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Abstract
The well-developed coal and shale bearing sequence belong to the Tikak Parbat Formation (Oligocene) of the Makum Coal-
field have been studied to understand the paleoclimate and depositional conditions through organic petrography, palynofacies, 
and mineralogy. The depositional settings of the studied formation range from mildly oxic-to-anoxic deltaic forest to limnic 
swamp environmental conditions. Both are marked by high vitrinite (~ 66.86 vol. %), with significant liptinites (7.26–34.46 
vol. %) and low inertinite (≤ 4.77 vol. %). Similarly, palynofacies indicate high phytoclasts, with amorphous organic matter 
and few palynomorphs (mostly spores and pollens). These suggest dependence of higher plant organic matter (OM) on floral 
precursors likely controlled by the combination of depositional conditions, i.e., water level, temperature, salinity, etc. The 
dominance of terrestrial land plants as major OM source indicates high water level in the peat. In addition, the geochemical 
plot of MgO/Al2O3 and  K2O/Al2O3 and occurrences of framboidal pyrite and other carbonate mineral phase point towards 
non-marine to marine environment. The high  K2O and MgO in shales indicate periodic marine water incursion, perhaps 
due to sea-level rise. Samples mostly having 1–10 salinity and some have > 10 also specifies transitional environment. The 
inorganic matters (IM) within the sediments were mostly derived from mixed felsic igneous rocks of granodiorite and granite 
compositions and had experienced moderate-to-strong weathering which reveals change in climatic conditions during the 
Oligocene epoch. This study suggests existing of multiple phase environmental transformations during the deposition of 
coal and shale bearing sequence and further leads to the accumulation of diversified plant species and with sufficient basinal 
thermal maturity.
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Introduction

The Tikak Parbat Formation (younger part of the Barial 
Group) in the Makum Coalfield of the Upper Assam Basin 
of India has become a research interest for many scientists 

as the formation contains thick coal and shale beds in the 
younger part of the Barial Group (Raja Rao, 1981; Ahmed, 
1996; Biswas et al. 2020). The basin is also long been known 
as one of the major onshore petroleum-producing regions 
of India and the bulk of the oil production is from clastic 
reservoirs belonging to the Barail (Oligocene) and Tipam 
(Miocene) formations (Mathur and Evans, 1964; Raju, 1968; 
Bhandari et al. 1973; Handique and Bharali, 1981; Ranga, 
1983; Raju and Mathur, 1995; Naidu and Panda, 1997; 
Mathur, 2014). Earlier works, like Chandra et al. (1984), 
Goswami (1985), Misra (1992), Ahmed (1996), Mishra 
and Ghosh (1996), Rajarathnam et al. (1996), and Saikia 
et al. (2014, 2015, and 2016), have studied the Oligocene 
coal and carbonaceous shale of the Tikak Parbat Formation 
(uppermost formation of the Barail Group) and reported the 
physical properties, chemical attributes, and petrographic 
assemblages. Kumar et  al. (2012) and Srivastava et  al. 
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(2012) have studied the detailed composition of the plant 
communities, their spreading, climatic conditions (tempera-
ture), and precipitation parameters of the organic sediments 
from the Tirap colliery via sedimentology, palynofacies, and 
pollen and spore assemblages study. They have pointed out 
that the lower part of the Tikak Parbat Formation represents 
a lower delta-plain environment, whereas the uppermost 
part of the formation is suggestive of an upper delta-plain 
environment. Similarly, based on the biomarker signature, 
Rudra et al. (2017) also reported changes in vegetation, the 
dominance of gymnosperms during the early Paleogene to 
the presence of angiosperms in the Eocene. The organic mat-
ter (OM) is dominant of terrestrial and waxy plant material 
and was deposited within fluvio-deltaic and anoxic deposi-
tional environments. Gogoi et al. (2008) and Sharma et al. 
2018) inferred that coal and shale have a mixture of type III 
(predominant) and type II OM and exhibit very good source 
rock quality. Recently, Biswas et al. (2020) have discussed 
the hydrocarbon generation potential of the Makum coal and 
shale, and pointed out that they have the potential to generate 
mixed thermogenic gas and condensate oil. The occurrences 
of the gas within the coal and shale are mainly controlled by 
various geological factors, such as depositional conditions 
and tectonic settings of that area (Dai et al. 2020).

The sedimentary organic matter (OM) contains a detailed 
geological record of past environmental conditions and geo-
dynamic indicators, and these further lead to understanding 
the occurrence of thermogenic gas and oil in coal and shale 
litho-units. The identification of OM through petrography 
and palynofacies provides vital information to trace out the 
source, OM accumulation, and their associated depositional 
conditions (Stach et al. 1982; Teichmüller, 1989; Taylor 
et al. 1998; Moore and Shearer, 2003; Suárez-Ruiz et al. 
2012; Varma et al. 2019; Biswas, 2021). Similarly, mineral-
ogical parameters are incorporated to better understand the 
degree of weathering, paleotectonic setting, and paleoenvi-
ronmental conditions (Nesbitt and Young, 1982, 1984; Bha-
tia, 1983; Dickinson et al. 1983; Roser and Korsch, 1988; 
Condie, 1993; Nesbitt et al. 1996; Hayashi et al. 1997; Ward, 
2002; Shehata and Abdou, 2008; Dai et al. 2016; Zhao et al. 
2017). These multi-proxies are combined and assessed to 
understand the provenance and depositional conditions of 
the OM in the coal and shale bearing sequence belong to the 
Tikak Parbat Formation (Oligocene) of the Makum Coal-
field, India. The detailed mineralogical parameters obtained 
from the X-ray fluorescence (XRF) and X-ray diffraction 
(XRD) analyses are being published for the first time and 
the data are correlated with the petrography and palyno-
facies assemblages (from Biswas et al. 2020) to fulfill the 
objectives of the research goals (following Stach et al. 1982; 
Teichmüller, 1989; Lamberson et al. 1991; Alkande et al. 
1992; Diessel, 1992; Crosdale, 1993; Dehmer, 1993; Tyson, 
1995; Batten, 1996a, b; Taylor et al. 1998; Wüst et al. 2001; 

Scott, 2002; Moore and Shearer, 2003; Silva and Kalkreuth, 
2005; Mendonça Filho et al. 2011, 2012). The outcomes 
from this study will aid in better understanding the accumu-
lation and preservation of the organic matters in transitional 
environment conditions. This study is also of significance to 
estimating the source rock potential in the Makum Coalfield.

Geological setting and sampling area

The Makum Coalfield of Assam is one of the economically 
significant Tertiary coalfields of Northeast India (located 
between 27° 15ʹ N and 27° 25ʹ N; 95° 40ʹ E and 95° 55ʹ 
E; Fig. 1), and encompasses an approximate coal reserve 
of 452.79 million tonnes (IBM, 2019). The organics and 
sediments comprising coal and shale were deposited along 
linear, active thrust belts that are demarcated by numerous 
overthrusts, known as the “Belt of Schuppen” (Mathur and 
Evans, 1964). Furthermore, the coal/shale bearing strata 
have experienced ductile deformation and were folded to 
form an asymmetrical syncline (Mathur and Evans, 1964). 
Structures that resulted from deformation have also been 
preserved within individual coal beds (Francis, 1961; Stach 
et al. 1982; Ahmed, 1989, 1996). The detailed geological 
work in the coalfield has been carried out by Meddlicott 
(1865) and Mallet (1876). Based on the lithological charac-
teristics, Evans (1932) subdivided the Oligocene sediments 
of the Barail Group into the Naogaon, Baragolai, and Tikak 
Parbat formations. The thick coal and shale strata are mainly 
reported from the Tikak Parbat Formation and this unit is 
known as the “Coal Measure Sub Series” (Mallet, 1876). 
The Tikak Parbat Formation is 300 to 600 m thick and is 
composed of sandstone, mudstone, carbonaceous shale, coal, 
claystone, and siltstone. The underlying Baragolai Forma-
tion, which has a thickness of approximately 300 m, con-
sists of massive, micaceous, or ferruginous sandstone, with 
alteration of claystone, mudstone, carbonaceous shale units, 
and thin coal layers. The bottommost formation, i.e., the 
Naogaon Formation (1100 to 1700 m thick), contains fine-
grained, thin-bedded quartzitic sandstones, and thin layered 
shales (Mishra and Ghosh, 1996). The patchy occurrence 
of dolomitic limestones within the formation has also been 
reported by Misra (2000).

The studied Oligocene Tikak Parbat Formation (upper-
most formation of the Barail Group) of the Makum Coalfield 
contains five coal seams, and out of them, 60, 20, and 8 ft 
seams (names of the coal seams) are under working condi-
tions (GSI (Geological Survey of India), 2009). Besides coal 
seams, the formation is also known to have five thick shale 
horizons (Biswas et al. 2020 and Biswas, 2021). As the stud-
ied horizons were not completely accessible in all the mines 
during the time of sampling, thus, to accomplish the objec-
tives, we have systematically collected samples from four 
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different mines, that is, the Ledo, Tirap, Tikak, and Tipong 
collieries. Out of the twenty samples, seven were sampled 
from the Tipong colliery, five samples from the Tikak col-
liery, five samples from the Tirap colliery, and the remaining 
three from the Ledo colliery. Each sample represents the 
corresponding lithology from which it has been collected 
(Fig. 2). To avoid alteration or contamination, samples were 
taken after removing at least 10 to 15 cm of the exposed 
part. They were dried in the air, crushed, and were prepared 
for XRF and XRD analysis and for micropetrography and 
palynofacies.

Materials and methods

X‑ray fluorescence (XRF)

The oxide concentrations were detected by XRF analysis 
and are exhibited in Table 1. The Rikako Koyama XRF 
instrument was used to analyze samples at the Research and 
Development Centre for Iron and Steel (RDCIS), in Ranchi, 
India. For the analysis, crushed samples of 75 μm size were 
taken after coning and quartering, and they were burned at 
850 °C. Then 5 g of the residue was retrieved, and to make it 
compact, one to two drops of paraffin were mixed thoroughly 
with it. After that, it was pressed by a 20 tonnes weight for 
about 1 min within a pressing machine. The prepared pellets 

were covered by 1-micron mylar foil and kept inside the 
XRF machine for conducting the analysis.

X‑ray diffraction (XRD)

The mineralogical assemblages present in the source rock 
were determined through XRD analysis. Dry powdered 
samples were analyzed by using a PANalytical Xʹpert PRO 
Diffractometer and the outcome is shown in Table 2. The 
scanning was performed at a 2θ range of 5 to 119°, with a 
scanning time of 2° per minute and 0.0170° step size. The 
XRD curves were interpreted by using the High Score Plus 
software package and were correlated with the ICDD (Inter-
national Centre for Diffraction Data) database to document 
the crystalline mineral phases (ICDD, 2011; Silva et al. 
2011a, b).

Petrographic study

A “Leica DM2700 P” microscope with an oil immersion 
lens and attached fluorescence was used for maceral analy-
sis at the Coal Geology and Organic Petrology Lab., Dept. 
of Applied Geology, Indian Institute of Technology (Indian 
School of Mines), in Dhanbad, India. The polished pel-
lets were prepared with the < 1-mm size crushed samples 
following the specifications of ISO (2009a, b, c), and the 
macerals were classified following ICCP (1998, 2001) and 
Pickel et al. (2017). More than 1000 points were counted 

Fig. 1  Geology map and generalized lithostratigraphic succession of the Makum Coalfield, Assam, India, showing the study area and sample 
locations (slightly modified Raja Rao, 1981; Ahmed, 1996; Biswas et al. 2020)
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via use of a point counter for each pellet. The total maceral 
content (TMC) was calculated from the sum of all the mac-
erals counted by following Stach et al. (1982) and Taylor 
et al. (1998). Additionally, the vitrinite reflectance (Ro) was 
measured with the help of PMT III and MSP 200 software 
using the same pellet (following ASTM, 1994). One hundred 
collotelinite grains, which were homogeneous and free of 
impurities, were selected to measure the Ro values (ISO, 
2009c). The calibration was done with the leucosapphire 
(0.594) standard before the analysis. The detailed maceral 

composition and corresponding reflectance values are shown 
in Table 3.

Palynofacies study

The cleaned and crushed coal and shale samples were 
treated with 40% hydrochloric (HCl) for 6 h and 70% 
hydrofluoric (HF) acid for 12 h to dissolve the carbonates 
and silicates, respectively (Traverse, 1988). To remove the 
humic material, the residual samples were treated again 

Fig. 2  The distribution of sam-
ples within the coal and shale 
beds from Makum Coalfield, 
Assam, India
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with 60% nitric acid  (HNO3). The washed residues were 
further nursed once again to dispel the silico-fluoride with 
the help of dilute HCl. After maceration, the remaining 
samples were used to prepare slides (following Batten, 
1996a, 1999; Batten and Stead, 2005). The slides were 
investigated underneath the petrographic microscope and 
at least 500 counts organic matter were conducted for 
quantitative analysis and were also used to interpret OM 
type within the peat swamps and their respective pale-
odepositional environmental conditions (Tyson, 1995; 
Batten, 1996a; Mendonça Filho et al. 2002, 2010, 2011, 
2012; Batten and Stead, 2005; Carvalho et al. 2006). The 
volumetric percentages (vol. %) of the identified OM are 
listed in Table 4.

Results

Geochemistry

Oxide distribution

The oxide compositions exhibit that  SiO2 is the most 
abundant oxide varying between 35.16 and 55.76 wt. % 
in coal and that in shale ranges from 59.90 to 69.06 wt. % 
(Table 1). The second most abundant oxide,  Al2O3, ranges 
from 26.08 to 31.63 and 23.59 to 26.49 wt. % in coal and 
shale, respectively. And the third,  Fe2O3, varies from 5.58 
to 20.79 in coal samples and 2.01 to 7.93 wt. % in shale 
samples. In addition to the three major oxides present in 
the samples, there are also minor oxides, such as CaO, 
MgO,  TiO2,  K2O,  P2O5,  SO3, and  Na2O. Furthermore, the 
chemical index of alteration (CIA) and chemical index of 
weathering (CIW) have been assessed from the compila-
tion of oxide compositions in order to forecast the pale-
oclimatic conditions associated with deposition (Nesbitt 
and Young, 1982; Harnois, 1988). The equations are as 
follows:

Here, CaO* is obtained from the method provided by 
Bock et al. (1998). According to the methodology, if  Na2O 
is smaller than CaO, then  Na2O = CaO*, or otherwise 
CaO = CaO* value.

The CIA and CIW indices range from 72.97 to 96.39 
(avg. 86.58) and 74.24 to 97.18 (avg. 87.98) in coal sam-
ples, and 86.52 to 89.55 (avg. 88.78) and 95.13 to 98.24 
(avg. 97.22) in shale, respectively (Table 1).

(1)CIA = {Al2O3 × 100∕(Al2O3 + CaO
∗Na2O + K2O)}

(2)CIW = {Al2O3 × 100∕(Al2O3 + CaO
∗Na2O)}
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Mineralogical compositions

The identified minerals through XRD diffractograms indi-
cate that the samples (coal and shale) are possibly com-
posed of quartz, wollastonite, nepheline, magnetite, spinel, 
corundum, berlinite, and mullite (Table 2). The peaks of 
kaolinite and pyrite are not present in the spectrum as they 
occur at low temperatures. Pyrite undergoes oxidation at 

370 °C. It has also been pointed out that the calcite peaks 
are not detected in the diffractograms, but wollastonite is 
commonly present in the samples in a large percentage. 
This might be due to the chemical reaction between calcite 
 (CaCO3) with silica/quartz  (SiO2) in the formation of wol-
lastonite  (CaSiO3), which took place at high temperature 
(750 to 900 °C). The hydrothermal reaction is as follows: 
CaCO3 + SiO2 = CaSiO3 + CO2

Table 2  Minerals identified by XRD in the high-temperature ash samples from the Makum Coalfield, India

Explanations: The relative XRD intensity is indicated within bracket (); vs: very strong; s: strong; m: moderate; and w: weak; # = shale

Sequence no Sample number Identified minerals

MC 2 CG 2008 Quartz (m), berlinite (w), wollastonite/(quartz + calcite) (m), microcline (m), lucite (w), corundum (m), spinel 
(w)

MS 3 CG 2019# Quartz (s), feldspar (m), berlinite (m), pyrite (w), kaolinite (m)
MC 5 CG 2016 Quartz (m), feldspar (m), berlinite (w), wollastonite/(quartz + calcite) (m)
MS 9 CG 2012# Quartz (m), wollastonite/(quartz + calcite) (m), microcline (m)
MC 12 CG 2015 Quartz (m), berlinite (w), microcline (w), spinel (w), nepheline (vs)
MS 15 CG 2005# Quartz (m), wollastonite/(quartz + calcite) (m), microcline (w), corundum (w), diopside (w), magnetite (w)
MC 16 CG 2009 Quartz (m), berlinite (w), wollastonite/(quartz + calcite) (m), magnetite (w)
MS 19 CG 2003# Quartz (m), berlinite (w), wollastonite/(quartz + calcite) (m), microcline (m), lucite (w), mullite (w)
MC 20 CG 2001 Quartz (m), berlinite (w), wollastonite/(quartz + calcite) (m), microcline (vs), lucite (w), spinel (w), mullite (w)

Table 3  Maceral and mineral 
matter distribution (vol. %) of 
the studied samples from the 
Makum Coalfield, Assam, India

Explanations: # = shale; V: total vitrinite group of macerals; I: total inertinite group of macerals; L: total 
liptinite group of macerals; TMC: total maceral content (vol. %); OMM: other minerals; TMM: total min-
eral matters (TMM = clay + pyrite + other minerals); Romv: mean vitrinite (collotelinite) reflectance (%); 
*traces. Note: Data in analytical basis and taken from Biswas et al. (2020)

Sequence no Sample number V L I TMC Clay Pyrite OMM TMM Romv

MC 1 CG 2020 52.73 22.26 1.48 76.47 6.59 7.12 9.82 23.51 0.48
MC 2 CG 2008 56.44 16.67 2.67 75.78 5.53 2.11 16.58 24.22 0.38
MS 3 CG 2019# 9.89 10.95 * 20.84 3.89 4.95 70.32 79.16 0.41
MC 4 CG 2013 52.24 28.85 2.57 83.66 2.88 0.96 12.5 16.34 0.56
MC 5 CG 2016 51.06 33.10 0.70 84.86 1.41 2.11 11.62 15.14 0.50
MC 6 CG 2017 55.24 27.83 0.52 83.59 3.27 5.16 7.98 16.41 0.47
MC 7 CG 2007 43.43 31.87 2.39 77.69 9.90 1.99 10.52 22.41 0.51
MS 8 CG 2014# 30.80 13.08 1.27 45.15 10.55 5.49 38.83 54.87 0.48
MS 9 CG 2012# 13.05 14.33 * 27.38 21.98 3.87 46.77 72.62 0.51
MC 10 CG 2011 49.99 32.82 3.44 86.25 1.91 1.15 10.69 13.75 0.41
MC 11 CG 2025 44.90 34.46 1.00 80.36 2.37 2.69 14.57 19.63 0.46
MC 12 CG 2015 57.54 28.57 0.40 86.51 2.38 1.19 9.92 13.49 0.48
MC 13 CG 2006 63.66 16.24 4.06 83.96 4.06 3.85 8.13 16.04 0.46
MS 14 CG 2024# 5.70 7.72 * 13.42 11.41 1.68 73.49 86.58 0.52
MS 15 CG 2005# 7.27 7.26 * 14.53 5.51 6.02 73.94 85.47 0.51
MC 16 CG 2009 59.76 21.67 1.90 83.33 2.28 2.53 11.87 16.68 0.42
MC 17 CG 2023 66.86 15.22 0.36 82.44 3.99 0.50 13.07 17.56 0.52
MC 18 CG 2004 66.39 16.27 0.72 83.38 2.62 3.48 10.52 16.62 0.43
MS 19 CG 2003# 5.58 8.85 0.33 14.76 2.60 1.33 81.31 85.24 0.62
MC 20 CG 2001 60.08 21.47 4.47 86.02 2.69 2.40 8.89 13.98 0.49
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Petrographic assemblages

The identified macerals are very significant for understand-
ing the paleoenvironmental and paleoclimatic conditions 
of the organic and inorganic matter deposition. Maceral 
distributions suggest that OM present in coal and shale are 
dominantly vitrinite macerals (43.33 to 66.86 vol. % in coal; 
5.58 to 30.80 vol. % in shale) having the majority of col-
lotelinite, and some amount of vitrodetrinite, collodetrinite, 
corpogelinite, gelinite, and telinite. Similarly, liptinites in 
the range of 15.22 to 34.46 in coal and that in the shale vary 
from 7.26 to 14.33 vol. % (Table 3). Among them, resinite, 
liptodetrinites, bituminite, and alginite are abundant, while 
sporinite, cutinite, suberinite, and exsudatinite are less abun-
dant. Besides vitrinite and liptinite, samples also possess 
minor inertinite (0.36–4.77 vol. % in coal and 0.33–1.27 vol. 
% in shale). Within the inertinite macerals, inertodetrinite is 
the dominant macerals, while funginite and micrinites occur 
in a small percentage. The mean reflectance (Romv) value 
for the coal and shale ranges from 0.38 to 0.56% and 0.41 
to 0.62%, separately. Study of such sample results more or 
less immature, but some are in close proximity to the oil 
generation zone.

Palynofacies

The OM retrieved from the samples (coal and shale) is domi-
nated by phytoclasts, with some amount of amorphous OM 
(AOM) and palynomorphs (following Tyson, 1995; Batten, 
1996a, b; Mendonça Filho et al. 2011, 2012). These OM 
are important to better understand the proximal-to-distal 
deposition conditions of the coalfield. The phytoclasts are 
subdivided into (1) non-opaque [cuticles, wood, and bio-
degraded], (2) opaque phytoclasts (black debris), and (3) 
palynomorphs, which are further partitioned into spores, pol-
len, and fungal bodies or filaments. Likewise, AOM includes 
bacteria-derived or biodegraded OM, diagenetic products of 
macrophyte tissues, and resins from higher plants.

Phytoclasts are 125- to 250-μm-sized fragments of higher 
land plants that range from 64.52 to 85.43 and 75.40 to 83.85 
vol. % in coal and shale, respectively (Table 4). Among 
phytoclasts group of organic matter, non-opaque phytoclast 
(avg. 70.13 and 77.66 vol. %) shows dominance over the 
opaque (avg. 1.46 and 2.44 vol. %) phytoclasts in both coal 
and shale. Furthermore, biodegraded OM under non-opaque 
phytoclasts are abundance (avg. coal: 64.89; shale: 73.41 
vol. %), whereas cuticles (avg. coal: 4.07; shale: 3.66 vol. %) 

Table 4  Distribution of organic 
matter based on palynofacies 
analysis (vol. %)

Explanations: # = shale; Cut: cuticle; Wd: wood; BioD: biodegraded; Bd: black debris; Tphy: total amount 
of phytoclasts; AOM: amorphous organic matter; Re: resin; TAOM: total amount of amorphous organic mat-
ter; Spo: sporomorphs; Ff: fungal filament; Tpal: total amount of palynomorphs; *traces. Note: Data are 
taken from Biswas et al. 2020

Sequence no Sample number Phytoclasts Tphy Amorphous 
organic 
matter

TAOM Palyno-
morphs

Tpal

Cut Wd BioD Bd AOM Re Spo Ff

MC 1 CG 2020 2.93 1.02 71.70 0.78 76.43 8.66 11.59 20.24 3.33 0.19 3.33
MC 2 CG 2008 4.10 1.85 66.44 1.28 73.67 10.81 12.38 23.19 2.21 0.24 3.14
MS 3 CG 2019# 3.93 1.55 77.58 0.79 83.85 5.11 9.02 14.12 2.03 * 2.03
MC 4 CG 2013 3.42 1.10 60.15 * 64.67 6.91 24.05 30.97 3.53 2.00 4.37
MC 5 CG 2016 5.35 1.42 65.59 0.81 73.17 9.43 13.86 23.29 3.55 0.76 3.55
MC 6 CG 2017 5.45 1.84 64.96 0.79 73.04 11.42 12.65 24.07 2.89 0.84 2.89
MC 7 CG 2007 4.59 1.52 57.15 1.31 64.57 19.99 10.30 30.28 4.74 0.53 5.14
MS 8 CG 2014# 4.96 0.53 71.23 1.30 78.02 8.23 12.02 20.25 1.73 * 1.73
MS 9 CG 2012# 4.33 * 69.75 2.60 76.68 12.42 8.97 21.39 1.93 * 1.93
MC 10 CG 2011 2.70 * 69.71 1.54 73.95 10.61 11.20 21.81 4.24 * 4.24
MC 11 CG 2025 2.47 1.21 61.59 1.13 66.39 10.79 19.73 30.52 3.09 * 3.09
MC 12 CG 2015 4.59 1.06 61.96 2.57 70.18 15.17 10.67 25.84 3.72 0.62 3.98
MC 13 CG 2006 3.11 0.91 67.90 2.21 74.13 10.36 13.93 24.29 1.39 * 1.58
MS 14 CG 2024# 2.15 0.32 70.76 2.17 75.40 12.74 8.82 21.55 3.04 * 3.04
MS 15 CG 2005# 4.94 0.60 75.65 * 81.19 13.33 4.79 18.12 0.70 * 0.70
MC 16 CG 2009 2.56 0.55 78.44 3.89 85.43 1.77 10.25 12.01 2.04 0.67 2.56
MC 17 CG 2023 4.14 1.13 69.98 0.32 75.57 13.36 9.79 23.16 2.55 0.78 2.55
MC 18 CG 2004 5.22 1.10 56.62 1.57 64.52 26.74 4.93 31.67 2.67 * 3.81
MS 19 CG 2003# 1.67 0.51 75.50 5.33 83.01 12.22 2.40 14.63 1.20 0.75 2.36
MC 20 CG 2001 6.36 1.70 56.24 2.20 66.50 27.14 2.49 29.63 2.75 0.34 3.87
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and wood (avg. coal: 1.26; shale: 0.70 vol. %) particles are 
found in a small amount. The AOM formed due to bacterial 
and fungal degradation ranges from 12.01 to 31.67 and 14.12 
to 21.55 vol. % in coal and shale, respectively (Table 4). 
Among the three major OM groups, palynomorphs are the 
least concentrated and vary from 1.57 to 4.37 vol. % in coal 
and 0.70 to 3.04 vol. % in shale (Table 4). The documented 
palynomorphs are mainly of fern spores and angiosperm 
pollen grains (Tyson, 1995; Mendonça Filho et al. 2011). 
However, the authors have not recognized and categorized 
the palynomorphs genera in this study.

Discussion

Origin of inorganic matter and paleodepositional 
environment

The oxide compositions of the inorganic constituents pro-
vide valuable information about the source of the inorganic 
matter, as well as the affinity, paleoclimatic conditions, 
degree of weathering, and paleotectonic setting of the area 
(Nesbitt and Young, 1982, 1984; Bhatia, 1983; Dickinson 
et al. 1983; Roser and Korsch, 1988; Condie, 1993; Nesbitt 
et al. 1996; Hayashi et al. 1997; Ward, 2002; Shehata and 
Abdou, 2008; Dai et al. 2016; and Zhao et al. 2017). The 
presence of a large amount of  SiO2 and  Al2O3 implies the 
occurrence of a significant amount of aluminosilicate miner-
als in both coal and shale (Table 1). Samples with a higher 
percentage of  Fe2O3 might be due to abundant pyrites and 
other iron-bearing minerals. The low CaO content indicates 
a small amount of calcite minerals in the samples. Inspection 
of high  TiO2 values suggests that the inorganic sediments 

within the coal and shale are closely associated with basal-
tic rock composition (Dai et al. 2005; Chi and Yan, 2007). 
Furthermore, to investigate the source of clay minerals asso-
ciated with organic matters, a  TiO2 vs  Al2O3 diagram was 
plotted (Fig. 3). The diagram shows that the clay minerals 
mainly originate from felsic igneous rocks through chemi-
cal weathering processes (Amajor, 1987; Imchen et  al. 
2014). We have also calculated the  Al2O3/TiO2 ratios and 
observed most of the samples possessing  Al2O3/TiO2 ratios 
greater than 21 (except two coal samples, i.e., CG, 2015; 
and CG, 2016; see Table 1). This signifies the dominance 
of felsic igneous rocks in the source sediment (Dai et al. 
2016; Zhao et al. 2017). The positive correlation of  K2O 
with ash yield (r2 = 0.84) also exhibits the felsic source of 
the sediments. Presence of a significant amount of  Fe2O3 and 
MgO in the samples suggests, however, the occurrence of 
some mafic minerals. Also, to determine the organic affinity 
of the oxides, correlation coefficient was calculated follow-
ing Pearson’s algorithm. The correlations show that various 
oxides, that is to say  Al2O3, CaO,  Fe2O3,  Na2O,  SO3,  TiO2, 
and MgO, are positively correlated with the fixed carbon 
(FC) under proximate analysis, having r2 = 0.80, 0.60, 0.58, 
0.51, 0.45, 0.86, and 0.48, respectively, and suggesting more 
or less organic affinity of these oxides (Table 5). The posi-
tive correlations of these oxides with the TMC (total mac-
eral content) support the above interpretation. The oxide 
compositions are also useful to depict the climatic condi-
tions that prevailed during peatland formation (following 
McLennan et al. 1993). The calculated CIA and CIW indices 
(Table 1) were correlated with the Universal Continental 
Crust (UCC) values (following McLennan, 2001). It has 
been observed that the studied samples have greater val-
ues than the UCC values (CIA = 60.11 and CIW = 70.89). 

Fig. 3  The plot of  TiO2 vs 
 Al2O3 diagram (wt.%) for coal 
and shale samples of Makum 
Coalfield, India (Amajor, 1987 
and Imchen et al. 2014)

Page 9 of 23    2183Arab J Geosci (2021) 14: 2183



1 3

This indicates that coal has experienced moderate to strong 
weathering, whereas very high weathering under warm and 
humid atmospheric conditions is observed in shales (Nesbitt 
and Young, 1982; Fig. 4). The high weathering condition 
experienced by the OM might be due to a warm climate 
during the Oligocene, and also, the rainfall was sufficiently 
high under these climatic conditions, which intensified the 
weathering intensity (Biswas, 1987). This condition is also 
suitable for the growth of microorganisms and the abun-
dant microbial activity in the source area creates more and 

more chemical weathering. Furthermore, the CIA and CIW 
indices are applied to determine the weathering conditions 
that the sediments have undergone. The ternary diagram 
of  Al2O3, (CaO +  Na2O), and  K2O exhibits that the coal 
samples are characterized by intermediate clay composi-
tion varying from smectite to kaolinite, whereas shales are 
plotted close to the illite field due to the presence of a com-
paratively higher amount of  K2O (Nesbitt and Young, 1982; 
Fig. 4). The occurrence of such clay minerals in the samples 
indicates inorganic sediments are primarily sourced from 

Table 5  Pearson’s correlation 
coefficient for the studied 
samples

SiO2
* Al2O3

* Fe2O3
* K2O* CaO* MgO* TiO2

* P2O5
* Na2O* SO3

* Ad FC Sdaf TMC

SiO2
* 1.00

Al2O3
* -0.65 1.00

Fe2O3
* -0.96 0.58 1.00

K2O* 0.48 -0.75 -0.38 1.00

CaO* -0.51 0.17 0.34 -0.52 1.00

MgO* -0.33 0.22 0.21 -0.48 0.68 1.00

TiO2
* -0.83 0.57 0.68 -0.59 0.70 0.46 1.00

P2O5
* 0.18 -0.34 -0.26 0.27 0.14 -0.22 -0.07 1.00

Na2O* -0.82 0.33 0.71 -0.15 0.52 0.14 0.79 0.17 1.00

SO3
* -0.86 0.48 0.91 -0.30 0.23 -0.08 0.59 -0.13 0.70 1.00

Ad 0.75 -0.82 -0.62 0.84 -0.58 -0.49 -0.85 0.21 -0.52 -0.48 1.00

FC -0.72 0.80 0.58 -0.85 0.60 0.48 0.86 -0.19 0.51 0.45 -1.00 1.00

Sdaf 0.08 -0.27 0.08 0.63 -0.49 -0.33 -0.33 -0.06 -0.10 0.07 0.43 -0.46 1.00

TMC -0.78 0.78 0.64 -0.85 0.66 0.53 0.88 -0.16 0.57 0.51 -0.98 0.98 -0.49 1.00

Explanations: *in molecular proportion; A: ash yield on dry basis (wt. %); FC: fixed carbon (wt. %), S: 
sulfur on dry ash free basis (wt. %), TMC: total maceral content (vol. %)

Fig. 4  Al2O3, CaO* +  Na2O, 
 K2O ternary diagram showing 
CIA (chemical index of altera-
tion) of studied coal and shale 
samples (Nesbitt and Young, 
1982). Post-Archean upper con-
tinental crust (PA-UCC) (after 
Rudnick and Gao, 2004)
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mixed felsic rocks, i.e., mostly granodiorite and granite. In 
contrast, the presence of smectite is indicative of weathering 
by-products from basic rocks (Grant, 1963 and Patterson, 
1971).

The modes of occurrence of the inorganic matters present 
in the source rock are measureable through use of the X-ray 
diffractometer. The diffractogram patterns are generally 
poorly developed in coal, which might be due to coal’s large 
OM compounds and also, they are of low rank, whereas 
prominent peaks are observed in shales, indicating that these 
are in crystalline form (Fig. 5). Ward (1991), Hochella et al. 
(2008), and Li et al. (2010) reported that at low ranks and 
associated less maturation levels, inorganic minerals occur 
as poorly crystalline or even as being amorphous. The XRD 
results reveal that samples are mostly quartz, wollastonite, 
nepheline, magnetite, spinel, corundum, berlinite, and mul-
lite minerals (Table 2). The presence of the carbonate phase 
within the samples indicates brackish water to marine envi-
ronment of deposition. Likewise, the occurrence of quartz 
and microcline (potassium-rich alkali feldspar) suggests 
that they were derived from the siliceous and felsic igneous 
rock, respectively (Ward, 2002). This further indicates that 
probably granite or granodiorite rocks are the main sources 
for inorganic matter within the coalfield. The interpretation 

from the XRD analysis corroborates the XRF analysis in 
determining the sources of inorganic matter in the peatland. 
The geochemical plot of MgO/Al2O3 and  K2O/Al2O3 (Fig. 6; 
Shehata and Abdou, 2008) shows that most of the coal and 
shale samples are plotted in the zone of a marine environ-
ment, and some shales (CG, 2003; CG, 2014; CG, 2019) are 
in the zone between non-marine and marine. This indicates 
that they are largely deposited in an upper delta-plain envi-
ronment, but there is an indication of periodic marine water 
incursion during shale formation as directed by the elevated 
concentration of  K2O and MgO. This might be due to the rise 
of sea level during the Oligocene epoch. Miller et al. (2005) 
also reported changes in global sea-level conditions during 
the Oligocene to early Pliocene mostly due to the growth and 
decay of the Antarctic ice sheet. Furthermore, several rela-
tions such as [(K2O/Na2O) vs  SiO2)], [(MgO +  Fe2O3) and 
 TiO2], and [(MgO +  Fe2O3) with  (Al2O3/SiO2)] have been 
observed to provide a framework for understanding the pale-
otectonic setting of the studied area (Bhatia, 1983; Roser and 
Korsch, 1986; Xiao et al. 2008; Fig. 7). The discrimination 
plots suggest that the inorganic or mineral matter present in 
the coal and shale units was derived from passive-to-active 
continental margin settings. Mishra and Ghosh (1996) and 
Singh and Singh (2000) also support this observation and 

Fig. 5  XRD spectra of coal (a, 
b) and shale (c, d) samples. 
Explanations: Q: quartz, B: 
berlinite, W: wollastonite, Mi: 
microcline, L: lucite, S: spinel, 
Mu: mullite, Ma: magnetite, C: 
corundum, D: diopside
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Fig. 6  Depositional environ-
ments based on MgO/Al2O3 and 
 K2O/Al2O3 (following Roaldest, 
1978)

Fig. 7  Discrimination of tectonic settings based on oxide compositions of the coal and shale from Makum Coalfield, India. a After Roser and 
Korsch (1988), b and c after Bhatia (1983)
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have pointed out that the Oligocene Barail Group was depos-
ited in a marine-deltaic-estuarine environment in a passive, 
continental margin setting. The multiple phase transforma-
tion in the environment might due to large-scale changes 
in tectonic and climatic conditions during the Eocene-to-
Oligocene epoch and helps in the evolution of marine and 
terrestrial biota (Schouten et al. 2007, McInerney and Wing, 
2011, and Rudra et al. 2017). Moreover, the salinity of the 
water during the deposition has been determined from the 
proposed formula by Yu et al. (2014). The equation is as 
follows:

The salinity value of most samples lies between 1 and 
10 and implies transitional depositional conditions, i.e., a 
delta-plain environment (Veizer and Demovic, 1974; and 
Jarvis et al. 2001). Some coal samples (i.e., CG, 2001; CG, 
2007; and CG, 2009) possessing high salinity values > 10 
point towards incursion of marine water during peatland for-
mation. The positive correlation of the salinity value with 
the MgO having r2 = 0.99 also supports the aforementioned 
observation.

OM depositional conditions

The combination of organic petrography and palynofacies 
analysis both provide valuable information about the deposi-
tional environment and paleoclimatic conditions of the coal 
and shale forming peatland formations (Tissot and Welte, 
1978; Stach et al. 1982; Mukhopadhyay, 1986; Kalkreuth 
et al. 1991; Diessel, 1992; Tyson, 1995; Batten, 1996a, b; 
Erik, 2011; Mendonça Filho et al. 2011, 2012). Understand-
ing the accumulation of the organic matters (OM) and their 
depositional environment is also very essential to improve 
hydrocarbon exploration potential of the Tikak Parbat For-
mation (Oligocene) in Makum area.

Petrographic characteristics

The maceral compositions through petrographic study sug-
gest that the coal and shale in the Tikak Parbat Formation 
are largely vitrinite (together ranging from 5.58 to 66.86 vol. 
%) with a considerable amount of liptinite (together varies 
from 7.26 to 34.46 vol. %) and a small quantity of inertinite 
macerals (Table 3). The vertical maceral distribution shows 
that vitrinite content gradually decreases from the 60 feet 
top coal seam to the 20 feet coal seam and it progressively 
increases in the 8 feet coal seam (Fig. 8). The higher vitrin-
ite content in the bottom and top of the formation indicates 
periodic changes in water-covered reducing environmental 
conditions due to the fluctuation of water level in the peat-
land. The liptinite macerals also increase progressively from 

(3)Salinity = [MgO∕Al2O3] × 100

bottom to top. But there is no such substantial variation of 
inertinite macerals throughout the formation. The presence 
of a significant amount of vitrinite (Fig. 9) designates that 
coal/shale forming peat is made up of megathermal plants, 
and herbaceous vegetation matter, deposited in waterlogged 
or moist swamp forest conditions (Flores, 2002; Petersen 
et  al. 2009; Erik, 2011). Likewise, terrestrial liptinites 
(Fig. 9) such as resinite, sporinite, cutinite, and suberinite 
in the samples also indicate similar peat depositional envi-
ronments. Bituminite occurs in both amorphous and lamellar 
form and is observed in all the samples, and implies those 
might originate from biodegraded higher plants. The occur-
rence of a small amount of inertinite macerals also is sugges-
tive of low oxidation conditions in the peatmire and also of 
low occurrences of naturally caused forest fires (Fig. 9). The 
presence of funginite indicates degraded OM in the samples 
(Hower et al. 2010, 2011; and O’Keefe and Hower, 2011). 
To acquire additional information on their depositional 
conditions within the peatland, an organofacies diagram 
was been prepared, based on maceral assemblages (modi-
fied after Mukhopadhyay, 1986 and Kalkreuth et al. 1991). 
Study of the ternary plot suggests that the coal and shale 
forming peat has well-preserved tissues and was deposited 
under mildly oxic-to-anoxic forest-to-limnic swamp condi-
tions (Fig. 10). This also confirms that the groundwater table 
in the mire was high, which prevented oxidation of OM. 
This interpretation is supported by the presence of a trace 
amount of oxidizing macerals within the samples analyzed. 
The plot also shows that all the coals are mapped on the 
left side, which exhibits megathermal plants, ferns, pteri-
dophytes spores, and pollen might be the major component 
of the vegetation. Likewise, shales plot on the right side of 
the diagram, which further points towards herbaceous plant 
species (reed, marsh, helophytes, etc.), were the dominant 
contributing component of vegetation rather than woody 
plants. These data in Fig. 10 are furthermore suggestive of 
terrestrial land plants being dominant contributors for the 
OM source in the Oligocene sediments. Kumar et al. (2012) 
also reported that land plants such as palms, mangroves, 
different types of ferns, angiosperms, and conifers are con-
tributing to the formation of Oligocene coal and shale in 
the Makum Coalfield. In addition to this, various miner-
als are also indicative of the peat depositional environment. 
The coal samples having relatively less mineral material in 
comparison to shales are exhibited in Table 3. The identi-
fied minerals under petrographic analysis are mostly quartz, 
clay, pyrite, calcite, and siderite. Among them, quartz and 
clay minerals are mostly associated with the macerals and 
occur as granules and/or lump shaped inclusions, whereas 
pyrite occurs in variable array of forms like framboidal and 
disseminated (Fig. 9 f–h). Pyrite also occurs in the veins 
and cracks of OM and their concentration is observed to 
be higher in shale than in coal. The occurrence of pyrite 
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crystals in the samples indicates syngenetic or early diage-
netic origin. The presence of framboidal-type pyrite points 
towards the existence of marine water during the peatland 
formation and its influence is more pronounced during 

sedimentation associated with the shale units, probably due 
to the rise of sea level (Kuder et al. 1998). Carbonate miner-
als such as calcite and siderite are also recorded and occur 
sporadically in the studied samples.

Fig. 8  The organic matter varia-
tions across the seams of Tikak 
Parbat Formation, Makum 
Coalfield, India. Explanation: 
AOM = amorphous organic 
matter
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Furthermore, to more elucidate the condition of organic 
matter deposition within the peatland, the authors have 
studied the sulfur content of the samples through ultimate 
analysis. The result shows a wide range of sulfur  (Sdaf) in 
coal and shale ranges from 1.27 to 9.45 wt. % (avg. 4.27 wt. 
%) and 1.83 to 19.03 wt. % (avg. 10.03 wt. %), respectively. 
This suggests the overlapping of non-marine to marine 

conditions within the peatland (Sykes et al. 2014). Chou 
(2012) also pointed out the low sulfur content represents 
the freshwater environment, whereas the marine environ-
ment is exhibited by a large amount of sulfur. The higher 
amount of sulfur (avg. 6.70 wt. %) in the samples is likely 
due to the penetration of seawater into the peats as a result 
of basin-floor subsidence. Several scientists (Querol et al. 

Fig. 9  Photomicrographic char-
acteristics of Makum coal and 
shale samples: (a) collotelinite 
(CoT) matrix hosting sporinite 
(Sp), suberinite (Sub), and 
liptodetrinites (Ld); (b) similar 
photographs as “a,” taken under 
fluorescent light; (c) collotelin-
ite (CoT) matrix encompasses 
bituminite (Bit), funginite (Fu), 
and fusinite (F), bituminite is 
also preserved within the cavity 
of funginite; (d) assemblages 
of globular shaped resinite 
(Re), cutinite (Ct), exsudatinite 
(Exo), and telalginite  (Talgi), 
taken under fluorescent light; 
(e) collotelinite (CoT) matrix 
hosting funginite (Fu), resinite 
(Re), and cavity of funginite is 
filled with bituminite (Bit); (f) 
disseminated pyrite (Py) within 
coal samples; (g) agglomeration 
of framboidal pyrite (Py) and 
fragments of vitrodetrinite (Vd) 
within shale; (h) cracks filled 
with pyrite (Py)
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1996; Kuder et al. 1998; Gürdal, 2008) have also reported 
about the sulfur enrichment during the peat formation of 
different coal basins.

Palynofacies characteristics

Palynofacies are also an important and reliable tool to typify 
OM, their paleodepositional conditions, and hydrocarbon 
generation. Investigation of the palynofacies record sug-
gests that the recovered OM are dominantly phytoclasts, 
with some amount of amorphous organic matter (AOM) 
and palynomorphs (following Tyson, 1995; Batten, 1996a, 
b; Mendonça Filho et al. 2011, 2012; Fig. 11). Among the 
phytoclasts group, the concentration of non-opaque phyto-
clasts is higher than that of opaque phytoclasts, indicating 
the low intensity of natural forest fires in the peatland. The 
biodegraded OM under non-opaque phytoclasts are marked 
by non-cellular structure (Fig. 11), but in some portion, the 
mild cellular structure has also been observed, mostly origi-
nating from plant cuticles (Batten, 1996a, b). The amount 
of wood, cuticles, and biodegraded matter in both coal and 
shale implies that they might come from plants growing 

closer to the depositional area (Table 4). The AOM can orig-
inate from bacterial/fungal degradable plant material or from 
excremental parts of zooplankton (Tyson, 1995), whereas 
resins are mostly from higher land plants. The more or less 
homogenous distribution of resins throughout the formation 
suggests that wood vegetation is more pronounced than is 
aquatic plant matter (Table 4). Likewise, palynomorphs are 
the least abundant and are characterized by sporomorphs 
(spore/pollen) and fungal filaments (Fig. 11). Table 4 shows 
a uniform distribution of spore and pollen grains, and this 
suggests that tree ferns are most abundant during the Oligo-
cene epoch, and these contribute significantly to peat forma-
tion. The abundance of biodegraded OM, AOM, and resins 
from the bottom to the top of the formation suggests they 
were deposited under low oxygen or anoxic environmental 
conditions.

In addition to this, a ternary diagram of phytoclasts, 
AOM, and palynomorphs has been plotted and shows that 
the studied coal and shale are all plotted in field-II, which 
also exhibits marginal dysoxic-or-anoxic depositional condi-
tions (Demaison and Moore, 1980; Tyson, 1995; Fig. 12). 
Kumar et al. (2012) also reported that Oligocene coal and 

Fig. 10  Ternary diagram of 
peat-forming environments 
from maceral compositions 
of the studied samples from 
Makum Coalfield, India (after 
Mukhopadhyay, 1986)
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shale are made up of megathermal forests and mostly depos-
ited under anaerobic to dysaerobic freshwater environments. 
This type of environment mostly occurred in the coastal 
areas and was formed by fluvial, wave, or tidal influenced 
basinal processes. Continued sedimentation partially by flu-
vial, marine, and organic sedimentation fills the low-lying 
areas and subsequently converts them into coastal swamps. 
A variety of plants (mostly wood, grasses, and reeds) were 

the species that thrived and formed dense vegetation into 
the swamps and such biomasses gradually were transformed 
into fossil fuels (Diessel, 1992). Algae are the main con-
tributors to the accumulating organic mud which may be 
covered and laterally replaced by peat when paludal condi-
tions succeed the lagoons (Stach et al. 1982; Diessel, 1992). 
The coastal low-lying areas are mostly separated from the 
sea either by a barrier beach or by a mangrove belt (Diessel, 

Fig. 11  Microphotographs 
of the phytoclasts (1–11), 
amorphous organic matter 
(AOM) + resin (12–20), and 
palynomorphs (21–40) groups 
of OM observed in the studied 
samples of the Makum Coal-
field, India. Note: 1–3 = cuticle; 
b: 4–11 = biodegraded; 3, 5, 
7 = black debris; 12–15 = amor-
phous organic matter; 
16–20 = resin; 21–40 = sporo-
morphs (spores and pollens)
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1992). Sykes et al. (2014) reported that the coaly source 
rocks which are mostly found in the coastal plain settings are 
known to be oil-prone. For example, in Australia and Indo-
nesia, the coastal sediments are the most important source 
rocks for natural gas and oil (Thomas, 1982; Durand and 
Paratte, 1983; Thompson et al. 1985; Shanmugam, 1985; 
Khavari Khorasani, 1987; Horsfield et al. 1988; Hvoslef 
et al. 1988; Rice et al. 1989). The palynofacies assemblages 
suggest that both coal and shale having mixed kerogen type 
(type III + II + I) are reflective of gas and oil-prone source 
rocks (following Tyson, 1995). The obtained reflectance 
values for the coal and shale indicate they are in the field of 
immature-to-early mature, but some of them are near to the 
oil birth line (Espitalié et al. 1985; Peters and Cassa, 1994). 
This suggests that the onset of hydrocarbon formation has 
been generated from the source rock and with increasing 
maturity, they are capable of producing mixed thermogenic 
gas and some condensate oil. Additional support of this 
observation is a ternary plot of the vitrinite, inertinite, and 
liptinite (VIL plot) that has been prepared exhibiting maceral 
assemblages (Tissot and Welte, 1978; Shalaby et al. 2019; 
Singh and Kumar, 2017). A previous study shows that the 
amount of liptinite is very much essential in order to gen-
erate liquid hydrocarbons (oil), but there are many differ-
ent views. Hunt (1991) pointed out that 15 to 20 vol. % of 

liptinites are necessary to generate oil. Similarly, Snowdon 
(1991) suggested that as little as 10 vol. % H-rich macerals 
are essential for oil generation. Mukhopadhyay et al. (1991) 
considered 20 to 25% liptinite to generate > 10 wt. % pyro-
lysate. In this study, we have considered both liptinite and 
vitrinite macerals, as they are known to produce liquid and 
gaseous hydrocarbons, respectively. On the basis of their 
amount (i.e., liptinite ≥ 25 vol. % and vitrinite ≥ 55 vol. %), 
the VIL plot has been slightly modified and accordingly, the 
“mixed oil and gas” zone has been split into “oil dominating 
and minor gas” (i.e., uppermost zone) and “gas dominating 
and minor oil” (i.e., lowermost zone). Most of the coal sam-
ples are plotted below the zone which indicates dominance 
of gas generation, and shales are plotted slightly above the 
zone exhibiting more oil generation (Fig. 13). This also sub-
stantiates the above observation from the palynofacies study.

Conclusions

The multifaceted study of mineralogy, organic petrography, 
and palynofacies assemblages reveals that the coal and shale 
of the Makum Coalfield were deposited under a mildly oxic-
to-anoxic deltaic forest to limnic swamp condition. Megath-
ermal trees, ferns, pteridophytes spores, and pollens might 

Fig. 12  Ternary APP diagram 
(following Tyson, 1995) show-
ing depositional environment 
condition and kerogen type. 
Explanation: AOM: amorphous 
organic matter; I to IX: name of 
the fields, which indicates pos-
sible depositional environment 
(note: I = highly proximal shelf 
basin; II = marginal dysoxic-
anoxic basin; III = heterolithic 
oxic shelf; IV = shelf to basin 
transition; V = mud-dominated 
oxic shelf; VI = proximal sub-
oxic-anoxic shelf; VII = distal 
dysoxic-anoxic shelf; VIII = dis-
tal dysoxic-oxic shelf; IX = dis-
tal suboxic-anoxic basin)
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be the major component of the vegetation for coal forma-
tion, whereas herbaceous plant species, such as reed, marsh, 
helophytes, etc., made the shale beds. The dependence of 
higher plant organic matter (OM) on floral precursors is 
mainly controlled by the combination of depositional con-
ditions, i.e., water level, temperature, salinity, etc. The peri-
odic marine water incursion during shale formation in the 
basin might be due to the sea-level rise and further indicates 
changes in global sea-level conditions during the Oligocene 
to early Pliocene epoch. The inorganic matter is mostly com-
posed of quartz, feldspar, calcite, magnetite, spinel, corun-
dum, berlinite, mullite, pyrite, and some clay minerals. The 
occurrences of these minerals are representative of being 
derived from a passive-to-active continental margin setting. 
In addition, deposition of OM under high water level in the 
peat and moderate-to-strong weathering of inorganic matter 
also reveals the change in tectonic and climatic conditions 
during the Oligocene epoch. Depositional conditions were 
suitable for the accumulation of diversified plant species, 
and with sufficient basinal thermal maturity, both coal and 
shale might be recognizable as economically important ther-
mogenic gas and oil, respectively.
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