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Abstract

The middle Miocene Warukin Formation in the Asem-Asem Basin (Kalimantan) contains a 20-m-thick coal seam (BL1)
that is mined at the Jumbang mine. The seam, formed in a tropical peat, was studied to reconstruct the peat-forming
environment and to compare its characteristics with those of similarly aged tropical coals from the Tutupan mine in the
Barito Basin (Kalimantan) and similarly aged (“15 Ma) subtropical coal from the Leoben Basin in the Eastern Alps (Austria).
Although all coals were formed in ombrotrophic peatlands, the comparison reveals differences in biomarker and maceral
composition due to the different climate and flora.

The study is based on 22 coal and three non-coal samples, each representing a stratigraphic interval of 0.2 to 1.0 m.
The samples were analyzed for ash yield, carbon and sulphur contents, and maceral composition. Organic geochemical
parameters were obtained on eight coal samples to obtain information on the peat-forming vegetation. The low-ash,
low-sulphur BL1 seam was deposited in an ombrotrophic basinal (coastal) mire. Locally increased sulphur contents in the
lower coal bench BL1L demonstrate brackish influence and a near-shore environment. The vegetation was dominated
by angiosperms including abundant dammar resin producing Dipterocarpaceae, while the contribution of gymnosperms
was negligible.

The Tutupan seams T110 and T210, which were formed in kerapah (inland) ombrotrophic mires, have similar ash yields
and sulphur contents but contain higher, although still low, concentrations of gymnosperm-derived diterpenoids. In ad-
dition, lower amounts of cadinane-type biomarkers and resinite suggest that Dipterocarpaceae were less dominant in
kerapah peats. While differences between tropical coals from Kalimantan are minor, major differences exist between
the tropical coals and the subtropical ombrotrophic Leoben coal. These include significantly higher concentrations of
gymnosperm-derived biomarkers in subtropical peat, lower amounts of resinite due to the absence of Dipterocarpaceae,
as wells as lower amounts of leaf- and rootlet-derived macerals. Apparently, fungal activity was also reduced in the sub-
tropical Leoben peat. Surprisingly, the average amount of oxidized plant remains is also lower in the subtropical peat.

1. Introduction

Coal is an abundant and relatively cheap fuel, but its
combustion produces huge amounts of the greenhouse
gas carbon dioxide. In 2021, CO, emissions from coal
combustion reached an all-time high of 15.2 gigatonnes
(Gt) contributing about 40 % of the entire energy-related
CO, emissions (36.3 Gt; IEA, 2022). Similarly, coal produc-

tion in 2021 (8173 million tonnes [Mt]) was close to the all-
time high reached in 2013 (8256 Mt; BP, 2022). Following
China (4126 Mt) and India (811 Mt), Indonesia is the third
largest producer of coal (614 Mt) equivalent to 7.5 % of
world production. Most of Indonesia’s coal reserves are
located in Cenozoic basins on the islands of Sumatra and
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ments on the peat-forming environments (e.g., ombro-
tropic [raised] vs. rheotrophic [low-lying] mire; brackish
influence) are possible based solely on basic coal param-
eters such as seam geometry, ash yield and sulphur con-
tent (e.g., Gruber and Sachsenhofer, 2001). Palynological

Kalimantan (Indonesian part of Borneo) (Friederich et al.,
2016; Fig. 1).

While coal combustion poses a significant threat to
global climate, coal is an excellent archive for reconstruct-
ing terrigenous depositional settings. Important state-
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Figure 1: (@) Map of Miocene climate with position of coal deposits (from Scotese, 2000). The locations of Southeast Asia, the Eastern Alps and the
Lower Rhine Basin are indicated. (b) The main on-shore Cenozoic coal-bearing basins in Southeast Asia (from Friederich et al., 2016).



studies are often used to reconstruct paleovegetation
(e.g., Demchuk and Moore, 1993; Rich, 2015; Korasidis et
al., 2016; Dai et al., 2020). Petrographic and geochemical
parameters provide additional information on the de-
positional environment and diagenetic processes (e.g.,
Bechtel et al., 2003a; 2007; 2008; Naafs et al., 2019).

Peat-forming environments of Upper Eocene and
middle Miocene coals in the Barito Basin (southern Kali-
mantan; for location see Figs. 1, 2) were studied recently
by Fikri et al. (2022a, b) using bulk geochemical param-
eters, biomarker and maceral data. Eocene coal seams
in the Tanjung Formation from the Tanjung Alam Jaya
(TAJ) Pit 1-D mine are 1.4 to 3.4 m thick and originated
in rheotrophic low-lying mires dominated by palm and
fern vegetation (Fikri et al., 2022b). In contrast, Miocene
coal seams in the Warukin Formation from the Tutupan
mine are up to 50 m thick and were deposited predomi-
nantly in ombrotrophic raised mires (Fikri et al., 2022a). In
addition, Miocene coal seams in the Warukin Formation
display a remarkable cyclic structure.

In the present study, we investigate a 20-m-thick coal
seam in the Warukin Formation (BL1) exposed in the Jum-
bang open pit mine in the Asem-Asem Basin. The Asem-
Asem Basin, located near the southern tip of Kalimantan
Island, is considered a sub-basin of the larger Barito Basin,
from which it is separated today by the Meratus Complex
(Witts et al., 2014; Fig. 2). Similar to Tutupan, coal from the
Jumbang mine has very low ash yields (5.5 wt.% adb) and
total sulphur contents (0.4 wt% adb) (Bumi Resources,
2021) making deposition in an ombrotrophic mire likely.
The calorific value of Jumbang coal is about 4,200 Kcal/kg
(as received, ar) and the average total moisture “35 wt.%
(ar) (Arutmin, 2015). Thus, the coal is classified as lignite.

The paper has three main objectives: (1) reconstruction
of environmental conditions during the accumulation of
the BL1 seam; (2) comparison of Miocene peat forming
conditions in the Asem-Asem Basin (Jumbang mine) and
in the Barito Basin (Tutupan mine); and (3) comparison of
the characteristics of Miocene ombrotrophic coals from
tropical and subtropical regions to investigate the effects
of climate on maceral and biomarker compositions.

For this comparison, middle Miocene coals from Kali-
mantan and from the Leoben Basin in the Eastern Alps
of Central Europe are used (Fig. 1a; Gruber and Sachsen-
hofer, 2001). A considerable number of Miocene coal de-
posits in the Eastern Alps were formed under subtropical
conditions (e.g., Weber and Weiss, 1983), but only the coal
in the Leoben Basin was deposited in an ombrotrophic
mire (Bechtel et al., 2001; Gruber and Sachsenhofer, 2001;
Sachsenhofer et al., 2003).

2. Geological setting

The Asem-Asem Basin is located at the eastern mar-
gin of Sundaland, the southeastern promontory of Eur-
asia (Fig. 1b; Hall and Morley, 2004; Pubellier and Morley,
2014). Sundaland was formed by Permian and Triassic
amalgamation of continental blocks and arc fragments
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(Hutchison, 1989; 2014; Hall and Morley, 2004; Advokaat
et al.,, 2018). Other fragments of oceanic, arc and conti-
nental origin accreted to Sundaland during the Creta-
ceous (e.g., Hall, 2012) and formed the southwestern part
of Borneo. The Meratus Complex in southern Borneo (Fig.
2) is interpreted as a Cretaceous subduction complex,
which forms the suture between SW Borneo and East Ja-
va-West Sulawesi (e.g., Hall, 2012; Witts et al., 2014). An
extensional regime was initiated in eastern Borneo by
the rifting of the Makassar Strait in the Eocene (e.g., Pu-
bellier and Morley, 2014; Zahirovic et al., 2014; for location
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Figure 2: (a) Geological map of the Barito and Asem-Asem basins
showing the location of the study site (Jumbang mine) and mines with
Eocene (TAJ Pit-1D) and Miocene coals (Tutupan) studied in compan-
ion papers (Fikri et al., 20223, b). (b) Geological map of the Asem-Asem
Basin showing the location of the study site and the position of the
cross-section shown in Figure 4. (c) Profile through the Warukin For-
mation in the study area with seam names (from Achmad, 2018).
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see Fig. 1). This extensional event led to the formation
of NW-SE oriented horst and graben structures along a
succession of NW-SE trending strike-slip faults (Satyana
et al., 1999). Rifting ended towards the end of the Early
Oligocene (Pubellier and Morley, 2014). Basin inversion
commenced in the middle Miocene, around the time of
the uplift of the Meratus Mountains (Satyana et al., 1999;
Witts et al., 2014).

The Cenozoic basin fill in the Barito Basin and the
Asem-Asem Basin is comparable, suggesting that they
once formed a uniform depocenter (Witts et al., 2014).
The basin fill overlies Cretaceous and older basement
rocks unconformably and comprises, from base to top,
the Middle Eocene to Lower Oligocene Tanjung Forma-
tion, the Upper Oligocene to lower Miocene Berai and
Montalat Formations, the middle to upper Miocene
Warukin Formation, and the upper Miocene to Pleisto-
cene Dahor Formation (Witts et al., 2012; 2014; Fig. 3).
Coal seams occur in the Tanjung Formation and in the
Warukin Formation (Friederich et al., 2016). The trans-
gressive Tanjung Formation starts with alluvial and flu-
vial plain deposits filling a pre-existing relief (Mangkook
Member) and continues with fluvio-tidal and estuarine
deposits containing several-m-thick and laterally exten-
sive coal seams (Tambak Member). The upper part of the
Tanjung Formation consists of marginal to shallow ma-
rine rocks dominated by calcareous mudstones (Pagat
Member; Witts et al., 2012). The Tanjung Formation is
overlain by shallow marine carbonates (Berai Formation)
in the Asem-Asem Basin and the southern Barito Basin,
and by fluvio-deltaic strata in the northern Barito Basin
(Montalat Formation). The regressive Warukin Formation
comprises marginal marine rocks with thin coal seams
(typically <2 m; Sapiie and Rifiyanto, 2017) in its lower
part (Barabai Member of Witts et al., 2012). The overlying
Tapin Member (Witts et al., 2012) represents (south-)east-
ward prograding fluvio-deltaic sedimentary rocks with
thick coal seams (Satyana et al., 1999; Witts et al., 2012).
A change in paleocurrent directions during deposition
of the uppermost part of the Tapin Member in the Barito
Basin indicates the middle/late Miocene onset of uplift of
the southern part of the Meratus Complex (Witts et al.,
2014). In contrast, paleocurrent directions in the Asem-
Asem Basin remained southeastward (Witts et al., 2014).
Regression and basin inversion continued during depo-
sition of the Dahor Formation (Witts et al., 2014), which
consists mainly of alluvial to shallow marine reddish
sandstone, polymict conglomerate, and siltstone (Sapiie
and Rifiyanto, 2017). In the Asem-Asem Basin, coal seams
are locally present in the lower part of the Dahor Forma-
tion (Arutmin, 2015).

A significant number of coal seams grouped into seam
groups are present in the Warukin Formation in the
Asam-Asam Basin. Near the study area the seam groups
are labelled from top to bottom with A to E (Fig. 2b). Indi-
vidual seams are identified by an addition (U for “upper”,
L for “lower”). The most important seam in the Jumbang
mine is seam BL1, which reaches a thickness of 20 m and
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Figure 3: Stratigraphy and lithology of the basin fill in the Asem-Asem
Basin (modified after Witts et al., 2012; 2014).

dips gently (6-14°) towards the southeast (125°). A south-
west-northeast trending cross-section of the BL1 seam is
shown in Figure 4 based on data from exploration bore-
holes provided by the mine. It shows that the BL1 seam is
splitinto individual coal benches, labelled BL1U and BL1L.
Seams Al and A2 are present with an average thickness
of 1.6 m. Seam D2 has an average thickness of 4 m, while
seam C2 is thin and discontinuous. The seams are sep-
arated by prevailing mudstones and subordinate sand-
stone beds. The sediments overlying the BL1 seam in the
Pit 14 (see Fig. 2b for location) represent floodplain, fluvi-
al channel-belt, estuarine and tidal flat settings (Achmad,
2018). Sediment transport was directed southeastwards
(107-160° Achmad, 2018).

3. Material and methods

Samples were collected at the Jumbang mine (Fig. 2b).
At the sampling site, the BL1 seam is 19.4 m thick. Sam-
ples were taken from the deposits below and above the
seam (2 mudstone samples) and from the seam (22 coal
samples, T mudstone parting). The samples represent a
continuous series of channel samples. Megascopically
distinct coal layers were taken separately. Consequently,
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Figure 4: Southwest-northeast trending cross section of the BL1 seam in the Jumbang open pit showing thickness, ash yield (black line) and sulphur
content (blue line). Laterally, the BL1 seam splits into an upper (BL1U) and a lower (BL1L) coal bench. The location of the profile is indicated in the inset
and in Figure 2b. The profile was compiled using data from exploration boreholes and flattened to the top of the BL1 seam. Position and data from the
section studied in the present paper (between boreholes 10 and 11) are shown.

channel samples in the more diverse lower part of the
seam (0-7.9 m) are only 0.2 to 1 m long, whereas in the
more homogenous upper part of the seam (7.9-19.4 m)
they are typically 1 m long. Fresh samples were placed
in gas-tight plastic bags immediately after collection to
prevent moisture loss.

Samples were prepared at the Mineral and Coal Lab-
oratory of the Mining Department of the Faculty of En-
gineering (Lambung Mangkurat University). Ash yield
and moisture analyses were conducted at the PT Geos-
ervices coal laboratory (Banjarbaru, South Kalimantan)
using standard procedures (ASTM, 2012; 2017). Ash yield
provides valuable information on peat type (Moore and
Shearer, 1997). All other analyses were carried out at
Montanuniversitaet Leoben (Austria).

Bulk parameters: Sulphur (S), total inorganic carbon
(TIC), and total organic carbon (TOC) contents are use-
ful indicators of peat facies (e.g., Dai et al., 2020). Rock-
Eval parameters S2 (amount of hydrocarbons gener-
ated during pyrolysis, mgHC/g rock), hydrogen index
(HI = S2x100/TOC; mgHC/gTOC), and T,,, (°C) provide
information on the type and maturity of the organic mat-
ter (Espitalie et al., 1977). An Eltra Helios C/S analyzer and
a Vinci Rock-Eval 6 instrument were used to determine
these parameters in duplicate.

Organic petrography: The maceral composition of
coal samples allows inferences on peat facies and diage-
netic alterations. For maceral analysis, all samples were
crushed to a maximum size of T mm and embedded in
epoxy resin. The polished blocks were investigated us-
ing a Leica incident light microscope with a 50x oil-im-
mersion objective, reflected white and fluorescent light,
and a single-scan approach (Taylor et al., 1998). A total
of 500 points were counted on each sample, with mac-
erals assigned according to the ICCP system (ICCP, 1998,
2001; Pickel et al., 2017). Random huminite reflectance
(%Rr) was measured to determine the coal rank of three
samples. The measurements were performed in non-po-
larized light at a wavelength of 546 nm and a magnifica-
tion of 50x using the Hilgers Fossil software. Mean values
and standard deviation are based on 150 measurement
points per sample.

Organic geochemical (biomarker) analyses were per-
formed on eight coal samples to obtain information on
the peat-forming vegetation. Samples were extracted
with dichloromethane for 1 h at 75 °C and 100 bar in a
Dionex ASE 350 extractor. After evaporation of the sol-
vent to a total volume of 0.5 mlin a Zymark TurboVap 500
closed-cell concentrator, asphaltenes were precipitated
from a hexane-dichloromethane solution (80:1) and sep-
arated by centrifugation. The hexane-soluble fractions
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were separated into aliphatic hydrocarbons, aromatic hy-
drocarbons and NSO compounds using a K6hnen-Willsch
medium-pressure liquid chromatography (MPLC) instru-
ment (Radke et al., 1980). n-Alkanes and isoprenoids in
the aliphatic fractions were analyzed using a Trace GC-UI-
tra gas chromatograph with flame ionization detector
(GC-FID). The gas chromatograph was equipped with a
50 m HP-PONA capillary column (0.20-mm inner diame-
ter [i.d.], 0.50 um film thickness). After sample injection
(2 plat 270 °C), the oven temperature was increased from
70 to 310 °C and kept constant for 35 min. The hydrocar-
bon fractions were analyzed using a gas chromatograph
equipped with a 60 m TG-5MS fused silica capillary col-
umn (0.20 mm inner diameter; 0.25 um film thickness)
connected to a ThermoFisher ISQ mass spectrometer
(GC-MS). The oven temperature was programmed from
40 to 310 °C at 4 °C/min, followed by an isothermal phase
of 30 min. Helium was used as the carrier gas. The sample
was injected in split mode (split ratio 20) at an injector
temperature of 260 °C. The spectrometer was operated
in El (electron ionization) mode over a scan range from

m/z 50 to m/z 650 (0.7 s total scan time). The Xcalibur
software was used for data processing. Individual com-
pounds were identified based on retention time in the
total ion current chromatogram (TIC) and by comparing
mass spectra to published reference data. The relative
percentages and absolute concentrations of the various
compound groups in the aliphatic and aromatic hydro-
carbon fractions were calculated from the peak areas
in the TIC chromatograms relative to the internal stan-
dards (squalane and 1,1-binaphthyl, respectively) or by
integrating the peak areas in the corresponding mass
chromatograms using reaction factors to correct for the
intensities of the fragment ion used to quantify total ion
abundance. Concentrations were normalized to TOC.

Bulk carbon isotope data were determined on twelve
coal samples. Portions of each sample (0.4 to 0.7 mg)
were packed in tin capsules and burned in excess oxygen
at 1080 °C using an elemental analyzer (Thermo Scientific
Flesh EA). The CO, produced was analyzed online using a
Thermo Scientific Delta-V isotopic ratio mass spectrom-

Ash ‘ Moisture

TOC ‘ Sulphur

EOM | NSO | AlLHC | Arom.HC

Sample Lithology Position T oo HI 8"C

(m above (wt.% adb) (wt.% db) (°C) | (mgHC/ (%o) (mg/gToC)

base) gT0oC)
BL1-roof mudstone 20.4 89.07 4.2 0.73 0.02 425 39
BL1-2 coal 19.9 2.12 27.6 49.3 0.10 390 170 -27.86
BL1-3 coal 18.9 1.85 28.3 52.7 0.09 371 218
BL1-4 coal 17.9 213 237 54.9 0.08 375 413 -27.99 | 441.0| 85 0.5 0.4
BL1-5 coal 16.9 211 26.2 56.4 0.10 370 202
BL1-6 coal 15.9 1.94 24.4 55.3 0.09 372 310 -27.81 301.6 | 11.8 0.8 0.4
BL1-7 coal 14.9 3.17 24.6 54.1 0.14 372 234
BL1-8 coal 13.9 2.68 23.2 52.3 0.12 371 255 -27.82 | 2736 | 84 0.7 0.6
BL1-9 coal 12.9 2.08 24.8 54.0 0.11 370 272
BL1-10 coal 11.9 2.90 26.1 51.3 0.11 374 184 -27.54 | 2214 | 6.6 0.7 0.4
BL1-11 coal 10.9 2.81 25.3 51.1 0.11 378 154
BL1-12 coal 9.9 291 29.0 48.5 0.11 371 229 -27.68 231.8 3.9 0.3 0.2
BL1-13 coal 8.9 3.20 27.6 49.3 0.08 374 184
BL1-14 coal 7.9 2.18 25.5 52.6 0.09 376 189 -28.06
BL1-15 coal 7.4 2.45 27.0 51.3 0.09 371 204
BL1-16a coal 6.4 2.14 27.0 51.2 0.10 376 164 -28.04 | 217.2 | 6.4 0.7 0.4
BL1-16b coal 6.2 7.54 22.1 51.3 0.09 371 240
BL1-17 coal 5.4 1.90 27.5 52.5 0.10 372 185 -28.22
BL1-18a coal 4.4 1.94 27.8 53.0 0.09 375 230
BL1-18b coal 4.2 2.26 14.6 62.4 0.07 373 539 -28.26 | 305.4 | 4.2 0.3 0.1
BL1-19a coal 3.2 4.52 17.9 55.4 0.16 395 195
BL1-19b coal 2.2 3.82 18.0 55.6 0.15 395 190 -27.74 | 246.0 | 5.4 1.2 0.8
BL1-20 mudstone 1.2 92.56 3.0 2.27 0.01 412 196
BL1-21 coal 1 8.77 30.7 45.2 0.14 399 228 -27.70
BL1-floor mudstone 0 91.55 6.1 213 0.01 419 209

Table 1: Bulk Parameters of Miocene Pit Jumbang coal. TOC - total organic carbon, HI - hydrogen index, EOM - extractable organic matter, NSO -
hetero-compounds, adb - air-dried basis, db - dry basis, Ali.HC - aliphatic hydrocarbons, Arom.HC - aromatic hydrocarbons.
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eter. The *C/"C isotope ratio of CO, from a sample was
compared to a reference ratio calibrated against the PDB
standard. The overall reproducibility of the analytical
procedure is in the 0.1 to 0.2 range.

4, Results

4.1 Bulk parameters

The bulk parameters of the studied samples are listed
in Table 1. Their vertical distribution is shown in Figure 5.
The ash yield in the BL1 seam is very low (1.8-8.8 wt.%
adb). Slightly higher values are restricted to 20 cm thin
layers beneath the main seam (8.8 wt.%) and between
6.2 and 6.4 m (7.5 wt%). Moisture contents range from
23 to 31 wt.%, with three samples from the lower part of
the seam having significantly lower contents (<18 wt.%).
Since moisture contents of coals in boreholes are typical-
ly around 35 wt.%, it is likely that the moisture content
was reduced by air-drying.

The TOC content of the coal samples averages 52.7
wt.%. The TOC values of mudstones near the base of the
coal seam (72.2 wt.%) and above the seam (0.73 wt.%) are
low. Sulphur contents are very low in all coal samples
(0.07-0.16 wt%) and even lower in the mudstone sam-
ples (0.01-0.02 wt.%). Despite the low sulphur contents,
some vertical trends are visible: relatively high sulphur
contents are observed in the lowermost part of the seam
(1.0-4.2 m; ~0.15 wt.%), while a steady upward increase
in sulphur content is observed between 4.2 and 159 m
(0.07-0.14 wt%). Above 15.9 m, the sulphur content is
constant ("0.09 wt.%).

The hydrogen index (HI) of coal samples averages 236
mgHC/gTOC (154-539 mgHC/gTOC). The highest HI val-
ues occur at 4.2-4.4 m (539 mgHC/gTOC) and 17.9-18.9
m (413 mgHC/gTOC). Mudstone samples near the base of
the seam have HI values around 200 mgHC/gTOC, while
the organic-poor sample from the roof has a lower HI (39
mgHC/gTOCQ). T,,,, values of non-coal layers are in the
range of 412-425 °C, while T,.,, values of coal samples are
very low (370-399 °C).

Ash Yield Moisture TOC
(wt.%, adb) (wt.% adb) (wt.%, db)
4|0 3|0 2|0 19 0 0 . 2.0 40 O 40
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Stable carbon isotope (6"C) ratios of organic carbon
range from -28.26 %o to -27.54 %o. While &C values of
samples with HI <190 mgHC/gTOC cover the entire range
of values, 6®C values of samples with HI 2190 mgHC/gTOC
show a strong negative correlation with HI (r*=0.93).

4.2 Biomarkers

Biomarker analysis was performed on eight coal sam-
ples. The extractable organic matter (EOM) of these sam-
ples is dominated by asphaltenes and NSO compounds,
while aliphatic and aromatic hydrocarbons are subordi-
nate (Fig. 6; Tab. 1). Chromatograms of the hydrocarbon
fractions from samples taken from the lower, middle and
upper parts of the BL1 seam are shown in Figure 7.

In all samples, the distribution of n-alkanes is dominat-
ed by long-chain n-alkanes (n-C,s_s;), with a prominent
odd-even predominance (Fig. 7). The concentration of
n-C31 is remarkably high in most samples (Fig. 7). To visu-
alize the differences in the composition of the n-alkanes,
various parameters were calculated (Tab. 2). In Figure 6,
these parameters are plotted as a function of stratigra-
phic position.

The ratio between long- and short-chain n-alkanes
(N-Cyr420431/N-Cis,17410) IS referred to as the terrestrial/aquat-
ic ratio (TAR; Bourbonniere and Meyers, 1996). It ranges
from 15 to 23 in most samples but is strongly elevated
(37) in the upper sample (17.9-18.9 m). The P-aqueous
ratio (Paq) is the ratio between medium- and long-chain
n-alkanes ((n-C,;+n-C,.)/(n-Cy5+n-Cys+n-Cyg+n-Cy,)) (Fick-
en etal., 2000). It is considered an indicator of the relative
contribution of submerged and/or floating macrophytes.
Between 2.2 and 16.9 m, the ratio varies between 0.21
and 0.27 with an overall slight upward increasing trend,
while in the sample at 17.9-18.9 m it is significantly lower
(0.17). The carbon preference index (CPI; Bray and Evans,
1961) reflects the relative contributions of land plants,
but also maturity (Peters and Moldowan, 1993). In the
BL1 coals, the average CPl is 3.7. Similar to TAR, CPI values
are uniform in the main part of the seam (3.3-3.8), but
elevated (4.8) in the sample at 17.9-18.9 m. The average

Sulphur
(wt.%, db)

0 05 1 0

Hydrogen Index 5°C
(mg HC/g TOC) (%o)
_ 300 600 -29 -2|8 -2|7 -2|6 -25

—_—

Figure 5: Vertical variation of bulk data: ash yield, moisture content, total organic carbon (TOC) content, sulphur content, hydrogen index, and stable

carbon isotope (86"C) ratios in seam BL1.

91



Ash Yield

EOM TAR HC Paq CcPI ACL nC,/nC, (n-C,+n-C,)!
(wt.%, adb) (mg/g TOC) (n-C,+n-C,)
40302010 0 0O 100 200 300 400 O 20 40 0 0.3 06 0 3.5 7 28 29.5 310 2.5 50 5 10
214 AN Y 1 ) | . | i | | i !
19.9
17.9 | | | | | |
15.9 | | | | | |
=13.9 | | | | | |
£ | | | | ! !
<
g oo | | | | | |
D 79
ol | | | | | |
54
4.2 . ' ' g . .
22 | | | | | |
12 [l Asphaltene
[[nso
[ Aliphatic + Aromatic
Ash Yield . < L:and-plant-derived-biomarkers-(ug/g-FOC) ——m——> Di-/(Di-+ Tri-)
(wt.%, adb) Pristane / Phytane Sesquiterpenoids Diterpenoids Triterpenoids terpenoids
40302010 0 0 12.5 25 0 75 150 0 2 40 300 600 O 0.1
214 A n . , . . X . A
19.9
179 | | — I — —
15.9 I [ | ] —m |
'5139 | —T1 — — |
19 | — —— — |
:.g_ 9.9 | — — - |
D 79
g, | — 1 — — |
54
42 ' | —— = =
22 ! /B Elemane-Type L y L
1'<2J [ Cadinane-Type [ Pimarane-Type [] Ursane / Oleanane-Deriv.

[ Drimane-Type

— 1

[ Abiatane-Type [ Arborane-Type

Figure 6: Variations of EOM, n-alkane and isoprenoid ratios and land plant-derived terpenoids in seam BL1. EOM = extractable organic matter; TAR HC
=terrestrial/aquatic ratio (Bourbonniere and Meyers, 1996); Paq = P-aqueous (Ficken et al., 2000); CPI = carbon preference index (Bray and Evans, 1961);

ACL = average chain length (Poynter and Eglinton, 1990).

chain length (ACL) of the long—chain n-alkanes was cal-
culated according to Poynter and Eglinton (1990) (ACL =
(27n-C,,+29n-Co+31n-C5,)/(n-C,+n-Cyg+n-Cy,) to detect
climatic changes. The values obtained range from 29.1 to
29.8 with the maximum value in the uppermost sample.
The n-C,¢/n-C,, ratio (Buggle et al., 2010) and the n-C;,, 5/
n-C,,,,, ratio (Zech et al.,, 2009) can indicate changes in
vegetation. The n-C,,/n-C,, ratio increases from 1.2 to 1.8
in the lower part of the seam (2.2-7.4 m) and varies be-
tween 1.3 and 1.5 in the upper part. The n-C,,,33/n-C,s,50

ratio generally ranges between 1.0 and 1.3, but is signifi-
cantly higher in the uppermost sample (2.6). The depth
trends of ACL and of the n-C;,,;,/n-C,,,,, ratio are almost
identical (Fig. 6). The pristane/phytane (Pr/Ph) ratio is a
widely used redox parameter (Didyk et al., 1978), but it
is also strongly influenced by land plant input. The Pr/Ph
ratio generally ranges from 2.2 to 3.6, but reaches a max-
imum (6.2) in the sample at 13.9-14.9 m depth.

Steranes occur in very low amounts and were not
quantified, but land plant-derived tetra- and pentacyclic

sample THA(? Paq | CPI | ACL ':7%:7/ ';%;3;/ F:h/ Sesqui-| Di- | Tri- | Elem | Cadi| Drim | Pim | Abietane | Lup O'stn Sgr Dti;/r(g;‘;gl’)
terpenopids (ug/g TOC)
(ng/g TOC)
BL1-4 (367|017 |4.8|29.8| 1.5 | 26 |23 1010 |14 |1813| 19 |64.2|226| 01| 08 |05 | 439 |35 | 0008
BL1-6 |18.7(0.26(3.8(29.3| 1.4 | 13 |[3.1| 1315 | 2.2|160.3| 1.9 |97.1|11.0 | 0.0 | 1.8 |16 389 |19.8| 0014
BL1-8 [22.3|0.26|34|29.2| 1.5 | 1.0 |62| 53.0 |20 |1044| 04 |397| 50 | 00| 1.8 |20/ 238 |139| 0018
BL1-10 |15.9(0.27(3.3[29.2| 1.3 | 12 |3.6| 403 | 2.0 |1677 | 0.4 [304| 37 | 00| 19 |15 456 |159| 0.012
BL1-12 |20.5(0.24(3.5(29.2| 1.5 | 10 |2.6| 270 | 17| 850 | 0.1 [21.8] 13 | 00| 15 |10 172 |124| 0.019
BL1-16a | 19.9 (0.21(3.5(29.2| 1.8 | 10 |2.8| 454 |23 |1151| 02 [37.1| 20 |01 | 20 |21 228 |288| 0.019
BL1-18b | 20.6 [0.26 3.7 [29.4 | 1.5 | 13 [2.4| 607 |04 | 517 | 1.0 |47.1| 74 | 00| 03 |02 123 |36 | 0.008
BL1-19b | 17.8 |0.24 34| 291 | 1.2 | 1.0 |22| 508 |3.8 |5925| 11 (335|132 | 03| 19 |18 5743|164 | 0006

Table 2: Organic geochemistry of selected samples in seam BL1. TAR - terrestrial/aquatic ratio (Bourbonniere and Meyers, 1996); Paq - P-aqueous ratio
(Ficken et al., 2000); CPI - carbon preference index (Bray and Evans, 1961); ACL — average chain length (Poynter and Eglinton, 1990); Pr/Ph - pristane/
phytane ratio; Elem - elemane-type; Cadi - cadinane-type; Drim - drimane-type; Pim — pimarane-type; Abiet — abietane-type; Lup - lupane deriva-

tives; Olean-Urs — oleanane-ursane derivatives; Arbor - arborane-type
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Figure 7: M/z 85 and total ion current (TIC) chromatograms of the aliphatic and aromatic hydrocarbon fractions of selected samples from seam BL1.
The m/z 85 chromatogram shows the distribution of n-alkanes and isoprenoids. N-alkanes are labelled according to their carbon number; Pr = Pris-
tane; Nor-Pr = Norpristane; Ph = Phytane; des-E-hop = des-E-hopane; Std = standard.

terpenoids are present in significant amounts (Tab. 2; Fig.
6). The dominant hopanoid compound is neohop-13(18)-
ene (11.5-357.0 pug/gTOC). Aromatic hopanoids (D-ring
monoaromatic hopane and benzohopanes) occur in
minor amounts (0.16-2.09 pg/gTOC). Polyaromatic hy-
drocarbons (PAHs) were not detected. Saturated, unsat-
urated, and aromatic sesquiterpenoids of the cadinane
(21.8-97.1 pg/gTOC) and drimane (1.3-22.6 ug/gTOC)
types are observed in varying amounts (Fig. 7). The
predominant cadinane types are muurolane, cadinane,
cadinene, calamene, calamanene, tetrahydrocadalene,
cadalene, and cadinatriene. Aliphatic drimane types are
longifolene, eudesmane, and drimane. Elemane type ses-
quiterpenoids occur in small amounts (0.1-1.9 ug/gTOQ).

Gymnosperm-derived diterpenoids occur in very low
concentrations (Tab. 2). The occurrence of pimarane is
limited to the lower part of the seam (<0.3 ug/gTOC) and
the uppermost sample (0.1 ug/gTOC). Abietane type di-
terpenoids (norabiete-triene and norabiete-tetraene) are
present in all samples, albeit at very low concentrations
(0.3-2.0 pg/gTOC). Angiosperm-derived triterpenoids
are much more abundant than diterpenoids (Tab. 2; Fig.
7). They are dominated by ursane (urs-12-ene, dinorur-
sa- 1,3,5(10),12-tetraene, tetramethyl-octahydropicene,
dinor-oleana(ursa)-triene) and oleanane types (olean-
12(18)-ene, olean-13(18)-ene, monoaromatic 8,14-se-
co-oleanane, dinoroleana-tetraene) (47.9-574.3 g/
gTOC). Arborane type (aromatic des-A-arbora-triene,
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norarbora(ferna)-triene, arbora(ferna)triene, dinorarbo-
ra(ferna)tetraene, dinoarbora(ferna)pentaene; 3.53-28.79
pg/gTOC) and lupane-derived (@aromatic dinorlupatriene;
0.16-2.09 pg/gTOC) triterpenoids are less abundant. The
di-/(di- + triterpenoids) ratio, a measure of the proportion
of conifers versus angiosperms (Bechtel et al., 2003b), is
very low (<0.02). Ratios >0.01 are restricted to the middle
part of the seam (Fig. 6).

4.3 Maceral composition and huminite reflectance
Maceral percentages are listed in Table 3 and are plot-
ted as a function of depth in Figure 8. Photomicrographs

of typical macerals are shown in Figures 9 and 10. Humi-
nite, derived from lignin and cellulose, is the predominant
maceral group in most samples (47-75 vol.%). Huminite
percentages (63-75 vol.%) are relatively high in the lower
part of the BL1 seam (2.2-4.2 m), but decrease sharply (47
vol.%) in the thin layer between 4.2 to 4.4 m depth, which
is characterized by the HI maximum. Above this level, the
huminite content increases again and a reaches another
maximum between 6.4 and 7.4 m (72 vol%). The inter-
val between 7.4 and 15.9 m is characterized by a general
upward decrease in huminite to 47 vol%. In the upper
part of the seam (15.9-20.4 m), huminite percentages
vary considerably, but display a general upward increase.
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Figure 8: Variations of maceral percentages and petrography-based facies indicators in seam BL1.
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Figure 9: Representative photomicrographs of sample BL1 (3.2-4.2 m). Left: white light, right: blue light. (a, b) Texto-
ulminite with in-situ phlobaphinite and resinite. (¢, d) Ulminite and densinite with large funginite particles. Exsudatinite
fills cavities inside of funginite. (e, f) Ulminite and densinite separated by suberinite. Liptodetrinite occurs together with
humodetrinite. (g, h) Leaf with phyllohuminite, fluorinite, and cutinite in detrital coal with suberinite and funginite.
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Figure 10: Representative photomicrographs of various samples from seam BL1. Left: white light, right: blue light. (a, b)
19.9-20.4 m; Coal rich in suberinite. Phlobaphinite occurs between suberinite. (¢, d) 18.9-19.9 m; Attrinite matrix with fung-
inite showing different sizes and shapes. (e, f) 4.2-4.4 m; Coal with high amounts of detrital resinite, fusinite and attrital
phlobaphinite. The HI of this sample is exceptionally high (539 mgHC/gTOCQ). (g, h) 4.2-4.4 m; Attrinite and detrital resinite
with inertodetrinite fragments. Inertinized cutinite(?) may be related to pathogenic fungi (cf. Arya et al., 2021; Fikri et al.,
2022a). Alternatively, the oxidized structure may be interpreted as altered epidermal layers of roots (Moore et al., 1996).



Telohuminite (Fig. 9a-f) is the dominant huminite macer-
al. Detrohuminite (Fig. 9¢-f) and gelohuminite occur in
lower amounts. Phyllohuminite was recognized, but not
counted separately (Fig. 9g). Phlobaphinite (cell fillings)
is present both in-situ (in telohuminite; Fig. 9a) and attri-
tal (Fig. 10e). Ungelified macerals (textinite, attrinite; Fig.
10g) are more abundant than gelified macerals (e.g., ulm-
inite, densinite; Fig. 9¢, ). Random huminite reflectance
of three samples ranges from 0.33 to 0.35 %Rr (Table 3).
Liptinite, derived from hydrogen-rich plant compo-
nents (e.g., resins, cuticules, etc.), occurs in significant
amounts (21-50 vol.%) and shows an opposite depth
trend compared to huminite. Thus, liptinite is most abun-
dant in the thin layer between 4.2 to 4.4 m depth (42
vol.%) and in the layer between 14.9 and 15.9 m (49 vol.%),
where the amount of liptinite is even higher than that of
huminite. Liptinite is dominated by liptodetrinite (Figs 8,
of, 10d; 11-25 vol.%). Resinite (fossil resins; Figs 9, 10) is
also abundant (3-22 vol.%) and shows the same depth
trend as the sum of liptinite macerals. It occurs in-situ
(within telohuminite; Fig. 9a-b), detrital (Fig. 10e-h), and
as the resinite variety fluorinite (leaf resins) (Fig. 9h). De-
trital and in-situ resinite occur in similar amounts (Fig. 8).
Resinite (in-situ + detrital) shows weak positive correla-
tion with HI (r*=0.48). Cutinite (Fig. 9g-h) occurs in vary-
ing proportions (max. 4 vol.%; Fig. 8), but its content is
low in the coal layer beneath the BL1 seam and in its low-
er part. Sporinite occurs only in traces (max. 0.2 vol.%).
Suberinite (fossil cork) (Figs 9g-h, 10a-b) is present in all
samples in considerable amounts (0.8-7.3 vol.%).
Macerals of the inertinite group are less abundant
(often 2-7 vol%). Higher proportions (10-14 vol.%) are
restricted to two intervals (4.2-5.4 m; 12.9-13.9 m). In-
ertodetrinite (Fig. 10g; up to 5.9 vol%) and funginite
(Figs 9c¢, g, 10c; up to 5.4 vol.%) are the dominant iner-
tinite macerals. Pyrofusinite (Fig. 10e) occurs in notable
amounts only in the uppermost seam (16.9-20.4 m; 0.2—-
0.6 vol.%). Degradofusinite is more abundant (up to 2.7
wt.%). Similar to pyrofusinite, its proportion increases in
the uppermost part of the seam (up to 1.4 vol.%), but it is
also present near the base of the seam (2.7 vol.%; Fig. 8).

5. Discussion

5.1 Maturity

Huminite reflectance (0.33-0.35 %Rr) and T, ,, values
(<400 °C in coal samples, avg. 418 °C in non-coal layers)
show the low maturity of the BL1 seam. This is support-
ed by the high moisture content ("35 wt% as received)
and low calorific value of the coal, which classify the coal
as lignite. Comparison with Miocene coal from the Tut-
upan mine in the Barito Basin, indicates that the Tutupan
coal (0.36-0.41 %Rr; moisture: 18.8-26.3 wt.% in different
seams) is slightly more mature.

Fikri et al.

5.2 Rheotrophic versus ombrotrophic and fresh-
water versus brackish peat formation

Rheotrophic (low-lying) and ombrotrophic (domed)
mires are widespread in Southeast Asia. Peat accumu-
lation in rheotrophic and ombrotrophic mires has also
been proposed for Eocene and Miocene coals in south
Kalimantan (e.g.,, Demchuk and Moore, 1993; Morley,
2013; Fikri et al., 2022a, b). Different mire-types can be
distinguished based on basic parameters such as ash
yield and sulphur content (e.g., Gruber and Sachsenhofer,
2001). These parameters are used in this section. In fol-
lowing sections, peat types are characterized in more de-
tail based on biomarker and petrographic evidence.

Ash yields in the studied section range from 1.9 to 8.8
wt.%, with ash yields above 5 wt.% limited to the coal
layer beneath the main seam (1.0-2.0 m) and a thin layer
at 6.2-6.4 m (Fig. 5). Sulphur contents are also very low
(0.08-0.16 wt.%). The borehole panel shown in Figure 4
indicates that low ash yield and low sulphur content are
characteristic of the BL1 seam throughout the Jumbang
mine. Low ash yields and low sulphur contents suggest
deposition in a rainwater-fed ombrotrophic mire.

Slightly increased ash yields near the base of the seam
could indicate a transition from an initial rheotrophic to
an ombrotrophic setting. In the early stages of ombro-
trophic mires, when roots were still reaching the nutri-
ent-rich substrate, a slight increase in ash yield may also
be due to uptake of inorganic substances. In some bore-
holes (5-6, 8-11, 16) not only ash yields, but also sulphur
contents are increased in the lowermost part of seam
BL1U. In several boreholes (e.g., 3, 11, 16 in Fig. 4), but not
in the study section (Fig. 5), ash yields are also increased
near the top of the seam. This may indicate a flooding
event that finally terminated peat accumulation. Inter-
estingly, this flooding is hardly reflected in the sulphur
contents, which remain very low even in the uppermost
samples (Fig. 4).

While sulphur contents in the BL1 seam are typically
very low (<<0.5 wt.%), locally strongly elevated sulphur
contents (1.0-1.5 wt.%) occur near the top of the lower
coal bench (BL1L). This sharp increase in sulphur content
is most evident in the lower coal bench in boreholes 5
to 8, which are located approximately 1 km southwest
of the study section (Fig. 4). The high sulphur content in
this area is a strong argument for the deposition of BL1L
in a rheotrophic low-lying mire. Here, sulphur content
is controlled by sulfate availability and the presence of
sulfate-reducing bacteria, which is mainly controlled by
acidity (e.g., Casagrande, 1987). The observed sulphur
levels are consistent with deposition in a freshwater rhe-
otrophic mire, where high water levels resulted in dilu-
tion of humic acids and an increase in pH. However, given
the low ash yield of the sulphur-rich coals (Fig. 4) and the
coastal depositional environment of the host rocks (e.g.,
Achmad, 2018), the high sulphur contents are most likely
due to the influence of brackish water, underscoring the
near-shore environment of the BL1 seam in the Jumbang
mine.
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It should be added that sulphur contents greater than
0.4 wt% were not detected in Tutupan coals deposited
in ombrotrophic or rheotrophic environments (Fikri et al.,
2022a). This is likely due to their greater distance from the
paleo-shoreline. In fact, Fikri et al. (2022a) postulated the
formation of Tutupan seams T110 and T210 in kerapah
(inland or watershed) swamps.

5.3 Nature of the peat-forming vegetation as
recorded by geochemical data

The dominance of terrigenous plants in the coal or-
ganic matter is reflected in the distribution of n-alkanes
and isoprenoids (Fig. 6). The n-alkane based parameters
TAR (719), Paq (70.25) and CPI ("3.5) are quite uniform in
the main part of the BL1 seam (2.2-16.9 m) showing the
expected dominant role of land plants (Bourbonniere
and Meyers, 1996; Ficken et al., 2000). An even stronger
dominance of land plant is indicated by the biomarker
data from the uppermost sample (17.9-18.9 m; Fig. 6).
The dominant role of land plants is also confirmed by
the Pr/Ph ratios ("3.2; e.g., Brooks et al., 1969; Powell and
McKirdy, 1973), with the highest ratios are found in the
middle part of the seam (13.9-14.9 m). A notable feature
of the BL1 coal is the high concentration of n-C;, alkanes
(Fig. 7), which is responsible for very high n-C;,,55/n-C,;,56
ratios (average 1.3; Fig. 6). Following Schwark et al. (2002)
and Zech et al. (2009), the dominance of n-C,, is attribut-
ed to the input of grasses and herbs.

Very low di-/(di- + triterpenoids) ratios (<0.02; Fig. 6) in-
dicate that gymnosperms were rare in the peat-forming
vegetation (cf. Bechtel et al., 2003b). Still low, but higher
values were detected for Miocene coal in the Tutupan
mine (0.01-0.12). Morley (2013) suggested that diter-
penoid biomarkers in tropical peats from Southeast Asia
may be derived from Dacrydium (Podocarpaceae) and
possibly Agathis (Araucariaceae). He also noted that the
presence of Dacrydium (together with the angiosperm
Gymnostoma) is an indicator of kerapah swamps located
at a greater distance from the paleo-shore line than ba-
sinal (or coastal) domed peats. Based on this information,
Fikri et al. (2022a) postulated the deposition of Tutupan
coal in kerapah swamps. In contrast to kerapah swamps,
gymnosperms are largely absent from basinal mires
(Morley, 2013). Therefore, the observed very low di-/(di- +
triterpenoids) ratios in the BL1 coals support the deposi-
tion in a basinal peat growing behind mangrove swamps.
This interpretation is further supported by the postulat-
ed near-shore environment. Low di-/(di- + triterpenoids)
ratios (0.01-0.07) were also detected in middle and up-
per Miocene coals from the Kutai Basin by Widodo et al.
(2009). These authors found a positive relation between
8"C values (-28 to -27 %o) and the di-/(di- + triterpenoids)
ratios. Thus, the range of 6"C values determined for the
BL1 coals (-28.3 to -27.5 %o), reflects the largely missing
contribution of gymnosperms.

Among terpenoids derived from land plants, sesquit-
erpenoids of the cadinane type and triterpenoids of the
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ursane/oleanane type predominate. Cadinanes in pres-
ent-day peats and Miocene coals in Southeast Asia are
related to dammar resin produced by the angiosperm
family Dipterocarpaceae, particularly the genus Shorea
(e.g., Anderson, 1963; 1964; Anderson and Muller, 1975;
Esterle and Ferm, 1994; Esterle et al., 1989; Cameron et al.,
1989; Page et al., 1999; Wist et al., 2001; van Aarssen et al.,
1990, 1994; Widodo et al., 2009; Morley, 2013). A positive
correlation between cadinane type sesquiterpenoids
and the amount of in-situ resinite (’=0.63) provides ad-
ditional support for the presence of dammar resin in the
BL1 seam. The vertical distribution of the cadinane type
sesquiterpenoids shows an upward increase in the upper
part of the seam ("9-17 m) with a maximum (98 pg/gTOC)
at 15.9-16.9 m (Fig. 6). Sequiterpenoids of the elemane
type occur in small amounts. They may originate from
gymnosperms (Otto and Wilde, 2001) or Magnoliaceae
(Ding et al., 2019). Since their concentration shows a neg-
ative correlation with the di-/(di- + triterpenoids) ratio, a
relation to Magnoliaceae is considered likely.

The concentration of arborane/fernane type triter-
penoids is low. Arborane/fernane type triterpenoids are
attributed to ferns or bacteria (e.g., Hauke et al., 1992). A
fern source is considered likely because ferns are ubiqg-
uitous components of tropical vegetation in Southeast
Asia (Demchuk and Moore, 1993; Morley, 2013).

Based on the near-shore environment and the virtu-
al absence of gymnosperm biomarkers, the BL1 seam
is presumed to have been deposited in a basinal peat
swamp. Basinal peat swamps were studied in detail by
Anderson (1963; 1964), who distinguished six phasic
communities depending on decreasing soil fertility and
increasing waterlogging. Phase 1 shows similarities with
lowland rain forests, phase 2 shows less diversity with
abundant Shorea albida, while phase 3 consists almost
entirely of very large specimens of Shorea albida. Phase
4 and 5 lack emergent size trees and phase 5 lacks Sho-
rea albida. Phase 6 represents open woodland or savanna
where herbs are common (see also Morley, 2013). Given
the above biomarker results, it is tempting to relate the
maximum in cadinane type sesquiterpenoids (derived
from dammar resin) at 15.9-16.9 m with phase 3 or 4 and
the highest n-C,,,33/n-C,,,,, ratio (indicating herbaceous
vegetation) at 17.9-18.9 m to phase 6. Of course, palyno-
logical data are needed to support or refute this interpre-
tation.

5.4 Petrography and mire types

The biomass of the original peat can be inferred from
the abundance of specific macerals and of maceral ratios
(e.g., Dai et al., 2020). The sum of the leaf-related macerals
cutinite and fluorinite varies strongly from 0.0 to 7.7 vol.%
(average 4.3 vol.%), but only samples from the lower part
of the seam contain less than 0.1 vol.%. The percentag-
es of cutinite and fluorinite are positively correlated in
the lower part of the seam (2.2-7.9 m: r>=0.92) and in the
upper part (10.9-20.4 m: r’=0.63) (Fig. 11), but the ratio
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Figure 11: Plot of fluorinite versus cutinite percentages. Positive cor-
relations exist for both samples from the lower part of the seam (2.2-
7.9 m; r’=0.92) and samples from the upper part (10.9-20.4 m; r’=0.63),
but the ratio of fluorinite to cutinite is higher in the upper part.

between fluorinite and cutinite is much higher in the up-
per part of the seam (7.9-20.4 m; Fig. 8). This indicates a
change in leaf-forming vegetation at 7.9 m depth. It may
be a coincidence, but some biomarker trends (e.g., Paq,
n-C,¢/n-C,,) show a break at roughly the same depth (cf.
Fig. 6).

Suberinite is mainly derived from rootlets and occurs
in high proportions in rheotrophic and ombrotrophic
tropical mires (Fikri et al., 2022a, b). Suberinite contents
are also very high in the Jumbang mine (0.9-7.3 vol.%; av-
erage 3.2 vol.%), especially in the lower and upper part
of the BL1 seam (Fig. 8). Resins, both in-situ (4.6 vol%)
and detrital (4.7 vol.%), occur in high amounts in the BL1
seam. Their content increases upward in the seam, but
the maximum percentage (17.7 vol.%) occurs in the thin
layer between 4.2 and 4.4 m depth with very high HI (539
mgHC/gTOC). Resinite is also abundant in the clastic part-
ing near the base of the seam. At least partly, resinite is
derived from dammar resin (see section 5.3). In contrast
to leaf- and root-derived macerals and resinite, sporinite
is largely absent.

The proportion of inertinite macerals (excl. funginite)
is low (1.2-8.6 vol%; average 3.8 vol.%). This indicates
that wildfires were very rare and that oxidation at the
peat surface was limited. Small amounts of pyrofusinite
in the uppermost part of the seam (Fig. 8) were proba-
bly wind-transported. Funginite is an inertinite maceral
derived from fungal remains (0.2-5.4 vol%; average 1.6
vol.%). It occurs as unicellular spherical bodies and mul-
ticellular objects whose size can be well over 100 pm
(Fig. 9¢, d). Substantial amounts of funginite have been
found in Miocene tropical coals (Demchuk and Moore,
1993; Fikri et al., 2022a) and in present-day ombrotrophic
mires (Dehmer, 1993; Esterle and Ferm, 1994). Apparently,
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fungal activity played an important role in the decay and
decomposition of dead plants (Adaskaveg et al., 1991;
Hower et al., 20114, b).

Various maceral-based facies indicators have been
introduced to determine peat facies (e.g., Diessel, 1986;
Calder et al., 1991; Markic and Sachsenhofer, 1997). Al-
though poor agreement between petrographic, paly-
nological, and geochemical data has been frequently
reported (e.g., Wiist et al., 2001; Moore and Shearer, 2003;
Dai et al., 2020; Fikri et al., 2022a), the use of these indi-
cators is reasonable if all available non-maceral data and
the fact that petrographic data reflect both changes in
primary vegetation and degradation processes are tak-
en into account (Demchuk and Moore, 1993; Wust et al.,
2001; Moore and Shearer, 2003; Fikri et al., 2022a,b). In the
present paper, the vegetation index (VI) and groundwa-
ter index (GWI) of Calder et al. (1991) are applied. These
parameters were developed for Pennsylvanian coal but
appear to be applicable to coals of different ages, pro-
vided trends rather than absolute values are considered
(Tab. 3; Fig. 8). Vlis the ratio of preserved tissues to detrital
macerals and is considered a proxy of the proportion of
decay-resistant plants. GWI is the ratio of mineral matter
plus gelified macerals to ungelified macerals and is con-
sidered an indicator of the wetness of the peat (Calder et
al., 1991). VI and GWI are defined as:

VI = (humotelinite + phlobaphinite (in-situ) + fusinite + suberinite +
resinite (in-situ)) / (detrovitrinite + phlobaphinite (attr.) + gelinite +
inertodetrinite + sporinite + cutinite + liptodetrinite + fluorinite +
resinite (detr.) + alginite)

GWI = (ulminite + densinite + collinite + mineral matter*) / (tex-
tinite + attrinite)

* Mineral matter (mm) has been calculated using the formula of
Parr (1928) (mm = [1.08 x ash] + [0.55 x sulphur]).

The vegetation index (VI) is low (0.56-1.90; av. 1.10), re-
flecting moderate decomposition of the precursor plant
material. The highest values (>1.7) are observed between
6.2 and 7.4 m. Above this level, VI decreases to 12.9 to
13.9 m, showing a slight increase only in the upper 7 m
of the seam. The groundwater index (GWI) is very low
(0.14-0.25) in the lower part of the seam (1.0-6.4 m) and
low (0.25-0.59) in the upper part (6.4-20.4 m). Neither
VI nor GWI can be correlated with geochemical param-
eters. Only GWI shows a weak positive correlation with
the di- /(di- + triterpenoid) ratios (r>=0.34), which might
indicate that gymnosperms, if present, preferred moist
conditions.

5.5 Comparison of Miocene ombrotrophic coals in
Kalimantan and the Eastern Alps

Middle Miocene ombrotrophic coals are widespread
in the Warukin Formation in Kalimantan, which formed
during the post-rift/thermal sag stage of the Asem-Asem
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Pyro ‘Degra.

Sample |Text.|Text-|UImi.| Attr. |Dens.|Pholabaphinite | Lipto-| Resinite |Cutin.|Fluor.|Suber.|Spor. Fungi.| Inerto| VI |GWI|%Rr. |Stdev
ulmi insitu | detr. | det. |insitu|detr. Fusinite detr.

BL1-roof | 0.0 | 0.0 | 0.0 {100.0| 0.0 | 0.0 0.0 00 | 00 |00| 00 | 00| 00 |00| 00| 00 |00/ 00

BL1-2 143| 76 |10.7| 13.3| 6.4 7.2 2.3 145 | 43 | 59 | 0.8 2.5 3.7 | 00| 0.6 14 1.0 16 |11]06

BL1-3 17076 | 71 | 76 | 29 | 6.1 38 | 187 | 61 |50 | 21 |44 | 48 |00 | 04 | 13 | 13 | 21 (12|04

BL1-4 152 78 | 42 |11.6 | 2.3 | 4.2 23 | 238|97 63|02 23|29 |00|02)| 06 |13 29 (09|03

BL1-5 19.7|114| 5.0 | 9.8 | 44 6.8 0.4 19.1 | 25 | 5.0 | 2.7 3.9 29 | 00| 0.2 0.4 2.1 1.0 |1.0]0.3]0.35|0.02

BL1-6 125|147 | 47 |119| 74 | 6.2 21 | 168 |107 | 66 | 27 | 43 | 62 | 00| 00 | 0.0 | 1.0 | 0.0 [0.9]|0.5

BL1-7 14873 |27 |106| 40 | 29 35 | 237 |62 |84 |22 |49 | 38 |00| 00| 02 | 02| 22 (07|03

BL1-8 19.5|10.1| 6.0 | 124 | 45 3.2 3.4 208 | 54 | 36 | 1.1 3.6 1.7 | 00| 0.0 0.0 11 21 10903

BL1-9 116 71 | 3.4 | 108 | 5.0 | 4.5 41 | 250 | 50 | 58] 24 |30)| 09 |00| 00| 09 |32 ] 34 |06|04

BL1-10 |20.0| 8.4 | 72 |10.5| 46 | 6.5 61 | 169 | 25 |68 | 06 (19 | 21 |00| 00 | 00 | 21 | 0.8 |1.1]|04

BL1-11 13.4|10.7| 6.5 | 9.6 | 4.2 4.4 5.7 247 | 31 | 44 | 25 4.2 1.5 | 0.0 | 0.0 0.2 1.5 19 |0.8]0.4|0.33|0.02

BL1-12 |18.7| 95|43 | 99 | 3.2 | 6.2 4.7 178 | 6.2 |54 |11 |52 | 19 (00| 00 | 04 | 19 | 24 |1.0|03

BL1-13 [19.5[10.5| 7.6 | 9.2 | 4.2 | 8.0 42 | 143 |67 | 21| 17 | 40| 29 |[00| 00 | 02 | 08 | 23 |[14|04

BL1-14 175 1104|117 | 9.8 | 54 6.5 7.1 123 | 52 | 6.0 | 1.0 2.7 1.0 | 00| 0.0 0.0 0.8 1.7 |1.3]05

BL1-15 |16.9| 79 | 86 [14.0| 46 | 9.2 21 | 152 |35 |29 |33 |44 |31 |00| 00| 00 | 04| 27 (10|04

BL1-16a |21.6 | 9.0 |13.7| 5.7 | 4.2 | 13.2 44 | 168 | 25 | 25| 04 | 00| 08 |00] 00 | 11 1.1 | 29 [1.9|0.5 ]0.35/0.02

BL1-16b |18.8(15.9|12.3| 5.2 | 3.8 | 4.0 40 | 180 | 58 | 35| 00 | 00| 21 |00| 00 | 10 | 1.0 | 40 |1.7|0.6

BL1-17 [21.6 |11.8| 3.1 | 124 | 2.7 6.1 41 | 190 | 04 | 24| 41 | 35| 49 |00| 00 | 06 | 1.0 | 16 [1.1|0.2

BL1-18a [21.2| 74 | 1.4 | 146 | 2.5 2.9 5.6 179 | 31 | 45| 0.0 | 0.0 49 | 0.0 | 0.0 21 5.4 45 |1.0|01

BL1-18b |11.6| 8.1 | 0.0 [16.5| 2.9 | 2.0 59 | 224 |69 |104| 00 | 0.0 | 20 |00 | 00 | 20 | 26 | 59 |06|0.1

BL1-19a |23.0|14.1| 2.0 [183 | 24 | 6.7 7.5 114 |12 (18| 10 | 06 | 53 |00 | 00 | 0.6 | 24 | 1.0 |14|0.2

BL1-19b |22.7 |13.7| 2.4 | 12.2| 47 | 59 43 | 139 |20 | 29| 24 | 24|39 |02] 00 | 27 16 | 1.6 [1.3]|0.2

BL1-20 31 (63|00 (813] 31| 00 0.0 31 |00 31|00 |00]| 00 |00| 00| 00/ 00/ 00

BL1-21 |24.1|143| 29 |141| 24 | 31 2.7 176 | 20 |14 | 41 | 06 | 73 |00 | 00 | 0.0 | 20 | 1.4 (13|03

BL1-floor| 15.0 | 5.0 | 5.0 | 55.0 | 0.0 | 5.0 5.0 50 | 00 |50 | 00 | 00| 00 |00O| 00| 00 | 0.0 | 0.0

Table 3: Maceral percentages (in vol.%), maceral-based facies indicators (VI, GWI), and random huminite reflectance (%Rr). Text. - textinite, Ulmi. -
ulminite, Attr. — attrinite, Dens. — densinite, Liptodet. - liptodetrinite, Cutin. - cutinite, Fluor. - fluorinite, Suber. — suberinite, Spor. - sporinite, Fungi.
- funginite, Inertodetr. - inertodetrinite, VI - vegetation index, GWI - groundwater index. stdev - standard deviation.

and Barito basins (e.g., Friederich et al., 2016). Coals of the
same age formed in warm-temperate to subtropical cli-
mate in small pull-apart basins in the Eastern Alps (Fig.
12a). The coal in the Leoben Basin was formed in an om-
brotrophic setting (Gruber and Sachsenhofer, 2001). This
allows comparison of ombrotrophic coals of the same
age, but formed in different climates and basin types. Key
parameters of these coals are summarized in Table 4 and
shown in a cartoon-like illustration in Figure 13.

5.5.1 Climate and mire types

The tropical wet climate that prevailed in Kalimantan
since Eocene time (Morley, 2012) favored middle Miocene
coal accumulation in basinal and kerapah domed mires
and in rheotrophic mires. Data published in this paper
suggest that the Jumbang coal (seam BL1) was formed in
a basinal mire (Fig. 13a). In contrast, coal exploited at the
Tutupan mine was formed in kerapah mires (seams T110,
T210; Fig. 13b) or in mixed rheotrophic/ombrotrophic
mires (seam T300; Fikri et al., 2022a, b).
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A warm, subtropical climate prevailed in the East-
ern Alps during the (early) middle Miocene (eg.
Jiménez-Moreno et al., 2008). A rich flora has been de-
scribed from the Leoben Basin (e.g., Ettingshausen, 1888)
and the nearby Parschlug Basin (Kovar-Eder et al., 2022;
see Fig. 12 for location). The Parschlug flora indicates a
subtropical climate with pronounced seasonality (Csa,
Csb according to Peel et al., 2007; Kovar-Eder et al., 2022).
In contrast, a humid subtropical warm-temperate climate
without distinct seasonality is indicated for the Leoben
area (Cfa according to Peel et al., 2007; Kovar-Eder, pers.
comm., 2023). We suspect that local climatic conditions
in the Leoben area may have favoured the formation of
an ombrotrophic mire (Fig. 13c), whereas ombrotrophic
mires did not form in other areas in the Eastern Alps. Ash
yield in the Leoben coal is very low and increased only
in coal benches with diagenetic siderite concretions (Fig.
12b).

Peat accumulation rates may be influenced by cli-
mate. The average present-day peat accumulation rate
of tropical peat in Southeast Asia is 1.3 mm/year (e.g.,
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Figure 12: (a) Position of Miocene coal-bearing pull-apart in the Eastern Alps. Coal in the Fohnsdorf, Trofaiach, Aflenz and Parschlug basins was
formed in low-lying mires, while coal in the Leoben Basin was formed in an ombrotropihc domed mire (Sachsenhofer et al., 2003). (b) Ash yields and
sulphur contents of the coal seam in the Leoben Basin (after Gruber and Sachsenhofer, 2001).
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Figure 13: Cartoons show-
ing middle Miocene peat
forming environments in
(a) tropical basinal swamp
(Jumbang), (b) tropical
kerapah swamp (Tutupan)
and (c) in subtropical om-
brotrophic mire (Leoben).
Tropical vegetation in ba-
sinal swamp (phasic com-
munities |1-VI) according to
Anderson (1963; 1964), An-
derson and Muller (1975)
and Morley (2003).
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Page et al,, 2010), with very few data exceeding 4.5 mm/
year. However, average ombrotrophic peat accumulation
rates in cool climates in northern Europe are in a similar
range (0.5-3.5 mm/year; Stivrins et al., 2017), indicating
that ombrotrophic peat growth rates are not necessarily
higher in tropical areas.

5.5.2 Basin type, seam geometry and peat accumulation
rates

Major differences exist between number, thickness,
and lateral continuity of seams. The Miocene coal seams
in Kalimantan formed during the post-rift/thermal sag
stage of basin evolution (e.g., Friederich et al., 2016).
During this basin stage, faulting is minor and subsidence
often moderate, favouring the accumulation of multiple,
laterally extensive coal seams. Three seams of excep-
tional thickness are present at the Tutupan mine (Fikri et
al., 2022a) and many seams, although not all mined, are
present in the Jumbang area (Fig. 2b). In contrast, coal in
the Eastern Alps formed in late-orogenic pull-apart ba-
sins with limited lateral extent (Fig. 12a; Sachsenhofer et
al., 2003). A single thick seam overlain by sapropelic coals
and shales (Fig. 12b) is characteristic of this setting char-
acterized by very high subsidence rates (Sachsenhofer,
2000).

The very large thickness of single Tutupan seams (up
to 50 m) shows that subsidence rates were in equilibri-
um with peat accumulation for a long time. Geochemical
data demonstrate that the large thickness of the Tutupan
coals is the result of stacking of several coal cycles (Fikri
et al., 2022a). No such stacking was observed in the Jum-
bang or Leoben coals. In case of coals in pull-apart basins,
the high subsidence rates prevent the evolution of multi-
ple cycles (cf., Markic and Sachsenhofer, 1997).

5.5.3 Sulphur contents and brackish/marine influence

All coals considered accumulated in freshwater mires.
However, sulphur contents are locally elevated in the
lower coal bench BLIL in the Jumbang mine (Fig. 4; sec-
tion 5.2) suggesting deposition in a near-shore environ-
ment, possibly behind coastal mangroves (Fig. 13a). Coal
layers with locally increased sulphur contents, therefore,
may be used as marker for ombrotrophic basinal coals.

The average sulphur content in the Leoben coal is 0.65
wt.%. Relatively high sulphur contents in the lowermost
ash-rich samples represent an early rheotrophic stage,
whereas sulphur contents >1 wt.% in the uppermost 20
cm (Fig. 12b) may be related to volcanic activity rather
than a brackish environment (Gruber and Sachsenhofer,
2001; Widodo et al., 2010).

5.5.4 Differences in vegetation between tropical and sub-
tropical ombrotrophic mires as reflected by geochemical
and petrographic data

Miocene vegetation in tropical ombrotrophic mires is
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dominated by angiosperms, but small amounts of gym-
nosperms are present in kerapah peat (e.g., Anderson
and Muller, 1975; Morley, 2013; Fig. 13a, b). The peat-form-
ing vegetation of the Leoben coal is unknown. Consid-
ering results from the ombrotrophic coal in the Lower
Rhine Basin (e.g., Figueiral et al., 1999; Stock et al., 2016;
LRB in Fig. 1a), angiosperm-dominated vegetation with
substantial amounts of gymnosperms, rich in shrubs and
mosses can be assumed (Fig. 13c). Differences in gymno-
sperm abundance are clearly reflected in the di-/(di- +
triterpenoids) ratios, which are very low in basinal and
tropical rheotrophic coal, low to moderately high in ker-
apah coals, and high in subtropical Leoben coals (Tab. 4,
Fig. 13).

Other geochemical differences include significantly
lower Pr/Ph and significantly higher n-C;,,55/n-C,,,,, ra-
tios in coals from basinal peats (Fig. 13a) compared to
kerapah peat (Fig. 13b). Because of the lower maturity of
the Jumbang coal, these differences are attributed to dif-
ferences in primary vegetation rather than maturity. The
Pr/Ph ratio in the Leoben coal occupies an intermediate
position. The n-C;,,35/n-C,,,5 ratio in the Leoben coal is
not discussed, as it may be reduced by the slightly higher
maturity of this coal. The same is applies to the CPI, which
is significantly lower in Leoben coal than in other coals.

Dammar resin-producing Dipterocarpaceae (e.g., Sho-
rea) are characteristic floristic elements in Miocene coals
from Southeast Asia. A positive correlation between ca-
dinane type biomarkers and total resinite content for
56 Miocene coals from Kalimantan (r>=0.62) supports
the relation between cadalene and dammar resin in the
tropical coals. Therefore, the higher cadinane concentra-
tion and higher resinite percentage in the Jumbang coal
compared to the Tutupan coal support a higher contribu-
tion of Dipterocarpaceae in basinal peats. Cadinane type
biomarkers are also present in the Leoben coal. As dip-
terocarps are restricted to the tropical zone, cadinanes in
Leoben coal must have a different source. Bechtel et al.
(2001) linked cadinanes in the Leoben coal to members
of the Coniferales families.

There are also large differences in the maceral compo-
sition between tropical and subtropical ombrotrophic
coals (Tab. 4, Fig. 13). Resinite is significantly more abun-
dant in tropical coals than in subtropical coals. This could
be due to the absence of dammar resin-producing dip-
terocarps outside the tropical zone. Among tropical
coals, the average resinite percentage is more than twice
as high in basinal compared to kerapah coal. Rootlet-de-
rived suberinite is an important constituent in all tropi-
cal coals, but is much less abundant in subtropical coal.
Some layers in the subtropical Leoben coal are very rich
in leaf-derived macerals (max. 21 vol.%), but on average
the amount of leaf-derived macerals is higher in tropical
coals.

Funginite is present in significant amounts in tropi-
cal coals from Kalimantan (average 1.0-1.6 vol.%) and in
present-day tropical peats (e.g., Demchuk and Moore,
1993; Dehmer, 1993; Esterle and Ferm, 1994), but in low
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Jumbang Mine

Tutupan Mine

Leoben Mine

Peat-type

ombrotrophic (basinal)

ombrotrophic
(kerapah)

ombrotrophic +
rheotrophic

ombrotrophic

Rank

Lignite A

Subbituminous C

Subbituminous A

Climate (Friederich et al., 2016;
Kovar-Eder, pers. comm., 2023)

Tropical ever—-wet

Tropical ever—wet

Warm temperate (Cfa)

Number of economic seams 1(-3) 3 1
Lateral continuity high high Restricted
Seam names BL1 T110,T210 T300 Leoben seam
Thickness of single seams 20m upto50m 24'm uptolém
Stacked successions (cycles) no yes (up to 5) unclear (2?) no

. o Local brackish influence
Marine/brackish influence in BL1U - - -
Vegetation Angiosperm trees . 25
(Morley, 2013) (e.g., Shorea) Angiosperm trees (e.g., Shorea) (+gymnosperms) 27
Gymnosperms Very rare Rare Very rare High
(Di—/(di- +Tri-)Terpenoids) (0.01-0.02) (0.01-0.12) (0.01-0.04) (0.63-0.92)
CPI 3.7 (3.3-4.8) 4.3(2.8-6.2) 3.1(2.2-3.8) 1.4 (1.1-2.8)
TAR 21.6 (15.9-36.7) 10.4 (5.8-23.4) 19.9 (6.0-38.4) ~15
Paq 0.24 (0.17-0.27) 0.14 (0.05-0.24) 0.08 (0.05-0.11) ~0.6
ACL 29.3(29.1-29.8) 29.1 (28.2-30.6) 29.5(29.0-30.0) ~28.8
n—C,o/n—C,, 1.47 (1.20-1.80) 1.39(0.77-2.33) 3.14 (2.09-4.83) ~1.2
N=C31435/N=Cyri20 1.3(1.0-2.6) 0.85(0.17-2.23) 0.67 (0.46—0.91) ~0.45
Pr/Ph 3.2(2.2-6.2) 12.8 (5.4-23.6) 6.1(3.9-8.1) 5.4 (2.0-7.1)
Degradation Moderate Low Low Moderate
(Vegetation Index) (1.10) (1.56) (1.26) (1.0)
Water table (GWI) / extent of Low (0.35) Low (0.17) Low (0.32) Low (~0.1)
external influx

S . Very abundant Abundant Abundant Rare

— . 0,

Resins (in—situ+detrital; vol. %) 9.3(2.9-17.3) 4.1(1.0-19.1) 4.0 (0.8-9.0) 0.6 (0.0-2.7)

. Dammar resin Dammar resin Dammar resin . .
Cadinane—source . - - Conifer resins

(dipterocarps) (dipterocarps) (dipterocarps)

Leafs abundant abundant abundant rare to abundant
(cutinite+fluorinite; vol.%) 4.3 (0.0-7.7) 4.8 (0.4-13.1) 3.8 (0.6-8.5) 2.6 (0-20.8)
Roots very abundant abundant abundant rare to abundant
(suberinite; vol.%) 3.2 (0.0-7.3) 2.6 (0.2-7.0) 2.0 (0.4-4.6) 0.7 (0.0-5.8)
Alginite —_— - traces —_—
Fungal activity high high high Low
(funginite; vol.%) 1.6 (0.2-5.4) 1.0(0.0-3.2) 1.5(0.6-2.8) 0.2 (0.0-1.2)
Inertinite
(excl. funginite; vol.%) 3.8 (1.2-8.6) 2.1 (0.0-4.0) 2.3 (0.6-5.0) 0.5(0.0-2.4)

Table 4: Summary of similarities and differences between middle Miocene ombrotrophic coals in Kalimantan and the Eastern Alps. Data from the
Tutupan and Leoben mines are from Fikri et al. (2022a) and Gruber and Sachsenhofer (2001) and Bechtel et al. (2001), respectively.

amounts in subtropical Leoben coal (average: 0.2 vol.%).
This indicates that Eh and pH conditions were less fa-
vourable to fungal activity in subtropical peatlands. The
amount of oxidized plant material in tropical coals is low
(average 2.1-3.8 vol.%), but even lower in the subtropical

Leoben coal.

6. Conclusions

The purpose of studying the BL1 coal seam in the Jum-
bang mine (south Kalimantan) was threefold. First, to
reconstruct the depositional environment of peat in the
middle Miocene Asem-Asem Basin. Secondly, to com-
pare the middle Miocene peat facies in the Asem-Asem
and Barito basins based on coal data from the Tutupan
mine. Finally, the tropical coals should be compared with
the subtropical Leoben coal of the same age in the East-
ern Alps.
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Several middle Miocene coal seams are present in
the Jumbang mine, but only the BL1 seam, up to 20 m
thick, is mined. The lignite seam was investigated using
a multi-method approach including analysis of ash yield,
carbon and sulphur content, Rock-Eval pyrolysis, organ-
ic geochemistry, and petrology. The BL1 seam is locally
underlain by a coal bench (BL1L) that has a high sulphur
content. Together with the facies of the host rocks, this
indicates a near-shore environment. In contrast to the
lower coal bench, the main seam contains low-ash,
low-sulphur coal that represents peat accumulation in
an ombrotrophic mire. According to biomarker data, the
vegetation was dominated by angiosperms, including a
large number of dammar resin-producing dipterocarps.
Biomarkers for gymnosperms are very rare, suggesting
deposition in a basinal (coastal) domed mire.

Ash yields, sulphur contents and geochemical and
petrographic parameters of the BL1 seam are similar to
those of the tropical Tutupan T110 and T210 seams in the
Barito Basin, which accumulated in a kerapah (or inland)
swamp. However, the concentration of cadinane type
biomarker and the percentage of resinite are significantly
higher in the BL1 seam, which is probably related to the
abundance of Shorea albida in the basinal mire.

The comparison of the tropical ombrotrophic coals
(Jumbang, Tutupan) with the subtropical ombrotrophic
Leoben coal shows that the latter contains a significant-
ly higher amount of gymnosperm-derived biomarkers.
Moreover, the percentage of resinite, leaf- and rootlet
derived macerals is significantly lower in the subtropical
coal. The low amount of resinite is at least partly due to
the absence of dipterocarps. The low amounts of fung-
inite show that fungal activity was reduced in the sub-
tropical peat. In addition, the amount of oxidized plant
tissues (inertinite without funginite) is much lower in the
subtropical coal studied.

Overall, the comparison of the Jumbang, Tutupan, and
Leoben coals shows minor differences between ombro-
trophic coals from kerapah and basinal mires, but major
differences between tropical coals from Kalimantan and
the subtropical ombrotrophic Leoben coal. Further in-
vestigations and a larger database are needed to show
whether these differences are site-specific or general.
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