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Abstract 

Indonesia's coal is of foremost significance to the economy of Indonesia, as evidenced by the 

country´s steam coal exports, which rank fourth in the world. The Barito Basin on the island of 

Borneo is one of the largest coal-producing basins in Indonesia. Coal seams in the Barito Basin 

and the adjacent Asem Asem Basin are found in the Eocene Tanjung and the Miocene Warukin 

formations. Despite of the great economic significance, detailed knowledge of the factors 

controlling Eocene and Miocene peat-forming depositional environments is not yet available. 

Therefore, the main aim of the present thesis is to determine the depositional environment of 

coal seams in the Tanjung and Warukin formations based on bulk coal data (ash yield, sulphur 

content) and organic petrological data from a total of 169 samples, and detailed organic 

geochemical data from sample sub-sets (~80 samples). In addition, the potential of Eocene and 

Miocene coals to generate liquid hydrocarbons also investigated. 

Eocene coals are from the TAJ Pit-1D mine (from base to top: seams D, C, and B), while Miocene 

coals are from the Tutupan (from base to top: seams T110, T210 and T300) and Jumbang mines 

(seam BL1). The TAJ Pit-1D and the Tutupan mine are located in the Barito Basin, while the 

Jumbang mine is located in the Asem Asem Basin. 

Based on vitrinite reflectance, the Eocene coals are more mature (~0.56 %Rr) than Miocene 

coals (Tutupan: ~0.39 %Rr; Jumbang: ~0.34 %Rr). 

Ash yields and sulphur contents together with biomarker data show that Eocene coal in the 

Tanjung Formation accumulated in rheotropic to ombrotrophic mires. Miocene coal from the 

Warukin Formation at the Tutupan mine accumulated in a kerapah (inland) ombrotrophic mire 

(seams T110 and T210) or in a rheotropic-ombrotrophic mire (seam T300). Seam BL1 in the 

Jumbang mine coal in the Asem Asem basin of the Warukin Formation shows an ombrotrophic 

basinal (coastal) mire. Local brackish influence is indicated by elevated sulphur contents (<1.5 

wt.%) in a lower bench of the BL1 seam (BL1L). 

While all coals are characterized by high liptinite contents (14.9-49.1 vol.%), petrographic 

analysis shows remarkable differences in maceral composition between Eocene and Miocene 

coals. Leaf-derived macerals cutinite and fluorinite are more abundant in Eocene (~6.0 vol.%) 

than in Miocene coal (~4.5 vol.%), but rootlet-derived suberinite dominantes in Miocene coal 

(Miocene: ~2.6 vol.%; Eocene: ~0.5 vol.%). The high percentage of funginite reflects high fungal 
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activity in Miocene and Eocene mires, both in ombrotrophic and rheotropic conditions. Resinite 

is precent in high amounts in all coal seams. 

Organic geochemical parameters (e.g. the terrestrial-aquatic ratio) record a cyclic change of 

mire environments during deposition of the two lower seams in the Tutupan mine (T110 and 

T210), which is tentatively related to Milankovich-type cycles (earth's axial precession). The di-/ 

triperpenoids ratio shows that gymnosperms were largley absent in the Eocene peat-forming 

vegetation and occurred in very low (BL1 seam) or low amounts in Miocene mires.  

Resinite in Miocene coals was produced, at least partly, by dammar resin producing 

dipterocarpaceae. As dipterocarpaceae were not present in the palm/fern-dominated Eocene 

vegetation, resinite in Eocene coals must have a different source. 

Resinite contents strongly control the Hydrogen Index of the coal samples, which reaches 539 

mgHC/gTOC in the BL1 seam. Resins are the primary source of heavy bitumen components with 

high oxygen content in Miocene and Eocene coals. Pyrolysis-GC data show that the type of oil 

produced by Miocene and Eocene coals differs in the content of long-chain (waxy) and 

naphthenic compounds and reflects the differences in resin-forming plants. These data suggest 

that waxy oil produced from Eocene Tanjung Formation reservoirs in the Barito Basin is derived 

from Eocene coal, while oil in the Miocene Warukin Formation is generated from Miocene coal.   
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Kurzfassung 

Kohle ist für die indonesische Wirtschaft von größter Bedeutung, wie die Kesselkohleexporte 

des Landes zeigen, die weltweit an vierter Stelle stehen. Das Barito Becken auf der Insel Borneo 

(Kalimantan) ist eines der wichtigsten Kohle-Becken in Indonesien. Die Kohleflöze im Barito 

Becken und im benachbarten Asem Asem Becken befinden sich in der eozänen Tanjung-

Formation und der miozänen Warukin-Formation. Trotz der großen wirtschaftlichen Bedeutung 

liegen keine detaillierten Kenntnisse über die Faktoren vor, die die Torfbildung während des 

Eozäns und Miozäns steuerten. 

Das Hauptziel dieser Arbeit besteht daher darin, das Ablagerungsmilieu der Kohleflöze in der 

Tanjung- und Warukin-Formation zu rekonstruieren. Dazu wurden Summenparameter (Asche- 

und Schwefelgehalt) und organisch petrologische Daten von 169 Proben sowie detaillierten 

organisch-geochemischen Daten von ca. 80 Proben bestimmt. Darüber hinaus wurde das Erdöl-

Potenzial eozäner und miozäner Kohlen quantifiziert. 

Die eozänen Kohlen stammen aus dem Tagebau TAJ Pit-1D (Flöze D, C und B), während die 

miozänen Kohlen aus den Tagebauen Tutupan (Flöze T110, T210 und T300) und Jumbang (Flöz 

BL1) stammen. Die TAJ Pit-1D und Tutupan Tagebaue befinden sich im Barito Becken, während 

der Jumbang Tagebau im Asem-Asem Becken liegt. Vitrinitreflexionsdaten zeigen, dass die 

eozänen Kohlen reifer (~0.56 %Rr) sind als die miozänen Kohlen (Tutupan: ~0.39 %Rr; Jumbang: 

~0.34 %Rr). 

Asche- und Schwefelgehalte sowie Biomarkerdaten belegen, dass die eozäne Kohle in der 

Tanjung-Formation in rheotrophen bis ombrotrophen Mooren gebildet wurde. Die miozänen 

Kohlen (Warukin-Formation) im Tutupan Tagebau wurden in einem ombrotrophen Kerapah-

Moor (Flöze T110 und T210) oder in einem Moor mit alternierenden rheotrop-ombrotrophen 

Bedingungen (Flöz T300) gebildet. Das miozäne Flöz BL1 im Jumbang Tagebau im Asem-Asem 

Becken wurde in einem ombrotrophen küstennahen (Basinal-) Moor gebildet. Ein lokaler 

brackischer Einfluss wird durch erhöhte Schwefelgehalte (<1,5 Gew.-%) in einer basalen Bank 

des Flözes BL1 (BL1L) angezeigt. 

Während alle Kohlen durch hohe Liptinitgehalte (14.9-49.1 Vol.-%) gekennzeichnet sind, zeigt 

die petrographische Analyse bemerkenswerte Unterschiede in der Mazeralzusammensetzung 

zwischen eozänen und miozänen Kohlen. Von Blättern abgeleitete Mazerale der Liptinitgruppe 
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(Cutinit und Fluorinit) sind in eozänen Kohlen häufiger (~6.0 Vol.-%) als in miozänen Kohlen 

(~4.5 Vol.-%). Korkstoff, der für feine Wurzelhaare charaktersitisch ist (Suberinit), ist in 

miozänen Kohlen häufiger (Miozän: ~2.6 Vol.-%) als in eozänen Kohlen (~0.5 Vol.-%). Der hohe 

Anteil an Funginit spiegelt die hohe Pilzaktivität in miozänen und eozänen Mooren wider, 

sowohl unter ombrotrophen als auch unter rheotropischen Bedingungen. Fossile Harze (Resinit) 

ist in allen Kohleflözen in hohen Mengen vorhanden. 

Organische geochemische Parameter (z. B. das „terrestrial-aquatic ratio”) belegen eine zyklische 

Veränderung des Moormilieus während der Ablagerung der beiden unteren Flöze im Tutupan 

Tagebau (T110, T210), die vermutlich mit Milankovic-Zyklen (Achsenpräzession der Erde) 

zusammenhängt. Das Verhältnis von Di- zu Triperpenoiden zeigt, dass Gymnospermen in der 

torfbildenden Vegetation des Eozäns weitgehend fehlten und in miozänen Mooren nur in sehr 

geringen (Flöz BL1) oder geringen Mengen vorkamen. 

Resinit in miozänen Kohlen wurde zumindest teilweise von Dammarharz produzierenden 

Dipterocarpaceaen gebildet. Da Dipterocarpaceaen in der palmen- und farndominierten 

Vegetation des Eozäns fehlten, muss das Resinit in eozänen Kohlen eine andere Quelle haben. 

Der Resinitgehalt kontrolliert den Wasserstoffindex der Kohleproben, der im Flöz BL1 ein 

Maximum von 539 mgHC/gTOC erreicht. Harze sind die Hauptquelle für schwere 

Bitumenkomponenten mit hohem Sauerstoffgehalt in miozänen und eozänen Kohlen. 

Pyrolyse-GC Daten zeigen, dass sich die Art des von miozänen und eozänen Kohlen produzierten 

Öls durch den Gehalt an langkettigen (wachsartigen) und naphthenischen Verbindungen 

unterscheidet, wobei diese Unterschiede die verschiedenen harzbildenden Pflanzen 

widerspiegelt. Die Pyrolyse-GC Daten bestätigen, dass eozäne Kohlen das wachs-reiche Öl in 

Reservoir-Horizonten innerhalb der Tanjung-Formation gebildet haben, während miozäne 

Kohlen das Öl in Reservoir-Horizonten innerhalb der Warukin-Formation gebildet haben.  
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1 Introduction 

Coal is still vital as an energy source, although it is well known that coal is the most significant 

contributor to greenhouse gas emissions in the fossil fuel classification (Steckel, et al., 2015). 

Southeast (SE) Asia is likely to use 39 % coal by 2040 as a source of electricity generation (WCA, 

2022). In order to reduce the resulting environmental impact, technology development needs to 

continue. One of basic aspects is an improved understanding of the physical and chemical 

properties of coal (Dai et al., 2020; Littke, 2015; Keller et al., 2016; Dai and Finkelman, 2018). 

Beside that, the investigation of coal can help improving the understanding of the world's 

geological history. Using botanical, geochemical, mineralogical, palynological, and petrographic 

data, paleoenvironmental, paleoclimatic, and geodynamic conditions can be analyzed (Dai et al., 

2020).  

 

On the technical and business side, coal is of utmost importance for the economy of Indonesia 

(Reichl, 2018). Coal exploration and efficient coal mining are based on the knowledge of seam 

geometries (thickness, lateral continuity, number and position of partings, etc.), whereas coal 

properties (e.g. rank, ash yield, sulphur contents, maceral composition, etc.) form the base for 

optimal coal utilization. Seam and coal properties (apart from rank) are mainly determined by 

the depositional environment of the coal seams (e.g. Diessel, 1992).  

 

The most significant coal deposits of SE Asia are formed in southern Sundaland comprising the 

islands of Borneo and Sumatra (Friederich, et al., 2016). In Kalimantan (Indonesian part of 

Borneo) laterally extensive Eocene transgressive coal seams developed in an early post-rift 

setting and in Miocene to Pliocene time in widespread thick ombrogenous peat mires 

(Friederich, et al., 2016). South Kalimantan has many coal resources which are suitable for 

mining activities. Currently coal mining activities take place intensively in South Kalimantan, 

where 14 large and several small coal mining companies produced 160 million tons of coal in 

2014. In this area coal seams occur mainly in the Eocene Tanjung Formation and in the Miocene 

Warukin Formation (Friederich and Leeuwen, 2017) and often attain the sub-bituminous rank. 

Coal seams in these formations are often very low in ash and sulphur (Moore and Ferm, 1992; 
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Demchuk and Moore, 1993). While coal seams in the Tanjung Formation are typically several 

metres thick, those in the Warukin Formation are partly very thick (e.g., in the Tutupan mine; 

Demchuk and Moore, 1993). Unfortunately, the knowledge of the depositional environment of 

coal in these formations is still unsatisfactory. 

 

1.1 Objectives 

The main aim of the proposed study is to determine the depositional environment of some 

world-class coal seams in the Tanjung and Warukin formations. Coal is a not only an important 

energy source, but also a very sensitive facies indicator reflecting changes in basin evolution, 

mire types, climate, and vegetation. Thus, both results that are scientifically important and 

relevant to the technical interests of coal mining activities are expected. 

 

The reconstruction of depositional environments of coal seams in the Tanjung and Warukin 

formations will provide new insights into the geological evolution of Kalimantan and South East 

Asia during Cenozoic time. Within this context, it will be especially interesting to see, how a 50-

m-thick coal seam with very low ash yield and sulphur content can accumulate (single-stage or 

multi-stage subsidence, raised mire vs. low-lying mire, etc. (e.g. Gruber and Sachsenhofer, 

2001). It is also expected to see changes in vegetation-types between Eocene and Miocene coals 

(e.g. Moore and Ferm, 1992; Morley, 2013) and changes within single seams (for example: 

angiosperm vs. gymnosperm dominance), which may be related to climatic changes during the 

Cenozoic in SE Asia. 

 

Apart from scientific goals, the knowledge of the varying depositional environments will help 

predicting lateral and vertical variations of coal properties. This will help coal exploration, coal 

getting, and the optimal usage of the coals. In addition, the potential of coals to generate liquid 

hydrocarbons will be quantified. This may result in a better understanding of the petroleum 

potential of sedimentary basins on- and offshore Borneo. 
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1.2 Type of data used in this thesis 

This study is based on two types of data sets from three mine areas in South Kalimantan (TAJ 

Pit-1D, Tutupan, Jumbang): 

• Coal exploration and mine data, which were kindly provided by the mining companies. 

These data nclude: 

o Borehole data (incl. data from channel samples) 

o Extension and thickness of seams 

o Stratigraphic position of partings 

o Moisture content, ash yield, and sulphur content of coals drilled in exploration wells 

 

• Analytical data obtained within the frame of this thesis along key sections from each of 

the three mine areas: 

o Moisture content 

o Ash yield 

o Sulphur content 

o Organic and inorganic carbon contents 

o Rock Eval parameters 

o Maceral composition and vitrinite/huminite reflectance 

o Biomarker data 

o Carbon isotope data 

o Pyrolysis gas chromatography 

 

The methodology is described in great detail in the attached publications and is not repeated 

here. However, some details of biomarker analysis (detected compounds and retention times; 

Appendices 1-2 ; 4-7), input data and results of the applied probabilistic approach to determine 

the duration of coal deposition in the tutupan mine (Appendix 3); and the pyrolysis-GC results of 

five coal samples (Appendix 8) are provided in the Appendix. 
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1.3 Location of research 

Three coal mines were selected for the present study Their location in southern Borneo is 

shown in Fig. 1:  

• TAJ Pit-1D Mine is located in the eastern Barito Basin. Three Eocene coal seam with a 

total thickness of ~10 m are exploited in this mine.;  

• Tutupan coal mine, located in the northern part of the Barito Basin. The Miocene coal 

seams in this mine are especially thick and have a total net thickness of ~100 m; 

• Jumbang Mine, located in the Asem Asem Basin. Miocene coal, about 20 m thick, is 

produced in this mine. 

 

 
Fig.1. Map showing the distribution of the Tanjung and Warukin formations in southern Borneo 

(Barito and Asem Asem basins; after Supriatna et al., 1994; Sikumbang and Heryanto, 
1994; Heryanto and Sanyoto, 1994) together with location of the three mine sites selected 
for the present study.  
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1.3.1 TAJ Pit-1D mine (Eocene coal in Barito Basin) 

The TAJ Pit-1D mine is one of the mine sites owned by Tanjung Alam Jaya (TAJ) Company with a 

total land concession of more than 9500 Ha (TIMAH, 2023). In 2014, TAJ produced 250,000 tons 

of coal and had reached 950,000 tons in 2010 (ESDM, 2015). There are three economic coal 

seams in the TAJ Pit-1D mine, namely the D, C and B seams, which are 2.8 m, 3.4 m and 1.4 m 

thick, respectively (Fig. 2). Layer A is very thin and is often absent because of non-deposition. 

 

 
Fig. 2. Simplified drill hole of DHP1D.02 log in TAJ Pit-1D mine 

 

1.3.2 Tutupan mine (Miocene coal in Barito Basin) 

The Tutupan Mine is a coal mine licensed by Adaro Indonesia Company. Adaro Indonesia's 

concessions (Tutupan Mine, Wara Mine, and Paringin Mine) have coal reserves of 731 Mt, with 

estimated resources of 3.3 Bt (ADARO, 2022). Meanwhile, the Tutupan mine coal production 

reaches more than 30 million tons per year using the 20 km long open/strip-pit mining method 

(ADARO, 2008). 
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The Tutupan Mine is divided into three areas: South Tutupan, Central Tutupan, and North 

Tutupan. The coal deposits in the Tutupan mine have major coal seams, labelled from base 

T100, T200, and T300, with various branching and minor coal seams. The dip of the seams 

ranges from 25° to 75° (Fig. 3). The total thickness of coal in the Tutupan mine reaches more 

than 100 m. The maximum thickness of seams T100, T200 and T300 reches 60 m, 20 m, and 35 

m, respectively. 

 

 
Fig. 3. Cross-section sketch of coal seams at the south Tutupan Mine (modified after ADARO, 

2008) 
 

1.3.3 Jumbang mine (Miocene coal in Asem-Asem Basin) 

The third location is the Jumbang Pit Mine. This mine is owned by Arutmin Indonesia Company. 

Arutmin Indonesia has many coal mining concessions in the Asem-Asem Basin, and Pit Jumbang 

is one of the largest coal production sites. Jumbang mine is an open pit coal mine with coal 

reserves of 39 million tons and a stripping ratio of 2.5. Using a minimum mine slope safety 

factor of more than 1.3, with a single slope angle of up to 15 m and a maximum angle of 60°, the 

Jumbang mine produces up to 6 million tons of coal per year (Arutmin, 2015).  

 

 
Fig. 4. Schematic cross-section of the Jumbang coal mine (modified after Arutmin, 2015) 
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Jumbang mine is one of several pits located in the Mulia Mine area. The Jumbang coal seam 

shows a general strike direction of N 35°E (Fig. 4) with an average dip of 6 – 14°. Coal thickness 

varies from 0.3 m to 14 m. The main seams in the Jumbang Pit are seams A1 and A2 with an 

average thickness of 1.6 m, BL1 10 m, and D2 4 m, while Seam C is not well developed (Arutmin, 

2015).   
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2 Coal formation and distribution in Indonesia 

2.1 Coal geology 

The oldest coal is found in Silurian and Lower Devonian strata, but intensive seams appear only 

in Carboniferous and Permian units. Later, major coal seams were formed during the Jurassic-

Cretaceous and the Paleogene-Neogene (See Walker, 2000; Fig. 5). 

 
Fig. 5. Distribution of coal deposits based on geological age (after Walker, 2000) 

 

The global distribution of coal is controlled by plate tectonic processes. Before the Early Triassic 

separation of Laurasia in the northern hemisphere and Gondwana in the southern hemisphere, 

the world was dominated by a supercontinent, called Pangaea (du Toit, 1937). During the 

Carboniferous Period, coal was widely formed in Laurasia, covering western and central Europe, 

eastern USA, and the former Sowjet-Union. Coal deposition in Laurasia ended due to a change 

towards an arid climate in the Permian Period. At the same time, peatlands formed at cooler 

and moderate temperatures on the southern side of Pangaea (Gondwanaland), which now 

includes South America, Africa, India, Australia, and Antarctica (Thomas, 2020).  
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In SE Asia, Sundaland is the largest contributor to coal-forming regions (Friederich et al., 2016). 

Classically, Sundaland is considered part of the Eurasian plate (Pubellier and Morley, 2014), but 

can be treated independently (“Sunda plate”). Friederich et al. (2016) classified the coal basins 

in SE Asia into five divisions: northern Sundaland, southern Sundaland, the Philippine 

archipelago, western Myanmar, and eastern Indonesia (Fig. 6). In the southern part of 

Sundaland on the islands of Sumatra and Borneo, coal was formed intensively in the Eocene and 

Miocene.  

 

 
Fig. 6. SE Asian coal-bearing sedimentary basins division (Friederich et al., 2016) 
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2.2 Coal formation and mire types 

Coal is formed in mires from organic deposits that have undergone coalification after 

sedimentation (Fig. 7a). There are two main types of mires that are mainly controlled by the 

availability and origin of water: ombrotelmites (also called ombrotrophic or raised mires), which 

receive water exclusively from excessive rainfall, and topotelmites (also called rhetrophic or 

low-lying mires), which are associated with a high (ground)water level (Fig. 7b; Diessel, 1992).  

Ombrotrophic (raised) mires are low in mineral matter (<< 10 % adb) and sulphur (<< 1 % adb) 

and poor in nutirents. Furthermore, they are characterized by acidic conditions favouring the 

transformation of ash layers into kaolinite (e.g., Gruber and Sachsenhofer, 2001). In contrast, 

low-lying mires are rich in mineral matter, often contain high amounts of sulphur (especially in 

mires influenced by brackish water), and are characterized less acidic conditions, which may 

result in the transformation of ash layers into montmorillonite (e.g., Gruber and Sachsenhofer, 

2001). Pyrite is a common mineral in low-lying mires. 

   
Fig. 7 (A) Three cases of peat formation in different situations. (B) Classification of mires. After 

Diessel (1992)  

A 

B 
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Fig. 8 Sketches of (A) Basinal mire and (B) Kerapah mire. After Morley (2013) 
 

Many coals in SE Asia formed in ombrotrophic (raised) mires, although mixed or rheotrophic 

mires also contributed to coal formation. There are two types of ombrotrophic mires in SE Asia: 

basinal mires, which are mires close to the coast, and Kerapah or watershed mires (Fig. 8,a,b; 

Morley, 2013). The formation of Kerapah mires is mainly influenced by weather conditions and 

partly by how well water can flow out of them. Unlike basinal mires, they are not influenced by 

rise or fall of sea level. Moreover, in contrast to basinal mires, gymnosperms are present in 

significant, but small amounts (Anderson, 1963; 1964; Morley, 2013).  

 

Basinal mires (Fig. 8a) develop along coastlines or lowland river valleys and are characterized by 

concentrically zoned vegetation. The vegetation in these mires changes along a gradient from 

the periphery to the center of the mire. The structure of these mires and the representation of 

phasic communities is strongly influenced by the presence of one dominant species, Shorea 

albida (Morley, 2013). Kerapah mires (Fig. 8b) develop in areas of podsolic soils where drainage 

is impeded and can occur in coastal regions, inland, or in mountainous regions. Kerapah mires 

composition has been studied in Sarawak and Brunei and is floristically similar to Kerangas 

(stunted, notophyllous, open-canopied forests of white podsolic sands). Although structural 

trends and concentric zoning within kerapah mires bear some similarities with those seen in 

basinal mires, consistent trends on different mires have not been identified (Morley, 2013).  
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2.3 Coal geology in Indonesia  

Indonesia is an archipelago consisting of five large islands, Sumatra, Java, Kalimantan (= the 

Indonesian part of Borneo island), Sulawesi (Celebes), and Papua which are integrated with 

Papua New Guinea. The islands of Sumatra and Kalimantan, contribute the most to coal 

resources in Indonesia (Figs. 9, 10). Their combined share of world coal production reaches 9% 

(BP, 2021) (see Fig. 10).  

 

 
Fig. 9. Indonesia coal bearing sedimentary basin. After ESDM (2023) 

 

         
Fig. 10. Indonesia coal resources and coal production. After ESDM (2022) 
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Pre-Cenozoic coals are rare in Indonesia. Permian coal deposits are present in the Aiduna 

Formation in the Akimeugah Basin on Papua Island (Panggabean and Pigram, 1989; Fig. 9). 

Jurassic coals occur in the Bobong Formation, which forms part of the basal (syn-rift?) 

transgressive series in the Banggai Sula/Taliabu Basin on the Maluku/Moluccas Islands 

(Kusnama, 2008; Septriandi et al., 2012; Nompo et al., 2021). 

 

In a tectonic-stratigraphic analysis, Koesoemadinata (2000) and Amijaya and Littke (2005) 

identified three Cenozoic periods of coal deposition in western Indonesia (southern Sundaland):  

(1)  Syn-rift deposition (Eocene-Oligocene), for example, the Sawahlunto Formation of Central 

Sumatra Basin.  

(2)  Oligocene and early Miocene post-transgressive phase deposits are found in the Sihapas 

Formation (Central Sumatra Basin) and the upper Talang-Akar Formation (South Sumatra 

Basin). The lower Tanjung Formation in the Barito and Pasir basins in southeast Kalimantan 

has similar post-transgressive deposits.  

(3)  The Mio-/Pliocene Muara Enim Formation in the South Sumatra Basin accumulated during a 

syn-orogenic regressive phase, similar to the Miocene Warukin Formation in the Barito, 

Asem-Asem and Pasir basins. 

 

Cretaceous flysch on Celebes/Sulawesi Island was unconformably covered by less-deformed 

Middle Eocene clastic sediments. Minimal coal deposits formed during deposition of early rift 

sediments (Kalumpang Formation in Lariang-Karama Basin) dominated by platform carbonates 

(Calvert and Hall, 2003).  

 

Oligocene rift sub-basins with lacustrine sediments and coal layers are present in the South 

Jabar (NW Java) basin on Java Island. These sediments are considered the source rock for oil and 

gas in the basin (Doust and Noble, 2008). 

 

Indonesian coals often have very low sulphur contents. However, some high sulphur contents 

have been recorded for some coals: 
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• Sulphur contents of coals in the Jurassic Bobong Formation in the Banggai Sula/Taliabu 

Basin reach 8.0 % adb (Taliabu Island-Moluccas Group Island; Nompo et al., 2021) and 

even 9.7 % adb (Sehu Island; Kusnama, 2008). 

• Middle Eocene coal in the Sembukung/Sembakung Formation (Tarakan Basin, Borneo 

Island) has a total sulphur value of 14.8 % adb (Yosep et al., 2014). 

• Eocene-Oligocene coals in Malawa Formation (Sengkang/Western S. Sulawesi Basin) has 

sulphur contents of 9.2 % (in Bakeko Block coal) and 23.8 (?) % (in Kandangsapi Block coal) 

(Kusnama and Mangga, 2007). 

 

2.1.1 Coal geology in Borneo Island 

Borneo is surrounded by three marginal basins: the South China Sea, the Sulu Sea, and the 

Celebes Sea. To the north-northeast are microcontinental fragments of South China origin, such 

as Dangerous Grounds and Reed Bank. Mainland Southeast Asia (Indochina and Peninsula 

Malaysia) is located to the west-northwest, and the Javanese volcanic arc is to the south (Wilson 

and Moss, 1999). The formation of Borneo is the result of Mesozoic accretion, which involved 

the addition of ophiolitic material, marginal basin fill, island arc material, and microcontinental 

fragments onto the Palaeozoic continental core of the Schwaner Mountains in the southwest 

(Hutchison, 1989; Metcalfe, 1996). Borneo was originally a promontory on the southeastern 

margin of Sundaland. The North and South Makassar Basins (Makassar Straits), lie east of 

Borneo and separate it from Sulawesi (Situmorang, 1982). These basins were formed by the 

Middle Eocene and are bounded by two fault zones that run in a northwest-southeast direction 

to the north and south of the North Makassar Basin (Wilson and Moss, 1999). 

 

There are eight main coal basins in Kalimantan. These are the Barito, Asem-Asem, Pasir, Kutai, 

Tarakan, North Embaluh, Ketunggau-Melawi, Mandai Keriau, and Pembuang basins (Table 1). 

Among them, five basins contain many large coal deposits, i.e., Barito, Asem-Asem and Pasir, 

Kutai, and Tarakan Basin (Figs. 11, 12). 

 

Some authors assumed that all basins in eastern Kalimantan formed due to the Cenozoic 

spreading center in the Makassar Strait. Hamilton (1979), Katili (1978), and Situmorang (1982) 
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argued that lateral movements of around 200 km followed the rifting and opening stages of the 

Makassar Strait, and caused the formation of five Cenozoic sedimentary basins with coal 

deposits. These are from north to south the Tarakan, Kutai, Barito, Pasir, and Asem-Asem basins 

(Figs. 11, 12). Hamilton (1979) and Sikumbang (1986) hypothesized that the Cenozoic basins 

initially formed a single large depocenter that was later disrupted by uplift zones (such as the 

Mangkalihat Ridge and Meratus Highs) during Late Miocene orogenic activity. 

 

 
Fig. 11.  Main coal bearing sedimentary basin in Borneo Island. Modified from Wilson and Moss 

(1999) 
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Table 1. Coal-bearing formations in Borneo Island 

Basin Coal-bearing formation Geological age Reference 
North Embaluh  Longbawan Paleocene Willyam (2013) 

Ketungau - Melawi 
Tebidah Oligocene Wilson and Moss (1999) 
Ketungau Early Eocene - Oligocene Santy and Panggabean (2013) 
Kantu Middle Eocene Wilson and Moss (1999) 

(NE) Kutai 

Kampungbaru Pliocene Wilson and Moss (1999) 
Balikpapan Late Miocene  Widodo et al. (2010) 

Pulaubalang Mid Miocene Winarno et al. (2017)  
Widodo et al. (2010) 

Pamaluan Oligo-Miocene Wilson and Moss (1999) 

Tarakan (Berau) 
Sujau Early Eocene Achmad and Samuel (1984) 
Sembukung/Sembakung Middle Eocene Yosep et al. (2014) 

Barito (Asem-Asem, 
Pasir) 

Warukin Mid Miocene Novita and Kusumah (2016) 
Tanjung Eocene Heryanto (2009) 

Pembuang Dahor (?) Late Miocene - Pliocene ESDM (2023) 
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Fig. 12.  Simplified stratigraphy of coal-bearing basins on the island of Borneo. Modified from 
Wilson and Moss (1999); Heryanto et al. (1995); Soetrisno et al. (1995) 
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A. North Embaluh Basin 

The North Embaluh Basin is located in the northern part of Borneo Island and administratively 

lies between Indonesia and Malaysia, covering Malinau Regency in province of East Kalimantan. 

The basin is located west of the Tarakan Basin. The Cenozoic succession starts with the 

Paleocene Embaluh Group, which consists of two main formations: Mentarang Formation and 

Longbawan Formation (Fig. 12). Above a hiatus, the Upper Eocene marginal and shallow marine 

clastics of the Malinau Formation and Sebakung Formation follow (Heryanto et al., 1995; Sodiq 

and Hermiyanto, 2021). The Jelai Group and Langap Formation include volcanic deposits and 

were deposited during the Miocene. 

 

Coal is found in the Longbawan Formation. According to Willyam (2013), seam B in a Malinau 

mine has an ash yield of 1.5 % adb and a calorific value of 5911 cal/g, while seam A has an ash 

yield of 1.6 % and a calorific value of 5941 cal/g, with thickness ranging from 8 to 35 m 

according to well logs. 

  

B. Ketungau and Melawi Basin 

The early development of the Melawi Basin has a similar stratigraphic succession and lithologic 

distribution to that of the Ketungau Basin. The sedimentary phase of the Ketungau Basin 

occurred during Eocene until Oligocene (Fig. 12). The Piyabung/Haloq Formation, the oldest 

sediments deposited in the Melawi Basin, is regarded as an equivalence of Lower Ketungau 

(Kantu Formation). This formation consists of fluvial quartz sandstone and conglomeratic unit, 

deposited until Upper Eocene. The Ingar Formation unconformably overlying the Piyabung 

Formation, consists of alternating mudstone, silt, and fine sandstone of lacustrine deposit. The 

Dangkan Formation was deposited unconformably over the Ingar Formation. In the Melawi 

Basin, It is followed by the Silat Formation that was deposited during Upper Eocene – Oligocene, 

while in the Ketungau Basin, at the same time, the Ketungau Formation was deposited (Santy 

and Panggabean 2013). 

 

In the early Oligocene, the size of the depocenter in the predominantly fluviatile west 

Kalimantan Basin (comprising the Ketungau and Melawi basins) began to decrease or had 
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already been filled. According to fission track dating of apatite grains and seismic data, the 

Semitau ridge began its uplift during the Oligocene (Moss et al., 1998). This uplift likley caused 

more erosion than deposition in this region (Wilson and Moss, 1999). 

 

Middle Eocene coal is found in the Kantu Formation, while Eocene-Oligocene coal occurs in the 

Ketungau and Tebidah formations. Santy and Panggabean (2013) showed that coal in the 

Ketungau Formation has a TOC value of 50.6 %, an HI of 132 mg HC/g TOC, and a Tmax of 412°C. 

 

C. Kutai Basin 

The Kutai Basin lies partly onshore in the eastern part of the island and offshore in the nearby 

Makassar Strait. Several publications (Gerard and Oesterle, 1973; Samuel and Muchsin, 1975; 

Rose and Hartono, 1978; Nuay et al., 1985; Carbonel and Moyes, 1987; Ott, 1987; Caratini and 

Tissot, 1988) in (Daulay, 1994) show the evolution of the Kutai Basin. In particular, the complex 

nature of the Mahakam River delta, which has been growing into the Makassar Strait since the 

Early Miocene, has attrated much attention. The Kutai Basin is the widest and deepest Cenozoic 

basin in eastern Kalimantan and in all of Indonesia.  

 

The Kutai Basin is bounded by the Laut High to the south, the Meratus High to the southwest, 

the Kuching High to the northwest, and the Mangkalihat Ridge / Suikerbrood High to the 

northeast. These boundaries have little effect on the depositional pattern, except for transient 

uplift in the Late Oligocene (Daulay, 1994). The Meratus High and the Laut High are located 

onshore and received sedimentation of moderate thickness, whereas the Mangkalihat / 

Suikerbrood High is located near the axis of early Cenozoic subsidence (Daulay, 1994 and 

references therein). The Kuching Arc was transgressed in the early Cenozoic, and the arc was 

uplifted in the Oligocene. This is evidenced by the fact that the remaining sediments in the arc 

have been mapped as early Cenozoic (Daulay, 1994 and references therein). 

 

Coal in the Kutai Basin is found in the Miocene Balikpapan Group (Kampungbaru, Balikpapan, 

Pulaubalang, and Pamaluan formations). Winarno et al. (2017) reported that coal in the 

Pulaubalang Formation has a moisture content of 12.7 % adb, an ash yield of 4.6 % adb, a 
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calorific value of 6099 cal/gr, and a sulphur content of 1.6 % adb. Coal in the Balikpapan 

Formation has a moisture content of 13.9 % adb, an ash-yield of 3.4 % adb, a calorific value of 

6005 cal/gr, and a sulphur content of 1.9 % adb. Based on its calorific value, this coal is 

categorized as Subbituminous A.  

 

Widodo et al. (2010) showed that coal from the Sebulu and Centra Busang mines has higher 

sulphur (up to 3.2 wt.%) and pyrite (up to 4.3 vol.%) contents than coal from the Embalut mine 

in the Mahakam Delata, which is characterized by low sulphur (< 1.0 wt.%) and pyrite (< 0.7 

vol.%) contents. Pyrite was found in the coal as framboidal, euhedral, massive, anhedral, and 

epigenetic pyrite in cleats/fractures. Widodo et al. (2010) related the high ash, sulphur, and 

pyrite contents of coals in the Kutai Basin to Cenozoic volcanic activity, whereby aeolian 

material was transported to the mire during peat accumulation. Using biomarker and isotope 

data, Widodo et al. (2009) showed floral changes during deposition of the Miocene Embalut 

coal. The aromatic hydrocarbon fractions of all coal samples were dominated by cadalene in the 

lower boiling point range and picene derivatives in the higher boiling point range. Cadalene was 

attributed to the contribution of Dipterocarpaceae and various hydrated picenes to the 

contribution of additional angiosperms to the coal-forming vegetation. 

 

D. Tarakan Basin 

The Tarakan Basin is a collective name for four sub-basins located in northeast Kalimantan. It 

consists of the offshore Tarakan and Muara sub-basins and the onshore Berau and Tidung sub-

basins onshore. The Tarakan Basin is bounded to the north by the Semporna Peninsula, to the 

west by the Sekatak-Berau Ridge (which is part of Kuching High), to the south by the 

Mangkalihat Peninsula, and to the east by the deepwater area of the Sulawesi/Celebes Sea 

(Achmad and Samuel, 1984; Husein, 2017). 

 

Achmad and Samuel (1984) divided the Tarakan stratigraphy into five depositional cycles.  

• The first cycle comprises from base to top Sembakung/Sembukung Fm, the Sujau 

clastics, Seilor carbonates, and Mangkabua marls, which represent a Late Eocene to Late 

Oligocene transgressive event.  
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• The second cycle datet as latest Oligocene to early Middle Miocene, includes the 

Tempilan clastics interfingering with Tabalar limestones and overlain by Naintupo shales.  

• The third cycle lasted from the Middle to Late Miocene and is marked by a tremendous 

supply of Meliat deltaic sediments followed by deeper marine Tabul and Santul clastics.  

• The fourth cycle was deposited during the Pliocene and includes the Tarakan deltaic 

sequences. 

• The fifth cycle (early to late Pleistocene) is formed by the Bunyu deltaic succession 

depositing during the ongoing sea-level rise. 

 

Coal was found in the Upper Eocene Sujau Formation (Achmad and Samuel, 1984). Coal 

outcrops on Tarakan Island may be of Miocene age (Husein, 2017). Based on ESDM (2023), the 

calorific value of coal found in the northern Tarakan Basin is 6100 - 7100 cal/gr, while its 

calorific value decreases towards the east (towards the coast), ranging from 6000 to less than 

5100 cal/gr. Yosep et al. (2014) reported that middle Eocene coal in Sembukung/Sembakung 

Formation has a moisture value of 0.7 – 4.5 % adb, ash yield of 18.3 – 25.5 % adb, a total 

sulphur content of 1.9 – 14.8 % adb and a calorific value of 4193 – 6212 cal/gr adb. 

 

E. Barito (Asem-Asem and Pasir) Basin 

The Barito, Asem-Asem, and Pasir basins are located in southeast Kalimantan and are separated 

by structural features of the Mesozoic. The Sunda Shield (Schwaner Complex) bounds the Barito 

Basin in the west and the Meratus High, which consists of melange belts and ophiolites, in the 

east. In the north, these basins are separated from the Kutai Basin by the South Kutai Fault (also 

called Paternoster High), while to the south the basin joins the East Java offshore Basin. 

The Asem-Asem Basin and the Pasir Basin (formerly called the Pasir Sub-Basin of the Kutai Basin 

and Barito Basin) are separated from the Barito Basin by the Meratus High in the west. The Pasir 

Basin is bounded by the Makassar Straits in the east, and South Kutai Boundary Fault (the 

Paternoster High) in the north (Fig. 11). 

 

Bishop (1980) and Siregar and Sunaryo (1980) stated that Cenozoic sedimentation in the Barito 

Basin and Asem-Asem Basin was completed as a single major transgressive-regressive cycle, 
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which was only disturbed by slight variations and sub-cycles locally. The transgressive Tanjung 

Formation (Eocene-Oligocene; Witts et al., 2012), which covers the basement and has relatively 

low relief, was deposited in shallow marine to deltaic environments and consists of sequences 

of coarse clastic rocks intercalating with shales and coal beds. The marine influence increased 

during the Oligocene and continued into the Early Miocene, producing extensive limestone and 

marl deposits of the Berai Formation (Fig. 12). The Barito and Asem-Asem Basins subsided 

quickly. At the same time, both continental cores (to the west) and proto-Meratus High (to the 

east) were uplifted. The Warukin and Dahor formations represent paralic and delta sequences. 

 

Orogenic activity in Plio-Pleistocene times produced a strong westward movement of the 

Meratus High (tectonic nappes). It folded and thrusted the basin fill into a series of anticlinal 

structures, partially controlled by basement features (Siregar and Sunaryo, 1980). 

 

Witts et al., (2012) explains in detail about the Tanjung Formation. The Tanjung Formation is the 

oldest sedimentary unit in the Cenozoic Barito Basin. It was formed from late Middle Eocene to 

late Early Oligocene, and records the initial rifting and subsidence of the basin, followed by a 

marine transgression. The formation consists of three members: the Mangkook, the Tambak 

and the Pagat. The Mangkook Member is composed of alluvial and fluvial deposits that eroded 

the basement rocks. The Tambak Member is dominated by fluvio-tidal and estuarine deposits 

that reflect a coastal floodplain environment. The Pagat Member is a thin layer of marginal and 

shallow marine deposits that marks the final phase of the Tanjung Formation. The formation 

was mainly sourced from the Schwaner Complex in west Borneo, the Karimunjawa Arch and the 

southern extension of the Meratus Complex under the Java Sea, as indicated by heavy minerals 

and zircon geochronology. 

 

The marine Berai Formation follows above the Tanjung Formation. This formation is Oligocene 

to Early Miocene in age and consists of thick limestone, marl, and fine-grained clastic strata. This 

formation is coeval with the Pemaluan Formation in the Kutai Basin. The differences between 

these two formations regard facies and lithology ((Rustandi et al., 1984) [in Daulay, 1994]).  
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The Mid-Miocene Warukin Formation, deposited during the regressive phase of the Cenozoic 

transgressive-regressive cycle, overlies the Berai Formation. The Warukin Formation consists of 

soft, fine-grained clastic rocks with siltstone, sandstones, and coal seams reaching a thickness of 

40 meters (Heryanto and Panggabean, 2013).  

 

The Dahor Formation, Pliocene to Pleistocene in age, consists of poorly consolidated sandstones 

and fine-grained clastic sediments with coal seams. Quaternary deposits in the Dahor Formation 

include alluvium, estuary mud, and coastal sands. 

 

Novita and Kusumah (2016) reported that coal in the Warukin Formation (Kalumpang district, 

Binuang, South Kalimantan) has a high vitrinite content (up to 94 %), while liptinite and 

inertinite contents are up to 4 %. Mineral percentages (dominated by pyrite) are up to 5.5 %. 

The vitrinite reflectance (%Rr) values range from 0.29 – 0.49 %Rr. Heryanto and Panggabean 

(2013) reported that the coal in Binuang (Kandangan area, Warukin Formation) is 0.5 to 12 m 

thick and shows varying vitrinite (59.4 – 86.6 %), liptinite (0.8 – 9.5 %), and inertinite (3.4 – 17.4 

%) contents. %Rr values are 0.42 – 0.45 %. Kusnama (2008) explained that the Warukin 

Formation in the western part of the Barito Basin is 30 to 180 cm thick and that moisture 

contents range from 12.0 – 22.2 % adb. Ash yields (1.6 – 21.1 % adb) and calorific values (4279 – 

5630 cal/g adb) are highly variable, while sulphur contents are generally low (0.2 – 0.3 % adb).  

 

Heryanto (2009) reported that coal in the Tanjung Formation (in the Rantau city area, South 

Kalimantan) has vitrinite reflectance values ranging from 0.43 – 0.50 %Rr. The percentage of 

vitrinite reaches 89.4 %Rr, while liptinite (up to 74.0 %?) and inertinite (up to 16 %) are locally 

very high. 
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F. Pembuang Basin 

Pembuang rock is mainly characterized by notching of structure intracratonic basin while in the 

north-north east parts it is more oriented to shelf edge (Sunarjanto et al., 2008). The oldest 

Cenozoic rocks are Early-Middle Miocene clastic sediments (Soetrisno et al., 1995). These 

sediments resemble the lower part of the Warukin Formation in the Barito Basin. The Upper 

Miocene succession consists of sandstones, claystones, and coal seams. There are similarities 

with the Dahor Formation in the Barito Basin. The Pliocene-Pleistocene Pembuang Formation 

includes carbonaceous sandstone, conglomerate, siltstone, claystone, and peat. This formation 

probably developed in a deltaic environment. Pangkalanbun coal in this basin has calorific 

values < 5100 cal/gr (ESDM, 2023). 

 

2.2.2 Coal geology in Sumatra Island  

Six coal-bearing basins exist on Sumatra island: North Sumatra, Central Sumatra, South Sumatra, 

Woyla (Meulaboh)-Sibolga-Nias, Ombilin, and Bengkulu Basins (Figs. 13, 14; Table 2). 

 

 
Fig. 13. Simplified map of cenozoic coal bearing sedimentary basin in Sumatra Island. Modified 

from Barber et al. (2005) and ESDM (2023)  
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Fig. 14. Simplified map of cenozoic coal bearing sedimentary basin in Sumatra Island. Modified 

from De Smet and Barber (2005); Hidayatillah et al. (2017) 
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Table 2. Coal-bearing formation in Sumatra Island, Indonesia 

Basin Coal-bearing formation Geologic time Reference 

North Sumatra Bruksah/Parapat Early Oligocene Thomas (2005);  
Kamili et al. (1976) 

Central Sumatra  Korinci Mio-Pliocene Coster (1974) 
 Telisa Late Miocene  Thomas (2005) 
 Sihapas -Lakat Oligocene-Miocene Thomas (2005) 
 Kelesa Eocene Aulia et al. (1990) 

South Sumatra  Muaraenim Mio-Pliocene Coster (1974);  
Amijaya and Littke (2005; 2006) 

 Airbenakat Mid Miocene Thomas (2005) 

 Talang Akar Late Oligocene – 
Early Miocene 

Bishop (2001) 

Nias-Woyla-Sibolga Gomo Pliocene Thomas (2005) 
 Lelematua Miocene De Smet and Barber (2005) 
 Bancuh Oligocene De Smet and Barber (2005) 
Ombilin Ombilin Late Miocene Koesaemadinata and Matasak (1981) 
 Poro Member Late Oligocene Koesaemadinata and Matasak (1981) 
 Sawah Lunto Eocene Koesaemadinata and Matasak (1981) 
Bengkulu Lemau Mio-Pliocene Heryanto R and Suyoko (2007) 

 

A. North Sumatra 

The North Sumatr Basin is separated from the Central Sumatra Basin by the Asahan Basement 

High (Figs. 13,14). The sediments in the North Sumatra Basin are primarily of Paleogene age.  

 

Cenozoic sedimentation in the North Sumatra Basin (Fig. 13) commenced during a marine 

transgression from the NW across the surface of eroded Paleozoic and Mesozoic sedimentary 

rocks and igneous rocks. Along with this transgression, a sequence of (continental and paralic) 

coarse clastic sediments with coal seams and subordinate limestones was widely deposited 

from Nias Island (west) to Malacca Straits (east). The age of these sequences ranges from 

Eocene and Oligocene in the north to Lower Miocene in the south-east. A second marine 

transgression occurred in Oligocene to Miocene times with deposition of thick marine shales, 

accompanied by subordinate sandstones and limestones, as evidenced by the Bampo, 

Bruksah/Parapat formations (Kamili et al., 1976) in the central and northern areas of the basin.  

 

In the foothills west of the Barisan Range (Meulaboh area), coals and carbonaceous shales have 

been recorded in the Neogene sequence. Five coal seams, 0.4 to 3.0 m thick, have been 
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observed. The coal intercalates with clay and bituminous shale. In the north of Aceh, to the east 

of the Barisan Mountains, there is Paleogene basalt and coal with a thickness of less than one 

meter. Based on Darman et al. (2000) and the interpretation of the Geological Map of Indonesia 

(Medan Sheet) (Cameron et al., 1982), basalt overlies the coal seam. West of Medan (Bohorok 

Regency) there is coal in layers, 0.4 – 0.5 m thick, with a dip of 45° and dip direction is N 135° E, 

and relatively thick coal (six meter) is found in the Kalu River (Bemmelen, 1949 and Robertson 

Research 1974 in Thomas, 2005). Coal contains significant amounts of pyrite. 

 

The coal in this basin (Indra Makmur coal and Birem Bayeun coal) has a low calorific value 

(<5100 cal/g; ESDM, 2023), Thomas (2005) also mentioned that in the central part of this basin, 

the coal seams are low rank coal. 

 

B. Central and South Sumatra 

At the end of the Cretaceous period, the Central and South Sumatra regions formed a large 

landmass. At the beginning of the Cenozoic era, fault-bounded troughs formed within this land. 

The earliest Cenozoic sediments were deposited in these troughs. Afterward, sedimentation 

expanded across the margins to form the Central and South Sumatra Basin. Throughout the 

Cenozoic age, this basin was separated from the North Sumatra Basin by the Asahan Basement 

High (Fig. 13). The basin is asymmetrically bound to the SW by faults and horst structures 

formed by pre-Cenozoic rocks along the Barisan Range and towards the NE by pre-Cenozoic 

rocks on Tigapuluh High near the original Cenozoic era depositional boundary. Cenozoic 

sediments along the southwest coast of Sumatra near Bengkulu (west of the Barisan Range; Fig. 

13) suggest that the South Sumatra Basin extended farther west than the present outcrop 

boundary. 

 

The Central and South Sumatra Basins include Paleogene and Neogene sediments. Paleogene 

sediments consist of paralic and tuffaceous non-marine clastic sediments preserved in graben 

structures (Lahat/Lemat, Pematang, and Kelesa formations) (Thomas, 2005). Neogene 

sediments, consisting of marine shale, limestone, and shallow water sandstones, represent a 

transgressive phase of the sea, passing upwards into non-marine shale (Muara Enim Formation) 
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and Korinci Formation from the late Miocene and Pliocene series and extensive coal formation 

(Coster, 1974).  

 

Some coal is exposed in Central Sumatra in the Korinci, Telisa, Upper Sihapas, and Kelesa 

formations (Van-Bemmelen, 1970 in Thomas, 2005). Generally, there are only one or two coal 

seams at all sites. Most coal seams are thin (<1 m) and of low quality with clay or carbonaceous 

shale. 

 

Significant Paleogene coal deposits occur in the Painan Regency (Kelesa Formation) on the west 

coast of Sumatra south of Padang, where six coal seams are up to two meters thick. This coal 

has been affected by basalt volcanic intrusion and dolerite. There is also coal interbedded with 

shale, with a total thickness of 10 – 15 m and a dip of up to 45°. The Sungei-Sapuh / Sungei-

Turuh District has several coal seams, one of which is 2 – 4 m thick. In the Batang Tui area and 

many areas on the west and east coast, uneconomical coal is also found (Thomas, 2005). 

 

Other significant coal deposits in central and southern Sumatra originated in the Neogene 

period. Neogene coal occurs in the Korinci Fm in the Central Sumatra Basin (Fig. 13). This coal 

occurs in the Pliocene Muaraenim Formation; usually there are two or three seams are 

interbedded with tuffaceous horizons. The most significant coal development is along the 

Piladang River. There are three coal seams with a total thickness of around nine meters 

(Thomas, 2005). 

 

In southern Sumatra, almost all coal is found in the Lahat Formation in Jambi Province. Coal is 

estimated to have the same age as coal in Ombilin but has a lower thickness. Seam thickness 

does not exceed 1.5 m and usually is less than 0.5 m. Coal is present in conglomerates, 

sandstones, and shales, similar to those in Ombilin. Paleogene coal in South Sumatra has yet to 

be proven to have economic value. On the other hand, Neogene coal in Jambi Province 

produces economic two- or three-seam lignite, with 5 – 7 m thick and low dip. 
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In Bukit Asam in the South Sumatera Province, Miocene coal in the Pelambang group has been 

exploited since 1919. There are three coal groups.  

• The lowest group contains the Merapi seam (8-10 m thick) and a few thin coal seams.  

• The middle group contains the Mangus seam with 14 to 22 m thick coal and a four-

meter-thick clay-tuff band. This layer is separated from the overlying Suban seam by 15 

m of barren rocks. The Suban seam has 7-10 m thick coal, containing a 1.5 m clay layer, 

and about 30 m above, includes 5-8 m of coal (Petai seam).  

• The third and top group contains six or seven coal seams, the youngest reaching 30 m. In 

the Bukit Asam area, coal has been converted by young andesite intrusions from the 

Serelo Mountains to produce locally altered coal in the form of sub-bituminous, 

bituminous, and anthracite coal. 

 

Coal-bearing sediments with two lignite seams, 2 and 5 m thick, occur in Sukamarinda, which is 

directly adjacent to Bukit Asam. These seams have been altered locally by igneous intrusions. In 

the Ajer Serillo area, the lignite layer is quite thick, while in the Bunian region (SNI, 2011), 

changes in thickness and continuity of lignite due to thermal influences. In the Kendin-Ringin 

area, more than twelve seams (5 – 15 m thick) are present. All of these areas have coal similar 

to those found at Bukit Asam.  

 

Amijaya and Littke (2005) present the results of microfacies analysis and paleoenvironmental 

reconstruction of Cenozoic Tanjung Enim area (Muara Enim Formation) low-rank coal from the 

South Sumatra Basin, Indonesia. The research conducted petrographic, mineralogical, and 

geochemical investigations on 20 coal samples collected from four boreholes. This study 

classified coal facies into four types: vitrinite-dominated, inertinite-dominated, liptinite-

dominated, and mineral-dominated. Based on the relationship between facies and coal quality 

indicators, the coal depositional setting is inferred with the hypothesis that Tanjung Enim coal 

was formed in environments with varying degrees of marine influence, peat accumulation, and 

preservation. Amijaya and Littke (2006) describe the thermally metamorphosed coal from the 

Muara Enim Formation in the South Sumatra Basin in detail. This coal has a low moisture 

content (only < 3 wt.%) and volatile matter content (< 24 wt.%, daf), as well as high carbon 
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content (> 80 wt.%, daf) and vitrinite reflectance (Rrmax 1.87 – 6.20 %Rr), which the typical coal 

have high moisture content (4.1 – 11.3 wt.%) and volatile matter content (> 40 wt.%, daf), and 

carbon less than 80 wt.% (daf) and low vitrinite reflectance (Rrmax 0.52 – 0.76 %Rr). In the coal 

samples from the Tanjung Enim area in South Sumatra Basin, Indonesia, the maceral 

percentages vary depending on the rank of the coal. Vitrinite is the most abundant maceral in 

low-rank coal from Mangus seams, composing 69.6 – 86.2 vol.%, while liptinite and inertinite 

are minor constituents. In high-rank coal from Suban seams, thermally altered vitrinite contains 

82.4 – 93.8 vol.%. The Tmax values increase with maturity, ranging from 420 – 440°C for low-

rank coals to 475 – 551 °C for high-rank coals. The Oxygen Index of all studied coals is low (OI < 5 

mg CO2/g TOC), and the high-rank coals have a lower Hydrogen Index (< 130 mg HC/g TOC) than 

the low-rank coals (about 300 mg HC/g TOC). 

 

C. Sibolga-Woyla-Nias Basin 

The Nias Basin is part of the Sumatran Forearc and the Sunda subduction system. The Sumatran 

arc has a classic morphology of trench, accretionary prism, outer-arc ridge, forearc basins, and a 

volcanic chain with active andesitic volcanism. The outer-arc ridge along Sumatra comprises the 

outer part of the forearc rather than forming part of the accretionary prism. The subduction 

direction varies from nearly orthogonal off Java to oblique west of Sumatra, where the trench 

strikes N 140° E (Deighton, 2014; Samuel and Harbury, 1996).  

 

In the northeastern part of Nias Island (in West Sumatera province), coal is derived from 

Paleogene sediments; there are one to two relatively thin coal seams with a dip of 20 – 40° to 

the west. On the west coast of the island of Sumatra, coal originates from Paleogene Sibolga 

and Loser formations in the Tapaktuan and Tapanuli Bay areas. In Tapaktuan, two coal seams 

dip 25 – 45°. The thickness is 0.2 – 0.6 m. The coal is rich in pyrite and clay-rich. In the northern 

part of Tapanuli Bay, coal has a dip of 8-20° and is relatively thin (0.2 – 0.5 m) (Thomas, 2005). 

 

Coal is found in the Oligocene Bancuh Formation, the Miocene Lelematua Formation, and the 

Gomo Formation (De Smet and Barber, 2005). In some areas, coal is indicated with a calorific 
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value of < 5100 cal/g (Woyla coal, Reudeup coal, Sumber Batu coal), and there are many coal 

deposits with a calorific value of 5100 – 6100 cal/g in this basin (ESDM, 2023). 

 

D. Ombilin Basin 

The most important coal deposit in the Central Sumatera province (Ombilin Basin) and the main 

coal producer is the Ombilin Coalfield, which occurs in the Eocene Sawahlunto Formation (Fig. 

8). This coal is located in the Barisan Mountains 90 km inland from Padang (Fig. 7). Coal deposits 

occur in the intermontane Ombilin Basin, oriented NW-SE, in line with the main structural 

trends of the Barisan Range. This basin has a block-faulted WNW-ESE direction and an NNE-SSW 

direction. The coal-bearing sediments are folded and affected locally by normal and reverse 

faults, making the correlation of coal seams difficult (Koesaemadinata and Matasak, 1981). The 

Ombilin Coalfield is located in the northwestern part of the Ombilin Basin. The coal mines are 

geographically divided into the coal mining areas of Sungai-Durian, Tanah Hitam, Sugar, Sigalut, 

and Parambahan (Thomas, 2005). 

 

The Sawahlunto Formation in the Ombilin Basin consists of conglomerates, sandstones, and 

shales. In the Tanah Hitam and Sungai Durian areas, the lower part of the sequence contains a 

thin layer of coal, called layer D. The upper part of the formation comprises three main coal 

seams, designated as A (average thickness: 2 m), B (0.6 – 1.0 m) and layer C (average thickness: 

6 m). These seams occur in depths of 40-80 m and dips 12° to the east. (Thomas, 2005). 

 

East of the Ombilin Basin, Neogene-aged coal was discovered in the Cerenti area near Rengat in 

Riau in 1988. Here, the Mio-Pliocene Korincio Formation contains six coal seams with 

thicknesses ranging from 1.6 to 14.0 m. In the Sinamar coal basin, which is further south, on the 

border between Jambi and West Sumatera provinces, there is Oligocene coal, which has a 

thickness of 2.0 to 9.0 m. Adjacent to the Sinamar area, in Mampun Pandan, a 5.0 to 11.0-

meter-thick coal seam was also observed (Thomas, 2005). 

 

Patria and Anggara (2022) describe coals from the Ombilin Basin are high-volatile bituminous C 

coals with mean random vitrinite reflectance of 0.58 – 0.66 %Rr. Vitrinite content is the most 
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dominant maceral (61.1 vo.l% mmf), followed by liptinite (25.0 vol.% mmf), and inertinite (13.8 

vol.% mmf). Minerals observed in the coal samples comprised pyrite, quartz, and clay. Pyrite 

was present as discrete crystals, massive crystals, framboidal pyrite, and cell-filling on other 

macerals. Both syngenetic and epigenetic pyrite was found in the Ombilin coal. 

 

E. Bengkulu Basin 

The Bengkulu Basin, located in the southwestern part of Sumatra Island, is another forearc 

basin. It contains Oligo-Miocene siliciclastic, coal, and carbonate sediments. Coal is found in the 

Middle to Upper Miocene Lemau Formation in Ketaun, Bengkulu, and Seluma. The coal seams 

are 1 – 2 m thick in Ketaun area, 1.0 – 3.5 m thick in Bengkulu, and up to 4.5 m thick in Seluma 

area (Heryanto and Suyoko, 2007). 

 

Miocene coal also was found in the Bukit Sunur area in Bengkulu Regency (Fig. 7). Coal mining is 

carried out in three areas. The Bukit Sunur Coalfield is the most important of these deposits and 

contains three main seams, with a thickness of 1.6 to 3.5 m (maximum 10 m). This coal has been 

affected by the Sunur andesite intrusion and, in some places, has turned into coke. Susup 

Leman has two coal seams, more than two meters thick. In Bukit Puding, there are five or six 

coal seams, with some seams reaching a thickness of more than 1.4 m. In Pilubang, there is coal 

showing evidence of thermal influence by andesite, resulting in a loss of volatile matter. Due to 

the effect of contact metamorphism, the quality of coal varies greatly. In all these areas, the 

deposits are intensely folded (Thomas, 2005). 

 

The mean vitrinite reflectance value (%Rr) of the coal seam in the Ketaun area ranges from 0.41 

to 0.49 %Rr, whereas in the Bengkulu and Seluma areas, it varies from 0.44 to 1.12 %Rr. The 

higher vitrinite reflectance of the Bengkulu and Seluma coals is probably due to the influence of 

andesitic sill intrusion (Heryanto R and Suyoko, 2007).  
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2.2.3 Java, Sulawesi (Celebes), Maluku (Mollucas), and Papua Island  

The locations of the coal-bearing basins on the islands of Java, Celebes, Moluccas, and parts of 

Papua (in the territory of Indonesia) are shown in Fig. 15. The stratigraphy of the coal-bearing 

formations is summarized in Figs. 16, 17, 18 and Table 3.  

 

A. Java Island (Figs. 15a, 16) 

The Northwest (NW) Java Basin extends from onshore to offshore. It consists of three main sub-

basins: The offshore Ardjuna Sub-basin, rich in hydrocarbons and the onshore Jatibarang (to the 

west) and Jatibarang sub-basins (to the southeast) (Noble et al., 1997). Based on geochemical 

data, Oligocene coal in the Talang Akar Formation is the source rock for oil in the Ardjuna Sub-

basin (Doust and Noble, 2008). In the Banyumas Basin (Kaliglagah Formation), there is vitrinite-

rich coal (up to 97 %), up to 9.5 m thick (Abian et al., 2020). The coal seam in the Campurdarat 

Formation in the South Jatim Basin was confirmed by coal outcrops and geoelectric data 

(Muhlisin, 2019). ESDM (2023) named it as Watulimo coal with calorific value < 5100 cal/g. 

 

Table 3. Coal-bearing formation in Java, Sulawesi (celebes), Maluku (Mollucas), and Papua Island 

Island Basin Coal-bearing formation Geologic time Reference 

Java  

NW Java Talangakar Oligocene Doust and Noble (2008) 
Banyumas Kaliglagah Pliocene Abian et al. (2020) 

South Jatim Campurdarat Early Miocene Samodra and Gafoer (1990); 
Samodra et al. (1992) 

Celebes  
Sengkang/Western S. 
Sulawesi Malawa/Toraja Eocene Hasibuan, (2001) 

Lariang – Karama Kalumpang Mid Eocene Calvert and Hall (2003, 2007) 

Molluccas Banggai Sula / Taliabu Bobong Early Jurassic Kusnama (2008); Septriandi et al. 
(2012); Nompo et al. (2021) 

Papua 

Misool Atkari Pliocene Ibrahim (2007) 

Salawati Kais Early Miocene Satyana and Herawati (2011) 
Aifam Permian Wisesa, et al. (2017) 

Bintuni  Steenkool/Buru Pliocene Fakhruddin (2023) 
Akimeugah/Waghete Aiduna Permian Panggabean and Pigram (1989) 
Waipoga/South 
Jayapura Unk Pliocene Gafoer and Budhitrisna (1995) 
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Fig. 15. Coal Basin in (A) Java, (B) Celebes, Moluccas, and (C) Papua Island. Modified from 
ESDM, (2023)  

A 

B 
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Fig. 16.  Stratigraphy of Cenozoic coal-bearing sedimentary basins on Java Island (simplified). 
Modified from Doust and Noble (2008); Samodra and Gafoer (1990). 
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Fig. 17.  Stratigraphy of Cenozoic coal-bearing sedimentary basins on Celebes and Moluccas 
Island. Coal in Banggai Sula/Taliabu Basin (Bobong Fm.) is in Early Jurassic age (not 
shown). Modified from Hasibuan (2001), Calvert and Hall (2003; 2007), Kusnama 
(2008), Septriandi et al. (2012), Nompo et al. (2021). 
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Fig. 18.  Stratigraphy of Cenozoic coal-bearing sedimentary basins on Papua Island. Coal in the 
Akimeugah / Waghete Basin (Aiduna Fm.) and in Bintuni Basin (Aifam Fm.) is Permian in 
age. Modified from Panggabeanand Pigram (1989), Gafoer and Budhitrisna (1995), 
Ibrahim (2007), Satyana and Herawati (2011), Fakhruddin (2023), Wisesa, et al. (2017).  
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B. Celebes and Moluccas Islands (Figs. 15b,17) 

The Malawa Formation in the Sengkang/Western S. Sulawesi Basin includes coal of Eocene-

Oligocene age with a thickness of up to 1.2 m. Two coal exploration areas (Bakeko block and 

Kandangsapi block) have been defined. The moisture content of coal in the Bakeko Block is up 

to 17.3% adb(?) and up to 13.8% adb(?) in the Kandangsapi Block. Ash yields (Bakeko: up to 

49.6% adb(?), Kandangsapi: 13.8% adb(?)) and total sulphur contents (Bakeko: 9.23 %, 

Kandangsapi: 23.76 %) are very high in both blocks (Kusnama and Mangga, 2007). 

 

The Lariang and Karama basins in western Celebes cover an area of approximately 10,000 km2. 

Western Celebes was influenced by the development of the Makassar Straits to the west and 

the collision of continental, ophiolitic, and island-arc fragments to the east. The oldest 

sediments are non-marine and could be as old as Paleocene. Rifting started in the Middle 

Eocene and continued into the Late Eocene. Thermal subsidence began by the latest Eocene, 

and by the end of the Oligocene, most of western Celebes was an area of post-rift shelf 

carbonate and mudstone deposition. In the Pliocene, sedimentation changed significantly with 

uplift and erosion, followed by the deposition of coarse clastics derived from an orogenic belt to 

the east of the study area (Calvert and Hall, 2003, 2007). 

 

The Middle to Upper Eocene Kalumpang Formation (previously: Kalumpang Beds) rests 

unconformably on Upper Cretaceous rocks and is approximately 3200 m thick (Calvert and Hall, 

2003, 2007). The Formation comprises a sequence of shales, coal beds, and meter-thick 

quartzose sandstones that are exposed in the northern Quarles Mountains.  

 

Taliabu Island is located in the Sanana-Sula Islands (Banggai Sula/Taliabu Basin), which is part of 

the westernmost region of North Maluku province. The island is believed to have originated 

from the northern boundary of the Australian Continent, which separated at the end of the 

Mesozoic or until the Paleogene and was moved along the Sorong Fault System (North and 

South Sula faults) due to the movement of the Philippine Sea Plate. The shape of Taliabu-

Mangole Island characterizes the left-lateral movement of the Sorong Fault. Meanwhile, 
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Sanana-Sula Island, which runs north-south, cuts perpendicularly across both islands (Kusnama, 

2008). 

 

The stratigraphy of Taliabu Island consists of several formations, including the Bobong 

Formation, a coarse clastic sedimentary rock succession consisting of breccia and conglomerate 

facies in the lower part, followed by quartz sandstone with intercalations of claystone facies. 

Upwards, the rock succession gradually changes to alternating shale, claystone, and mudstone. 

The Formation is Jurassic and was deposited within a fluvial transition to a shallow marine 

environment. Coal beds are found within quartz sandstone and shale and claystone-mudstone 

facies occupying the upper part succession of the Bobong Formation (Kusnama, 2008; 

Septriandi et al., 2012). 

 

The bobong Formation includes three seams (Nompo et al., 2021): seam 1 is 0.5 – 1.0 m thick, 

seam 2 is 1 m thick, and seam 3 is 0.5 – 0.9 m thick. The coal seams predominantly include 

bright coal and banded bright coal lithotypes. The coal has a gross calorific value of up to ~8000 

cal/g, and a fixed carbon content of 36.1 – 43.9 % (adb). The volatile matter is very high (38.2 – 

47.9 % adb), and the moisture content ranges from 6.5 – 12.3% (adb) and ash yield from 64.5 –

21.3 % (adb). The ultimate analysis provided the following values: carbon 64.4 – 74.8 % (daf), 

hydrogen 6.2 – 7.0 % (daf), nitrogen 0.8 – 0.9 % (daf), sulphur 4.4 – 8.0 % (adb), oxygen 9.4 – 

18.1 % (daf). Meanwhile, maceral group percentages (vitrinite 69.7 – 77.6 vol.%; liptinite 17.5– 

22.5 vol.%; inertinite 3.6 – 7.8 vol.%) show a very high amount of liptinite. 

 

C. Papua Island (Figs. 15c,18) 

The Misool Basin (including Misool Island) is located in the westernmost part of the Raja Ampat 

Islands, West Papua Province. The Misool Basin comprises several geological formations, 

including the Yefbie, Demu, and Lelinta formations. The Jurassic Yefbie Formation, about 80 m 

thick, consists of sandstone, conglomerate, calcareous shale, shale, and limestone. The up to 80 

m thick Demu Formation consists of sandy limestone and a middle Callovian-late Oxfordian tuff. 

The Lelinta Formation, about 100 m thick, overlies the Demu Formation and consists of shale, 

sandy shale, and limestone of the late Oxfordian-early Berriasian. The Jurassic to Early 
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Cretaceous succession of the Misool Archipelago was likely deposited on a continental shelf and 

continental slope of low energy. A Bositra ornati facies indicates restricted anoxic condition for 

a short period during the Aalenian. Paleogeographically, the Misool Archipelago in Jurassic time 

was likely located at the northern margin of Gondwana or the southern coast of the Tethys 

Ocean (Hasibuan, 2010). 

 

The Pliocene-Pleistocene Atkari Formation on Misool Island (Raja Ampat Islands; West Papua 

Province) is mainly composed of shallow marine limestone. Coal deposits within the Atkari 

Formation are on average 1.7 m thick. Of the five samples analyzed, the moisture value reached 

14.6 % adb, ash yield reached 21 % adb, and the calorific value reached a maximum of 5600 

cal/gr adb. The high sulphur content (7.1 % adb; Ibrahim, 2007) agrees with the marine 

depositional environment. 

 

The Salawati Basin is an east-west trending asymmetric foreland basin on the northern margin 

of the Indo-Australian Plate. The basin is bounded to the north and west by the deformed zone 

of the left-lateral Sorong Fault and on the south and east by uplifted Miocene carbonates of the 

Misool-Onin Anticline and the Ayamaru Platform (Satyana and Herawati, 2011). The basin fill 

comprises Paleocene to Quaternary deposits. Within this succession, the Miocene Kais 

Formation comprises thick carbonate rocks that overlie clastic rocks of the Upper Oligocene 

Sirga Formation. The transgressive Kais carbonates evolved in diverse environments ranging 

from lagoons to deeper waters and are an important petroleum source rock, but also contain 

coal (Satyana and Herawati, 2011).  

 

The Bintuni Basin is a Pliocene foreland basin in Papua’s Bird’s Head area. Coal is present in 

Permian basement of the Bintuni Basin (Aifam Formation) and in the Pliocene Steenkool 

Formation (Wisesa et al., 2017). This area contains very high calorific value coal (> 7100 cal/g, 

named Merdey coal) and high calorific value coal (6100 – 7100 cal/g, named Tuhiba coal and 

Ransiki coal) (ESDM, 2023). 
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The Akimeugah Basin is underlain by Paleozoic sediments. The Cenozoic sediments (Paniai 

Group) include the Waripi Formation (clastic marginal and shallow marine deposit) and the 

Yawee Limestone (Panggabean and Pigram, 1989). Coal is present in the Permian Aiduna 

Formation (Panggabean and Pigram, 1989). In addition, ESDM (2023) mentioned Potaway and 

Umuk coal with low calorific values (<5100 cal/gr adb), but their stratigraphic position is not 

provided.  

 

The Waipoga/South Jayapura Basin is located in the northern part of Papua Island. It includes 

extensive Eocene sediments (Bara Formation) and volcanic rocks (Auwewa Formation). Coal is 

found in the Pliocene Unk Formation (Gafoer and Budhitrisna, 1995). ESDM (2023) reported 

coal from four outcrops. Two of these outcropds contain low calorific value coal and two 

contain medium calorific value coal (5100 – 6100 cal/gr adb).  
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3 Summary of publications 

3.1 Publication I 

Organic geochemistry and petrography in Miocene coals in the Barito Basin (Tutupan Mine, 

Indonesia): Evidence for astronomic forcing in kerapah type peats 

 

Fikri, H. N., Sachsenhofer, R. F., Bechtel, A., Gross, D., 2022. Organic geochemistry and 

petrography in Miocene coals in the Barito Basin (Tutupan Mine, Indonesia): Evidence for 

astronomic forcing in kerapah type peats. . Int. J. Coal Geol., 256, 103997. 

 https://doi.org/10.1016/j.coal.2022.103997  

 

The article presents a detailed organic geochemical and organic petrographic study of three 

Middle Miocene coal seams. The Barito Basin in Borneo contains extensive coal seams in the 

Miocene Warukin Formation. The net thickness of sub-bituminous C coal exceeds 100 m in the 

Tutupan mine. This study aims to explore the paleo-peat type and the factors controlling paleo-

peat accumulation in three coal seams (T110, T210, T300) based on geochemical and 

petrographic analyses.  

A total of 100 (93 coal and seven non-coal) samples were taken from the open-pit mine, each 

representing an interval of 1 m. The samples were analyzed for ash yield, moisture content, 

carbon and sulphur contents, Rock-Eval pyrolysis, maceral composition, vitrinite reflectance, 

and biomarker analysis. 

The low ash and sulphur contents of the studied coals imply that peat formation occurred in an 

ombrotrophic mire with limited mineral (and sulphate) input. 

The geochemical data indicate that angiosperms (including dipterocarps) dominated the forest 

swamp vegetation. The dominance of angiosperms over gymnosperms reflects Southeast Asia's 

tropical climate and vegetation during the Miocene. The presence of gymnosperms, however, 

suggests that the coals formed in Kerapah-type peats, which are located in watersheds and have 

a higher diversity of plants than other peat types. The cyclic variations in biomarker ratios, such 

as TAR, Paq, CPI, and ACL, indicate changes in the contribution of grassland vs. forest vegetation 

and aquatic vs. terrestrial organic matter. These changes could be related to changes in 

precipitation, water table level, and peat accumulation rate driven by astronomic forcing. 

https://doi.org/10.1016/j.coal.2022.103997
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Five cycles were recognized in the T110 seam and three cycles in the T210 seam, each 6 to 13 m 

thick. The duration of a single cycle was estimated to be 10.8 kyr (P10) to 61.1 kyr (P90), with a 

50% probability that the true value is 22.7 kyr. A causal relationship between the climatic 

variability and the precession index (17–24 kyr) is suspected. 

The maceral composition of the Tutupan coals is characterized by moderately high tissue 

preservation and low gelification, which is typical for tropical ombrotrophic mires. Huminite is 

the most important maceral group. Liptinite macerals (including resinite, cutinite, fluorinite, and 

suberinite) are abundant, while inertinite macerals are rare. Exsudatinite is present due to 

suberinite and resinite, despite the low rank of the coal (lignite to sub-bituminous C). Funginite 

is one of the main inertinite macerals. The maceral composition of the coals does not show the 

same cyclicity as the geochemical data. This situation is because the macerals are mainly 

influenced by the original plant types and the degradation processes that make the plant 

material more uniform.  

This study provides new insights into the organic geochemistry and petrography of Miocene 

coals in the Barito Basin (Tutupan Mine, Indonesia). The study shows that peat accumulation 

was controlled by astronomic forcing related to the precession index, resulting in cyclic changes 

in vegetation. The petrographical results are consistent with ombrotrophic mire conditions with 

angiosperm-dominated vegetation and low detrital input, as the organic geochemical data 

suggested. 
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3.2 Publication II 

Coal deposition in the Barito Basin (Southeast Borneo): The Eocene Tanjung Formation 

compared to the Miocene Warukin Formation 

 

Fikri, H. N., Sachsenhofer, R. F., Bechtel, A., Gross, D., 2022. Coal deposition in the Barito Basin 

(Southeast Borneo): The Eocene Tanjung Formation compared to the Miocene Warukin 

Formation. Int. J. Coal Geol., 263, 104117.  

https://doi.org/10.1016/j.coal.2022.104117 

 

The Barito Basin in Borneo Island contains two coal-bearing units of Late Eocene (Tanjung 

Formation) and Middle Miocene (Warukin Formation). Little is known about the peat-forming 

environments and the differences between Eocene and Miocene coals. This study aims to fill 

this gap by comparing the geochemical and petrographic characteristics of Eocene coal seams 

from the TAJ Pit–1D mine with the last result of Miocene coal seams from the Tutupan Mine. 

38 coal and six non-coal samples were collected for analysis from three Eocene coal seams (D, C, 

and B). The samples were taken at 20-cm intervals along the vertical sequence of each seam. 

The samples were analyzed for various parameters such as ash yield, moisture, carbon, sulphur, 

maceral composition, vitrinite reflectance, and organic geochemistry.  

The aim was to reconstruct the peat-forming environment and compare the characteristics of 

the Eocene and Miocene coals. The samples were analyzed for ash yield, carbon and sulphur 

contents, maceral composition, Rock-Eval parameters, vitrinite reflectance, and biomarkers.  

The results show that Eocene coals have lower ash yields, lower sulphur contents, lower 

suberinite and resinite, higher cutinite and fluorinite, and higher n-alkane ratios than Miocene 

coals. The fungal activity was high in both low-ash ombrotrophic (seam D) and high-ash 

rheotrophic mires (seam C and B). 

Biomarker data indicate that at least part of the resinite in Miocene coals is derived from 

dammar resin produced by Dipterocarpaceae, which is absent in Eocene coals. Eocene coals 

were deposited in rheotrophic mires with palm/fern-dominated vegetation, while Miocene 

coals accumulated in ombrotrophic mires dominated by angiosperm trees.  

https://doi.org/10.1016/j.coal.2022.104117
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The comparison reveals significant differences in peat types, flora, and climate between Eocene 

and Miocene. The Eocene coals reflect a coastal plain setting with frequent flooding events and 

a relatively low diversity of plants. The Miocene coals reflect a more stable and humid climate 

with higher plant diversity and more decay-resistant tissues.  

The investigation adds to our understanding of the factors that influence coal characteristics by 

providing a fresh perspective on Borneo Island's coal formation. 

 

3.3 Publication III 

Organic geochemistry and petrography of Miocene ombrotrophic coals in the tropical Asem-

Asem Basin (Borneo, Indonesia): Comparison to coeval subtropical coals in the Eastern Alps 

 

Fikri, H. N., Sachsenhofer, R. F., Bechtel, A., Gross, D., accepted (in press). Organic geochemistry 

and petrography of Miocene ombrotrophic coals in the tropical Asem-Asem Basin (Borneo, 

Indonesia): Comparison to coeval subtropical coals in the Eastern Alps. Austrian J. Earth Sci. 

 

The article presents a comprehensive study of organic geochemistry and petrography of 

Miocene ombrotrophic coals from three different regions: the Asem-Asem Basin and the Barito 

Basin in Kalimantan, Indonesia, and the Leoben Basin in the Eastern Alps, Austria.  

22 coal and three non-coal samples from a 20-m-thick coal seam (BL1) in the Jumbang mine in 

the Asem-Asem Basin were be gathered, which is considered a sub-basin of the Barito Basin. 

The samples were analyzed for ash yield, sulphur content, total organic carbon (TOC), maceral 

composition, huminite reflectance (%Rr), biomarker composition, Rock-Eval parameters, 

hydrogen index (HI), and carbon isotope ratios (δ13C). The results were compared with 

previously published data from coeval coals in the Tutupan mine in the Barito and Leoben Basin.  

The main objectives of the article were: (1) to reconstruct the environmental conditions during 

the accumulation of the BL1 seam; (2) to contrast the peat-forming conditions in the Asem-

Asem Basin and the Barito Basin; and (3) to compare the characteristics of Miocene 

ombrotrophic coals from tropical and subtropical regions to investigate the effects of climate on 

maceral and biomarker compositions.  
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The BL1 seam was deposited in an ombrotrophic basinal mire under tropical conditions. The 

vegetation was dominated by angiosperms, including abundant dammar resin-producing 

Dipterocarpaceae, while gymnosperms were negligible. The seam has very low ash yields and 

sulphur contents, indicating a minimal clastic sediments and brackish water influence. The TOC 

content is high, and the HI values range from 154 to 539 mgHC/gTOC, reflecting a high 

preservation potential of organic matter. The δ13C values range from -28.26 ‰ to -27.54 ‰, 

suggesting a C3 plant origin. The %Rr values are very low indicating a lignite rank. 

The result also reveals that the coals from the Tutupan mine in the Barito Basin have similar 

characteristics to those from the Jumbang mine in terms of ash yield, sulphur content, TOC 

content, HI values, δ13C values, and %Rr values, implying similar peat-forming environments and 

vegetation. However, some minor differences exist in biomarker composition, such as higher 

amounts of gymnosperm-derived diterpenoids and lower amounts of cadinane-type 

sesquiterpenoids and resinite in Tutupan coals, indicating less dominance of Dipterocarpaceae 

in kerapah peats than in basinal peats. 

The main differences between the ombrotrophic coals from Kalimantan (Indonesia) and Leoben 

(Austria) are: 

• The Kalimantan coals were formed in a tropical climate, while the Leoben coal was formed 

in a subtropical/Warm temperate climate. 

• Marine influence was detected in the lower coal bench BL1L of the Jumbang mine (Asem-

Asem Basin), as indicated by locally increased sulphur contents and a near-shore 

environment. The other coals from Tutupan mine (Barito Basin) and Leoben Basin did not 

show evidence of marine influence, suggesting that they were formed in more inland or 

isolated ombrotrophic mires. 

• The Kalimantan coals have higher amounts of resinite and cadinane-type sesquiterpenoids 

due to the presence of Dipterocarpaceae, a family of tropical angiosperms. The Leoben coal 

has lower amounts of these compounds due to the absence of Dipterocarpaceae. 

• The Kalimantan coals have lower concentrations of gymnosperm-derived diterpenoids than 

the Leoben coal, reflecting the dominance of angiosperms over gymnosperms in the 

tropical peatlands. 
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3.4 Publication IV 

Factors controlling oil potential in Eocene and Miocene coals from Borneo: Implications for 

the petroleum system in the Barito Basin  

 

Fikri, H. N., Sachsenhofer, A., Gross, D., Horsfield B., Mahlstedt N., Misch, D., submitted in Int. J. 

Coal Geol. Factors controlling oil potential in Eocene and Miocene coals from Borneo: 

Implications for the petroleum system in the Barito Basin. 

 

The article investigates the factors that control the oil potential and type of Eocene and 

Miocene coals from Borneo Island, which are important source rocks for oil in several 

Indonesian sedimentary basins, by using a large data set of organic geochemical and 

petrographic parameters from over 150 coal samples collected from three mines in the Barito 

and Asem-Asem Basins in South Kalimantan. New pyrolysis data from solvent-extracted coals, 

pyrolysis-gas chromatography, and carbon isotope data have been analyzed to determine the 

amount and origin of resinite, a key component in oil production.  

The results show that the oil potential and type of the coals are mainly influenced by the 

amount and origin of resinite, which reflects the resin-producing vegetation in different 

depositional environments. The Eocene coals, which were deposited in rheotrophic mires with 

palm/fern-dominated vegetation, produce a high wax paraffinic oil with an average hydrogen 

index (HI) of 374 mgHC/gTOC and an average pristane/phytane ratio (Pr/Ph) of 12.3. The 

Miocene coals, which were deposited in ombrotrophic mires with angiosperm-dominated 

vegetation (including dammar resin-producing dipterocarps), produce a paraffinic-naphthenic-

aromatic mixed oil with an average HI of 203 mgHC/gTOC and an average Pr/Ph of 12.8.  

The two oil groups in the Barito Basin, previously distinguished by biomarker ratios and carbon 

isotope values, are associated with specific coal intervals. Eocene coals source the Tanjung oils, 

and Miocene coals source the Warukin oils. Nevertheless, the suggestion is that most of the 

Barito Basin oil belongs to the Tanjung oils, although the Miocene coals have a higher oil 

potential than Eocene coals. However, the Miocene coals reach the oil window only in the 

basin's deepest parts with Tmax values above 400 °C. 
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4 Concluding remarks 

In general, the findings of this study highlight the importance of a comprehensive coal analysis, 

which includes bulk parameters (ash yield, moisture, total organic carbon, total inorganic 

carbon, total sulphur), Rock-Eval pyrolysis and Pyrolysis-GC, maceral analysis, vitrinite 

reflectance (%Rr) measurements, and biomarker analysis. 

Bulk parameters are able to provide an overview of the coal’s depositional environment. 

Maceral identification shows great differences between coals despite having the same type of 

depositional environment, as well as petrographic differences between Eocene and Miocene 

coals in Borneo Basin, and the corresponding %Rr indicating coal type. These results reinforce 

the importance of maceral analysis in coal investigations. Nonetheless, the weak correlation 

between maceral percentages and organic geochemistry results should be noted.  

The biomarkers well record the plant derivatives, both angiosperms and gymnosperms, that 

formed the coal. The cycles seen in the coal seam at Tutupan mine are expected to provide 

useful insights into coal exploration activities, as well as a new perspective on the paleoclimate 

of Southeast Asia.  

Rock-eval pyrolysis and Pyrolysis-GC successfully demonstrated that coal has a very strong 

correlation with the oil formed in the area. The combination and analysis of all these data 

provide solid conclusions on coal forming and coal properties in the Barito and Asem-Asem 

Basins. 

 

Future research on the coal deposits of Indonesia is essential to better understand their 

formation, composition, and implications. One useful opportunity of research is to apply 

palynological methods to study the organic matter preserved in the coal seams and their 

associated rocks. Palynology can provide valuable information on the coal-forming vegetation, 

paleoclimatic conditions, and paleoenvironmental settings of the peat swamps that gave rise to 

the coal deposits.  

Another possible avenue of research is to conduct more in-depth analysis on the host rocks that 

under- and overlie the coal seams (roof and floor rocks). These rocks can provide clues on the 

sedimentary processes, tectonic influences, and sequence stratigraphic framework that 

controlled coal deposition.  
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It will also be interesting to compare the characteristics of the Eocene coals in the Asem-Asem 

Basin, which are relatively close to the coast, with those of other coal deposits in Indonesia that 

are located in different geographic and geologic settings.  

The elements contained in the coal should also be properly investigated as they may have 

economic and environmental implications for large-scale coal mining. For example, some 

elements/minerals may have potential value as by-products or indicators of coal quality, while 

others may pose problems such as ash formation or acid mine drainage.  

In addition, considering that Indonesia has many coal deposits distributed across different 

islands or basins, similar investigations could be conducted in different regions of Indonesia to 

better understand the variability and diversity of coal deposition in tropical climates. Such 

investigations could also contribute to the global knowledge of coal geology and its applications.  
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Organic geochemistry and petrography of Miocene ombrotrophic coals in the tropical Asem-Asem Basin 

(Kalimantan, Indonesia): Comparison to coeval subtropical coals in the Eastern Alps 

 
 Hafidz Noor Fikri1,2, Reinhard F. Sachsenhofer1,*, Achim Bechtel1 & Doris Gross1  
1) Department Applied Geosciences and Geophysics, Montanuniversitaet Leoben, 8700 Leoben, 

Austria  
2) Department of Mining Engineering, Lambung Mangkurat University, Banjarmasin, South 

Kalimantan, Indonesia 
*) Corresponding author, reinhard.sachsenhofer@unileoben.ac.at 
 

Abstract 

The middle Miocene Warukin Forma�on in the Asem-Asem Basin (Kalimantan) contains a 20-m-

thick coals 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 characteris�cs 

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 composi�on due to the different climate and flora.  

The study is based on 22 coal and three non–coal samples, each represen�ng a stra�graphic 

interval of 0.2 to 1.0 m. The samples were analyzed for ash yield, carbon and sulphur contents, 

and maceral composi�on. Organic geochemical parameters were obtained on eight coal sample 

to obtain informa�on on the peat-forming vegeta�on. 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 

vegeta�on was dominated by angiosperms including abundant dammar resin producing 

Dipterocarpaceae, while the contribu�on 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 s�ll low, concentra�ons 

of gymnosperm-derived diterpenoids. In addi�on, lower amounts of cadinane-type biomarkers 

and resinite suggest that Dipterocarpaceae were less dominant in kerapah peats. While 
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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 concentra�ons 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 ac�vity was also reduced in the subtropical Leoben peat. 

Surprisingly, the average amount of oxidized plant remains is also lower in the subtropical peat. 

 

Keywords: ombrotrophic peat, basinal mire, climate, Borneo, tropical, subtropical  

1. Introduc�on 

Coal is an abundant and rela�vely cheap fuel, but its combus�on produces huge amounts of the 

greenhouse gas carbon dioxide. In 2021, CO2 emissions from coal combus�on reached an all-�me 

high of 15.2 gigatonnes (Gt) contribu�ng about 40 % of the en�re energy-related CO2 emissions 

(36.3 Gt; IEA, 2022). Similarly, coal produc�on in 2021 (8173 million tonnes [Mt]) was close to the 

all-�me 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 produc�on. 

Most of Indonesia's coal reserves are located in Cenozoic basins on the islands of Sumatra and 

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

While coal combus�on poses a significant threat to global climate, coal is an excellent archive for 

reconstruc�ng terrigenous deposi�onal se�ngs. Important statements on the peat-forming 

environments (e.g., ombrotropic [raised] vs. rheotrophic [low-lying] mire; brackish influence) are 

possible based solely on basic coal parameters such as seam geometry, ash yield and sulphur 

content (e.g., Gruber and Sachsenhofer, 2001). Palynological studies are o�en used to 

reconstruct paleovegeta�on (e.g., Demchuk and Moore, 1993; Rich, 2015; Korasidis et al., 2016; 

Dai, 2020). Petrographic and geochemical parameters provide addi�onal informa�on on the 

deposi�onal environment and diagene�c processes (e.g., Bechtel et al., 2003a; 2007; 2008; Naafs 

et al., 2019).  
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Peat-forming environments of Upper Eocene and middle Miocene coals in the Barito Basin 

(southern Kalimantan; for loca�on see Figs 1, 2) were studied recently by Fikri et al. (2022a,b) 

using bulk geochemical parameters, biomarker and maceral data. Eocene coal seams in the 

Tanjung Forma�on 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 vegeta�on (Fikri et al., 

2022b). In contrast, Miocene coal seams in the Warukin Forma�on from the Tutupan mine are up 

to 50 m thick and were deposited predominantly in ombrotrophic raised mires (Fikri et al., 

2022a). In addi�on, Miocene coal seams in the Warukin Forma�on display a remarkable cyclic 

structure.  

In the present study, we inves�gate a 20-m-thick coal seam in the Warukin Forma�on (BL1) 

exposed in the Jumbang open pit mine in the Asem-Asem Basin. The Asem-Asem Basin, located 

near the southern �p of Kalimantan Island, is considered a sub-basin of the larger Barito Basin, 

from which it is separated today by the Meratus Complex (Wits 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 deposi�on 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 objec�ves: (1) reconstruc�on of environmental condi�ons during the 

accumula�on of the BL1 seam; (2) comparison of Miocene peat forming condi�ons in the Asem-

Asem Basin (Jumbang mine) and in the Barito Basin (Tutupan mine); and (3) comparison of the 

characteris�cs of Miocene ombrotrophic coals from tropical and subtropical regions to 

inves�gate the effects of climate on maceral and biomarker composi�ons.  

For this comparison, middle Miocene coals from Kalimantan and from the Leoben Basin in the 

Eastern Alps of Central Europe are used (Fig. 1a; Gruber and Sachsenhofer, 2001). A considerable 

number of Miocene coal deposits in the Eastern Alps were formed under subtropical condi�ons 

(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).  



 

113 

 

Figure 1: (a): Map of Miocene climate with posi�on of coal deposits (from Scotese, 2000). The 
loca�ons 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).  
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Figure 2: (a): Geological map of the Barito and Asem-Asem basins showing the loca�on of the 
study site (Jumbang mine) and mines with Eocene (TAJ Pit-1D) and Miocene coals (Tutupan) 
studied in companion papers (Fikri et al., 2022a,b). (b): Geological map of the Asem-Asem Basin 
showing the loca�on of the study site and the posi�on of the cross-sec�on shown in Figure 4. (c): 
Profile through the Warukin Forma�on in the study area with seam names (from Achmad, 2018). 
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2. Geological se�ng 

The Asem-Asem Basin is located at the eastern margin of Sundaland, the southeastern 

promontory of Eurasia (Fig. 1b; Hall and Morley, 2004; Pubellier and Morley, 2014). Sundaland 

was formed by Permian and Triassic amalgama�on of con�nental blocks and arc fragments 

(Hutchison, 1989; 2014; Hall and Morley, 2004; Advokaat et al., 2018). Other fragments of 

oceanic, arc and con�nental origin accreted to Sundaland during the Cretaceous (e.g., Hall, 2012) 

and formed the southwestern part of Borneo. The Meratus Complex in southern Borneo (Fig. 2) 

is interpreted as a Cretaceous subduc�on complex, which forms the suture between SW Borneo 

and East Java-West Sulawesi (e.g., Hall, 2012; Wits et al., 2014). 

An extensional regime was ini�ated in eastern Borneo by the ri�ing of the Makassar Strait in the 

Eocene (e.g., Pubellier and Morley, 2014; Zahirovic et al., 2014; for loca�on see Fig. 1). This 

extensional event led to the forma�on of NW-SE oriented horst and graben structures along a 

succession of NW-SE trending strike-slip faults (Satyana et al., 1999). Ri�ing ended towards the 

end of the Early Oligocene (Pubellier and Morley, 2014). Basin inversion commenced in the 

middle Miocene, around the �me of the upli� of the Meratus Mountains (Satyana et al., 1999; 

Wits et al., 2014).  

The Cenozoic basin fill in the Barito Basin and the Asem-Asem Basin is comparable, sugges�ng 

that they once formed uniform depocenter (Wits 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�on, the Upper Oligocene to lower Miocene Berai and Montalat 

Forma�ons, the middle to upper Miocene Warukin Forma�on, and the upper Miocene to 

Pleistocene Dahor Forma�on (Wits et al., 2012; 2014; Fig. 3). Coal seams occur in the Tanjung 

Forma�on and in the Warukin Forma�on (Friederich et al., 2016). The transgressive Tanjung 

Forma�on starts with alluvial and fluvial plain deposits filling a pre-exis�ng relief (Mangkook 

Member) and con�nues with fluvio-�dal and estuarine deposits containing several-m-thick and 

laterally extensive coal seams (Tambak Member). The upper part of the Tanjung Forma�on 

consists of marginal to shallow marine rocks dominated by calcareous mudstones (Pagat 

Member; Wits et al., 2012). The Tanjung Forma�on is overlain by shallow marine carbonates 
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(Berai Forma�on) in the Asem-Asem Basin and the southern Barito Basin, and by fluvio-deltaic 

strata in the northern Barito Basin (Montalat Forma�on). The regressive Warukin Forma�on 

comprises marginal marine rocks with thin coal seams (typically <2 m; Sapiie and Rifiyanto, 2017) 

in its lower part (Barabai Member of Wits et al., 2012). The overlying Tapin Member (Wits et al., 

2012) represents (south-)eastward prograding fluvio-deltaic sedimentary rocks with thick coal 

seams (Satyana et al., 1999; Wits et al., 2012). A change in paleocurrent direc�ons during 

deposi�on of the uppermost part of the Tapin Member in the Barito Basin indicates the 

middle/late Miocene onset of upli� of the southern part of the Meratus Complex (Wits et al., 

2014). In contrast, paleocurrent direc�ons in the Asem-Asem Basin remained southeastward 

(Wits et al., 2014). Regression and basin inversion con�nued during deposi�on of the Dahor 

Forma�on (Wits 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�on (Arutmin, 2015). 

A significant number of coal seams grouped into seam groups are present in the Warukin 

Forma�on in the Asem-Asem Basin. Near the study area the seam groups are labelled from top 

to botom with A to E (Fig. 2b). Individual seams are iden�fied by an addi�on (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 dips gently (6-14°) towards the southeast (125°). A southwest-northeast trending 

cross-sec�on of the BL1 seam is shown in Figure 4 based on data from explora�on boreholes 

provided by the mine. It shows that the BL1 seam is split into individual coal benches, labelled 

BL1U and BL1L. Seams A1 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 discon�nuous. 

The seams are separated by prevailing mudstones and subordinate sandstone beds. The 

sediments overlying the BL1 seam in the Pit 14 (see Fig. 2b for loca�on) represent floodplain, 

fluvial channel-belt, estuarine and �dal flat se�ngs (Achmad, 2018). Sediment transport was 

directed southeastwards (107-160°; Achmad, 2018). 
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Figure 3: Stra�graphy and lithology of the basin fill in the Asem-Asem Basin (modified a�er Wits 
et al., 2012; 2014). 
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Figure 4: Southwest-northeast trending cross sec�on 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 loca�on 
of the profile is indicated in the inset and in Figure 2b. The profile was compiled using data from explora�on boreholes and flatened 
to the top of the BL1 seam. Posi�on and data from the sec�on studied in the present paper (between boreholes 10 and 11) are 
shown.   
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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. Samples were taken from the deposits below and above the seam (2 mudstone samples) 

and from the seam (22 coal samples, 1 mudstone par�ng). The samples represent a con�nuous 

series of channel samples. Megascopically dis�nct coal layers were taken separately. 

Consequently, 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–�ght plas�c bags immediately a�er 

collec�on to prevent moisture loss. 

Samples were prepared at the Mineral and Coal Laboratory of the Mining Department of the 

Faculty of Engineering (Lambung Mangkurat University). Ash yield and moisture analyses were 

conducted at the PT Geoservices coal laboratory (Banjarbaru, South Kalimantan) using standard 

procedures (ASTM, 2012; 2017). Ash yield provides valuable informa�on 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 useful indicators of peat facies (e.g., Dai et al., 2020). Rock-Eval parameters S2 

(amount of hydrocarbons generated during pyrolysis, mgHC/g rock), hydrogen index (HI = 

S2×100/TOC; mgHC/gTOC), and Tmax (°C) provide informa�on on the type and maturity of the 

organic mater (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 composi�on of coal samples allows inferences on peat facies 

and diagene�c altera�ons. For maceral analysis, all samples were crushed to a maximum size of 1 

mm and embedded in epoxy resin. The polished blocks were inves�gated using a Leica incident 

light microscope with a 50× oil-immersion objec�ve, 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 macerals assigned according to the ICCP system (ICCP, 1998, 2001; Pickel et al., 2017).  
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Huminite reflectance was measured to determine the coal rank of three samples. Random 

huminite reflectance (%Rr) was measured in non-polarized light at a wavelength of 546 nm and a 

magnifica�on of 50× using the Hilgers Fossil so�ware. Mean values and standard devia�on are 

based on 150 measurement points per sample. 

Organic geochemical (biomarker) analyses were performed on eight coal samples to obtain 

informa�on on the peat–forming vegeta�on. Samples were extracted with dichloromethane for 1 

h at 75 °C and 100 bar in a Dionex ASE 350 extractor. A�er evapora�on of the solvent to a total 

volume of 0.5 ml in a Zymark TurboVap 500 closed–cell concentrator, asphaltenes were 

precipitated from a hexane–dichloromethane solu�on (80:1) and separated by centrifuga�on. 

The hexane–soluble frac�ons were separated into alipha�c hydrocarbons, aroma�c hydrocarbons 

and NSO compounds using a Köhnen–Willsch medium–pressure liquid chromatography (MPLC) 

instrument (Radke et al., 1980). n-Alkanes and isoprenoids in the alipha�c frac�ons were 

analyzed using a Trace GC–Ultra gas chromatograph with flame ioniza�on detector (GC–FID). The 

gas chromatograph was equipped with a 50 m HP–PONA capillary column (0.20-mm inner 

diameter [i.d.], 0.50–μm film thickness). A�er sample injec�on (2 μl at 270 °C), the oven 

temperature was increased from 70 to 310 °C and kept constant for 35 min. The hydrocarbon 

frac�ons were analyzed using a gas chromatograph equipped with a 60 m TG–5MS fused silica 

capillary column (0.20–mm inner diameter; 0.25 μm 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 ra�o 20) at an injector temperature of 260 °C. The 

spectrometer was operated in EI (electron ioniza�on) mode over a scan range from m/z 50 to 

m/z 650 (0.7 s total scan �me). The Xcalibur so�ware was used for data processing. Individual 

compounds were iden�fied based on reten�on �me in the total ion current chromatogram (TIC) 

and by comparing mass spectra to published reference data. The rela�ve percentages and 

absolute concentra�ons of the various compound groups in the alipha�c and aroma�c 

hydrocarbon frac�ons were calculated from the peak areas in the TIC chromatograms rela�ve to 

the internal standards (squalane and 1,1ʹ–binaphthyl, respec�vely) or by integra�ng the peak 

areas in the corresponding mass chromatograms using reac�on factors to correct for the 
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intensi�es of the fragment ion used to quan�fy total ion abundance. Concentra�ons were 

normalized to TOC. 

Bulk carbon isotope data were determined on twelve coal samples. Por�ons of each sample (0.4 

to 0.7 mg) were packed in �n capsules and burned in excess oxygen at 1080 °C using an 

elemental analyzer (Thermo Scien�fic Flesh EA). The CO2 produced was analyzed online using a 

Thermo Scien�fic Delta-V isotopic ra�o mass spectrometer. The 13C/12C isotope ra�o of CO2 from 

a sample was compared to a reference ra�o calibrated against the PDB standard. The overall 

reproducibility of the analy�cal 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 ver�cal distribu�on 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 30.7 wt.%, with three samples from 

the lower part of the seam having significantly lower contents (≤18 wt.%). Since moisture 

contents of coals in boreholes is typically 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 (~2.2 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 samples (0.01-0.02 

wt.%). Despite the low sulphur contents, some ver�cal trends are visible: rela�vely 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 15.9 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 values 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 
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organic-poor sample from the roof has a lower HI (39 mgHC/gTOC). Tmax values of non-coal layers 

are in the range of 412-425 °C, while Tmax values of coal samples are very low (370-399 °C).  

Stable carbon isotope (δ13C) ra�os of organic carbon range from -28.26 ‰ to -27.54 ‰. While 

δ13C values of samples with HI <190 mgHC/gTOC cover the en�re range of values, δ13C values of 

samples with HI ≥190 mgHC/gTOC show a strong nega�ve correla�on with HI (r²=0.93).  

 

Table 1: Bulk Parameters of Miocene Pit Jumbang coal. 

Sample Lithology Position Ash Moisture TOC Sulphur Tmax HI δ13C EOM NSO Ali.HC Arom.HC 
 

 
(m above 

base) (wt.% adb) (wt.% db) (°C) (mgHC/ 
gTOC) (‰) (mg/gTOC) 

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 2.13 23.7 54.9 0.08 375 413 -27.99 441.0 8.5 0.5 0.4 
BL1-5 coal 16.9 2.11 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 -27.82 273.6 8.4 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 -27.54 221.4 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 2.91 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 2.13 0.01 419 209      

TOC – total organic carbon, HI – hydrogen index, EOM – extractable organic mater, NSO – hetero–compounds, adb – 
air-dried basis, db – dry basis, Ali.HC – alipha�c hydrocarbons, Arom.HC – aroma�c hydrocarbons. 
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Figure 5: Ver�cal varia�on of bulk data: ash yield, moisture content, total organic carbon (TOC) 
content, sulphur content, hydrogen index, and stable carbon isotope (δ13C) ra�os in seam BL1. 
 

4.2 Biomarkers 

Biomarker analysis was performed on eight coal samples. The extractable organic mater (EOM) 

of these samples is dominated by asphaltenes and NSO compounds, while alipha�c and aroma�c 

hydrocarbons are subordinate (Fig. 6; Table 1). Chromatograms of the hydrocarbon frac�ons 

from samples taken from the lower, middle and upper parts of the BL1 seam are shown in Figure 

7. 

In all samples, the distribu�on of n–alkanes is dominated by long–chain n–alkanes (n–C25–33), 

with a prominent odd–even predominance (Fig. 7). The concentra�on of n–C31 is remarkably high 

in most samples (Fig. 7). To visualize the differences in the composi�on of the n–alkanes, various 

parameters were calculated (Table 2). In Figure 6, these parameters are ploted as a func�on of 

stra�graphic posi�on. 

The ra�o between long- and short-chain n–alkanes (n–C27+29+31/n–C15+17+19) is referred to as the 

terrestrial/aqua�c ra�o (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 ra�o 

(Paq) is the ra�o between medium- and long-chain n–alkanes ((n–C23+n–C25)/(n–C23+n–C25+n–

C29+n–C31)) (Ficken et al., 2000). It is considered an indicator of the rela�ve contribu�on of 

submerged and/or floa�ng macrophytes. Between 2.2 and 16.9 m, the ra�o 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).  
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Figure 6: Varia�ons of EOM, n–alkane and isoprenoid ra�os and land plant–derived terpenoids in 
seam BL1. EOM – extractable organic mater; TAR – terrestrial/aqua�c ra�o (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) 

 

The carbon preference index (CPI; Bray and Evans, 1961) reflects the rela�ve contribu�ons of 

land plants, but also maturity (Peters and Moldowan, 1993). In the BL1 coals, the average CPI 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 chain length (ACL) of the long–chain n–alkanes was calculated according to Poynter 

and Eglinton (1990) (ACL = (27n–C27+29n–C29+31n–C31)/(n–C27+n–C29+n–C31)) to detect clima�c 

changes. The values obtained range from 29.1 to 29.8 with the maximum value in the uppermost 

sample.  
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Figure 7: M/z 85 and total ion current (TIC) chromatograms of the alipha�c and aroma�c 
hydrocarbon frac�ons of selected samples from seam BL1. The m/z 85 chromatogram shows the 
distribu�on of n–alkanes and isoprenoids. n–alkanes are labelled according to their carbon 
number; Pr – Pristane; Nor-Pr – Norpristane; Ph – Phytane; des-E-hop – des-E-hopane Std – 
standard.   
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The n–C29/n–C27 ra�o (Buggle et al., 2010) and the n–C31+33/n–C27+29 ra�o (Zech et al., 2009) can 

indicate changes in vegeta�on. The n–C29/n–C27 ra�o increases from 1.2 to 1.8 in the lower part 

of the seam (2.2-7.4 m) and varies between 1.3 and 1.5 in the upper part. The n–C31+33/n–C27+29 

ra�o generally ranges between 1.0 and 1.3, but is significantly higher in the uppermost sample 

(2.6). The depth trends of ACL and of the n–C31+33/n–C27+29 ra�o are almost iden�cal (Fig. 6). The 

pristane/phytane (Pr/Ph) ra�o is a widely used redox parameter (Didyk et al., 1978), but it is also 

strongly influenced by land plant input. The Pr/Ph ra�o generally ranges from 2.2 to 3.6, but 

reaches a maximum (6.2) in the sample at 13.9-14.9 m depth. 

Steranes occur in very low amounts and were not quan�fied, but land plant-derived tetra- and 

pentacyclic terpenoids are present in significant amounts (Table 2; Fig. 6). The dominant 

hopanoid compound is neohop-13(18)-ene (11.5-357.0 µg/gTOC). Aroma�c hopanoids (D-ring 

monoaroma�c hopane and benzohopanes) occur in minor amounts (0.16-2.09 µg/gTOC). 

Polyaroma�c hydrocarbons (PAHs) were not detected. 

Saturated, unsaturated, and aroma�c sesquiterpenoids of the cadinane (21.8-97.1 µg/gTOC) and 

drimane (1.3-22.6 µg/gTOC) types are observed in varying amounts (Fig. 7). The predominant 

cadinane types are muurolane, cadinane, cadinene, calamene, calamanene, tetrahydrocadalene, 

cadalene, and cadinatriene. Alipha�c drimane types are longifolene, eudesmane, and drimane. 

Elemane type sesquiterpenoids occur in small amounts (0.1-1.9 µg/gTOC).  

Gymnosperm-derived diterpenoids occur in very low concentra�ons (Table 2). The occurrence of 

pimarane is limited to the lower part of the seam (≤0.3 µg/gTOC) and the uppermost sample (0.1 

µg/gTOC). Abietane type diterpenoids (norabiete-triene and norabiete-tetraene) are present in 

all samples, albeit at very low concentra�ons (0.3-2.0 µg/gTOC). Angiosperm-derived 

triterpenoids are much more abundant than diterpenoids (Table 2; Fig. 7). They are dominated 

by ursane (urs-12-ene, dinorursa- 1,3,5(10),12-tetraene, tetramethyl-octahydropicene, dinor-

oleana(ursa)-triene) and oleanane types (olean-12(18)-ene, olean-13(18)-ene, monoaroma�c 

8,14-seco-oleanane, dinoroleana-tetraene) (47.9-574.3 µg/gTOC). Arborane type (aroma�c des-

A-arbora-triene, norarbora(ferna)-triene, arbora(ferna)triene, dinorarbora(ferna)tetraene, 

dinoarbora(ferna)pentaene; 3.53-28.79 µg/gTOC) and lupine-derived (aroma�c dinorlupatriene; 
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0.16-2.09 µg/gTOC) triterpenoids are less abundant. The di-/(di- + triterpenoids) ra�o, a measure 

of the propor�on of conifers versus angiosperms (Bechtel et al., 2003b), is very low (<0.02). 

Ra�os >0.01 are restricted to the middle part of the seam (Fig. 6).  
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Table 2: Organic geochemistry of selected samples in seam BL1 

Sample TAR 
HC Paq CPI ACL nC29/ 

nC27 
nC31+33/ 
nC27+29) Pr/Ph Sesqui- Di- Tri- Elem Cadi Drim Pim Abietane Lupane Olean - 

Urs Arbor Di-/(Di- + Tri-) 
terpenoids 

        terpenopids          
        (µg/g TOC) (µg/g TOC)  
BL1-4 36.7 0.17 4.8 29.8 1.5 2.6 2.3 101.0 1.4 181.3 1.9 64.2 22.6 0.1 0.8 0.5 43.9 3.5 0.008 
BL1-6 18.7 0.26 3.8 29.3 1.4 1.3 3.1 131.5 2.2 160.3 1.9 97.1 11.0 0.0 1.8 1.6 38.9 19.8 0.014 
BL1-8 22.3 0.26 3.4 29.2 1.5 1.0 6.2 53.0 2.0 104.4 0.4 39.7 5.0 0.0 1.8 2.0 23.8 13.9 0.018 
BL1-10 15.9 0.27 3.3 29.2 1.3 1.2 3.6 40.3 2.0 167.7 0.4 30.4 3.7 0.0 1.9 1.5 45.6 15.9 0.012 
BL1-12 20.5 0.24 3.5 29.2 1.5 1.0 2.6 27.0 1.7 85.0 0.1 21.8 1.3 0.0 1.5 1.0 17.2 12.4 0.019 
BL1-16a 19.9 0.21 3.5 29.2 1.8 1.0 2.8 45.4 2.3 115.1 0.2 37.1 2.0 0.1 2.0 2.1 22.8 28.8 0.019 
BL1-18b 20.6 0.26 3.7 29.4 1.5 1.3 2.4 60.7 0.4 51.7 1.0 47.1 7.4 0.0 0.3 0.2 12.3 3.6 0.008 
BL1-19b 17.8 0.24 3.4 29.1 1.2 1.0 2.2 50.8 3.8 592.5 1.1 33.5 13.2 0.3 1.9 1.8 574.3 16.4 0.006 

 
TAR – terrestrial/aqua�c ra�o (Bourbonniere and Meyers, 1996); Paq – P-aqueous ra�o (Ficken et al., 2000); CPI – carbon preference index (Bray and Evans, 
1961); ACL – average chain length (Poynter and Eglinton, 1990); Pr/Ph – pristane/phytane ra�o; Elem – elemane-type; Cadi – cadinane-type; Drim – drimane-
type; Pim – pimarane-type; Abiet – abietane-type; Lup – lupane deriva�ves; Olean-Urs – oleanane-ursane deriva�ves; Arbor – arborane-type 
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4.3 Maceral composi�on and huminite reflectance 

Maceral percentages are listed in Table 3 and are ploted as a func�on of depth in Figure 8. 

Photomicrographs of typical macerals are shown in Figures 9 and 10.  

 

Figure 8: Varia�ons of maceral percentages and petrography–based facies indicators in seam 
BL1. 
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Huminite, derived from lignin and cellulose, is the predominant maceral group in most samples 

(47–75 vol.%). Huminite percentages (63-75 vol.%) are rela�vely 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 interval 

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. Telohuminite (Fig. 9a-f) is the dominant huminite maceral. 

Detrohuminite (Fig. 9c-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 atrital (Fig. 10e). Ungelified macerals (tex�nite, atrinite; Fig. 

10g) are more abundant than gelified macerals (e.g., ulminite, densinite; Fig. 9c,e). Random 

huminite reflectance of three samples ranges from 0.33 to 0.35 %Rr (Table 3). 

Lip�nite, derived from hydrogen-rich plant components (e.g., resins, cu�cules, etc.), occurs in 

significant amounts (21–50 vol.%) and shows an opposite depth trend compared to huminite. 

Thus, lip�nite is most abundant 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 lip�nite is even higher than 

that of huminite. Lip�nite is dominated by liptodetrinite (Figs 8, 9f, 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 lip�nite macerals. It occurs in–situ (within telohuminite; Fig. 9a-b), detrital (Fig. 10e-h), 

and as the resinite variety fluorinite (leaf resins) (Fig. 9h). Detrital and in–situ resinite occur in 

similar amounts (Fig. 8). Resinite (in–situ + detrital) shows weak posi�ve correla�on with HI 

(r2=0.48). Cu�nite (Fig. 9g-h) occurs in varying propor�ons (max. 4 vol.%; Fig. 8), but its content 

is low in the coal layer beneath the BL1 seam and in its lower 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.%).  
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Macerals of the iner�nite group are less abundant (o�en 2-7 vol.%). Higher propor�ons (10-14 

vol.%) are restricted to two intervals (4.2-5.4 m; 12.9-13.9 m). Inertodetrinite (Fig. 10g; up to 5.9 

vol.%) and funginite (Figs 9c,g, 10c; up to 5.4 vol.%) are the dominant iner�nite 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 

propor�on 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). 
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Figure 9: Representa�ve photomicrographs of sample BL1 (3.2-4.2 m). Le�: white light, right: 
blue light. (a,b): Texto-ulminite with in-situ phlobaphinite and resinite. (c,d): Ulminite and 
densinite with large funginite par�cles. Exsuda�nite fills cavi�es inside of funginite. (e,f): 
Ulminite and densinite separated by suberinite. Liptodetrinite occurs together with 
humodetrinite. (g,h): Leaf with phyllohuminite, fluorinite, and cu�nite in detrital coal with 
suberinite and funginite. 
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Figure 10: Representa�ve photomicrographs of various samples from seam BL1. Le�: white 
light, right: blue light. (a,b): 19.9-20.4 m; Coal rich in suberinite. Phlobaphinite occurs between 
suberinite. (c,d): 18.9-19.9 m; Atrinite matrix with funginite showing difference sizes and 
shapes. (e,f): 4.2-4.4 m; Coal with high amounts of detrital resinite, fusinite and atrital 
phlobaphinite. The HI of this sample is excep�onally high (539 mgHC/gTOC). (g,h): 4.2-4.4 m; 
Atrinite and detrital resinite with inertodetrinite fragments. Iner�nized cu�nite(?) may be 
related to pathogenic fungi (cf. Arya et al., 2021; Fikri et al., 2022a). Alterna�vely, the oxidized 
structure may be interpreted as altered epidermal layers of roots (Moore et al., 1996). 
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Table 3: Maceral percentages (in vol.%), maceral–based facies indicators (VI, GWI), and random huminite reflectance (%Rr). 

Sample Text. Text-
ulmi Ulmi. Attr. Dens. Pholabaphinite Lipto

det. Resinite Cutin. Fluor. Suber. Spor. Pyro Degra. Fungi. Inerto
detr. VI GWI %Rr. Stdev 

      in-situ detr.  in situ detr.     Fusinite       
BL1-roof 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0     
BL1-2 14.3 7.6 10.7 13.3 6.4 7.2 2.3 14.5 4.3 5.9 0.8 2.5 3.7 0.0 0.6 1.4 1.0 1.6 1.1 0.6   
BL1-3 17.0 7.6 7.1 7.6 2.9 6.1 3.8 18.7 6.1 5.0 2.1 4.4 4.8 0.0 0.4 1.3 1.3 2.1 1.2 0.4   
BL1-4 15.2 7.8 4.2 11.6 2.3 4.2 2.3 23.8 9.7 6.3 0.2 2.3 2.9 0.0 0.2 0.6 1.3 2.9 0.9 0.3   
BL1-5 19.7 11.4 5.0 9.8 4.4 6.8 0.4 19.1 2.5 5.0 2.7 3.9 2.9 0.0 0.2 0.4 2.1 1.0 1.0 0.3 0.35 0.02 
BL1-6 12.5 4.7 4.7 11.9 7.4 6.2 2.1 16.8 10.7 6.6 2.7 4.3 6.2 0.0 0.0 0.0 1.0 0.0 0.9 0.5   
BL1-7 14.8 7.3 2.7 10.6 4.0 2.9 3.5 23.7 6.2 8.4 2.2 4.9 3.8 0.0 0.0 0.2 0.2 2.2 0.7 0.3   
BL1-8 19.5 10.1 6.0 12.4 4.5 3.2 3.4 20.8 5.4 3.6 1.1 3.6 1.7 0.0 0.0 0.0 1.1 2.1 0.9 0.3   
BL1-9 11.6 7.1 3.4 10.8 5.0 4.5 4.1 25.0 5.0 5.8 2.4 3.0 0.9 0.0 0.0 0.9 3.2 3.4 0.6 0.4   
BL1-10 20.0 8.4 7.2 10.5 4.6 6.5 6.1 16.9 2.5 6.8 0.6 1.9 2.1 0.0 0.0 0.0 2.1 0.8 1.1 0.4   
BL1-11 13.4 10.7 6.5 9.6 4.2 4.4 5.7 24.7 3.1 4.4 2.5 4.2 1.5 0.0 0.0 0.2 1.5 1.9 0.8 0.4 0.33 0.02 
BL1-12 18.7 9.5 4.3 9.9 3.2 6.2 4.7 17.8 6.2 5.4 1.1 5.2 1.9 0.0 0.0 0.4 1.9 2.4 1.0 0.3   
BL1-13 19.5 10.5 7.6 9.2 4.2 8.0 4.2 14.3 6.7 2.1 1.7 4.0 2.9 0.0 0.0 0.2 0.8 2.3 1.4 0.4   
BL1-14 17.5 10.4 11.7 9.8 5.4 6.5 7.1 12.3 5.2 6.0 1.0 2.7 1.0 0.0 0.0 0.0 0.8 1.7 1.3 0.5   
BL1-15 16.9 7.9 8.6 14.0 4.6 9.2 2.1 15.2 3.5 2.9 3.3 4.4 3.1 0.0 0.0 0.0 0.4 2.7 1.0 0.4   
BL1-16a 21.6 9.0 13.7 5.7 4.2 13.2 4.4 16.8 2.5 2.5 0.4 0.0 0.8 0.0 0.0 1.1 1.1 2.9 1.9 0.5 0.35 0.02 
BL1-16b 18.8 15.9 12.3 5.2 3.8 4.0 4.0 18.0 5.8 3.5 0.0 0.0 2.1 0.0 0.0 1.0 1.0 4.0 1.7 0.6   
BL1-17 21.6 11.8 3.1 12.4 2.7 6.1 4.1 19.0 0.4 2.4 4.1 3.5 4.9 0.0 0.0 0.6 1.0 1.6 1.1 0.2   
BL1-18a 21.2 7.4 1.4 14.6 2.5 2.9 5.6 17.9 3.1 4.5 0.0 0.0 4.9 0.0 0.0 2.1 5.4 4.5 1.0 0.1   
BL1-18b 11.6 8.1 0.0 16.5 2.9 2.0 5.9 22.4 6.9 10.4 0.0 0.0 2.0 0.0 0.0 2.0 2.6 5.9 0.6 0.1   
BL1-19a 23.0 14.1 2.0 18.3 2.4 6.7 7.5 11.4 1.2 1.8 1.0 0.6 5.3 0.0 0.0 0.6 2.4 1.0 1.4 0.2   
BL1-19b 22.7 13.7 2.4 12.2 4.7 5.9 4.3 13.9 2.0 2.9 2.4 2.4 3.9 0.2 0.0 2.7 1.6 1.6 1.3 0.2   
BL1-20 3.1 6.3 0.0 81.3 3.1 0.0 0.0 3.1 0.0 3.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0     
BL1-21 24.1 14.3 2.9 14.1 2.4 3.1 2.7 17.6 2.0 1.4 4.1 0.6 7.3 0.0 0.0 0.0 2.0 1.4 1.3 0.3   
BL1-floor 15.0 5.0 5.0 55.0 0.0 5.0 5.0 5.0 0.0 5.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0     

Text. – tex�nite, Ulmi. – ulminite, Atr. – atrinite, Dens. – densinite, Liptodet. – liptodetrinite, Cu�n. – cu�nite, Fluor. – fluorinite, Suber. – suberinite, Spor. – 
sporinite, Fungi. – funginite, Inertodetr. – inertodetrinite, VI – vegeta�on index, GWI – groundwater index. stdev – standard devia�on. 
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5. Discussion 

5.1 Maturity 

Huminite reflectance (0.33-0.35 %Rr) and Tmax values (<400 °C in coal samples, avg. 418 °C in 

non-coal layers) show the low maturity of the BL1 seam. This is supported 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 Tutupan 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.  

5.2 Rheotrophic versus ombrotrophic and freshwater versus brackish peat forma�on 

Rheotrophic (low–lying) and ombrotrophic (domed) mires are widespread in Southeast Asia. 

Peat accumula�on 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 dis�nguished based on basic parameters such as ash 

yield and sulphur content (e.g., Gruber and Sachsenhofer, 2001). These parameters are used in 

this sec�on. In following sec�ons, peat types are characterized in more detail based on 

biomarker and petrographic evidence.  

Ash yields in the studied sec�on 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 characteris�c of the BL1 seam 

throughout the Jumbang mine. Low ash yields and low sulphur contents suggest deposi�on in a 

rainwater-fed ombrotrophic mire. 

Slightly increased ash yields near the base of the seam could indicate a transi�on from an ini�al 

rheotrophic to an ombrotrophic se�ng. In the early stages of ombrotrophic mires, when roots 

were s�ll reaching the nutrient-rich substrate, a slight increase in ash yield may also be due to 

uptake of inorganic substances. In some boreholes (5-6, 8-11, 16) not only ash yields, but also 

sulphur contents are increased in the lowermost part of seam BL1U.  
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In several boreholes (e.g., 3, 11, 16 in Fig. 4), but not in the study sec�on (Fig. 5), ash yields are 

also increased near the top of the seam. This may indicate a flooding event that finally 

terminated peat accumula�on. Interes�ngly, 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 sec�on (Fig. 4). The high sulphur 

content in this area is a strong argument for the deposi�on of BL1L in a rheotrophic low-lying 

mire. Here, sulphur content is controlled by sulfate availability of and the presence of sulfate-

reducing bacteria, which is mainly controlled by acidity (e.g., Casagrande, 1987). The observed 

sulphur levels are consistent with deposi�on in a freshwater rheotrophic mire, where high water 

levels resulted in dilu�on of humic acids and an increase in pH. However, given the low ash yield 

of the sulphur-rich coals (Fig. 4) and the coastal deposi�onal 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. 

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 

forma�on of Tutupan seams T110 and T210 in kerapah (inland or watershed) swamps. 

5.3 Nature of the peat–forming vegeta�on as recorded by geochemical data 

The dominance of terrigenous plants in the coal organic mater is reflected in the distribu�on of 

n-alkanes and isoprenoids (Fig. 6). The n-alkane based parameters TAR (~19), Paq (~0.25) 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 ra�os 

(~3.2; e.g., Brooks et al., 1969; Powell and McKirdy, 1973), with the highest ra�os are found in 

the middle part of the seam (13.9-14.9 m).  
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A notable feature of the BL1 coal is the high concentra�on of n-C31 alkanes (Fig. 7), which is 

responsible for very high n–C31+33/n–C27+29 ra�os (average 1.3; Fig. 6). Following Schwark et al. 

(2002) and Zech et al. (2009), the dominance of n-C31 is atributed to the input of grasses and 

herbs.  

Very low di- /(di- + triterpenoids) ra�os (<0.02; Fig. 6) indicate that gymnosperms were rare in 

the peat-forming vegeta�on (cf. Bechtel et al., 2003b). S�ll low, but higher values were detected 

for Miocene coal in the Tutupan mine (0.01-0.12). Morley (2013) suggested that diterpenoid 

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 basinal (or coastal) domed peats. 

Based on this informa�on, Fikri et al. (2022a) postulated the deposi�on 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) ra�os in the BL1 

coals support the deposi�on in a basinal peat growing behind mangrove swamps. This 

interpreta�on is further supported by the postulated near-shore environment.  

Low di- /(di- + triterpenoids) ra�os (0.1-0.07) were also detected in middle and upper Miocene 

coals from the Kutai Basin by Widodo et al. (2009). These authors found a posi�ve rela�on 

between 13C values (-28 to -27 ‰) and the di- /(di- + triterpenoids) ra�os. Thus, the range of 

13C values determined for the BL1 coals (-28.3 to -27.5 ‰), reflects the largely missing 

contribu�on of gymnosperms.  

Among terpenoids derived from land plants, sesquiterpenoids of the cadinane type and 

triterpenoids of the ursane/oleanane type predominate. Cadinanes in present-day peats and 

Miocene coals in Southeast Asia are related to dammar resin produced by the angiosperm 

family Dipterocarpaceae, par�cularly 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; Wüst et al., 2001; van Aarssen et al., 1990, 1994; Widodo et al., 2009; Morley, 2013). A 

posi�ve correla�on between cadinane type sesquiterpenoids and the amount of in-situ resinite 

(r²=0.63) provides addi�onal support for the presence of dammar resin in the BL1 seam. The 
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ver�cal distribu�on of the cadinane type sesquiterpenoids shows an upward increase in the 

upper part of the seam (~9-17 m) with a maximum (98 µg/gTOC) at 15.9-16.9 m (Fig. 6).  

Sequiterpenoids of the elemane type occur in small amounts. They may originate from 

gymnosperms (Oto and Wilde, 2001) or Magnoliaceae (Ding et al., 2019). Since their 

concentra�on shows a nega�ve correla�on with the di- /(di- + triterpenoids) ra�o, a rela�on to 

Magnoliaceae is considered likely. 

The concentra�on of arborane/fernane type triterpenoids is low. Arborane/fernane type 

triterpenoids are atributed to ferns or bacteria (e.g., Hauke et al., 1992). A fern source is 

considered likely because ferns are ubiquitous components of tropical vegeta�on in Southeast 

Asia (Demchuk and Moore, 1993; Morley, 2013).  

Based on the near-shore environment and the virtual 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 dis�nguished six phasic communi�es 

depending on decreasing soil fer�lity and increasing waterlogging. Phase 1 shows similari�es 

with lowland rain forests, phase 2 shows less diversity with abundant Shorea albida, while phase 

3 consists almost en�rely of very large specimens of Shorea albida. Phase 4 and 5 lack emergent 

size trees and phase 5 lacks Shorea albida. Phase 6 represents open woodland or savanna where 

herbs are common (see also Morley, 2013). Given the above biomarker results, it is temp�ng 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–C31+33/n–C27+29 ra�o (indica�ng herbaceous 

vegeta�on) at 17.9-18.9 m to phase 6. Of course, palynological data are needed to support or 

refute this interpreta�on. 
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5.4 Petrography and mire types 

The biomass of the original peat can be inferred from the abundance of specific macerals and of 

maceral ra�os (e.g., Dai et al., 2020). The sum of the leaf–related macerals cu�nite 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 percentages of cu�nite and fluorinite are posi�vely 

correlated in the lower part of the seam (2.2-7.9 m: r²=0.92) and in the upper part (10.9-20.4 m: 

r²=0.63) (Fig. 11), but the ra�o between fluorinite and cu�nite is much higher in the upper part 

of the seam (7.9-20.4 m; Fig. 8). This indicates a change in leaf-forming vegeta�on at 7.9 m 

depth. It may be a coincidence, but some biomarker trends (e.g., Paq, n-C29/n-C27) show a break 

at roughly the same depth (cf. Fig. 6). 

Suberinite is mainly derived from rootlets and occurs in high propor�ons 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.%; average 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 clas�c par�ng near the base of the seam. At least partly, resinite is derived from 

dammar resin (see sec�on 5.3). In contrast to leaf- and root-derived macerals and resinite, 

sporinite is largely absent.  

The propor�on of iner�nite macerals (excl. funginite) is low (1.2-8.6 vol.%; average 3.8 vol.%). 

This indicates that wildfires were very rare and that oxida�on at the peat surface was limited. 

Small amounts of pyrofusinite in the uppermost part of the seam (Fig. 8) were probably wind-

transported. Funginite is an iner�nite maceral derived from fungal remains (0.2–5.4 vol%; 

average 1.6 vol.%). It occurs as unicellular spherical bodies and mul�cellular objects whose size 

can be well over 100 μm (Fig. 9c,d). Substan�al 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, fungal ac�vity played 
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an important role in the decay and decomposi�on of dead plants (Adaskaveg et al., 1991; Hower 

et al., 2011a,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). Although poor agreement 

between petrographic, palynological, and geochemical data has been frequently reported (e.g., 

Wüst et al., 2001; Moore and Shearer, 2003; Dai et al., 2020; Fikri et al., 2022a), the use of these 

indicators is reasonable if all available non-maceral data and the fact that petrographic data 

reflect both changes in primary vegeta�on and degrada�on processes are taken into account 

(Demchuk and Moore, 1993; Wüst et al., 2001; Moore and Shearer, 2003; Fikri et al., 2022a,b). 

In the present paper, the vegeta�on index (VI) and groundwater 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, provided trends rather than absolute values are considered 

(Table 3; Fig. 8).  

VI is the ra�o of preserved �ssues to detrital macerals and is considered a proxy of the 

propor�on of decay–resistant plants.  

VI = (humotelinite + phlobaphinite (in–situ) + fusinite + suberinite + resinite (in–situ)) / 
(detrovitrinite + phlobaphinite (atr.) + gelinite + inertodetrinite + sporinite + cu�nite + 

liptodetrinite + fluorinite + resinite (detr.) + alginite) 

GWI is the ra�o of mineral mater plus gelified macerals to ungelified macerals and is considered 

an indicator of the wetness of the peat (Calder et al., 1991). 

GWI = (ulminite + densinite + collinite + mineral mater*) / (tex�nite + atrinite) 

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

 

The vegeta�on index (VI) is low (0.56–1.90; av. 1.10), reflec�ng moderate decomposi�on 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 
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with geochemical parameters. Only GWI shows a weak posi�ve correla�on with the di- /(di- + 

triterpenoid) ra�os (r²=0.34), which might indicate that gymnosperms, if present, preferred 

moist condi�ons. 

 

 
Figure 11: Plot of fluorinite versus cu�nite percentages. Posi�ve correla�ons exist for both 
samples from the lower part of the seam (2.2-7.9 m; r²=0.92) and samples from the upper part 
(10.9-20.4 m; r²=0.63), but the ra�o of fluorinite to cu�nite is higher in the upper part.   
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5.5 Comparison of Miocene ombrotrophic coals in Kalimantan and the Eastern Alps  

Middle Miocene ombrotrophic coals are widespread in the Warukin Forma�on in Kalimantan, 

which formed during the post-ri�/thermal sag stage of the Asem-Asem and Barito basins (e.g., 

Friedrich et al., 2016). Coals of the same age formed in warm-temperate to subtropical climate 

in small pull-apart basins in the Eastern Alps (Fig. 12a). The coal in the Leoben Basin was formed 

in an ombrotrophic se�ng (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 illustra�on in 

Figure 13. 

 
Figure 12: (a): Posi�on 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 (a�er Gruber and 
Sachsenhofer, 2001).  
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Table 4: Summary of similari�es 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), respec�vely. 

 Jumbang Mine Tutupan Mine  Leoben Mine 

Peat–type ombrotrophic 
(basinal) 

ombrotrophic 
(kerapah) 

ombrotrophic + 
rheotrophic ombrotrophic 

Rank Lignite A Subbituminous C Subbituminous A 
Climate (Friedrich 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 con�nuity high high Restricted 
Seam names BL1 T110, T210 T300 Leoben seam 
Thickness of single seams 20 m up to 50 m 24 m up to 16 m 
Stacked successions (cycles) no yes (up to 5) unclear (2?) no 

Marine/brackish influence Local brackish 
influence in BL1U –– –– –– 

Vegeta�on  
(Morley, 2013) 

Angiosperm trees 
(e.g., Shorea) 

Angiosperm trees (e.g., Shorea) 
(+gymnosperms) ?? 

Gymnosperms  
(Di–/(di- +Tri-)Terpenoids) 

Very rare 
(0.01-0.02) 

Rare 
(0.01-0.12) 

Very rare 
(0.01-0.04) 

High 
(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–C29/n–C27 1.47 (1.20-1.80) 1.39 (0.77–2.33) 3.14 (2.09–4.83) ~1.2 
n–C31+33/n–C27+29 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) 
Degrada�on  
(Vegeta�on Index) 

Moderate  
(1.10) 

Low  
(1.56) 

Low  
(1.26) 

Moderate  
(1.0) 

Water table (GWI) / extent 
of external influx Low (0.35) Low (0.17) Low (0.32) Low (~0.1) 

Resins (in–situ+detrital; 
vol.%) 

Very abundant 
9.3 (2.9-17.3) 

Abundant 
4.1 ( 1.0–19.1) 

Abundant 
4.0 (0.8–9.0) 

Rare 
0.6 (0.0-2.7) 

Cadinane–source Dammar resin 
(dipterocarps) 

Dammar resin 
(dipterocarps) 

Dammar resin 
(dipterocarps) Conifer resins 

Leafs  
(cu�nite+fluorinite; vol.%) 

abundant  
4.3 (0.0–7.7) 

abundant  
4.8 (0.4–13.1) 

abundant  
3.8 (0.6–8.5) 

rare to abundant 
2.6 (0-20.8) 

Roots  
(suberinite; vol.%) 

very abundant 
3.2 (0.0-7.3) 

abundant  
2.6 (0.2–7.0) 

abundant  
2.0 (0.4–4.6) 

rare to abundant 
0.7 (0.0-5.8) 

Alginite –– –– traces –– 
Fungal ac�vity  
(funginite; vol.%) 

high  
1.6 (0.2–5.4) 

high  
1.0 (0.0–3.2) 

high  
1.5 (0.6–2.8) 

Low 
0.2 (0.0-1.2) 

Iner�nite  
(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) 
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Figure 13: Cartoons showing middle Miocene peat forming environments in (a) tropical basinal 

swamp (Jumbang), (b) tropical kerapah swamp (Tutupan) and (c) in subtropical ombrotrophic 

mire (Leoben). Tropical vegeta�on in basinal swamp (phasic communi�es I-VI) according to 

Anderson (1963; 1964), Anderson and Muller (1975) and Morley (2003).  
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5.5.1 Climate and mire types 

The tropical wet climate that prevailed in Kalimantan since Eocene �me (Morley, 2012) favored 

middle Miocene coal accumula�on 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).  

A warm, subtropical climate prevailed in the Eastern Alps during the (early) middle Miocene 

(e.g., Jiménez-Moreno et al., 2008). A rich flora has been described from the Leoben Basin (e.g., 

E�ngshausen, 1888) and the nearby Parschlug Basin (Kovar-Eder et al., 2022; see Fig. 12 for 

loca�on). 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 dis�nct seasonality is indicated for the Leoben area (Cfa 

according to Peel et al., 2007; Kovar-Eder, pers. comm., 2023). We suspect that local clima�c 

condi�ons in the Leoben area may have favoured the forma�on 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 diagene�c siderite 

concre�ons (Fig. 12b). 

Peat accumula�on rates may be influenced by climate. The average present-day peat 

accumula�on rate of tropical peat in Southeast Asia is 1.3 mm/year (e.g., Page et al., 2010), with 

very few data exceeding 4.5 mm/year. However, average ombrotrophic peat accumula�on rates 

in cool climates in northern Europe are in a similar range (0.5-3.5 mm/year; S�vrins et al., 2017), 

indica�ng that ombrotrophic peat growth rates are not necessarily higher in tropical areas. 

5.5.2 Basin type, seam geometry and peat accumula�on rates 

Major differences exist between number, thickness, and lateral con�nuity of seams. The 

Miocene coal seams in Kalimantan formed during the post-ri�/thermal sag stage of basin 

evolu�on (e.g., Friedrich et al., 2016). During this basin stage, faul�ng is minor and subsidence 

o�en moderate, favouring the accumula�on of mul�ple, laterally extensive coal seams. Three 

seams of excep�onal thickness are present at the Tutupan mine (Fikri et al., 2022a) and many 
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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 basins with limited lateral extent (Fig. 12a; 

Sachsenhofer et al., 2003). A single thick seam overlain by sapropelic coals and shales (Fig. 12b) 

is characteris�c of this se�ng characterized 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 equilibrium with peat accumula�on for a long �me. 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 Jumbang or Leoben coals. In case of coals in pull-

apart basins, the high subsidence rates prevent the evolu�on of mul�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 BL1L in the Jumbang mine (Fig. 4; sec�on 5.2) sugges�ng 

deposi�on in a near-shore environment, 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.%. Rela�vely 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 ac�vity rather 

than a brackish environment (Gruber and Sachsenhofer, 2001; Widodo et al., 2010). 

5.5.4 Differences in vegeta�on between tropical and subtropical ombrotrophic mires as 

reflected by geochemical and petrographic data 

Miocene vegeta�on in tropical ombrotrophic mires is dominated by angiosperms, but small 

amounts of gymnosperms are present in kerapah peat (e.g., Anderson and Muller, 1975; Morley, 

2013; Fig. 13a,b). The peat-forming vegeta�on of the Leoben coal is unknown. Considering 

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 vegeta�on with substan�al amounts of 

gymnosperms, rich in shrubs and mosses can be assumed (Fig. 13c). Differences in gymnosperm 
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abundance are clearly reflected in the di–/(di– + triterpenoids) ra�os, which are very low in 

basinal and tropical rheotrophic coal, low to moderately high in kerapah coals, and high in 

subtropical Leoben coals (Table 4, Fig. 13).  

Other geochemical differences include significantly lower Pr/Ph and significantly higher n–

C31+33/n–C27+29 ra�os 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 atributed to 

differences in primary vegeta�on rather than maturity. The Pr/Ph ra�o in the Leoben coal 

occupies an intermediate posi�on. The n–C31+33/n–C27+29 ra�o 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., Shorea) are characteris�c floris�c elements in 

Miocene coals from Southeast Asia. A posi�ve correla�on between cadinane type biomarkers 

and total resinite content for 56 Miocene coals from Kalimantan (r²=0.62) supports the rela�on 

between cadalene and dammar resin in the tropical coals. Therefore, the higher cadinane 

concentra�on and higher resinite percentage in the Jumbang coal compared to the Tutupan coal 

support a higher contribu�on of Dipterocarpaceae in basinal peats. Cadinane type biomarkers 

are also present in the Leoben coal. As dipterocarps 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 composi�on between tropical and subtropical 

ombrotrophic coals (Table 4, Fig. 13). Resinite is significantly more abundant in tropical coals 

than in subtropical coals. This could be due to the absence of dammar resin-producing 

dipterocarps outside the tropical zone. Among tropical coals, the average resinite percentage is 

more than twice as high in basinal compared to kerapah coal. Rootlet-derived suberinite is an 

important cons�tuent in all tropical 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. 
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Funginite is present in significant amounts in tropical 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 amounts in subtropical Leoben coal (average: 0.2 vol.%). This 

indicates that Eh and pH condi�ons were less favourable to fungal ac�vity 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 Jumbang mine (south Kalimantan) was 

threefold. First, to reconstruct the deposi�onal environment of peat in the middle Miocene 

Asem-Asem Basin. Secondly, to compare the middle Miocene peat facies in the Asem-Asem and 

Barito basins based in coal data from the Tutupan mine. Finally, the tropical coals should be 

compared with the subtropical Leoben coal of the same age in the Eastern Alps. 

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 inves�gated using a mul�–method approach 

including analysis of ash yield, carbon and sulphur content, Rock–Eval pyrolysis, organic 

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 

accumula�on in an ombrotrophic mire. According to biomarker data, the vegeta�on was 

dominated by angiosperms, including a large number of dammar resin-producing dipterocarps. 

Biomarkers for gymnosperms are very rare, sugges�ng deposi�on 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 concentra�on of cadinane type 

biomarker and the percentage of resinite are significantly higher in the BL1 seam, which is 

probably related to the abundance od Shorea albida in the basinal mire.  
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The comparison of the tropical ombrotrophic coals (Jumbang, Tutupan) with the subtropical 

ombrotrophic Leoben coal shows that the later contains a significantly 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 funginite show that fungal 

ac�vity was reduced in the subtropical peat. In addi�on, the amount of oxidized plant �ssues 

(iner�nite without funginite) is much lower in the subtropical coal studied.  

Overall, the comparison of the Jumbang, Tutupan, and Leoben coals shows minor differences 

between ombrotrophic coals from kerapah and basinal mires, but major differences between 

tropical coals from Kalimantan and the subtropical ombrotrophic Leoben coal. Further 

inves�ga�ons and a larger database are needed to show whether these differences are site-

specific or general. 
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Abstract 

Eocene to Miocene coals are the most likely source rock for oil in several Indonesian 

sedimentary basins, but the factors controlling their oil poten�al are s�ll poorly understood. 

Deposi�onal environments of rheotrophic coals in the Eocene Tanjung Forma�on and prevailing 

ombrotrophic coals in the Miocene Warukin Foram�on (Barito and Asem-Asem basins in 

southern Borneo) have been studied recently, based on organic geochemical and organic 

petrographic data from more than 150 coal samples. In the present study, we use this wealth of 

informa�on together with new pyrolysis data from solvent-extracted coals, pyrolysis-gas 

chromatography and carbon isotope data to determine the factors controlling the oil poten�al 

of the coals, as well as to correlate different oil families in the Barito Basin to specific coal 

intervals. 

The study revealed that Miocene coals from the Barito Basin (Tutupan mine) and the Asem-

Asem Basin (Jumbang Mine) are immature, while Eocene coals in the Barito Basin (TAJ Pit-1 

mine) reached the stage of early oil genera�on. Both, Eocene and Miocene contain significant 

amounts of heavy, oxygen-rich bitumen components, which form part of the Rock-Eval S2 peak 
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(S2bitumen). This bitumen has a slightly lower thermal stability than the kerogen part is mainly 

derived from resins. 

The type of hydrocarbons generated from Eocene coals (high wax paraffinic oil) and Miocene 

coals (paraffinic-napthenic-aroma�c mixed oil with moderately high wax content) differs 

significantly. It is concluded that the oil type is mainly controlled by the prevailing resin 

producing vegeta�on, this is palms in Eocene coals and dammar resin producing dipterocarps in 

the Miocene coals.  

Two oil families have been dis�nguished in the Barito Basin by previous authors and have been 

termed Tanjung and Warukin families, based on the prevailing reservoir horizons. The 

differences in oil type produced by Eocene and Miocene coals together with differences in bulk 

carbon isotope ra�os allow the correla�on of the Tanjung family with Eocene coals and the 

Warukin family with Miocene coals. Most of the oil detected in the Barito Basin so far belongs to 

the Tanjung family, although the Miocene coals have the higher oil poten�al. However, the 

Miocene coals reach the oil window only in the deepest parts of basin.  

 

Keywords: resinite, oil poten�al, Rock-Eval, Pyrolysis-Gas chromatography, Kalimantan, 

biomarker  

 

Highlights: 

• Amount and origin of resinite control the oil poten�al of coals in Kalimantan 

• Miocene coals from southern Kalimantan produce a high wax paraffinic oil 

• Eocene coals produce a paraffinic-napthenic-aroma�c-mixed oil 

• Differences in oil type are due to changes in Eocene and Miocene vegeta�on 

• Two oil families in the Barito Basin are related to Eocene and Miocene coals 
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1 Introduc�on 

It has long been known that coal is an important source rock for gas deposits (e.g., Lutz et al., 

1975). However, some coal can generate also commercial amounts of liquid hydrocarbons (e.g., 

Durand and Parate, 1983; Horsfield et al., 1988; Hunt, 1991; Clayton et al., 1991; Bojesen-

Koefoed et al., 1996; Newman et al., 1997; Isaksen et al., 1991; Killops et al., 1998; Wilkins and 

George, 2002). Petersen et al. (1998) provided a summary of areas with oil generated from 

coals. According to this list, basins with oil generated from Paleozoic to Mesozoic coals include 

the Tarim, Junggar and Turpan basins in northwest China (Huang et al., 1991; Hendrix et al., 

1995), the Bowen and Eromanga basins in Australia (Thomas, 1982; Khorasani, 1987; Murchison, 

1987), and the Greater Green River Basin in the U.S. (García-González et al. 1997). Basins with oil 

generated from (Upper Cretaceous to) Cenozoic coals include the Beaufort-Mackenzie basins in 

Canada (Snowdon 1980; Snowdon and Powell 1982; Issler and Snowdon 1990), the Niger Delta 

(Bus�n, 1988), as well as the Gippsland and Taranaki basins in Australia and New Zealand 

(Shibaoka et al. 1978; Shanmugam 1985; Johnston et al., 1991; Killops et al., 1994). Petroliferous 

basins in Indonesia sourced by Cenozoic coals include from southwest to northeast the Ardjuna 

(offshore Java), Barito, Kutai (Mahakam Delta), and Tarakan basins (on- and offshore eastern 

Borneo; Fig. 1) (Durand and Oudin 1979; Gordon, 1985; Horsfield et al., 1988; Noble et al., 1991; 

1997). 

Eocene and Miocene coal seams in the Barito and Asem-Asem basins in southern Borneo have 

been studied recently to obtain informa�on on their deposi�onal environment (Fikri et al., 

2022a,b,; Fikri et al., submited). For this purpose, a total of 153 coal samples have been studied 

for bulk parameters (e.g., ash yield, sulphur content, total organic carbon), maceral composi�on, 

and Rock-Eval parameters. Organic geochemical data including biomarker concentra�ons have 

been determined for 76 samples. These inves�ga�ons showed that the coals have been 

deposited in different ombrotrophic and rheotrophic se�ngs and that the coal rank ranges from 

lignite A (Miocene coal in the Asem-Asem Basin) to subbituminous A / high vola�le bituminous C 

coal (Eocene coal in the Barito Basin).  

This paper has two main objec�ves: (i) to use the extensive Eocene and Miocene coal data set to 

inves�gate the effect of maturity, deposi�onal environment and coal composi�on on the oil 
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poten�al of the coals, and (ii) to support source-to-oil correla�on in the Barito Basin. For the 

later purpose, Rock-Eval pyrolysis on extracted coals and pyrolysis-gas chromatography (Py-GC) 

measurements were carried out on selected coal samples and stable carbon isotope ra�os of 

whole coals were determined. 

 

 

Fig. 1. The main on-shore Cenozoic coal-bearing sedimentary basins in SE Asia (from Friederich 
et al., 2016). The Ardjuna, Barito, Kutai and Tarakan basins contain coal-derived liquid 
hydrocarbons (e.g., Doust and Noble, 2008). 
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Fig. 2. (a) Geological map of the Barito and Asem-Asem basins with loca�on of the studied 

Eocene (TAJ Pit-1D) and Miocene coal samples (Tutupan; Jumbang mines) (Fikri et al., 
2022a,b). Oil fields are located in the northern part of the Barito Basin near the Tutupan 
mine. (b) Cross-sec�on through the northern Barito Basin with posi�on of oil fields 
(modified a�er Wibowo and Sutrisno, 2013).  
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2 Geological se�ng 

The southeastern promontory of Eurasia is called Sundaland (Hall and Morley, 2004; Pubellier 

and Morley, 2014) and contains a significant number of coal-bearing Cenozoic basins (Fig. 1). 

Coal occurs in the northern part of Sundaland, but the most significant coal seams formed in 

southern Sundaland (Sumatra and Borneo) (Friedrich et al., 2016).  

The South Sumatra Basin is an Eocene to Oligocene back-arc basin and includes mineable coal in 

the upper Miocene to early Pliocene Muara Enim Forma�on (Amijaya and Litke, 2005; 

Friederich et al., 2016). However, lower delta plain coals also occur in the Oligocene succession 

(Talang Akar Forma�on; Noble et al., 1991). This coal is the main source rock for petroleum 

found in the Ardjuna Basin, NW Java, Indonesia (Gordon, 1985; Horsfield et al., 1988; Doust and 

Noble, 2008). 

Sedimentary basins in eastern Borneo reflect a Middle Eocene extensional regime ini�ated by 

the ri�ing of the Makassar Strait between Borneo and Sulawesi (Daly et al., 1991; Pubellier and 

Morley, 2014; Zahirovic et al., 2014; for loca�on see Fig. 1). This extensional event led to the 

forma�on of NW-SE oriented horst and graben structures (Satyana et al., 1999). Ri�ing ended 

towards the end of the Early Oligocene (Pubellier and Morley, 2014) and basin inversion 

commenced in the middle Miocene.  

The Barito Basin and the Asem-Asem Basin are located in southern Borneo (Figs. 1, 2). The 

sediments in these basins are comparable sugges�ng that they once formed a uniform 

depocenter (Wits et al., 2014). The Cenozoic basin fill includes, from base to top, the Middle 

Eocene to Lower Oligocene Tanjung Forma�on, the Upper Oligocene to lower Miocene Berai and 

Montalat Forma�ons, the middle to upper Miocene Warukin Forma�on, and the upper Miocene 

to Pleistocene Dahor Forma�on (Wits et al., 2012, 2014; Fig. 3). A change in paleocurrent 

direc�ons during the deposi�on of the upper part of the Warukin Forma�on in the Barito Basin 

indicates the middle/late Miocene onset of upli� of the southern part of the Meratus Complex 

and the start of the separa�on of the Barito and Asem-Asem basins (Wits et al., 2014).  
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Fig. 3.  Stratigraphy and lithology of the basin fill in the Barito and Asem-Asem Basin (modified 

after Witts et al., 2012, 2014). 

 

2.1 Coal Geology of the Barito Basin 

Coal seams occur in the Upper Eocene part of the Tanjung Forma�on and in the middle Miocene 

part of the Warukin Forma�on (Friederich et al., 2016). The transgressive Tanjung Forma�on 

includes fluvio-�dal and estuarine deposits containing several-m-thick and laterally extensive 

coal seams (Upper Eocene Tambak Member; Wits et al., 2012). Three coal seams (from base to 

top: D, C, B) are mined in the TAJ Pit-1D mine, where they are 1.4 to 3.4 m thick (Fikri et al., 
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2022b). The seams were deposited in rheotrophic mires with palm/fern–dominated vegeta�on 

(Moore and Ferm, 1992). Transi�ons to local ombrotrophic mires cannot be excluded. Despite a 

general coastal plain se�ng, very low to low sulphur contents (max. 0.9 wt%) speak against a 

marine influence (Fikri et al., 2022b). 

The regressive Warukin Forma�on comprises fluvio-deltaic sedimentary rocks with thick coal 

seams in the Middle Miocene Tapin Member (Satyana et al., 1999; Wits et al., 2012). Three very 

thick coal seams (up to 50 m), exposed in the Tutupan mine, have been studied by Fikri et al. 

(2022a). The two lower seams (T110 and T210) accumulated in ombrotrophic kerapah (inland or 

watershed) mires, while the upper seam (T300), which contains slightly more mineral mater, 

accumulated in a mixed rheotrophic-ombrotrophic mire. The coal seam BL1 in the Jumbang 

mine in the Asem-Asem Basin formed in an ombrotrophic basinal (coastal) mire. The vegeta�on 

in Miocene mires was dominated by angiosperms. A rela�vely high contribu�on of 

gymnosperms, typical for kerapah mires, is only recorded for seams T110 and T210 (cf. Morley, 

2013). All coals are very low in sulphur. However, locally elevated sulphur contents (~1.5 wt.%) a 

lower coal bench in the BL1 seam (BL1L) suggest a brackish water influence. 

Moisture contents and vitrinite reflectance data show that the Eocene coal has a higher maturity 

(subbituminous A / high vola�le bituminous C coal) than the Tutupan coal (subbituminous C) 

and the Jumbang coal (lignite A; Fikri et al., 2022a,b; Fikri et al., submited). Differences in 

geochemical parameters and maceral percentages are summarized in Table 1.  

While all coals contain high amounts of resinite, the maximum amounts are found in 

ombrotrophic Miocene coals. At least part of the resinite in Miocene coals, but not in Eocene 

coals, is derived from dammar resin produced by dipterocarpaceae (Demchuk and Moore, 1993; 

Stankiewicz et al., 1996). Leaf-derived macerals (cu�nite and fluorinite) are also abundant in all 

coals, but more abundant in Eocene than in Miocene coals. In contrast, root-derived suberinite 

occurs in higher percentages in Miocene coals. Fungal ac�vity, recorded by high funginite 

percentages, was high in ombrotrophic and rheotrophic mires both in Eocene and Miocene 

�mes. In contrast to funginite, percentages of other iner�nite macerals are low.  
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Table 1. Summary of similari�es and differences between Eocene and Miocene coals from 

Borneo. Data from the TAJ Pit-1D, Tutupan and Jumbang mines are from Fikri et al. 

(2022b), Fikri et al. (2022a), and Fikri et al. (submited), respec�vely. 

 TAJ Pit-1D Mine Tutupan Mine  Jumbang Mine 
 Eocene Miocene Miocene 

Peat–type rheotrophic ombrotrophic 
(kerapah) 

ombro- + 
rheotrophic 

ombrotrophic 
(basinal) 

Rank Subbituminous A/ 
high vol. bitum. C Subbituminous C Lignite A 

Climate (Morley, 2012) Tropical ever–wet Tropical ever–wet Tropical ever–wet 
Number of economic seams 3 3 1 (-3) 
Seam names D, C, B T110, T210 T300 BL1 
Thickness of single seams Up to 5 m up to 50 m 24 m 20 m 
Stacked successions (cycles) no yes (up to 5) no (unclear) no 
Marine/brackish influence –– –– –– local (bench BL1U) 
Vegeta�on (Moore and Ferm, 
1992; Morley, 2013) Palms/ferns Angiosperm trees (e.g., Shorea) 

(+gymnosperms) 
Angiosperm trees 

(e.g., Shorea) 
Gymnosperms  
(Di–/(di- +Tri-)Terpenoids) largely missing Rare 

(0.01-0.12) 
Very rare 

(0.01-0.02) 
Very rare 

(0.01-0.02) 
CPI  2.0 (1.7–2.6) 4.3 (2.8–6.2) 3.1 (2.2–3.8) 3.7 (3.3–4.8) 
TAR  23.3 (10.8–41.7) 10.4 (5.8–23.4) 19.9 (6.0–38.4) 21.6 (15.9-36.7) 
Paq  0.22 (0.12–0.33) 0.14 (0.05–0.24) 0.08 (0.05–0.11) 0.24 (0.17-0.27) 
n–C29/n–C27 1.79 (1.29–5.08) 1.39 (0.77–2.33) 3.14 (2.09–4.83) 1.47 (1.20-1.80) 
n–C31+33/n–C27+29 0.81 (0.60–1.05) 0.85 (0.17–2.23) 0.67 (0.46–0.91) 1.3 (1.0-2.6) 
Pr/Ph  12.3 (7.7–14.3) 12.8 (5.4–23.6) 6.1 (3.9–8.1) 3.2 (2.2-6.2) 
Degrada�on 
(VI; Calder et al., 1991) 

High  
(0.56) 

Low  
(1.56) 

Low  
(1.26) 

Moderate  
(1.10) 

Extent of external influx  
(GWI; Calder et al., 1991) 

low–high  
(av. 2.16) Low (0.17) Low (0.32) Low (0.35) 

Resins (in–situ+detrital; vol.%) Abundant 
6.5 (3.2–12.7) 

Abundant 
4.1 ( 1.0–19.1) 

Abundant 
4.0 (0.8–9.0) 

Very abundant 
9.3 (2.9-17.3) 

Cadinane–source Non–dammar? Dammar resin 
(dipterocarps) 

Dammar resin 
(dipterocarps) 

Dammar resin 
(dipterocarps) 

Leafs  
(cu�nite+fluorinite; vol%) 

abundant  
6.0 (0.4–15.7) 

abundant  
4.8 (0.4–13.1) 

abundant  
3.8 (0.6–8.5) 

abundant  
4.3 (0.0–7.7) 

Roots  
(suberinite; vol%) 

rare  
0.5 (0.0–1.8) 

abundant  
2.6 (0.2–7.0) 

abundant  
2.0 (0.4–4.6) 

very abundant 
3.2 (0.0-7.3) 

Alginite low (incl. 
Botryococcus) –– traces –– 

Fungal ac�vity  
(funginite; vol. %) 

high 
1.4 (0.2–3.2) 

high  
1.0 (0.0–3.2) 

high  
1.5 (0.6–2.8) 

high  
1.6 (0.2–5.4) 

Iner�nite  
(excl. funginite; vol. %) 0.9 (0.0–2.4) 2.1 (0.0–4.0) 2.3 (0.6–5.0) 3.8 (1.2-8.6) 

HI (mgHC/gTOC) 374 (316-470) 195 (115-331) 226 (133-349) 236 (154-539) 
Tmax (°C) 424 (416-428) 393 (372-411) 381 (371-405) 377 (370-399) 

Oil-type Paraffinic oil, 
high wax 

P-N-A mixed oil, 
high wax 

P-N-A mixed oil, 
high wax 

P-N-A mixed oil, 
high wax? 

CPI - carbon preference index (Bray and Evans, 1961); TAR - terrestrial-aqua�c ra�o (n-C27+29+31/n-C15+17+19) 
(Bourbonniere and Meyers, 1996); Paq- P-aqueous ra�o (n-C23+25)/(n-C23+25+29+31) (Ficken et al., 2000); Pr/Ph – 
pristane/phytane ra�o ((Didyk et al., 1978); VI – vegeta�on index; GWI – groundwater index 
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2.2 Petroleum Geology of the Barito Basin 

Apart from coal, the Barito Basin also contains petroleum (Tanjung-Tanjung petroleum system of 

Doust and Noble, 2008). However, to date only a single large field (Tanjung discovered in 1937; 

~180 MMBOE) and a few smaller oil fields (Kambi�n [1959], Warukin [1965], Tapian Timur 

[1967]), all located in the northern part of the basin near the Tutupan mine, were discovered 

(see posi�on of oil fields in Fig. 2a). A cross-sec�on of the main oil fields together with the 

posi�on of the oil window is shown in Fig. 2b a�er Wibowo and Sutrisno (2013). 

The Tanjung and Kambi�n fields produce from Eocene (Tanjung) sandstones and, in Tanjung, also 

from fractures in the pre-Cenozoic basement (IPA, 1991; Doust and Noble, 2008; Kleibacker et al, 

2015). The Bagok-1 well, drilled in 1986 on the southerly plunging nose of the Kambi�n 

structure, tested oil from Tanjung sandstones, but Tanta-1, drilled on the southern extension of 

the Tanjung an�cline, found small amounts of oil in fractured Oligocene Berai limestone 

(Kusuma and Darin, 1989). The Warukin and Tapian Timur fields produce oil from sandstones in 

the Miocene Warukin Forma�on (IPA, 1991). Traps are provided by thrusted and highly faulted 

an�clinal structures (Doust and Noble, 2008; Fig. 2b).  

3 Material and methods 

The study is based on Eocene coals from the TAJ Pit-1D mine (38 samples) and Miocene coals 

form the Tutupan (93 samples) and Jumbang mines (22 samples). Informa�on on ash yield, TOC 

and sulphur contents, as wells as petrographic data is available in tabular form for all samples in 

Fikri et al. (2022b; TAJ Pit-1D), Fikri et al. (2022a; Tutupan), and Fikri et al. (submited; Jumbang). 

Hydrogen index (HI = S2×100/TOC; mgHC/gTOC) and Tmax (°C) also have also been reported by 

the above authors, but S1 and S2 (mgHC/g rock) as well as bitumen index (BI = 100×S1/TOC) and 

quality index (QI = 100×(S1+S2)/TOC) are reported here for the first �me (Tables 2-4). Organic 

geochemical data for roughly every second sample (TAJ Pit-1D mine: 20 samples; Tutupan: 48 

samples; Jumbang: 8 sample) have also been reported previously (Fikri et al., 2022a,b, 

submited). 

While the study is based mainly on the interpreta�on of data, which became available recently, 

some addi�onal analyses were performed specifically for this study. These analyses include 

Rock-Eval pyrolysis (Espitalié et al., 1977) on nine solvent-extracted coal samples, pyrolysis-gas 
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chromatography (Py-GC) measurements (Horsfield, 1984; 1989; 1997) on five coals samples, and 

stable carbon isotope measurements on 68 whole coal samples. 

Nine coal samples were extracted twice with dichloromethane for 1 h at 75°C and 100 bar in a 

Dionex ASE 350 extractor. A�er each extrac�on step, the solvent was reduced to a total volume 

of 0.5 ml by evapora�on in a Zymark TurboVap 500 closed–cell concentrator. Asphaltenes were 

precipitated from a hexane–dichloromethane solu�on (80:1) and separated by centrifuga�on. 

The hexane–soluble frac�ons were separated into NSO compounds, saturated hydrocarbons, 

and aroma�c hydrocarbons using a Köhnen–Willsch medium–pressure liquid chromatography 

(MPLC) instrument (Radke et al., 1980).  

Rock-Eval pyrolysis was performed on all coal samples using a Vinci Rock-Eval 6 instrument. 

Rock-Eval parameters S2 (amount of hydrocarbons generated during pyrolysis; mgHC/g rock), 

hydrogen index (HI = S2×100/TOC; mgHC/gTOC) and Tmax (°C) of whole coal samples were 

reported by Fikri et al. (2022a,b) and Fikri et al. (submited). The Rock-Eval parameters S1 

(amount of free hydrocarbons; mgHC/g rock), bitumen index (BI = S1×100/TOC; mgHC/gTOC) 

and quality index (QI = [S1+S2]×100/TOC; mgHC/gTOC) are reported here for the first �me. In 

this study, Rock-Eval pyrolysis was repeated on extracted coal samples. The difference between 

the S2 of the unextracted and extracted coal is called as S2bitumen (e.g., Ziegs et al., 2017; Misch 

et al., 2019).  

Pyrolysis gas chromatography (Py-GC) was performed using the Quantum MSSV-2 Thermal 

Analysis System®. Material of the five crushed coal samples was heated in a flow of helium, and 

products released over the temperature range 300-600°C (40K/min) were focussed using a 

cryogenic trap, and then analysed using a 50m x 0.32mm BP-1 capillary column equipped with a 

flame ionisa�on detector. The GC oven temperature was programmed from 40°C to 320°C at 

8°C/minute. Boiling ranges (C1, C2-C5, C6-C14, C15+) and individual compounds (n-alkenes, n-

alkanes, alkylaroma�c hydrocarbons and alkylthiophenes) were quan�fied by external 

standardisa�on using n-butane. Response factors for all compounds were assumed the same, 

except for methane whose response factor was 1.1.  
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Bulk carbon isotope data were determined on 68 coal samples from the TAJ Pit-1D and Tutupan 

mines. Por�ons of each sample (0.4 to 0.7 mg) were packed in �n capsules and burned in excess 

oxygen at 1080°C using an elemental analyzer (Thermo Scien�fic Flesh EA). The CO2 produced 

was analyzed online using a Thermo Scien�fic Delta-V isotopic ra�o mass spectrometer. The 
13C/12C isotope ra�o of CO2 from a sample was compared to a reference ra�o calibrated against 

the PDB standard. The overall reproducibility of the analy�cal procedure is in the 0.1 to 0.2 

range. 

4 Results and Interpreta�on 

4.1 Rock-Eval data of whole coals 

Bulk geochemical parameters of Eocene and Miocene coals are listed in Tables 2-4. Their ver�cal 

distribu�on is shown in Fig. 5. 

4.1.1 Eocene coals (TAJ Pit-1D mine) 

The amount of free hydrocarbons (S1) in coal samples ranges from 2.6 to 9.8 mgHC/g rock (Table 

2). The average S1 of each coal seam increases upwards from 4.2 (seam D) to 5.6 (seam C) and 

6.5 mgHC/g rock (seam B). The BI shows the same trend and increases from 5.7 (seam D) to 8.1 

(seam C) and 8.9 mgHC/gTOC (seam B). S2 (217-343; average 269 mgHC/g rock), HI (316-470; 

average 374 mgHC/gTOC) and QI (321-481; average 381 mgHC/gTOC) are very high and show a 

similar subtle upward increase. Consequently, the highest HI values are observed in samples 

from the upper seam B (average 413 mgHC/gTOC). Tmax values of coal samples are rather 

uniform (424±2.5 °C) and slightly lower than the average Tmax of six non-coal samples 

(430±2.2 °C). 

4.1.2 Miocene coals (Tutupan mine) 

The amount of S1 hydrocarbons (0.4-5.8 mgHC/g rock) and the BI (0.7-10.7; Table 3) in Tutupan 

coals are significantly lower than in Eocene coals. The average values increase again from the 

lower seam T110 (1.4 mgHC/g rock; 2.4 mgHC/gTOC) to the middle seam 210 (1.9 mgHC/g rock; 

3.2 mgHC/gTOC) and to the upper seam T300 (2.7 mgHC/g rock; 5.1 mgHC/gTOC). S2 (54-202; 

average 114 mgHC/g rock), HI (115-349; average 203 mgHC/gTOC) and QI (115-359; average 206 

mgHC/gTOC) do not show a clear depth trend. Tmax values of coal samples show two cluster 

with values around 375 °C and values around 405 °C. Rela�vely high Tmax values prevail in the 
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lower part of the lower seam T110, while low Tmax values dominate in the upper seam T300. 

Non-coal layers typically show higher Tmax values (425 °C). 

4.1.3 Miocene coals (Jumbang mine) 

Jumbang coals contain significant amounts of S1 hydrocarbons (2.8-15.5; average 6.2 mgHC/g 

rock). Consequently, the BI values (5.5-24.8; average 11.6 mgHC/gTOC) are higher than in any 

other studied coal. S2 (79-336; average 126 mgHC/g rock); HI (154-539; average 236 

mgHC/gTOC) and QI (160-564; average 248 mgHC/gTOC) are nearly as high as high as in Eocene 

seams. Tmax values of coal samples are o�en very low (373±2.3 °C). Slightly higher values (390-

400 °C) are limited to the lowermost and uppermost samples. In contrast, Tmax values of non-

coal layers are significantly higher (412-425 °C).  
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Table 2. Bulk parameter of Eocene TAJ Pit – 1D coals. 

Sample Posi�on Ash TOC Sulphur S1 S2 HI BI QI Tmax Resinite 
(Total|Detr.) EOM Asph. NSO S+A δ13C 

 (m a.b.)  (wt% db) (mgHC/g rock) (mgHC/gTOC) (°C) (vol %) (mgHC/gTOC) ‰ 
                  
Mudstone 1.6 88.14 2.3 0.06 0.05 4.5 196   432 0.0 0.0      

B–1 1.4 7.36 71.4 0.34 6.47 301.7 423 9.1 432 427 8.5 5.0 28.9 12.55 11.2 5.1 -26.65 
B–2 1.2 7.51 73.3 0.31 5.77 316.7 432 7.9 440 427 12.7 8.3      
B–3 1.0 9.52 70.2 0.30 6.49 254.3 362 9.2 372 425 7.4 4.2 30.4 13.32 11.7 5.4 -26.57 
B–4 0.8 8.98 72.3 0.26 4.88 294.0 407 6.7 413 426 11.7 8.1      
B–5 0.6 7.29 75.9 0.26 5.74 342.7 452 7.6 459 427 8.6 4.8 33.4 14.89 14.4 4.1 -26.70 
B–6 0.4 11.23 72.8 0.28 9.77 289.5 398 13.4 411 426 9.6 3.8      
B–7 0.2 7.18 72.9 0.36 6.35 303.7 417 8.7 425 425 5.7 3.6 30.1 13.21 12.2 4.7 -26.64 

Mudstone 0 87.62 1.8 0.10 0.04 2.6 142   432 0.0 0.0      
                  

Mudstone 3.6 88.33 1.8 0.24 0.03 2.4 134   431 0.0 0.0      
C–1 3.4 11.89 67.3 0.26 5.99 279.3 415 8.9 424 425 10.6 7.6 34.2 13.81 15.7 4.7 -26.40 
C–2 3.2 7.47 73.1 0.28 5.47 309.0 423 7.5 430 426 7.5 3.0      
C–3 3.0 10.19 71.6 0.27 5.24 327.2 457 7.3 464 428 10.1 6.8 33.8 14.93 14.9 4.0 -26.56 
C–4 2.8 7.07 72.5 0.39 6.98 247.0 341 9.6 350 420 3.2 1.8      
C–5 2.6 5.62 73.4 0.31 5.06 245.9 335 6.9 342 422 4.6 3.8 28.5 12.99 10.3 5.2 -26.18 
C–6 2.4 10.15 70.3 0.36 7.44 303.8 432 10.6 443 426 8.0 4.1      
C–7 2.2 11.81 69.0 0.40 7.93 226.1 328 11.5 339 421 3.4 1.4 35.9 16.14 12.4 7.4 -26.56 
C–8 2.0 29.45 46.3 0.26 5.33 217.3 470 11.5 481 428 8.2 5.6 38.4 15.68 17.6 5.1 -26.42 
C–9 1.8 4.34 74.6 0.34 4.84 253.2 340 6.5 346 422 3.4 2.2      

C–10 1.6 12.80 65.4 0.34 5.26 267.8 409 8.0 417 426 9.2 7.3      
C–11 1.4 5.83 72.8 0.35 4.27 254.4 349 5.9 355 425 4.1 2.5 22.3 10.47 7.5 4.2 -26.18 
C–12 1.2 4.64 74.0 0.36 4.91 245.9 332 6.6 339 423 3.7 3.5      
C–13 1.0 4.64 74.2 0.35 5.77 253.3 341 7.8 349 421 4.7 3.5 29.1 13.67 9.1 6.3 -26.49 
C–14 0.8 7.27 72.1 0.33 5.73 254.5 353 7.9 361 425 5.2 4.0      
C–15 0.6 7.01 73.2 0.32 5.32 279.7 382 7.3 390 427 6.1 4.5 29.3 12.79 12.4 4.1 -26.60 
C–16 0.4 7.08 71.6 0.32 4.72 246.5 344 6.6 351 421 3.6 2.4      
C–17 0.2 6.31 72.9 0.37 5.64 250.5 344 7.7 351 426 7.7 6.5 23.6 11.08 8.7 3.9 -26.40 

Mudstone 0 89.27 3.0 0.21 0.14 7.0 231   426 0.0 0.0      
                  

Mudstone 3.0 86.46 0.6 0.03 0.01 0.5 81   431 0.0 0.0      
D–1 2.8 5.01 76.2 0.72 3.66 266.3 350 4.8 354 428 5.3 4.1 27.7 13.72 10.1 3.9 -26.12 
D–2 2.6 6.86 73.1 0.83 4.29 253.8 347 5.9 353 427 4.4 3.4      
D–3 2.4 9.13 71.5 0.69 3.37 236.1 330 4.7 335 423 6.7 4.9 38.2 17.28 16.0 4.8 -25.63 
D–4 2.2 3.70 76.2 0.57 3.50 269.8 354 4.6 359 427 6.0 4.2      
D–5 2.0 3.81 77.1 0.52 4.05 282.7 367 5.2 372 427 8.3 5.8 48.9 13.48 31.2 4.2 -26.16 
D–6 1.8 10.18 72.1 0.57 3.50 264.1 366 4.8 371 425 5.3 2.6      
D–7 1.6 10.03 71.7 0.56 3.49 237.6 331 4.9 336 425 7.6 5.8 37.7 19.33 13.9 4.5 -26.08 
D–8 1.4 10.68 72.1 0.50 2.60 232.7 323 3.6 327 424 3.6 3.0      
D–9 1.2 9.58 70.9 0.54 3.97 245.9 347 5.6 353 424 6.0 3.5      

D–10 1.0 4.94 75.8 0.38 7.77 311.5 411 10.3 421 416 4.6 1.6 42.4 23.40 15.7 3.4 -25.82 
D–11 0.8 5.80 74.4 0.41 5.78 265.2 356 7.8 364 423 4.5 3.2      
D–12 0.6 6.41 74.9 0.39 4.29 301.3 402 5.7 408 426 7.2 3.6 41.4 19.81 18.1 3.5 -26.06 
D–13 0.4 4.40 74.1 0.44 4.12 233.8 316 5.6 321 423 4.8 4.0      
D–14 0.2 4.71 76.4 0.42 4.81 246.0 322 6.3 328 424 5.0 3.6 46.5 24.45 17.9 4.1 -26.24 

Mudstone 0 95.33 0.4 0.07 0.01 0.4 91   430 0.0 0.0      

TOC – total organic carbon, HI – hydrogen index, BI – bitumen index, QI – quality index, EOM – extractable organic 
mater, Asph. - asphaltenes, S+A – saturated + aroma�c hydrocarbons, a.b. – above base, Tot. – total, Detr. – 
detrital. Data are partly from Fikri et al. (2022b)  
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Table 3. Bulk parameter of Miocene Tutupan coals. 

Sample Posi�on Ash TOC Sulphur S1 S2 HI BI QI Tmax Resinite 
(Total|Detr.) EOM Asph. NSO S+A δ13C 

 (m a.b.)  (wt% db) (mgHC/g rock) (mgHC/gTOC) (°C) (vol %) (mgHC/gTOC) ‰ 
                  

Mudstone 25 88.03 1.8 0.33 0.02 0.9 51   425 0.0 0.0      
T300-1  24 1.54 51.6 0.09 2.02 103.4 201 3.9 204 383 1.6 0.6      
T300-2  23 1.54 50.8 0.09 0.95 84.6 167 1.9 168 402 1.8 0.8 122.4 67.1 52.2 3.1 -28.36 
T300-3 22 88.25 1.4 0.06 0.03 1.2 82   422 0.0 0.0      
T300-4 21 5.03 51.3 0.10 4.38 141.3 275 8.5 284 372 5.7 2.4 235.4 139.8 90.4 5.2 -28.23 
T300-5 20 1.20 52.8 0.07 4.97 166.3 315 9.4 325 374 9.4 1.4      
T300-6 19 1.12 53.6 0.07 5.73 187.0 349 10.7 359 373 9.0 3.0 316.1 190.9 119.7 5.5 -27.85 
T300-7 18 2.09 50.0 0.10 1.70 100.1 200 3.4 204 375 2.6 1.4      
T300-8 17 1.64 48.8 0.10 0.48 64.8 133 1.0 134 403 1.8 1.4 75.8 56.8 16.6 2.5 -28.23 
T300-9 16 13.88 34.4 0.12 2.05 65.1 189 5.9 195 403 5.5 1.4 159.4 81.4 73.9 4.2 -28.27 

T300-10 15 3.69 51.8 0.11 1.67 124.3 240 3.2 243 375 5.0 1.0      
T300-11 14 7.39 45.9 0.11 0.84 72.6 158 1.8 160 405 0.8 0.2 89.4 41.1 45.1 3.2 -28.31 
T300-12 13 6.74 49.1 0.26 1.75 95.1 194 3.6 197 372 2.0 0.2      
T300-13 12 1.73 54.6 0.11 3.03 133.5 244 5.5 250 373 4.0 0.6 162.2 116.2 42.3 3.7 -28.33 
T300-14 11 12.85 41.7 0.09 1.79 84.1 201 4.3 206 373 2.8 0.6 120.7 76.0 40.3 4.4 -28.10 
T300-15 10 15.61 43.1 0.30 1.34 103.9 241 3.1 244 378 4.8 0.8      
T300-16 9 7.69 49.9 0.21 3.26 142.5 286 6.5 292 372 5.9 1.8      
T300-17 8 3.96 53.6 0.10 1.67 76.7 143 3.1 146 371 5.9 1.2 99.8 72.2 25.1 2.6 -29.02 
T300-18 7 1.76 54.6 0.09 4.81 140.5 257 8.8 266 375 3.5 0.4      
T300-19 6 3.69 49.2 0.09 1.64 93.7 190 3.3 194 382 3.3 0.8      
T300-20 5 1.49 49.6 0.09 1.11 92.6 187 2.2 189 399 1.6 0.8 96.9 69.1 24.5 3.3 -28.46 
T300-21 4 1.86 56.1 0.09 4.99 163.4 291 8.9 300 374 6.8 1.6      
T300-22 3 1.68 56.1 0.11 3.45 126.6 226 6.1 232 376 3.0 1.2 105.2 88.0 15.5 1.8 -28.60 
T300-23 2 1.19 60.0 0.08 4.26 161.6 269 7.1 276 375 2.8 0.4      
T300-24 1 1.94 52.5 0.09 3.03 121.8 232 5.8 238 378 3.1 1.8 122.6 85.6 33.7 3.3 -28.44 

Mudstone 0 85.46 2.35 0.04 0.10 2.8 119   416 2.3 0.0      
                  

mudstone  25 89.47 1.31 0.03 0.02 0.9 68   423 0.0 0.0      
T210-1  24 13.55 36.7 0.11 0.96 77.9 213 2.6 215 377 3.5 0.8 254.4 98.9 152.5 3.0 -28.55 
T210-2  23 7.16 49.2 0.10 0.78 76.6 156 1.6 157 407 2.2 1.4      
T210-3 22 1.60 56.8 0.10 0.64 77.2 136 1.1 137 403 5.0 1.6 93.7 57.9 33.7 2.1 -27.46 
T210-4 21 1.21 60.9 0.07 5.58 201.2 331 9.2 340 377 19.2 8.7 179.3 103.4 73.7 2.2  
T210-5 20 1.31 56.4 0.08 1.17 114.1 202 2.1 204 379 3.8 1.4     -27.80 
T210-6 19 1.14 55.7 0.07 0.70 92.1 165 1.3 167 387 4.3 2.0      
T210-7 18 1.14 58.3 0.07 1.93 121.8 209 3.3 212 375 4.2 2.6 180.3 90.4 86.8 3.0 -28.02 
T210-8 17 1.24 63.1 0.07 4.83 189.8 301 7.6 308 377 5.7 2.0 219.5 131.3 84.5 3.7 -27.94 
T210-9 16 1.26 58.2 0.08 0.77 92.5 159 1.3 160 405 1.0 0.8      

T210-10 15 1.26 61.1 0.06 1.41 120.4 197 2.3 199 378 1.2 0.6      
T210-11 14 1.70 58.9 0.08 1.21 109.5 186 2.1 188 376 3.6 2.0 126.8 109.2 16.1 1.6 -28.02 
T210-12 13 1.22 59.3 0.08 1.20 104.2 176 2.0 178 403 3.6 2.2      
T210-13 12 1.34 60.5 0.08 1.86 119.0 197 3.1 200 375 2.0 0.8 164.1 92.2 68.6 3.3 -28.22 
T210-14 11 1.22 61.1 0.08 3.59 154.6 253 5.9 259 374 2.0 0.8      
T210-15 10 1.24 59.3 0.08 1.59 109.4 185 2.7 187 376 2.4 1.6 129.1 72.9 53.5 2.7 -27.97 
T210-16 9 1.32 60.6 0.08 5.07 162.6 268 8.4 277 372 4.9 1.2      
T210-17 8 1.28 59.8 0.08 2.27 148.8 249 3.8 253 374 2.8 1.0 186.4 119.7 63.5 3.2 -27.97 
T210-18 7 1.26 59.6 0.08 1.03 93.4 157 1.7 158 397 2.0 1.0      
T210-19 6 0.98 59.0 0.07 0.93 110.7 188 1.6 189 399 2.2 1.0 77.0 65.3 10.1 1.6 -28.58 
T210-20 5 1.05 59.6 0.07 0.91 114.8 193 1.5 194 392 2.6 1.2      
T210-21 4 1.19 61.2 0.09 3.03 154.3 252 4.9 257 374 3.8 0.8 216.9 116.8 94.8 5.4 -27.87 
T210-22 3 1.08 60.8 0.08 1.50 108.9 179 2.5 181 378 1.6 0.6      
T210-23 2 1.30 54.2 0.11 1.49 93.3 172 2.7 175 397 2.4 0.4     -28.40 
T210-24 1 14.15 40.7 0.17 1.05 77.7 191 2.6 194 403 3.0 0.4 110.3 79.1 27.6 3.6 -28.17 

Mudstone 0 88.90 1.18 0.02 0.03 1.6 131   364 1.6 1.6      
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Table 3. (con�nued) 

Sample Posi�on Ash TOC Sulphur S1 S2 HI BI QI Tmax Resinite 
(Total|Detr.) EOM Asph. NSO S+A δ13C 

 (m a.b.)  (wt% db) (mgHC/g rock) (mgHC/gTOC) (°C) (vol %) (mgHC/gTOC) ‰ 
                  

Mudstone 47 91.13 0.73 0.04 0.01 0.6 89   372 0.0 2.8      
T110-1 46 5.19 53.5 2.03 4.10 143.8 269 7.7 276 375 1.0 3.7 214.7 118.7 92.7 3.3 -27.63 
T110-2 45 1.44 62.8 0.12 4.07 185.3 295 6.5 301 378 1.4 3.2 139.2 53.5 83.9 1.8 -27.60 
T110-3 44 1.12 63.8 0.10 3.03 174.5 273 4.7 278 376 2.0 5.5      
T110-4 43 1.12 62.7 0.09 1.09 144.5 230 1.7 232 377 2.1 4.5 133.0 68.8 62.0 2.3 -27.94 
T110-5 42 1.18 59.7 0.12 3.20 156.4 262 5.4 267 376 3.2 6.9      
T110-6 41 1.12 62.7 0.10 1.18 130.4 208 1.9 210 392 2.6 4.3 182.4 80.1 99.0 3.2 -27.24 
T110-7 40 1.08 61.9 0.09 0.92 105.1 170 1.5 171 399 3.1 5.6      
T110-8 39 1.16 60.7 0.09 0.65 85.0 140 1.1 141 401 2.1 6.8 108.5 63.8 42.6 2.0 -27.45 
T110-9 38 5.87 55.3 0.13 1.79 123.0 222 3.2 225 377 3.1 5.7      

T110-10 37 1.18 60.8 0.10 1.70 123.0 202 2.8 205 403 3.9 5.6 110.2 81.0 26.1 3.1 -27.60 
T110-11 36 1.33 58.1 0.09 0.80 90.6 156 1.4 157 384 2.9 6.9      
T110-12 35 0.98 62.5 0.10 1.08 100.5 161 1.7 163 404 2.1 3.1 172.6 60.8 107.8 4.0 -26.81 
T110-13 34 0.98 62.5 0.11 2.25 151.4 242 3.6 246 382 2.9 4.6      
T110-14 33 0.96 60.8 0.09 1.32 105.8 174 2.2 176 401 4.1 6.4 99.0 95.1 2.0 1.9 -27.23 
T110-15 32 1.04 60.5 0.10 1.28 114.2 189 2.1 191 399 1.6 3.3      
T110-16 31 0.92 63.1 0.08 4.19 195.3 310 6.6 316 376 2.9 6.8 260.6 114.6 140.1 6.0 -27.22 
T110-17 30 1.02 60.7 0.08 1.56 138.1 228 2.6 230 379 3.3 6.1      
T110-18 29 1.02 59.0 0.09 0.77 99.5 169 1.3 170 405 3.1 4.7 65.2 51.8 11.6 1.8 -27.37 
T110-19 28 1.05 60.4 0.10 1.33 126.5 209 2.2 212 383 3.2 8.0      
T110-20 27 1.10 60.5 0.09 2.15 138.6 229 3.5 233 377 3.3 7.6 254.1 135.7 113.0 5.4 -27.58 
T110-21 26 1.37 58.8 0.09 1.52 105.5 179 2.6 182 403 2.2 7.8      
T110-22 25 0.64 59.5 0.08 1.17 107.5 181 2.0 182 401 1.7 4.6 157.5 75.1 79.0 3.4 -27.65 
T110-23 24 0.60 58.9 0.08 0.96 109.9 187 1.6 188 405 2.2 6.1      
T110-24 23 0.61 61.5 0.09 1.03 106.8 174 1.7 175 404 1.2 2.5 106.8 76.7 28.1 1.9 -27.25 
T110-25 22 4.27 51.7 0.08 0.75 87.2 169 1.5 170 399 0.6 1.9      
T110-26 21 2.78 53.3 0.08 1.29 105.9 199 2.4 201 398 1.6 3.7 116.1 101.7 11.9 2.5 -28.03 
T110-27 20 1.58 60.4 0.09 1.43 136.5 226 2.4 228 384 2.4 5.3      
T110-28 19 2.08 57.2 0.10 1.98 108.3 189 3.5 193 404 1.8 3.9 92.6 68.3 21.3 3.1 -27.74 
T110-29 18 2.56 54.2 0.10 1.27 100.3 185 2.3 187 402 0.4 2.8      
T110-30 17 1.17 59.1 0.09 1.26 113.8 193 2.1 195 401 1.6 3.0 126.0 83.0 40.8 2.2 -27.78 
T110-31 16 1.73 58.4 0.09 0.70 83.4 143 1.2 144 400 1.6 3.0      
T110-32 15 1.10 59.4 0.08 1.40 114.8 193 2.3 196 401 2.4 4.4 116.8 76.2 37.9 2.7 -28.16 
T110-33 14 1.18 59.3 0.09 0.90 91.4 154 1.5 156 405 2.0 3.1      
T110-34 13 2.08 54.2 0.10 0.42 66.7 123 0.8 124 408 1.2 2.0 117.0 59.5 54.1 3.4 -28.08 
T110-35 12 1.28 58.2 0.10 0.61 73.9 127 1.0 128 406 2.0 2.8      
T110-36 11 1.32 59.2 0.10 1.14 99.3 168 1.9 170 406 1.6 3.3 76.4 61.5 11.3 3.6 -27.90 
T110-37 10 3.03 51.7 0.09 0.71 91.6 177 1.4 178 404 2.6 4.6      
T110-38 9 1.69 53.0 0.10 0.83 84.7 160 1.6 161 405 1.4 3.4 125.4 61.2 58.5 5.8 -28.28 
T110-39 8 2.35 54.5 0.10 1.29 97.3 178 2.4 181 406 0.8 1.4      
T110-40 7 2.24 56.6 0.10 2.49 111.5 197 4.4 202 405 1.2 2.2 98.6 68.6 25.9 4.1 -28.42 
T110-41 6 2.81 55.4 0.12 1.24 88.9 160 2.2 163 404 0.8 1.4      
T110-42 5 2.37 56.4 0.13 0.43 80.9 144 0.8 144 408 1.2 2.9 69.6 45.3 21.2 3.1 -28.16 
T110-43 4 6.04 47.8 0.16 0.40 54.8 115 0.8 115 411 0.6 1.2      
T110-44 3 15.91 38.7 0.14 0.50 59.6 154 1.3 155 408 2.0 2.4 71.7 52.4 16.6 2.7 -28.14 
T110-45 2 3.22 54.5 0.13 0.94 99.2 182 1.7 184 405 1.2 2.6      
T110-46 1 1.16 59.3 0.10 1.00 101.4 171 1.7 173 403 1.2 3.6 78.6 54.3 19.9 4.4 -28.09 

Mudstone 0 92.78 0.61 0.01 0.01 0.3 55   421 0.0 0.0      

Data are partly from Fikri et al. (2022a).  
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Table 4. Bulk parameter, resinite percentages and bulk isotope data of Miocene Jumbang coals. 

Sample Posi�on Ash TOC Sulphur S1 S2 HI BI QI Tmax Resinite 
(Total|Detr.) EOM Asph. NSO S+A δ13C 

 (m a.b.)  (wt% db) (mgHC/g rock) (mgHC/gTOC) (°C) (vol %) (mgHC/gTOC) ‰ 
                  

Mudstone 20.4 89.07 0.73 0.02 0.02 0.3 39   425 0.0 0.0      
BL1-2 19.9 2.12 49.3 0.10 3.25 83.5 170 6.6 176 390 10.2 5.9     -27.86 
BL1-3 18.9 1.85 52.7 0.09 6.65 114.9 218 12.6 231 371 11.1 5.0      
BL1-4 17.9 2.13 54.9 0.08 10.51 226.8 413 19.1 432 375 16.0 6.3 441.0 431.5 8.5 0.9 -27.99 
BL1-5 16.9 2.11 56.4 0.10 7.14 114.1 202 12.7 215 370 7.5 5.0      
BL1-6 15.9 1.94 55.3 0.09 11.08 171.7 310 20.0 330 372 17.2 6.6 301.6 288.5 11.8 1.2 -27.81 
BL1-7 14.9 3.17 54.1 0.14 7.15 126.6 234 13.2 247 372 14.6 8.4      
BL1-8 13.9 2.68 52.3 0.12 9.15 133.6 255 17.5 273 371 9.0 3.6 273.6 263.9 8.4 1.3 -27.82 
BL1-9 12.9 2.08 54.0 0.11 9.21 147.1 272 17.0 289 370 10.8 5.8      

BL1-10 11.9 2.90 51.3 0.11 6.36 94.4 184 12.4 196 374 9.3 6.8 221.4 213.7 6.6 1.1 -27.54 
BL1-11 10.9 2.81 51.1 0.11 3.18 78.6 154 6.2 160 378 7.5 4.4      
BL1-12 9.9 2.91 48.5 0.11 4.01 111.3 229 8.3 238 371 11.6 5.4 231.8 227.3 3.9 0.6 -27.68 
BL1-13 8.9 3.20 49.3 0.08 4.31 90.9 184 8.7 193 374 8.8 2.1      
BL1-14 7.9 2.18 52.6 0.09 3.87 99.7 189 7.4 197 376 11.3 6.0     -28.06 
BL1-15 7.4 2.45 51.3 0.09 3.25 104.8 204 6.3 210 371 6.5 2.9      

BL1-16a 6.4 2.14 51.2 0.10 2.84 84.2 164 5.5 170 376 5.0 2.5 217.2 209.7 6.4 1.1 -28.04 
BL1-16b 6.2 7.54 51.3 0.09 5.23 123.3 240 10.2 250 371 9.4 3.5      
BL1-17 5.4 1.90 52.5 0.10 5.26 96.8 185 10.0 195 372 2.9 2.4     -28.22 

BL1-18a 4.4 1.94 53.0 0.09 6.04 122.1 230 11.4 242 375 7.6 4.5      
BL1-18b 4.2 2.26 62.4 0.07 15.45 336.2 539 24.8 564 373 17.3 10.4 305.4 300.8 4.2 0.4 -28.26 
BL1-19a 3.2 4.52 55.4 0.16 4.81 108.2 195 8.7 204 395 3.1 1.8      
BL1-19b 2.2 3.82 55.6 0.15 3.63 105.4 190 6.5 196 395 4.9 2.9 246.0 238.5 5.4 2.0 -27.74 

Mudstone 1.2 92.56 2.27 0.01 0.13 4.5 196   412 3.1 3.1      
BL1-21 1 8.77 45.2 0.14 4.21 103.1 228 9.3 238 399 3.5 1.4     -27.70 

Mudstone 0 91.55 2.13 0.01 0.17 4.5 209   419 5.0 5.0      

Data are partly from Fikri et al. (submited).  
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Fig. 4.  Depth plots of ash yield, total organic carbon (TOC) and sulphur contents together with 

Rock-Eval parameters and isotope ra�os of bulk organic carbon. Note different depth 

scales for Miocene and Eocene coal seams. 
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4.1.4 Shape of Rock-Eval pyrograms 

Pyrograms of Eocene coals show a unimodal, largely symmetrical S2 peak with a maximum at 

about 425 °C (Fig. 5a). In contrast, pyrograms of low-rank Miocene coals are more diverse and 

vary considerably, even within a single seam (Fig. 5b-e). They show either unimodal S2 peaks at 

~370 °C (e.g., T210-04) or ~400 °C (e.g., T210-02), unimodal S2 peaks with a clear “shoulder” 

(e.g., T300-22), or a bimodal S2 peak (e.g., T300-09).  

 

 

Fig. 5.  Pyrograms of (a) Eocene samples and of Miocene samples from seams (b) T-110, (c) T-

210, (d) T300, and (e) BL1. The pyrograms show a unimodal peak, peaks with a strong 

shoulder, or a bimodal peak. The given temperatures are corrected pyrolysis 

temperatures. Nine samples which were selected for Rock-Eval pyrolysis a�er extrac�on 

are highlight by an arrow. 
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4.2 Rock-Eval data of extracted coals 

Two Eocene (D-1, C-3) and seven Miocene coals have been selected for Rock-Eval analysis on 

extracted coals. The Miocene coals include three samples with dis�nct bimodal S2 peaks (T210-

24; T300-09; T300-14) and four samples with a unimodal S2 peak and low Tmax. Two of these 

samples (BL1-4, BL1-20) have symmetric S2 peaks, while the other samples have S2 peaks with a 

mild (T210-04) or a strong shoulder (T300-22; Fig. 6), respec�vely.  

Each sample was extracted twice. The amount of the extractable organic mater (EOM) of the 

original coal and the extracted coal is listed in Table 5. The amounts and the composi�ons of the 

first and second extract are shown graphically in Fig. 6d. It can be seen that the amount of 

extract decreased significantly a�er the first extrac�on. It is also evident that the second extract, 

unlike the first one, contains almost no NSO compounds. 

Rock-Eval parameters of the original samples (S2, HI, Tmax) are listed in Table 5 together with S2 

and Tmax a�er the first and second extrac�on. S2bitumen has been calculated using the data a�er 

the second extrac�on. The effects of the second extrac�on on the shape of the pyrograms are 

small (Fig. 6a,b).  

The S2 peak of the extracted Eocene coals (Fig. 6a) is about 30 % lower than that of the original 

coal, but the Tmax is similar. The change in the shape of the S2 peaks suggests that thermally 

labile compounds have been extracted. S2bitumen of Eocene coals is about 85 mgHC/g rock. 

Major changes are evident in the pyrograms of Miocene coals (Fig. 6b,c). In coals with bimodal 

S2 peaks, the low Tmax peak disappeared completely (Fig. 6b). For samples with a unimodal S2 

peak, S2 decreased significantly during extrac�on (by more than 60 % in T210-04 and BL-20) and 

Tmax increased to values between 407 and 415 °C (Table 5). S2bitumen in Miocene coals ranges 

from 16 to 208 mgHC/g rock.  
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Table 5. Rock-Eval parameters of coal samples before (original coal) and a�er extrac�on. 
 original coal a�er first extrac�on a�er second extrac�on 

Sample TOC S1 S2 HI Tmax EOM S2 Tmax EOM S2 S2bitumen Tmax 
 wt% mgHC/g rock mgHC/gTOC °C mg/gTOC mgHC/g rock °C mg/gTOC mgHC/g rock °C 

BL1-04 54.9 10.5 226.8 413 375 441.0 116.7 407 13.2 96.3 130.5 409 
BL1-20 62.4 15.5 336.2 539 373 305.4 158.8 410 26.7 131.5 204.7 414 

T300-09 34.4 2.05 65.1 189 403 159.4 58.6 414 26.1 48.8 16.3 413 
T300-14 41.7 1.79 84.1 201 373 120.7 48.3 417 17.1 40.3 43.8 416 
T300-22 56.1 3.45 126.6 226 376 105.2 67.1 408 13.8 64.1 62.5 407 
T210-04 60.9 5.58 201.2 331 377 179.3 72.8 409 15.0 76.1 125.1 411 
T210-24 40.7 1.05 77.7 191 403 110.3 52.9 416 19.3 49.1 28.6 415 

C-3 71.6 5.2 327.2 457 428 86.4 234.5 429 10.9 240.1 87.1 428 
D-1 76.2 3.7 266.4 350 428 70.8 175.4 428 10.5 183.8 82.6 429 
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Fig. 6. Pyrograms of selected (a) Eocene and Miocene (b) Tutupan and (c) Jumbang coals 

showing the shape of the S2 peak before and a�er extrac�on with an organic solvent. (d) 

Amount and composi�on of extracts from Eocene and Miocene coals (first and second 

extract). 
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4.2 Pyrolysis-gas chromatography (Py-GC) 

Two Eocene and three Miocene samples from the Tutupan mine have been selected for open-

system Py-GC analysis. The pyrolysis gas chromatograms show significant differences between 

Eocene and Miocene coals (Fig. 7). In contrast, the variability between samples with the same 

age are minor, despite of varying HI values and varying amounts of resinite.  

Fig. 8a shows the carbon chain lengths distribu�on of the samples ploted in the Petroleum Type 

Organofacies triangle of Horsfield (1989). For further molecular descrip�on of the organic 

mater structure (phenol abundance, aroma�city, organic sulphur abundance) the triangular 

plots of Larter (1984) and Eglinton et al. (1990) are shown in Figs. 8b and 8c, respec�vely.  

The pyrolysis products of Eocene and Miocene samples differ significantly. Based on the 

distribu�on of chain lengths of n-alkenes and n-alkanes, it is likely that Eocene coals will 

generate a paraffinic oil with high wax content, while Miocene coals will generate a high wax 

paraffinic-naphthenic-aroma�c (P-N-A) mixed oil (Fig. 8a).  
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Fig. 7. Gas chromatograms of pyrolysis products of (a) Eocene and (b) Miocene coals.  

 

In the scheme of Larter (1984), both Eocene and Miocene coals plot in that part of the broad 

field for terrestrial organic mater where phenol is high (Fig. 8b), but the propor�on of phenol, 

typical of land plant lignocellulosic pyrolysis products (van de Meent et al., 1980; Vu et al., 

2008), is slightly lower for Eocene coals.  

The propor�on of thiophenes is low in products from all coals, while the concentra�on of n-C9 is 

higher and the concentra�on of o-xylene is lower in pyrolysates from Eocene coals. Therefore, 

Eocene and Miocene coals plot in the diagram a�er Eglinton et al. (1990) into the field of Type II 

and Type III kerogen, respec�vely (Fig. 8c). 



 

183 

 
Fig. 8. Screening data from pyrolysis gas chromatography for the most important source-rock 

units: (a) normal alkyl chain length distribu�on (petroleum type a�er Horsfield, 1989), (b) 

phenol abundance (diagram a�er Larter, 1984) and (c) sulphur discriminator (Eglinton et 

al., 1990).  

 

4.3 Stable carbon isotopes 

Stable carbon isotope (δ13C) ra�os of bulk organic carbon in Eocene coals fall into the range of -

26.70 ‰ to -25.63 ‰. Organic carbon in Miocene is isotopically lighter (-29.04 to -26.81 ‰).  
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5 Discussion 

In the discussion of the hydrocarbon poten�al of Indonesian Cenozoic coals, both maturity and 

facies aspects have to be considered. 

5.1 Maturity  

As tes�fied by moisture content (~35 wt.% H2Oaf) and vitrinite reflectance (0.33-0.35 %Rr), the 

Miocene lignite from the BL1 seam from the Jumbang Mine (Asem-Asem Basin) is the studied coal 

with the lowest rank (Fikri et al., submited). In the Tupupan Mine (Barito Basin), rank of Miocene 

coals increases from the upper seam T300 (26.3 wt.% H2Oaf; 0.36 %Rr) to the lower seam T110 

(18.8 wt.% H2Oaf; ~0.40 %Rr; Fikri et al., 2022a). The Eocene coals from the TAJ mine in the 

Barito Basin have a slightly higher maturity (3-4 wt.% H2Oaf; 0.52-0.59 %Rr; Fikri et al., 2022b). 

Thus, the coals cover the maturity range of diagenesis (<0.40 %Rr) to early catagenesis (0.40-

0.55 %Rr) according to Vu et al. (2009; 2013). The higher rank of Eocene coals is also supported 

by rela�vely high Tmax values (416-428; average 424 °C; Fig. 4; Table 2).  

Sykes and Snowdon (2002) proposed a series of diagrams to determine the maturity and source 

poten�al of coals. According to these diagrams, Eocene coal is at a maturity stage corresponding 

to the onset of oil genera�on (Fig. 9a), while oil expulsion or even gas genera�on has not yet 

occurred (Fig. 9c).  

Low Tmax values (≤411 °C) show that Miocene coals from the Jumbang and Tutupan mines are 

immature (Fig. 9). The Tmax values of the coals from both mines vary considerably and form 

clusters with Tmax values around 370 to 380 °C and at ~400 °C, with BL1 coals tending to have 

the lower Tmax values in both clusters. This reflects the lower maturity of the BL1 coals, which is 

also supported by on average higher S1 contents and bitumen index (BI=100*S1/TOC) values 

(Figs. 4, 9a). However, Tmax values of solvent-extracted coals are similar for Jumbang (409-

414 °C) and Tutupan coals (407-416 °C; Table 5). 
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Fig. 9.  Source potential of coals: Position of Miocene and Eocene coals in plots of Tmax versus 

(a) bitumen index (BI), (b) hydrogen index (HI) and (c) quality index (QI; after Sykes and 

Snowdon, 2002). 

5.2 Presence and origin of in-situ bitumen 

The shape of S2 peaks from Miocene coals varies greatly (Fig. 5). Within single seams, 

symmetrical peaks (with Tmax between 370-380 or 390-410 °C), strongly asymmetrical peaks or 

even bimodal peaks can be observed. Such variability may show the presence in-situ bitumen, 

which contributes to the S2 peak (S2bitumen; e.g. Peters et al., 1981). This assump�on is 

supported by the results of solvent-extracted Miocene coals, which show significantly reduced 

S2 peaks with increased and more uniform Tmax values (407-416 °C; Fig. 6). The results of 

solvent-extracted Eocene coals demonstrate that significant amounts of S2bitumen also exist in 

these slightly more mature coals. The presence of high amounts of heavy bitumen components 

in immature coals, especially in the lignite stage, has been observed by previous studies (e.g., 

Bechtel et al., 2005; Vu et al., 2009). 

A good posi�ve correla�on exists between S2bitumen and the percentage of resinite macerals 

(r²=0.72), which is even stronger if only detrital resinite is considered (r²=0.84; Fig. 10a). In-situ 

resinite (r²=0.41) and liptodetrinite (r²=0.47) show moderate posi�ve correla�ons, while other 
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lip�nite macerals do not show any correla�on with S2bitumen. It should be noted that the 

correla�on coefficients between S2bitumen and detrital resinite (r²=0.89) and liptodetrinite 

(r²=0.69) are even higher, if only Miocene coals are considered. In any case, the results suggest 

that the amount of in-situ bitumen is mainly controlled by the amount of (detrital) resinite. A 

posi�ve correla�on between S2bitumen and cadinene (r²=0.72 for Miocene coals) further supports 

the significant role of resins on the amount of in-situ bitumen. 

 

Fig. 10. Plot of resinite percentages versus (a) S2bitumen and (b) hydrogen index. The posi�ve 

correla�ons suggest a dominant role of resins for the amount of heavy bitumen 

components and the hydrocarbon poten�al. 
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A general trend can be observed that with increasing original Tmax, the total EOM (Fig. 11a) and 

its asphaltene content (Fig. 11b) decrease. The amount of NSO compounds in Tutupan and 

Eocene coals shows a similar trend, but immature BL1 coals contain very low amounts of NSOs 

(see Table 4 and Fig. 6d). This suggests that the S2bitumen bitumen frac�on is composed of heavy, 

probably oxygen-rich compounds with a slightly lower thermal stability to the kerogen part.  

 
Fig. 11.  Plot of Tmax versus extractable organic mater (EOM) content with descrip�on of the 

shape of the pyrograms. For samples with a double-peak pyrogram, the values of both 

peaks are shown. 

The fate of the in-situ bitumen in low rank coals and its contribu�on to hydrocarbon genera�on 

is not completely understood, as pointed out by Vu et al. (2008). Perhaps, the bitumen simply 

contributes in an addi�ve sense to the petroleum genera�on poten�al (e.g. Schenk et al., 1997). 

Alterna�vely, the in-situ bitumen may be progressively made insoluble by reac�ons with the 

kerogen (e.g., Levine, 1993). In any case, pyrolysis experiments of whole coal and extracted coal 

showed that the presence of bitumen during pyrolysis enhanced the oil yield of coals (Vu et al., 

2008).  
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5.3 Hydrocarbon poten�al and type of generated hydrocarbons 

The posi�on of the Eocene coals in the diagram of HI versus Tmax (Fig. 9c) shows that these 

coals are highly oil-prone. Pyrolysis-GC data show that the coals will generate a low-sulphur 

paraffinic oil with high wax content (Fig. 8a). The source poten�al index 

(SPI=thickness*[S1+S2]*bulk density/1000) was introduced to provide an es�mate on the 

amount of hydrocarbons which can be generated under a surface area of 1 m² (Demaison and 

Huizinga, 1991). Considering the average genera�on poten�al of Eocene coals (S1+S2: 274 

mgHC/g rock), an average density of 1.32, and thickness of 7.6 m (net coal thickness in the TAJ 

mine), the SPI is es�mated as 2.75 t/m².  

Miocene coals are also oil-prone, but probably will generate a high wax paraffinic-naphthenic-

aroma�c (P-N-A) mixed oil (Figs. 8a, 9c), as they generate a remarkably broad range of 

naphthalenic compounds besides the usual phenolic and paraffinic compounds. Naturally, the 

thickness of coal seam in the Miocene Warukin Forma�on changes laterally. But, considering the 

net coal thickness in the Tutupan mine (94 m), the average genera�on poten�al (116 mgHC/g 

rock), and a density of 1.32, shows the theore�cally enormous big SPI (~16 t/m²). 

The pyrolysis products of the Oligocene Talang Akar coal in the Ardjuna Basin (Horsfield et al., 

1988) are similar to those from the Miocene coal in the Barito Basin, but differ significantly from 

those from Eocene coals. Indeed, the field of high P-N-A mixed oil (cf., Fig. 8a) was defined 

originally by Horsfield (1989) based on Talang Akar coal.  

5.4 Factors controlling different oil types 

Stankiewicz et al. (1996) performed a detailed study on macerals concentrates from Eocene and 

Miocene coals from southeastern Kalimantan (Asem-Asem basin), which are comparable in rank 

and deposi�onal environment to the Miocene BL1 coal and the Eocene coals inves�gated in the 

present paper. Pyrolysis-GC-MS results obtained on resinite concentrates from Miocene coals 

show very strong peaks of 1,6-dimethylnaphthalene, cadalene and other cadinene monomers 

characteris�c for dammar resins (Stankiewicz et al., 1996; cf. van Aarssen et al., 1990; 1994), 

apart from moderate amounts of C6-C32 n-alk-1-enes/n-alkanes pairs. In contrast, the pyrolyzate 

of resinite concentrates from Eocene coals was of a strongly alipha�c nature with a minor 

amount of cadelene, which is typical for non-dammar resins.  
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Resinite contents are high in Eocene (5.3-10.1 vol.%) and Miocene coals (3.0-19.2 vol.%) 

inves�gated in the present study for Py-GC. Thus, the diversity and high concentra�ons of 

naphtalenes in pyrolyzates from Miocene coals reflect the origin of the resins from dammar-

producing diterocarapceae in Miocene coals (e.g. Fikri et al., 2022a), while the very high amount 

of n-alk-1-enes/n-alkanes in pyrolyzates from Eocene coals reflects the origin of the resins from 

the palm and fern dominated vegeta�on of the Eocene (e.g. Moore and Ferm, 1992; Morley, 

2013; Fikri et al., 2022b; see also Table 1). This suggests that the different oil types are strongly 

related to the change in vegeta�on between the Eocene and the Miocene, while different mire 

types do not play a significant role. 

5.5 Factors controlling the hydrocarbon poten�al of Eocene and Miocene coals 

An in-depth inves�ga�on of the factors controlling the petroleum poten�al of Paleogene and 

Neogene coals from different Indonesian basins has been performed by Davis et al. (2007). 

These authors inves�gated 432 coal samples and found a very poor correla�on between 

hydrogen index (HI) and lip�nite content, but a beter rela�onship between HI and petrographic 

indices for �ssue preserva�on/degrada�on. They also observed an increase in HI with increasing 

rank. 

Since Eocene and Miocene coals generate oil with significant chemical differences, the controls 

on hydrocarbon poten�al are discussed separately for coals with different ages. This approach 

also avoids difficul�es related to the higher maturity of the Eocene coals. 

As expected, moderate posi�ve correla�ons are obtained between HI and (total) resinite 

percentages, both for Eocene (r²=0.50) and Miocene coals (r²=0.36). In case of Miocene coals, 

the rela�vely poor correla�on is mainly due to seam T110 in the Tutupan mine (r²=0.17), while 

the coefficients for seams T210 and T110 (r²=0.42) and the BL1 seam (r²=0.48) are significantly 

higher. In case of Eocene coals and the Miocene seams T210/300 the correla�on is beter for in-

situ resinite (r²=0.54 and 0.49, respec�vely) than for detrital resinite (r²=0.21 and 0.17, 

respec�vely). No such rela�on is observed for the BL-1 seam, where correla�on coefficients are 

similar for both in-situ (r²=0.36) and detrital (r²=0.39) resinite. This is remarkable in that the 

bitumen content is mainly controlled by detrital resinite.  



 

190 

The special role of resinite in the oil poten�al of coals was also noted by Snowdon (1991), who 

found that resinite yields oil at rela�vely low maturity. Horsfield et al. (1988) inves�gated the 

Oligocene Talang Akar coal in the Ardjuna Basin. These authors noted that the early formed oil 

from resinite may be essen�al for oil expulsion, as it has the capability of satura�ng pores and 

surfaces by oleophilic chemical species.  

In contrast to resinite, HI is neither related to other abundant macerals of the lip�nite group 

(e.g., rootlet-derived suberinite; leaf-derived cu�nite and fluorinite), nor the sum of lip�nite 

macerals. This shows the predominant role of resins for the hydrocarbon poten�al of the 

studied coals.  

This rela�on is apparently also supported by a posi�ve correla�on between cadinane 

concentra�ons and HI (r²=0.55). However, if Eocene (r²=0.12) and Miocene (r²=0.26) are 

considered separately, the correla�on coefficients are much lower. Hence, the good correla�on 

observed for the en�re sample set probably simply reflects the significantly higher cadinane 

concentra�ons in Eocene coals with high HI values. 

Interes�ngly, for Miocene coals the correla�ons between BI and resinite (r²=0.55) and BI and 

cadinane (r²=0.63) are beter than for HI. These correla�ons, however, are poor for Eocene coals, 

reflec�ng either the different plant origin of resins in Eocene coals or – more likely - their higher 

maturity.  

Davis et al. (2007) observed a rela�on between the degree of degrada�on (e.g. detrovitrinite 

index) and HI. Using the en�re sample set from the present study, a correla�on coefficient of 

r²=0.40 is observed. However, no correla�on is observed, if Eocene (r²=0.01) and Miocene coals 

(r²=0.10) are inves�gated separately. Thus, the correla�on is probably an apparent correla�on 

reflec�ng the higher HI of Eocene coals and the higher degree of plant degrada�on in the 

Eocene rheotrophic peats. 
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5.6 Oil-source correla�on in the Barito Basin 

Oil in the Barito Basin is produced from the Eocene Tanjung Forma�on and the pre-Cenozoic 

basement (e.g., Tanjung Field). In the Warukin and Tapian Timur fields, oil is also produced from 

the Miocene Warukin Forma�on (IPA, 1991; Doust and Noble, 2008). Moreover oil shows occur 

in the Berai Forma�on (Tanta-1) and in oil seeps (Kusuma and Darin, 1989). All oils recovered 

from wells and surface seeps in the Barito basin are similar in having high wax contents and high 

pristane/phytane ra�os, proving a terrigenous origin of the oils (Kusuma and Darin, 1989; Doust 

and Noble, 2008; Kleibacker et al., 2015). 

Despite of the similari�es, differences in carbon isotope ra�os allow the dis�nc�on of an 

isotopically heavy Tanjung oil family and an isotopically light Warukin oil family (Kusuma and 

Darin, 1989). The difference between 13C values from both families is about 2 ‰ (Table 6). In 

addi�on, the wax contents of Tanjung oils is significantly higher (22-25 vol.%) than that of 

Warukin oils (7-13 vol.%; IPA, 1991; Table 6). Thus, it is not surprising that a major paraffin 

problem occurs in the Tanjung field (e.g., Wibowo and Sutrisno, 2013).  

Table 6. Bulk and isotope data from oil samples from the Barito Basin (IPA, 1991; Kusuma and 

Darin, 1989) 

Borehole Formation Oil Gravity 
(API) 

Pour 
Point (°C) 

Wax  
(% Vol.) Borehole Formation δ13Caro 

(‰) 
δ13Csat 

(‰) 
Warukin oil family          
Warukin Selatan-1 Warukin 28.0 4.0 7.0 Warukin Selatan-17 Warukin -27.8 -30.3 
Warukin Tengah-1 Warukin 30.3 24.0 11.2 Warukin Selatan-19 Warukin -27.9 -30.4 
Tapian Timur-1 Warukin (Zone-B) 39.0 24.0 12.8 Tapian Timur-13 Warukin -28.0 -30.5 
     Tapian Timur-14 Warukin -28.1 -30.2 
     Tanta-1 Berai  -30.6 
Tanjung oil family          
Tapian Timur-1 Tanjung (Zones C-D) 38.8 30.0 22.4      
Kambitin-2 Tanjung Z-710 39.5 38.9 23.6 Kambitin-2 Tanjung -26.2 -28.5 
Tanjung-1 Upper Tanjung 40.1 40.6 22.4 Tanjung-58 Tanjung -26.0 -28.6 

Tanjung-1 Low. Tanjung &  
Pre-Cenoz. 39-41 42.2 24.6 Tanjung-76 Tanjung -26.5 -28.4 

Tanjung-1 Low. Tanjung &  
Pre-Cenoz.  40.1-41.5 39.0  Bagok-1 Tanjung  -28.3 

 

A good fit exists between the predicted petroleum type generated from Eocene (paraffinic oil 

with very high wax content) and Miocene coals (P-N-A oil with moderately high wax; Fig. 8a) and 

the character of the high-wax Tanjung oils and the less waxy Warukin oils (Table 6). In addi�on, 
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in correspondence to the Tanjung and Warukin oils, Eocene coals have less nega�ve 13C values 

(-26.3 ‰) than Miocene coals (13C: -28.0 ‰).  

Consequently, the new results provide addi�onal support to the assump�on that the Tanjung 

field was sourced by Eocene coals, while Warukin oil was produced by Miocene coals (Kusuma 

and Darin, 1989).  

The small amount of oil detected so far in the Warukin Forma�on is probably related to the fact 

that the Miocene coals hardly reach the oil window in the depocenter of the basin (Kusuma and 

Darin, 1989, Fig. 2b).  

6 Conclusions 

Indonesian coals are well-known for their oil poten�al. This study focuses on Eocene and 

Miocene coals from southern Kalimantan (Borneo) and was undertaken to determine the factors 

controlling the oil poten�al and to support oil to source correla�ons. The main results are 

summarized in the following: 

• Miocene coals from the northern Barito Basin (Tu�pan mine) and the southern Asem-

Asem Bain (Jumbang Mine) are immature, while Eocene coals in the Barito Basin (TAJ-1 

mine) reached the stage of early oil genera�on. 

• Miocene and Eocene coals contain significant amounts of heavy, oxygen-rich bitumen 

components, which are mainly derived from resins. 

• Miocene coals generate a paraffinic-napthenic-aroma�c mixed oil with (moderately) high 

wax content, while Eocene coals generate a high wax paraffinic oil. This difference is 

atributed to the different resin-producing plant in the Miocene (dammar-producing 

dipterocarps) and the Eocene (mainly palms). 

• The HI of the coals is mainly controlled by the resinite content. Other abundant lip�nite 

macerals (e.g., cu�nite, suberinite), the degree of plant degrada�on or the peat-type do 

not play any discernable role. 

• Oil in the Eocene Tanjung Forma�on (and in the pre-Cenozoic basement) was generated 

from Eocene coals, while oil in the Miocene Warukin Forma�on was generated from 

Miocene coals.  



 

193 

• Mainly due to the very large thickness of Miocene coal seams, the oil poten�al of coal in 

the Warukin Forma�on is higher than that of coal in the Eocene Tanjung Forma�on. 

However, since Miocene coals have only reached the oil window in the deepest parts of 

the basin, only a small amount of Warukin oils has been detected so far.  
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1. n-Alkanes and aliphatic compound list of Tutupan coal 

A. n-Alkanes 

Name RT 
Farnesane 28.86 
n-C14 30.13 
i-C16 32.81 
n-C15 34.23 
n-C16 38.12 
Norpristane 40.1 
n-C17 41.83 
Pristane 42.22 
n-C18 45.37 
Phytane 45.85 
n-C19 48.73 
n-C20 51.94 
n-C21 55.02 
n-C22 57.96 
n-C23 60.77 
n-C24 63.49 
n-C25 66.1 
n-C26 68.61 
ISTD 70.19 
n-C27 71.04 
n-C28 73.42 
n-C29 75.75 
n-C30 77.21 
n-C31 78.78 
n-C32 80.08 
n-C33 83.01 
n-C34 86.08 
n-C35 88.83 
n-C36 92.01 
 

 

 

 

 

 

B. Aliphatic Compound 

Name RT 
Drimene 31.35 
Drimane? + additional compound? 31.47 
Drimane 31.70 
Drimane 31.75 
Eudesmane 33.17 
Cadinene 33.44 
Cadinane 33.85 
Cadinane 33.93 
Drimane 34.72 
Homodrimane 35.05 
Cadinane 35.22 or 35.19 
Longipolene 35.40 
Cadinene 36.41 
Cadinene 36.59 
Homodrimane 37.33 
Sanderacopimarane? 48.70 
Pimarane 49.32 
b-phyllocladane? 50.94 
des-A-Lupane 58.76 
des-E-hopane 60.74 
17a Trisnorhopane ('TM) 68.04 
C27 b-Hop 68.71 or 68.65 
Neohop-13(18)-ene 70.33 or 70.27 
Olean-13(18)-ene 70.44 or 70.38 
Olean-12-ene 70.54 
Olean-18-ene 70.85 or 70.77 
Urs-12-ene 71.24 or 71.22 
C30 ab-Hop 71.79 
C29 bb-hop 72.18 or 72.14 
C30 ba-Hop 72.55 
C31 ab-Hop(S) 73.71 
C31 ab-hop(R) 74.11 or 74.02 
C30 bbHop 74.89 or 74.78 
C32 ab-Hop(S) 75.47 
C32 ab-Hop('R) 75.90 
C31 bb-Hop 77.76 
C33 ab-Hop(S) 77.90 
C33 ab-Hop(´R) 78.42 
ISTD 60.67 
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2. Aromatic compound list of Tutupan coal 
Name RT  Name RT 

Dimethylnaphthalene 32-34  Retene 54.36 
Dimethyl Naphthalenes (DMN) 33.14  Methylpenanthrene 54.63 

Dihydrocurcumene 33.73  Corannulene? Dicyclopento-(cd, mn)-
pyrene? 55.08 

Acenaphthylene? 34.05  ? 56.20 
b-Cadinene 35.33  ? 56.39 

Cis-Calamene? Or Trans-Calamene? 35.47  des-A-arbora-triene or des-A-
aboratriene? 58.16 

Tetramethyl-tetrahydronaphtyl 36.20  Tetramethyl-octahydro-chrysene 59.27 

Calamenene or Cis-Calamene? 36.33  des-E-D:C-frido-25-norhopa-5,7,9-
triene? 59.55 

6-(1-Ethylpropyl)-1,2,3,4-
tetrahydronaphthalene 37.13  Trimethyl-tetrahydro-chrysenes (?) 

Monoaromatic 8,14 seco-oleanane 63.18 

Tetrahydronaphthalene 37.80  Monoarom. Hopanoid (?) 64.34 
Cadinatriene? 37.90  Diaromatic 8,14 seco-oleanane 64.85 
1-(1,1-Dimethylethyl naphthalene) 38.18  ? Dinorlup a triene  66.82 
Curcumene/Dimethylethylnaphthalene 38.21  ? 67.54 
Tetramethylnaphla 39.6 - 42.6  Norarbora(ferna)-triene 67.75 
Cadalene 40.81  Norarbora(ferna)-triene 67.93 

Tetra-MN 42.40  Monoaromatic 8,14 fernane derivate 
(?) 68.40 

Phenanthrene 43.76  dinorursa-1,3,5(10),7,9-tetraene 70.00 
Alkyl-benzene 46.06  ? 70.33 

Hexahydroretene 46.30  Dinoroleana-tetraene (?) ?? Maybe 
Norlanosta(eupha)hexaene 70.98 

MP 46.75-47.53  Dinorabora(ferna)tetraene or Tetranor-
lupa-heptaene? 71.38 

Norabiete-triene 47.85  Tetramethyl-octahydropicene 72.78 
19-Norabieta-tetraene 48.56  Tetramethyl-octahydropicene 73.05 
18-Norabieta-tetraene 48.91  Tetramethyl-octahydropicene 73.27 
Dimethylphenanthrene 50.11  Lanosta(eupha)hexaene 74.00 
Dimethylphenanthrene 50.26  Lanosta(eupha)hexaene? 74.30 
Dimethylphenanthrene 50.50  Dinorarbora(ferna)-pentaene 75.08 
Dehydroabietane 50.68  ? 76.7-77.36 
Fluoranthene 50.88  Benzohopane C32 81.20 
Pyrene/Methylbenzene 52.16  Benzohopane C33 83.72 
Simonellite 52.42  Benzohopane C34 85.97 
diaromatic-totarane 53.27  ISTD 57.35 
Retene 53.66    
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3. Probabilistic approach of cyclicity Tutupan coal seam 

 

Probabilistic range of ages (x 1000) for peat accumulation (500,000 scenario runs/iterations) 

Interval 
Coal thickness (m) Decompaction ratio Accumulation rate 

(mm/yr) 
Low Best High Low Best High Low Best High 

Seam T110 46 46 46 3.3 3.5 11 0.5 1.3 4.5 
Seam T210 24 24 24        
Seam T110_per_cycles 6 7 13        
Seam T210_per_cycles 6 7 8        
            
Seam T110 46 46 46 3.3 3.5 11 0.2 1.3 4.5 
Seam T210 24 24 24        
Seam T110_per_cycles 6 7 13        
Seam T210_per_cycles 6 7 8        
            
Seam T110 46 46 46 3.3 3.5 11 0.2 1.3 6.25 
Seam T210 24 24 24        
Seam Cycles 6 8.5 13             

          

Interval 
Result Deterministic 

Result 
  

P10 P50 P90 Max Min   
Seam T110 73.5 132.2 259.9 841 35.5 115-125   
Seam T210 38.3 69.0 135.6 439 19.4 60-65   
Seam T110_per_cycles 13.5 24.8 49.4 192 5.9 15-35   
Seam T210_per_cycles 11.1 20.1 39.7 146 5.1 15-35   
            
Seam T110 72.5 136.2 319.3 1966 35.8 115-125   
Seam T210 37.8 71.1 167.0 973 18.4 60-65   
Seam T110_per_cycles 13.3 25.5 60.5 364 5.7 15-35   
Seam T210_per_cycles 10.9 20.7 48.8 327 5.2 15-35   
            
Seam T110 58.4 119.2 316.5 #### 23.9 115-125   
Seam T210 30.5 62.2 164.9 995 13.8 60-65   
Seam Cycles 10.8 22.7 61.1 421 3.8 15-35   
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4. n-Alkanes and aliphatic compound list of TAJ Pit-1D coal 

A. n-Alkanes 

Name RT 
Farnesane 27.69 
n-C14 29.53 
i-C16 31.21 
n-C15 32.62 
n-C16 36.50 
Norpristane 38.43 
n-C17 40.18 
Pristane 40.59 
n-C18 43.70 
Phytane 44.19 
n-C19 47.04 
n-C20 50.23 
n-C21 53.29 
n-C22 56.23 
n-C23 59.04 
n-C24 61.73 
n-C25 64.35 
n-C26 66.83 
n-C27 69.24 
n-C28 71.56 
n-C29 73.89 
n-C30 76.03 
n-C31 78.18 
n-C32 80.17 
n-C33 82.11 
n-C34 84.18 
n-C35 86.55 
n-C36 88.26 
ISTD 68.39 
 

 

 

B. Aliphatic Compound 

Name RT 
Drimene 31.50 
Drimene 32.36 
Drimane 32.53 
Longifolane 33.46 
Eudesmane 34.11 
Isopatchoulane 34.50 
Cadinane 34.79 
Cadinane 34.92 
Homocadinane 36.09 
Homodrimane 38.45 
Pimarane 50.33 
a-phyllocladane 51.46 
des-E-hopane 61.56 
ISTD 69.48 
17a-Trisnorhopane(TM) 68.98 
C27-b-Hopane 69.62 
C29-Neohop-13(18)ene 71.10 
C29-ab-Norhopane 71.20 
? 71.35 
? 71.58 
Olean(18)-ene 72.06 
C29-ba-Normoretane 72.16 
C30-ab-Hopane 72.79 
C30-ba-Moretane 73.65 
C31-ab-Hop(S) 74.89 
C31-ab-Hop(R) 75.15 
C30-bb-Hop_or_Methylhopane? 76.04 
C32-ab-Hop(S) 76.75 
C32-ab-Hop(R) 77.16 
C32-ba-Hop? 78.24 
C32-ab-Hop(S) 64.34 
C32-ab-Hop(R) 64.83 
C33-ab-Hop(S) 67.26 
C33-ab-Hop(R) 68.00 
C34-ab-Hop(R) 69.82 
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5. Aromatic compound list of TAJ Pit-1D coal 
Name RT  Name RT 

a-cedrene 34.64  Dimethylphenanthrenes 52.04 
Cadinatriene 34.74  Dimethylphenanthrenes 52.39 
Curcumene 34.74  Pyrene+Benzo(b)naphthofuran 53.24 
? 36.08  Trimethylphenanthrenes 55.65 
Tetramethyl-(1,1,5,6)-
tetrahydronaphthalene?? 
Tetramethyl-tetrahydro-naphthalene 

37.00  ISTD 58.18 

Calamenene 37.15  des-A-seco-noroleana-tetraene 58.89 
? Dibenzofuran 37.20  ? 59.71 
Trimethylnaphthalenes 37.53  ? 60.03 
Trimethylnaphthalenes 37.97  des-E-D,C-frida-25-norhop-5,7,9-triene 60.39 
Trimethylnaphthalenes 38.11  Benzo(a)anthracene+? 60.57 
Trimethylnaphthalenes 38.43  ? 61.31 
Trimethylnaphthalenes 38.59  ? 61.36 
Eudalene 39.08  5-methyl-chrysene 63.51 
Trimethylnaphthalenes 39.25  5-methyl-chrysene 63.71 
Tetramethylnaphthalenes 40.11  Trimethyl-(3,3,7)-Tetrahydrochrysene 63.79 
Tetrahydrocadalene 40.40  Monoaromatic hopanoid 64.90 
Tetramethylnaphthalenes 40.76  ? 68.59 
Cadalene 41.65  ? 68.88 
Tetramethylnaphthalenes 42.02  ? 69.44 
Tetramethylnaphthalenes 42.13  Dinor(24,25)arbora(ferna)-5,7,9-triene 70.83 
Tetramethylnaphthalenes 42.62  diarom.secobicadinane 71.18 
Tetramethylnaphthalenes 43.39  ? Norlanosta(eupha)hexaene 71.81 
Tetramethylnaphthalenes 43.63  diarom.secobicadinane 71.93 
Methyl-cadalene 44.89  Dinorarbora(ferna)tetraene 72.16 

Phenanthrene 45.00  ? 4,8-diethyl-1,5-dimethyl-
dicyclopenta(a,d)benzene 72.25 

1,4-dimethyl-7-(1-methylethyl)-Azulene 47.17  ? 72.41 
3-Methylphenanthrenes 47.81  Tetramethyl-octahydropicene 73.32 
9-Methylphenanthrenes 48.21  Tetramethyl-octahydropicene 73.72 
1-Methylphenanthrenes 48.42  Tetramethyl-octahydropicene 74.01 
Norabieta-triene 
(have 2nd compound) is Methyl-cadalene 48.70  Dinorarbora(ferna)pentaene 75.27 

2-Methylphenanthrene 49.99  lanosta(eupha)hexaene 76.10 
Dimethylphenanthrenes 50.69  Dinorarbora(ferna)pentaene 76.19 

Dimethylphenanthrenes 50.79  Nor(25)arbora(ferna)pentaene or 
Dinoroleanapentaene 76.96 

Tetrahydro-selene 51.07  ? Trimethyl-(2,2,9)-tetrahydropicene 78.55 
Dimethylphenanthrenes 51.26  BenzohopanesC32 82.73 
Dimethylphenanthrenes 51.36  BenzohopanesC33 85.32 
Dimethylphenanthrenes 51.42  BenzohopanesC34 87.72 
Dimethylphenanthrenes 51.61  BenzohopanesC35 90.82 
Fluoranthene 51.94    
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6. n-Alkanes and aliphatic compound list of Jumbang coal 

A. n-Alkanes 

Name RT 
farnesane 26.94 
nC14 28.32 
iC16 30.98 
nC15 32.47 
nC16 36.25 
Norpristane 38.20 
nC17 39.93 
Pristane 40.30 
nC18 43.43 
Phytane 43.91 
nC19 46.77 
nC20 49.97 
nC21 53.02 
nC22 55.95 
nC23 58.76 
nC24 61.45 
nC25 64.04 
nC26 66.54 
nC27 68.95 
nC28 71.28 
nC29 73.46 
nC30 75.68 
nC31 77.78 
nC32 79.82 
nC33 81.80 
nC34 83.77 
nC35 86.14 
nC36 88.82 
ISTD 68.11 
 

 

 

 

 

B. Aliphatic Compound 

Name RT 
Longifolene 29.88 
Cadinane 30.03 
Longifolane 30.36 
Eudesmane 30.87 
Longifolane 30.96 
Elemane 31.32 
Muurolane 32.69 
Drimane 32.82 
Drimane 32.95 
Longifolane 33.14 
Drimane 33.46 
Longifolane 33.61 
Longifolane 34.08 
Cadinane 34.73 
Pimarane 35.40 
Pimarane 35.72 
Drimane 38.75 
Drimane 38.97 
C20-diterpane 48.78 
Pimarane 48.80 
Cadinane 53.12 
Cadinene 55.70 
phyllocladane 56.04 
phyllocladane 56.42 
phyllocladane 56.74 
des-E-hop 57.36 
C27b-hop 59.38 
Oleanene? 62.87 
Olean-12(18)-ene? 69.40 
Neohopane 69.70 
urs-12-ene 69.83 
Olea-13(18)-ene 69.93 
? 70.38 
Urs-12-ene 70.60 
C32hop1 71.08 
C32Hop2 71.92 
C32Hop3 73.17 
C32Hop4 73.38 
C32Hop5 77.03 
ISTD 60.20 
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7. Aromatic compound list of Jumbang coal 
Name RT 

CIS-calamene 35.03 
Calamene 35.86 
xx-tetrahydro-naphthalene 36.65 
tetrahydrocadalene 37.42 
Curcumene 37.75 
1-(1,1-Dimethylethyl-naphthalene) 38.76 
Alkyl-benzene 39.20 
Calamanene 39.83 
Cadalene 40.36 
Cadalene2 40.60 
Isopropyl-dimethyl-azulene 42.43 
Diisopropyl-naphthalene 42.57 
Cadinatriene 43.45 
Hexahydroretene 45.90 
Norabiete-triene2 47.35 
19-Norabiete-tetraene 48.09 
? 48.32 
18-Norabiete-tetraene 48.45 
DMP 50.21 
Alkyl-benzene3 53.21 
? 54.89 
des-A-arbora-triene 57.63 
Tetramethyl-octahydro-chrysene 58.77 
Tetramethyl-octahydro-chrysene 59.08 
Monoaromatic8,14,seco-oleanane 62.64 
Monoaromatic-hopanoids 63.80 
? 65.19 
? 65.35 
?Dinorlupatriene 66.31 
?Dinor-oleana(ursa)-triene 67.03 
Norabora(ferna)-triene 67.18 
Norabora(ferna)-treine2 67.39 
Arbora(ferna)triene+?? 67.86 
Dinorursa-1,3,4,(10),7,9-tetraene 69.46 
Dinoroleana-tetraene? 69.68 
Dinoroleana-tetraene? 70.38 
Dinorarbora(ferna)tetraene 70.78 
Tetramethyl-octahydropicene 72.10 
Tetramethyl-octahydropicene2 72.34 
Tetramethyl-octahydropicene3 72.56 
Dinoarbora(ferna)-pentaene 74.29 
Benzohopanes 76.10 
ISTD 56.83 
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8. Pyrolysis-GC results of five coal samples 
Sample T300-09 T300-22 T210-04 C-3 D-1 

 µg/g sample 
C1 9030 11799 12542 18324 19399 
C2-C5 Total 11799 15506 19156 30241 26211 
C6-14 Total 23128 28947 37211 65758 61561 
C15+ Total  32957 44636 92002 146819 121731 
            
C1-5 Total 20829 27305 31697 48565 45610 
C1-30+ Total 76914 100888 160910 261141 228902 
GOR* Total 0,37 0,37 0,25 0,23 0,25 
            
C6-C14 Resolved 16364 22545 28813 49430 47208 
C15+ Resolved 14652 18572 38966 58155 45373 
            
C1-30+ Resolved 51845 68422 99476 156151 138191 
GOR* Resolved 0,67 0,66 0,47 0,45 0,49 
Isoprenoids  
iC18 29 51 75 112 128 
Prist-1-ene 29 75 324 0 87 
Prist-2-ene 156 165 217 56 80 
Aromatics  
Benzene 309 390 395 390 516 
Toluene 711 950 1817 1143 1222 
Et-Benzene 133 202 424 252 274 
m+p Xylene 448 696 703 1179 1092 
Sulfotyrosyl (Styr) 115 136 269 0 164 
o-Xylene 193 281 348 400 324 
Phenol 1749 2302 2041 2646 3387 
o-Cresol 500 654 715 1541 2024 
m+p Cresol 1038 1429 1364 2174 2705 
Naphthalene 100 130 139 85 110 
2-methylnaphthalene 118 144 200 261 232 
1- methylnaphthalene 47 90 124 224 244 
Sum dimethylnaphthalene 971 1701 3808 2718 1171 
Tetra-methylnaphthalene 123 212 381 291 53 
           
Sum monoaromatic 
hydrocarbon 1909 2655 3957 3363 3592 

Sum diaromatic 
hydrocarbon 1360 2278 4652 3579 1811 

Sum phenols 3287 4384 4120 6361 8116 
Sulphur compounds  
Thiophenes 83 84 101 357 352 
2-methylthiophene 0 0 0 0 0 
3-methylthiophene 80 107 131 355 302 
2,5-dimethylthiophene 0 0 713 0 0 
2,3-dimethylthiophene 9 12 8 56 45 
            
Σ alkylthiophenes 89 120 851 411 346 
*GOR: C1 to C5/C6 to C30+     
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