypes

In general, petrographic analyses demonstrated a good rela-
tionship between the composition of the maceral groups and
lithotypes of the Mukah coal (Fig. 4c) on an mmf basis.
The huminite concentration increased from the duller litho-
type to the bright coal lithotype (Fig. 4c). The bright coal
lithotype was characterized by a high huminite concentra-
tion of > 80 vol.%; humotelinite and humocollinite were
mostly reported in the bright coal, with the former being
predominant (Fig. 4d). Humodetrinite was less common
in the bright coal. The banded bright, banded dull, and
dull lithotypes had an abundance of huminite macerals,
mostly ranging from 60 to 85%, with a predominance of
humotelinite. However, humocollinite was reported in mod-
erate amounts (10%—-50%), whereas humodetrinite occurs in
amounts < 30% in these lithotypes (Fig. 4d). Based on the
liptinite distributions (vol. %, mmf) in Fig. 4e, the concen-
trations of resinite, cutinite, and liptodetrinite varied in all
coal lithotypes. However, two trends were observed in the
banded bright coal lithotype. Resinite was found high, with
a low concentration of liptodetrinite and moderate amount
of cutinite macerals. In comparison, cutinite, liptodetrinite,
and resinite were reported in high amounts ranging from
20 to 50% (Fig. 4e). Moreover, inertinite was reported in
low concentrations, with fusinite, semifusinite, funginite,
and inertodetrinite were reported in various amounts in all
lithotypes (Fig. 2). Regarding the mineral matter, comprising
mostly clay minerals (vol. %), the concentration increased
from the bright lithotype to the duller lithotype (Fig. 4f). The
dull coal lithotype was characterized by a higher amount
of clay mineral that ranged from 30 to 55%. It is suggested
that the dullness of lithotypes was primarily attributed to the
presence of liptinite and mineral matter, while the bright-
ness in lithotypes increases with increasing huminite content
(Fig. 4e—f).

To summarize, maceral distributions (Fig. 2) demon-
strated huminite to be most dominant from the lowermost
to topmost sections of the Mukah coal, followed by liptinite
and inertinite, with mineral matter primarily found in the
layers containing a duller lithotype. Humotelinite, resin-
ite, and semifusinite were the most common submacerals
throughout the sections.

Microlithotype composition of the coal

The microlithotype groups observed in the Mukah coal
from the Balingian Formation were illustrated based
on their average composition (vol.%, Fig. 2) and car-
bominerite-free basis (cmf, vol.%) from each coal seam
(Table 2). The bimaceral group was indicated as the most
dominant in all samples, in which clarite predominates
throughout the sections, ranging from 3.5% to 88.7%
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Fig.4 Ternary diagrams show
composition of (a) coal (vol.%,
mmf); (b) coal (vol. %); (c)
lithotypes (vol.%, mmf); (d)
submacerals from the huminite
group (vol.%, mmof); (e) relative
proportions (vol%, mmtf.) of res-
inite, cutinite, and liptodetrinite
in the lithotypes; and (f) litho-
types (vol.%) for the studied
Mukah coal in the Balingian
Formation, Sarawak. The fields
with the main coal lithotypes 10
are shown in (c)—(f)
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(74.5%—88.7% cmf). Humite was present as the most pre-
dominant monomaceral group and ranged from 5.5% to
61.1% (1.8%—12.5% cmf), with the highest concentration
of humite was reported in seam MCO05. Among trimaceral
groups, duroclarite was the most common and occurred
in low-to-moderate concentrations ranging from 0.0% to
8.5% (1.7%-18.7% cmf). The other microlithotypes, e.g.,
liptite, inertite, durite, huminertite, and huminertoliptite,
in the coal constituted < 1% of most samples (Table 2).

Carbominerite was reported in all samples, ranging from
0.0% to 67.9%, with the highest concentration reaching
67.9% in the dull lithotype (seam 05/02). The coal seams
present in MCO1 and MCO5 showed an increase in car-
bominerite content toward the lower seams. In contrast,
the seam in MC12 represents the enrichment of clastic
minerals toward the seam top, indicating a high water
increase toward the roof of the seam (Fig. 2, Table 2).
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Fig.5 The coal facies modified @
after Mukhopadhyay (1986)

showed a forest swamp under

mildly oxic to anoxic peat

development for the Mukah coal 80
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Fig.6 The coal facies modified
after Singh and Singh (1996)
showed the depositional condi-

tion of (a) all lithotypes and k / i
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Ash contents

Ash yields of studied coal were < 1 wt. %, with an average
range of 0.00-0.75 wt. % (Table 1). This was in good agree-
ment with the low amount of mineral matter microscopically
observed in all studied samples.

Discussion
Paleofacies and paleomires conditions

Six coal facies models proposed by Mukhopadhyay (1986),
Singh and Singh (1996), Lamberson et al. (1991), Calder
et al. (1991), Hacquebard and Donaldson (1969), and Singh
et al. (2010) were developed and used to assess the paleofa-
cies and paleomire conditions of the Neogene Mukah coal
from the Balingian Formation, Sarawak. The concentrations,

maceral indices, associations of the macerals, including the
clastic mineral content and lithotype variations, were identi-
fied and analyzed for all studied samples (Table 1).

A facies-critical maceral association model modified after
Mukhopadhyay (1986) was used to understand the deposi-
tion environment for the Late Miocene Mukah coal from the
Balingian Formation. The results of the coal samples studied
from the intra-seams indicated that the plots clustered and
trended toward a forest swamp environment under mildly
oxic to anoxic conditions, thus suggesting good tissue pres-
ervation (Diessel 1992) (Fig. 5).

Based on the facies diagram developed by Singh and
Singh (1996) in Fig. 6a, for the coal facies, most of the
brighter coal lithotypes plot at the edge of “1,” related to a
higher amount of huminite and lower amount of inertinite,
thus indicating oxic moor facies. Moreover, the duller litho-
types with higher amounts of clay minerals indicated that
these lithotypes primarily evolved under wet conditions with

@ Springer
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Fig.7 Cross-plot of the GI and TPI based on in-seam variation sam-
ples (Lamberson et al. 1991) showing the depositional settings of
(a) all lithotypes and sections (b) MCO1, (c) MC12, and (d) MCO05.
The arrows indicate that the studied coal’s depositional environment

intermittent moderate to high flooding. Based on the plots
of all studied samples (Fig. 6b), the peat formation evolved
in wet, low-lying mires with intermittent moderate and high
flooding. The plots were concentrated on the huminite + lip-
tinite corner. However, there were a few samples from
MC12 and one sample from MCO5 that contained a moder-
ate amount of mineral matter, explained by the intermittent
moderate to high flooding that occurred during deposition at
those sections. The expected tectonic instability in the wet
conditions of the mires (e.g., Flores and Sykes 1996) was
attributed to moderate to high water cover and intermittent
to high flooding into the mires. The water table fluctuations
in the basin were attributed to the steady subsidence rates of
the raised mires, thus giving rise to moderate diversification
of the macerals and a moderate amount of mineral matter.
The tissue preservation index (TPI) and gelification index
(GD) indices developed by Diessel (1986) and later modified
by Lamberson et al. (1991) were used to determine the coal
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changed with time. The numbers indicate the phases of change in the
paleomire, with the lowest number representing the bottom of the
coal seam and the top marking the highest number

facies by creating a connection between the facies’ indicators
and the coal formation environment. The formulae used are
shown in Table 1. The lithotype plots on the facies diagram
(Fig. 7a) demonstrated that the lithotypes mostly developed
in telmatic zones, except for a few plots of the banded bright
lithotype in the clastic marsh region. The lignified tissue
increased in the brighter lithotype, resulting in the formation
of huminite. The TPI versus GI plots of the in-seam vari-
ations (Fig. 7b—d) based on the average coal composition
of the Mukah coal seams possessed high TPI-GI values;
most samples had a high TPI (> 1), thus indicating that trees
were present, and GI values of > 10, predominantly reflect-
ing the topogenous conditions in the mire within the telmatic
setting. The high productivity of the precursor of the peat,
which was primarily humotelinite, was suggested to have
been influenced by intermittent moderate-to-high flooded
hydrologic conditions with minimum oxidation levels dur-
ing the peat development. Moreover, the samples (e.g., seam



Arab J Geosci (2022) 15: 270

Page 130f22 270

]

100.0 ¢
F i g Bright Coal
| Banded Bright Coal
3 € Banded Dull Coal
-: ﬁ : <> Dull Coal
= 32
S 100 Kx EE ] O Inundated |
o E | forest
b [ timie e <> Rheotrophic ’ =<
'g L Swamp | Q <> <> Swamp forest
T 10 L L XS
w E | Mesotrophic -"
H
[ Ombrotrophic Bog forest
°
° PR ° ®
: |
o
§upriTo® -~
I
i L 2
|
| -9
0.0 t T
1] 3 10 20
— — .
Marginal aquatic/ Tree Vegetation Index (VI)
El herbaceous
100.0 T mcC12
2 |
2 I
£F
= EF
S - 2 —
2 100 /é i Inundated forest
Q I
~ GA al
x Limnié( 5 | >
> 1 Swamp forest
° Swamp | 12
£ 31415 :<>F
a_, 1 0 - en
s |
s Zom 7
! -
B ! <>11 <>1 Bog forest <>
> o I
g 01 | & | ;
|
I SOAr
| A
|
0.0 : I | |
0 3 10 15 20
Marginal aquatic / Tree Vegetation Index (VI)
herbaceous

MCo01
100.0 :
|
|
° |
% |
=5 e | Inundated
2 100 |- 5§ nuncate
: £ I forest
Qe E lgs
E Limnic : v 1 <>4 9 Swamp
< ! > forest
T o0 LT 1 ken 5 s
[} . T 13
£ N2l 0 i 127 R 73
T
s I&l Bog forest
° 17
c
3 0.1 ! 2
= tF o9 | 3D+ -
S g &
|
|
I
|
0.0 !
V] 3 > 5 10 15
Marginal aquatic/ ~ Tree ~ Vegetation Index (VI)
herbaceous
MCO05
100.0 ;
|
|
|
= 3!
2 T
S| el
‘; 10.0 2 £) Inundated” _|
: [ 8 forest
§ Qs | 0
t
- Limnic | >4 > |=
% : <> Swamp <>
g Swamp | forest
|
-g 1.0 lFen
3 |
° P : —
(4] 2 6 Bog forest
a 1<)|> Q= 9 ¢
|
| "y Al 2,5
0.1 47 T l =
0 3 5 10 15 20
—

——— R
Marginal aquatic/  Tree Vegetation Index (VI)

herbaceous

Fig.8 Cross-plot of the GWI and VI indices based on in-seam variation samples (Calder et al. 1991) showing the depositional settings of (a) all

lithotypes and sections (b) MCO1, (c) MC12, and (d) MCO05

05/02) that were rich in mineral matter indicated high flood-
ing to the mire, with a high influx of clastic material dur-
ing peat accumulation. Both conditions resulted in a lower
liptinite content and minor inertinite content in the studied
samples. Based on Diessel’s (1986, 1992) work, the studied
coal was exposed to mild humification and strong gelifica-
tion of plant tissues because of the high rate of subsidence.
Furthermore, the high TPI-GI values in the studied Mukah
coal indicated that the mires originated from wet forest
swamps (telmatic swamps) with a predominance of arboreal-
rich vegetation (Lamberson et al. 1991). However, a few
samples of the studied coal were characterized by a low TPI
and high GI, suggesting the prevalence of herbaceous plants
with enhanced humification in continuously wet raised bogs
within a limno-telmatic regime (Diessel 1986, 1992).

The ground water index (GWI) and vegetation index (VI)
indices proposed by Calder et al. (1991) explain the veg-
etation types from forest, herbaceous, and marginal affini-
ties in the hydrogeological conditions of ombrotrophic,

mesotrophic, and rheotrophic mires (Table 1). The litho-
type variations on the coal facies diagram (Fig. 8a) dem-
onstrated that the GWI and VI indices significantly varied
for the bright and dull coals. Generally, the GWI values for
the bright coals were lower than five, indicating rheotrophic
to (mostly) ombrotrophic conditions. However, the duller
coal lithotype showed moderate-to-high GWI values (> 1),
which suggested (mostly) rheotrophic to inundated hydro-
logic regimes. Nevertheless, the banded lithotypes were situ-
ated in the ombrotrophic to inundated hydrological regions
on the plot. In general, all lithotypes were formed under
low-to-moderate water floods maintained by rainfall and
the groundwater level. In this study, many of the banded
bright and dull lithotypes of the Mukah coal appeared to
have been formed under the influence of a moderate influx
of siliciclastic deposits during peat accumulation because
a high mineral content was reported in those samples (Cal-
der et al. 1991). Variations in the GWI and VI indices of
all studied coal (Fig. 8b—d) indicated most of the coal was
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Fig.9 Triangular diagram of
coal facies modified after Hac-
quebard and Donaldson (1969) a B
showing the (a) depositional
condition of the brighter litho-
types, mainly under the forest
moor, with the duller lithotypes
having developed in a (mainly)
limno-telmatic to open moor
environment. (b) The deposi-
tional condition of the Mukah
coal was mainly in telmatic
forest moor zones
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possibly deposited in a mire characterized by rheotrophic to
ombrotrophic hydrologic regimes. In these conditions, the
nutrient supply for the coal development in the mire was
maintained by both groundwater and rainfall. However, cer-
tain plots were situated in the GWI sector over five, indicat-
ing a waterlogged environment within an inundated marsh to
inundated forest (Fig. 8c—d). This condition may be related
to inundations characterized by a higher influx of minerals.
The results on the average composition of the coal seams
demonstrated that most plots were concentrated on GWI val-
ues below three, thus suggesting a general predominance of
telmatic conditions during the peat deposition at the Bal-
ingian Formation (Calder et al. 1991). In this case, most
of the coal had a high VI (> 3), indicating that there was a
prevalence of structured tree-derived material as the precur-
sor vegetation in the mire and that the survival of vegetal
tissues occurred under comparatively higher pH and lower
Eh levels. However, some of the coal was dominated by
herbaceous plants (VI < 3). Both GWI and VI values of the
coals from the topmost section (MCO1) of the Mukah coal
suggest the deposition of peat, primarily in a swamp for-
est. In contrast, the middle (MC12) and lower section coals
(MCO05) are indicative of the bog forest paleoenvironment.
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The plots in the facies model proposed by Hacquebard
and Donaldson (1969), based on the microlithotype analyses
(Fig. 9a), show that those of the bright and banded bright
coal lithotypes mostly fell under the telmatic forest moor
region, with a few lying in the limno-telmatic forest moor
environment. This indicates relatively wet conditions dur-
ing peat formation. Under these conditions, the survival of
vegetal tissues occurred under comparatively higher pH
and lower Eh levels. However, in the facies diagram, the
duller coal demonstrated a distribution from the open moor
(limnic) to (mainly) limno-telmatic forest moor region. The
limnic region suggested a subaquatic environment in which
the increase of circulation and energy levels was attrib-
uted to the peat formation. Based on the in-seam variations
(Fig. 9b), most of the coal in MCO1 was suggested to have
originated in a telmatic coal facies during the formation of
the precursor peats. However, the facies model for the pre-
cursor peat of MCO5 and MC12 indicated a formation from
limno-telmatic to telmatic coal facies (mostly). The lower
stratal section of MCO5 was characterized by a change from
a limno-telmatic coal facies at the base to a telmatic coal
facies at the top. However, a subaquatic coal facies occurred
in the middle part of the section. The middle stratal section
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Fig. 10 Triangular diagram of
the coal facies modified after
Singh et al. (2010) showing the
depositional condition of (a) all
lithotypes and (b) the coal in
mostly wet moor conditions for
the Mukah coal
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at MC12 demonstrated a trend from telmatic coal facies at
the base to limno-telmatic facies toward the middle and tel-
matic coal facies at the top.

The lithotype plots of the coal facies diagram by Singh
et al. (2010) demonstrated a significant contrast between dull
coal and other lithotypes (Fig. 10a). The dull lithotypes pri-
marily evolved under high flooding events, while the other
lithotypes predominated a facies moor related to moderate
flooding events with increased bacterial activity. Moreover,
the duller lithotypes demonstrated an increase in carbomin-
erite attributed to the fluctuations of the water level dur-
ing peat accumulation. The plots of the in-seams samples
favored the Mukah coal development to have occurred in
a wet moor environment (Fig. 10b). The coal seams in the
upper section (MCO1) were formed and exposed to moderate
flooding, thus resulting in less diversification in the micro-
lithotypes. Furthermore, the coal seams in the middle and
lower sections of the coal-bearing strata (MCO05 and MC12,
respectively) were developed during moderate to high flood-
ing of water influx into the environment, thus resulting in a
low to high percentage of carbominerite concentration. This
resulted in the varying concentrations of preserved anaerobic
organic matter in the coal.

Peat development and paleomire trends

The vertical variations in the lithotype and maceral compo-
sition (Fig. 11) and changes in the coal facies (Figs. 7b—d,
8b—d) reflect changes in the original peat mire environment
for the Mukah coal. Compared with modern tropical peats
(e.g., Amijaya and Littke 2005), a model for the growth of
a domed paleo-peat (from the bottom to top sections) in the
Mukah coal could be identified; however, the pattern was
sometimes incomplete. In the Mukah coal, the occurrence

) 160 Qb 50 7‘0 6‘0 5‘0 db 30 Zb 1b
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D = Wet moor with moderate flooding and increasing bacterial activity
E = Oxic moor with prolong dry condition
F = Wet moor with high flooding

of a complete succession from topogenous to ombrogrenous
peat evolution is identified in the top portion of the lower
stratal section (MCO5, 122.5-123.5 m, Fig. 11). The mid-
dle (MC12) and topmost (MCO1) sections of the Mukah
coal comprised more than one succession of peat devel-
opment, mostly incomplete ombrogenous peat develop-
ment. In certain intra-seams, the top part of the seam was
developed in the topogenous peat although it began with
ombrogenous peat development in the paleomire. This
reverse order of paleo-peat bodies has been reported by
Sia et al. (2014). While most seams demonstrated changes
in peat development, certain intra-seams had developed in
either topogenous or ombrogenous peat only, in particular
at 114.5-115.5 m and 4647 m intervals (Fig. 11). From
planar to domed peat, the peat’s doming was represented
by the predominance of humocollinite-liptinite-rich coal or
humocollinite-mineral matter rich coal in the lower stratal
section; however, the middle section was characterized by
humotelinite-rich and finally overlain by humotelinite-lipt-
inite rich coal in the topmost section (Fig. 11).

The basal section of each complete/incomplete paleo-
peat trend containing a high concentration of liptinite was
originally reported by Dehmer (1993) and Mukhopadhyay
(1991, unpublished data cited in Esterle and Ferm 1994)
and indicated that sapric peat or fine hemic peat may have
developed under subaquatic conditions. As per Teichmiiller
(1989), under these conditions, liptodetrinite is abundant,
as was observed in our studied coal. In this study, humod-
etrinite was observed to commonly occur at the base of the
intra-seams, indicating the sapric peat accumulated in the
limno-telmatic setting. In several cases, the basal section
of the coal benches was moderate to high in detrital/min-
eral matter (Fig. 11), representing the high carbominerite
in most of these samples (Fig. 11) and suggesting that the
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«Fig. 11 Paleo-peat development. Also shown are the maceral group/
subgroup compositions and mineral matter of the analyzed Mukah
coal. Note that the numbers of paleomires are shown in Figs. 7-8 and
that T is the top section of the peat body/coal bench

influx in river deposits occurred during a rise of the water
table into the mires. As per Littke and Lo (1989) and Grady
et al. (1993), a high content of mineral matter is indicated
by a continuous evolution from seat earth to coal, which was
reported in the studies on modern tropical peats by Dehmer
(1993), Neuzil et al. (1993), and Esterle and Ferm (1994),
who reported ash-rich layers. However, the studied coal
generally had a poor ash yield (average 0.22 wt. %). As per
Esterle and Ferm (1994), lack of identification of high-ash
coal at the base section of a sequence could indicate the
following: (1) a total absence; (2) layers too thin to be rec-
ognized; (3) a reduction in thickness because of overburden
compaction; or (4) its inclusion in the seat earth because of
a high ash content and gradational nature.

The middle section of the paleo-peat trend in the
humotelinite-rich Mukah coal was believed to be the pre-
cursor of the hemic and fine hemic peats (Fig. 11). Previ-
ous researchers reported that these peats are characterized
by wood fragments, logs, and stumps (Esterle et al. 1989;
Dehmer 1993; Supardi et al. 1993 and Esterle and Ferm
1994), with the compacted humic attritus as the matrix
(Anderson 1983; Esterle and Ferm 1994). As per other
reports on modern tropical domed peats (e.g., Dehmer
1993; Grady et al. 1993; Esterle and Ferm 1994; Amijaya
and Littke 2005), the enrichment of textinite in hemic peat
is often associated with structured huminite with some cell
fillings (corpohuminite). In this study, phlobaphinite and
porigelinite were reported to be the common macerals in this
section, indicating plant communities rich in wood (Cohen
1968; Taylor et al. 1998). Thus, the precursors of peat for
the middle section of the studied paleo-peat bodies could be
interpreted as having been dominated by wood-producing
plants and originally deposited in a swamp rich in wood-
producing trees. The increase of humotelinite in the middle
section was associated with the decrease in the humocollin-
ite and humodetrinite, furthermore supports the increasing
mires of forest types under relatively dry conditions (Sia
et al., 2012b).

The top section of the studied paleo-peat bodies was
represented by humotelinite-liptinite-rich coal (> 70%).
This section was believed to reflect the fibric peat of the
modern peat in this area (Fig. 11). In other modern peat
studies, fibric peat is rich in humodetrinite (e.g., Grady
et al. 1993; Amijaya and Littke 2005) as well as inerti-
nite, primarily fusinite (e.g., Demchuk and Moore 1993;
Dehmer 1993). They are a result of decreasing nutrient
levels, thus affecting the plant size and arborescence
(Esterle and Ferm 1994), as well as an increase in oxidized

plant material through a fungal mechanism in response to
an abnormally fluctuating water table close to the top of
the peat (Dehmer 1993; Moore et al. 1996). In this study,
however, the fibric peat was characterized by textinite-
and/or ulminite-rich macerals in most of the studied coal.
This section was primarily represented by bright and
occasional bright banded coal with inertinite reported in
various amounts (mostly < 10%). According to Esterle
et al. (1989), based on studies of a domed peat deposit
in Sarawak, the fibrous peats in the upper central por-
tion of the deposit contained more preserved plant mate-
rial than the peats toward the base and margins, which,
although more degraded, contained large wood fragments
(5-150 cm). Moreover, the deposit produced bright coal
seams with bright vitrain bands of variable thicknesses
(Esterle et al. 1989). These results were consistent with
the results of this study, wherein the vegetation index was
observed to increase toward the fibrous peat in the top
section of the studied coal (Fig. 11).

As per Shearer et al. (1994) and Greb et al. (2002), most
Cenozoic coal is composed of multiple stacked paleo-peat
bodies. In this study, accumulations of different paleomires
representing the paleo-peat environment were recognized
because of the occurrence of inorganic partings and organic,
non-oxidized degradative partings. Recognizable bands of
mineral-rich and/or humodetrinite-rich paleo-peat typical of
topogenous deposits were developed in the sapric, hemic, or
fine hemic peat of the Mukah coal (Fig. 11). The oxidized
organic partings, however, were not used as an indicator
of stacked paleo-peat bodies because of the less common
inertinite-rich coal. This suggested that the ombrogenous
peats in the Mukah coal were mostly free of clastic partings
and low in ash yields and pyrite. Similar scenarios have been
reported in studies of other ombrogenous peats in modern
tropical climates (Esterle and Ferm 1994; Greb et al. 2002;
Amijaya and Littke 2005; Davis et al., 2007; Starez-Ruiz
et al. 2012; O'Keefe et al. 2013). The most probable expla-
nation for this condition was the peat doming where the
rainfall was higher than the evaporation (Cohen et al. 1987)
and limited suspension of sediment influx from the river
(Amijaya and Littke 2005). Because the growth of pyrites is
dependent on the sulfur content, raised bogs have a low sul-
fur content (Cameron et al. 1989; Neuzil et al. 1993). Thus,
the domed peat development of the Mukah coal was prob-
ably attributed to an acidic, mildly oxidizing environment
that resulted in conditions unfavorable for pyrite formation
(Amijaya and Littke 2005) or inertinite. Furthermore, for
the topogenous peat, the occurrence of pyrites in the studied
coal was uncommon, suggesting that the peat accumulation
occurred in freshwater mires with little or no marine influ-
ence. During the peat accumulation, the freshwater mires
were subjected to periodic inundations by the fluvial input
into the mire during a rising water table.
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Fig. 12 Triangular diagrams based on microlithotypes (cmf) after (a) Smyth (1984) and (b) Hunt (1982) illustrating that the coal depositional
environment for the Mukah coal was a predominantly fluvial-deltaic setting mainly the upper delta plain

Regarding the lithotypes, the changes from topogenous to
ombrogenous peat were characterized by an increase in the
brightness of the coal lithotypes. In this study, the ombrog-
enous peat was primarily characterized by bright and banded
bright lithotypes, while topogenous peat was predominantly
characterized by banded dull and dull lithotypes. The transi-
tion (mesotrophic) peat had variable coal lithotypes. Thus, a
dulling-up sequence that developed toward the ombrogenous
peat, as seen in many Paleozoic and Mesozoic coals, was
absent in this study, as inertinite was uncommon at the top
part of the dome. The same scenario was discussed in detail
by Esterle et al. (1989) and Moore and Ferm (1992).

Paleodepositional environment of coal
Two depositional models based on the microlithotype groups

were used to distinguish between the coal from different dep-
ositional environments. The depositional model developed

@ Springer

by Smyth (1984) based on the density of microlithotype
groups (free of carbominerite) in Fig. 12a suggested that the
Mukah coal was predominantly fluvial in origin, as all plots
were concentrated at edge “1,” high in humite and clarite.
Hunt (1982) proposed a ternary diagram by adding a fourth
bandwidth, which demonstrated that the Mukah coal primar-
ily originated in meandering fluvial deposits in the lower to
upper coastal plain (Fig. 12b), as most coal lithotypes pre-
served very fine coal bands. Several plots, however, occurred
in a fine- to medium-banded region, indicating a deposi-
tional environment in the upper to lower delta plain. The
former prevailed most of the time, while the latter occurred
in certain stages of the peat development. Section 3.1 shows
that models that were supported by the megascopic assess-
ment of the coal-bearing succession.

In comparison, Sia et al.’s (2014) study reported a pre-
dominance of marsh fields in a limno-telmatic environment
of the lower delta plain, whereas most samples in this study
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primarily originated in a swamp-bog forest moor of (mainly)
telmatic to limno-telmatic coal facies in the fluvial-deltaic
environment (Fig. 12c). The current interpretation was sup-
ported by the Southeast Asia peatland studies described
by Anderson (1964, 1983), who reported that the interior
portions of the extensive lowland forest bogs in Sumatra,
Borneo, and the Malay Peninsula are ombrotrophic but that
their seaward spreading behind the coastline is primarily a
topogenic occurrence. In this study, the raised peat surfaces
confine the river and tidal floods to their respective channels,
thus resulting in the majority being only slightly flooded and
thus relatively clean with low inertinite and ash content of
typically < 2% (Anderson 1964, 1983). Mostly, arborescent
plant types were predominant. The wet mires’ deposition
environment was consistent with the low IV factor reported
for all samples, interpreted by Diessel (1992) as a wet for-
ested deposit. The slight modification in the interpretation of
the deposition environment from the previous studies by Sia
et al. (2011, 2014) and Hakimi et al. (2013) could possibly
be explained by where the studied coal sections developed
further inland (Fig. 1b), toward the coastal floodplain area
in the upper delta plain setting, in which telmatic coal facies
are more prominent in the mires (Fig. 12c¢).

The depth of the water and water table fluctuations
affected both the different vegetation ecosystems and depo-
sition of the peat mires and governed the way the petro-
graphic entities were preserved (Bohacs and Suter 1997;
Diessel 2007; Herbert 1997; Holz et al. 2002; Singh and
Shukla 2004). In this study, the coal facies models used
had confirmed the events of water level fluctuation during
the peat development in the basin and the coal primarily
developed in a continuously wet swamp forest to a raised
forested bog with a predominance of trees in the peatland.
Furthermore, terrestrial, fen, dry fen, dry forest, and swamp
facies appeared to be unusual and consistently supported by
the ever-wet climate that was favorable during the develop-
ment of the Neogene coal of the Balingian Province of the
Sarawak Basin (Sia et al 2014).

Conclusion
The following conclusions could be obtained:

1. In this study, a high huminite and moderate liptinite con-
tent typified the coal while inertinite and mineral matter
were uncommon. Little to no alginite and pyrite was
observed. Clarite predominated throughout the studied
coal. The lithotype brightness increased as the huminite
content increased, while the lithotype dullness was pri-
marily attributed to the presence of liptinite and mineral
matter. Similarly, an increase of humite and decrease in

clarite, duroclarite, and carbominerite occurred in the
brighter lithotypes (bright and banded bright).

2. The facies modeling analysis using the maceral compo-
sition, indices, and associations suggested that the coal
and brighter lithotypes primarily developed in a continu-
ously wet swamp forest to a raised forested bog with
mixed paleodepositional conditions from mildly oxic to
anoxic conditions within telmatic forest moor zones. The
duller lithotypes evolved in limno-telmatic zones under
increase in flooding.

3. Bright and banded bright lithotypes primarily charac-
terized the ombrogenous peat, while banded dull and
dull lithotypes predominated in the topogenous peat.
A complete succession from topogenous to ombrogre-
nous peat in the telmatic to limno-telmatic environment
was mostly reported in the paleo-peat bodies. The peat
doming was represented by a predominance of humo-
detrinite/liptinite-rich coal or humocollinite/mineral
matter-rich coal in the bottom section; however, the
middle section was characterized by humotelinite- and
humocollinite/liptinite-rich coal, which was overlain by
humotelinite-rich coal in the top section. The source of
the coal was suggested to have been primarily derived
from arborous vegetation with a predominance of trees
in the peatland.

4. A coastal floodplain setting within the (primarily) upper
to lower delta plain environment was suggested for the
evolution of the Mukah coal.
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