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Abstract
The low to medium-rank Tertiary coals from Meghalaya, India, are explored for the first time for their comprehensive micro-
structural characterization using the FTIR and Raman spectroscopy. Further, results from these coals are compared with 
the Permian medium and high-rank coals to understand the microstructural restyling during coalification and its controls on 
hydrocarbon generation. The coal samples are grouped based on the mean random vitrinite reflectance values to record the 
transformations in spectral attributes with increasing coal rank. The aliphatic carbon and the apparent aromaticity respond 
sharply to the first coalification jump ( ̄Rr: 0.50%) during low to medium-rank transition and anchizonal metamorphism of 
the high-rank coals. Moreover, the Raman band intensity ratio changes during the first coalification jump but remains invari-
able in the medium-rank coals and turns subtle again during the onset of pregraphitization in high-rank coals, revealing a 
polynomial trend with the coal metamorphism. The Rock–Eval hydrogen index and genetic potential also decline sharply at 
the first coalification jump. Besides, an attempt to comprehend the coal microstructural controls on the hydrocarbon poten-
tial reveals that the Tertiary coals comprise highly reactive aliphatic functionalities in the type II-S kerogen, along with the 
low paleotemperature (74.59–112.28 °C) may signify their potential to generate early-mature hydrocarbons. However, the 
presence of type II-III admixed kerogen, a lesser abundance of reactive moieties, and overall moderate paleotemperature 
(91.93–142.52 °C) of the Permian medium-rank coals may imply their mixed hydrocarbon potential. Meanwhile, anchizonal 
metamorphism, polycondensed aromatic microstructure, and high values of paleotemperature (~ 334.25 to  ~ 366.79 °C) of 
the high-rank coals indicate a negligible potential of producing any hydrocarbons.

Keywords Early mature oil generation · Meghalaya high-sulfur coal · Type II-S kerogen · Microstructural ordering · 
Coalification jump · Hydrocarbon generation potential

1 Introduction

Coal microstructure is utterly sensitive to geological events 
and thus, provides the key to unveil the paleoevents that 
affect the organic matter (OM). One of the factors affect-
ing the microstructural properties of coal is the pronounced 
jump in coalification during the evolution of coal. The first 
coalification jump is characterized by sharp changes in coal 
properties during the early stages of coalification (Bustin 
and Guo 1999). Notably, it involves the gradual depletion 
of oxygen-containing structures and aliphatic side chains 
from the macromolecular matrix of coal (Xin et al. 2022). 
In an attempt to understand the effects of coalification on the 
molecular structure of coal, Jiang et al. (2019) reported the 
microstructural amendments in coal during the first coali-
fication jump at R̄r: 0.50%. These changes include a grad-
ual increase in aromatic rings at the expense of declining 
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aliphatic side chains. Further, previous authors have rec-
ognized a lower threshold reflectance value for the first 
coalification jump at R̄r: 0.50% (Zhou et al. 2017, 2018, Tao 
et al. 2018). Moreover, the generally accepted oil generation 
threshold at R̄r: 0.50% was successfully tested by Yao et al. 
(2006) using laboratory simulation experiments and attrib-
uted this range to a first coalification jump.

Investigations revealed that the chemical and molecular 
framework of coal is highly complex in nature (Baysal et al. 
2016). Therefore, the heterogenic properties and complex 
internal structure pose many challenges to the structural 
and chemical characterization of coal (Saikia et al. 2009; 
Jiang et al. 2019, 2021). Nevertheless, it is worth noting 
that the chemical framework and the molecular structure of 
the low to medium-rank coals play significant roles in vari-
ous coal conversion processes, including coal gasification 
(Baysal et al. 2016), coal liquefaction (Baysal et al. 2016), 
and coal combustion (Zhou et al. 2012; Liu et al. 2016). 
Therefore, despite difficulties, it is imperative to study the 
chemical framework and the micromolecular structure of 
these coals to be familiar with the various factors of coal 
conversion. A large number of chemical and structural 
parameters of coal, i.e., functional group chemistry, degree 
of microstructural crystallinity, heteroatomic heterogeneity, 
and molecular structures, can be obtained from highly sensi-
tive and advanced analytical techniques, such as the vitrinite 
reflectance analysis, Fourier transform infrared (FTIR), and 
Raman spectra to address those challenges. The FTIR spec-
tra depict stretching and bending vibrations of the organic 
molecules and the chemical bonds of the mineral matter to 
document the types of kerogen, thermal maturity, and evolu-
tion of chemical framework with the rank advancement of 
carbonaceous materials (Orrego-Ruiz et al. 2011; Chen et al. 
2012; Hazra et al. 2015; Okolo et al. 2015; Misra et al. 2019; 
Biswas et al. 2020; Ghosh et al. 2020). Besides, owing to 
its sensitivity to the crystalline and amorphous structures of 
carbonaceous materials, Raman spectroscopy finds a wide 
array of applications in the characterization of carbon-based 
materials (Beyssac et al. 2002a, 2002b; Sadezky et al. 2005; 
Marques et al. 2009; Kwiecińska et al. 2010; Rodrigues et al. 
2011; Morga et al. 2015; Baysal et al. 2016; Lünsdorf 2016; 
Xueqiu et al. 2017; Henry et al. 2018, 2019a, 2019b; Khatibi 
et al. 2018). Additionally, the Rock–Eval pyrolysis, com-
monly used to assess source rock hydrocarbon potential, is 
also applied here to support the transformations during the 
coalification stages.

The study area in northeastern India comprises a con-
siderable amount of low to medium-rank high-sulfur coal 
deposits (1,623.65 million tonnes, GSI 2019). Recently, 
these coal deposits have gained wide attention for vari-
ous coal conversion processes due to their high-grade, low 
moisture, low ash yield (Khare and Baruah 2010; Mishra 
et al. 2014; Oliveira et al. 2014), and perhydrous nature at 

places (Chandra et al. 1983). However, due to the existing 
knowledge gap regarding the comprehensive microstructural 
framework of these north-east Indian coals, their complete 
characterization and utilization in coal conversion processes 
are in their infancy. Therefore, the objective of this study 
is to undertake a composite approach from different spec-
tral probes to report more inclusive information about the 
internal structure of these coals, which may facilitate their 
academic and industrial utilization. To carry out this objec-
tive, the high-sulfur coals from Meghalaya, northeast India, 
are researched from a combined multispectral approach for 
the first time to appraise the microstructure and its plausi-
ble influences on hydrocarbon generation, which defines the 
novelty of this investigation. Further, to portray the whims 
of microstructural restyling with coalification, these coals 
are compared with the medium and high-rank coals from 
the Jharia and the Raniganj Basins and the Rangit tectonic 
window, Sikkim Himalaya, India, respectively. Different 
spectral attributes and semi-quantitative spectral ratios 
 (ID1/IG, FWHM of the G and the  D1 bands, Raman band 
separation, and “A-factor”) are calculated to delve deep into 
the chemical functionalities present in these coals and their 
roles in hydrocarbon generation. This investigation has a 
wider scope in the application of the northeast Indian coals 
in nanoproducts synthesis, coal liquefaction, coal gasifica-
tion, hydrocarbon exploration, enhanced kerogen pyrolysis, 
and developing any strategy for sulfur removal for their bet-
ter utilization.

2  Geological setting

The Meghalaya plateau (20°01′ N to 26°05′ N; 85°49′ E to 
92°53′ E) is a rigid Precambrian cratonic block (Fig. 1a) 
at the northeastern extremity of India. It covers an area of 
22,429  km2. It is structurally a horst and is bordered by the 
Brahmaputra lineament to the north, dextrally moving Dauki 
fault to the south, the Naga-Disang thrusted schuppen belt to 
the east and the Dhubri-Yamuna lineament to the west. The 
Eocene coal deposits of Meghalaya (Chandra et al. 1983) 
formed on the platform basin peripheral to the Shillong pla-
teau under stable shelf conditions (Mishra and Ghosh 1996).

The general stratigraphy of Meghalaya is portrayed in 
Fig. 1b. The coal deposits of Meghalaya form a narrow 
belt from the Garo hills (West Darrangiri and Siju coal 
basins) in the west through the Khasi hills (Langrin and 
Mawlong-Shella coal basins) in the middle to the Jaintia 
Hills in the east (Fig. 1c) (Chandra et al. 1983). There 
are other minor coal basins, such as Laitryngew, Cher-
rapunji, and Bapung. Coal deposits occur on the platform 
area within the Tertiary system of the Eocene age. The 
coal-bearing horizons include carbonaceous shale and 
grey shale striking NNW-SSE to NE-SW to WSW-ENE, 
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Fig. 1  a The tectonic map of Meghalaya after Singh and Singh (2000) and Singh et  al. (2021). b Stratigraphic succession of the Raja Rao 
(1981), Meghalaya after Misra (1992), Mishra and Ghosh (1996), and Singh and Singh (2000). c Study area after Swer and Singh (2003), Khare 
and Baruah (2010), and Talukdar et al. (2016) with the tentative locations of the sampling sites



 T. Adsul et al.

1 3

   33  Page 4 of 23

and these are either sub-horizontal or have a slight dip 
(~ 2°) toward the southwest. In places, the beds are almost 
horizontal. More information about the lithology and the 
relevant coal seam of a particular sample is furnished in 
Fig. 1b and Table 2, respectively.

The petrographic characterization of Meghalaya coals 
was carried out a little by previous workers (Ahmed and 
Bharali 1985; Goswami 1985). These coals are usually 
rich in vitrinite, followed by appreciable quantities of lip-
tinite group macerals with a low concentration of inerti-
nite macerals (Mishra and Ghosh 1996). Singh and Singh 
(2000) demonstrated the deposition facies of these coal 
seams based on the petrographic models. According to 
them, the Jaintia Hills coals were formed under recurrent 
marine incursion events. In contrast, the Khasi Hills coals 
predominantly formed under telmatic to limno-telmatic 
conditions, and the coals of Garo Hills formed in reed 
swamps in telmatic to limnic conditions. Further, Misra 
(1992) advocated that the Meghalaya peat swamps devel-
oped on the fringe of the stable shelf with intermittent 
marine transgression events.

3  Material and methods

3.1  Sample collection and preparation

The studied low to medium-rank coal samples from north-
east India belong to the Jaintia, Khasi, and Garo Hills of 
the eastern, middle, and western Meghalaya, respectively 
(Fig. 1c). Twenty-two (22) coal samples were accumulated 
from the Jaintia, Khasi, and Garo Hills of Meghalaya, Ran-
iganj and Jharia Basins of West Bengal, and Jharkhand, 
and the Rangit tectonic window of the Sikkim Himalaya, 
India. The collected fresh samples were cleaned for recent 
sediment and dust particles to avoid contamination. The 
samples were immediately stored in clean and air-locked 
bags to protect them from unnecessary moisture and dust. 
Manual mixing of coal samples was done with due care 
to alleviate sample segregation. Then, the manual method 
was undertaken for the division of coal samples using the 
flattened-heap method according to the ISO 18283 (2006) 
standard. The detailed sampling of medium-rank coals 
from the Jharia and the Raniganj Basins and the high-rank 

Fig. 1  (continued)
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coals from the Rangit tectonic window are outlined in the 
works of Ghosh et al. (2018, 2020).

3.2  Elemental properties of coal samples

Carbon, hydrogen, nitrogen, sulfur, and oxygen (CHNSO) 
distributions of the coals were analyzed on -212 micron-
sized grains at the Spectroscopy and Analytical Test Facil-
ity, Indian Institute of Science (IISc), Bangalore, India, fol-
lowing the guidelines of ASTM (2015). Thermo scientific 
flash 2000 organic elemental analyzer was employed under 
the CHNS/O mode for the elemental analysis. The furnace 
temperature was set at 900 °C and 1060 °C for CHNS and 
oxygen, respectively, for complete flash combustion using 
helium as a carrier gas. The combustion products were 
allowed to pass through the gas chromatography (GC) col-
umn at 75 °C for CHNS and 100 °C for oxygen to be sepa-
rated by the retention rates. Finally, the gases were detected 
at the thermal conductivity detector (TCD) to produce 
chromatographs. After integrating the curves, the carbon, 
hydrogen, nitrogen, sulfur, and oxygen concentrations were 
quantified in weight percentages.

3.3  Vitrinite reflectance measurements

For vitrinite reflectance measurements, the coal samples 
were air-dried at 40 °C for approximately 3 h following 
the ISO 18283 (2006) guidelines. The samples were then 
manually crushed and passed through a sieve with an open-
ing of 1 mm following ISO 3310-1 (2000). The coal pel-
lets were prepared after mixing those sieved coal particles 
with the epoxy resin and binder. One face of each pellet was 
grounded and polished for reflectance measurements to get a 
scratch and relief-free surface following the protocols men-
tioned in ISO 7404-2 (2009a, 2009b). After the complete 

preparation of the pellets, they were dehydrated in a desic-
cator for 15 h before the vitrinite reflectance measurements.

Non-polarized light of wavelength (λ) 546  nm was 
directed to the ideal vitrinite grains of the coal pellets 
immersed in oil (ne = 1.518 at 23 °C). The Leica DMRXP 
microscope with a photometer (PMT-III) attached with the 
MSP-200 software, and Leica Application Suite (LAS) was 
employed for the vitrinite reflectance analysis following 
the ISO 7404-5 (2009a, 2009b) standard. Random vitrinite 
reflectance values (100 counts) were obtained for each sam-
ple from which the mean reflectance ( ̄Rr%) was calculated. 
The reflectance measurement of the Sikkim high-rank sam-
ples was performed by Ghosh et al. (2018). Further, Ghosh 
et al. (2020) elaborated on the reflectance measurement 
procedure and calculation of the R̄r% values of the medium-
rank samples from the Jharia and the Raniganj Basins and 
high-rank samples from the Rangit tectonic window. The R̄
r% values were used to calculate the peak paleotemperature 
of the Meghalaya coals following Eq. (1) from Barker and 
Pawlewicz (1994):

Further, the paleotemperature of the medium-rank sam-
ples from the Jharia and the Raniganj Basins and high-rank 
samples (Rangit tectonic window) were reported by Ghosh 
et al. (2020).

3.4  Fourier transform infrared (FTIR) spectroscopy

The sample preparation for the FTIR spectroscopy was per-
formed following Painter et al. (1981). A total of 32 infrared 
scans were recorded at a resolution of 4  cm−1 within the 
scan range of 4000–400  cm−1. The Vertex 80 FTIR system 

(1)Tpeak =
{In(Rr) + 1.68}

0.0124

Table 1  Calculations of the 
FTIR parameters following 
Ganz and Kalkreuth (1987), 
Ibarra et al. (1994), Guo and 
Bustin (1998), Chen et al. 
(2012), Xueqiu et al. (2017), 
Jiang et al. (2019), and Liu et al. 
(2019)

Explanations:  Hal/H is the ratio of the concentrations of aliphatic hydrogen  (Hal) to the total hydrogen 
atoms (H).  Cal/C represents the aliphatic carbon fraction. H/C represents the atomic ratio of hydrogen to 
carbon, calculated from the ultimate analysis.  Hal/Cal is the proportion of hydrogen and carbon in aliphatic 
groups that is already pre-defined for coals at 1.8 (Ibarra et al. 1994; Xueqiu et al. 2017). “A-factor” and 
“C-factor” are the indicators of hydrocarbon generation potential and coal maturation, respectively (Ganz 
and Kalkreuth 1987). ‘A’ denotes the area of the band region or a particular peak

Semi-quantitative 
FTIR parameters

Calculations Band region  (cm−1) Equation no

Apparent aromatic-
ity (fa)

Hal

H
=

Hal

Hal+Har

Hal

H
=

A3000−2800

(A3000−2800+A900−700)
(2)

Cal

C
=

Hal

H
∗

H

C

Hal

Cal

Cal

C
=

A3000−2800

(A3000−2800+A900−700 )
∗

H

C

1.8

(3)

f
a
= 1 −

Cal

C f
a
= 1 −

A3000−2800

(A3000−2800+A900−700 )
∗

H

C

1.8

(4)

“A-factor” CHal(stretching)

(CHal(stretching)+C=Cstretching)

A
3000−2800

(A
3000−2800+A1600

)
(5)

“C-factor” C=O

(C=O+ C=C)

A
1750−1650

(A
1750−1650+A1600

)
(6)
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coupled with a Bruker 3000 Hyperion Microscope was 
employed at the Sophisticated Analytical Instrument Facil-
ity (SAIF) in the Indian Institute of Technology, Bombay 
(IIT-B), India. The spectral deconvolution and fitting using 
the Gaussian function were performed in the Fityk 1.3.1 
software. The formulations of the semi-quantitative param-
eters from the fitted FTIR spectra are furnished in Table 1.

3.5  Raman spectroscopy

The Raman spectroscopy of ten (10) low to medium-rank 
samples of Meghalaya was carried out at the Sophisticated 
Analytical Instrument Facility (SAIF) in the Indian Institute 
of Technology, Bombay (IIT-B), India. The Horiba Jobin 
Yvon HR-800 UV confocal Micro-Raman spectrometer 
recorded the Raman signals on the powdered coal samples. 
The 532 nm laser source at the resolution of 1800 lines/
mm was used. Each sample was scanned for about 10 s 
from 1000 to 2000  cm−1 region. Three spectra of individual 
samples were measured, and the mean values of the Raman 
signals and spectral intensities were computed. The final 
spectrum was fitted using the Gaussian function in the Fityk 
1.3.1 software. Meanwhile, Ghosh et al. (2018) and Ghosh 
et al. (2020) reported the Raman spectral deconvolution fea-
tures of the medium-rank coals from the Raniganj and Jharia 
Basins and high-rank samples from Sikkim, respectively.

3.6  Rock–Eval pyrolysis

A Rock–Eval 6 pyrolyzer was employed to evaluate the 
source rock characteristics of the studied coals following 
the methodologies furnished by Varma et al. (2015) at the 
Keshava Deva Malaviya Institute of Petroleum Explora-
tion (KDMIPE, ONGC, India). The assessed parameters 
include total organic carbon (TOC) content, thermola-
bile hydrocarbons under the S1 curve, thermally cracked 
pyrolyzates under the S2 curve, and the temperature that 
promotes peak thermal cracking of kerogen and release of 
maximum amounts of hydrocarbons (Tmax), hydrogen index 
{HI = 100 × (S2/TOC)}, and bulk hydrocarbon genetic 
potential (GP = S1 + S2) of kerogen.

4  Results and discussions

4.1  Coal properties

The general coal characteristics, including the technologi-
cal parameters, elemental distributions, atomic ratios, vit-
rinite reflectance measurements, and calculated peak pale-
otemperature values are presented in Table 2. The rank of 

the Meghalaya coal samples ranges from Lignite B, sub-
bituminous, Bituminous D to Bituminous C, whereas the 
Jharia and the Raniganj coals fall in the Bituminous C to 
Bituminous B category. Further, the high-rank coals belong 
to Anthracite A following ISO 11760:2005 rank classifica-
tion standard. The Meghalaya coals are low in moisture and 
ash yield; therefore, these coals are considered high-grade 
for various coal beneficiation processes (Khare and Baruah 
2010). Further, the volatile matter yield range and low mois-
ture and ash yield values may impart semi-coking charac-
teristics to these coals. The decline in the average volatile 
matter yield from the Meghalaya coals through the Raniganj 
and the Jharia coal to the Sikkim Anthracites suggests an 
increase in the rank of these coals. Similarly, an increase in 
the fuel ratio implies a rank increment from the Meghalaya 
to Sikkim coals. Additionally, carbon content on a dry ash-
free basis (daf) corroborates with the fuel ratio to estimate 
the rank of the studied samples (Table 2).

The ultimate analysis depicts that the studied low to 
medium-rank coal samples from Meghalaya are rich in 
total sulfur content along with high oxygen and hydrogen 
contents. The decarboxylation, decarbonylation, demeth-
ylation, and dehydroxylation reactions alleviate the oxygen 
and hydrogen contents with increasing coal metamorphism 
(Killops and Killops 2005). Therefore, the large oxygen and 
hydrogen contents in studied low to medium-rank coals of 
Meghalaya and medium-rank coals from the Jharia and the 
Raniganj Basins may indicate that these reactions have not 
significantly altered the chemical compositions of these 
coals yet and hence, suggest that these samples have experi-
enced a low to moderate burial temperature (calculated from 
Eq. (1); see Sect. 4.2) and belong to the lower metamorphic 
grade hitherto.

Markedly, the large total sulfur content in the Megha-
laya coal samples is likely due to the marine incursion to 
the peat-forming mires or strong alkaline environment in a 
marginal-marine setting. Further, the van-Krevelen diagram 
constructed by the atomic H/C versus O/C ratio reveals that 
these samples comprise type II-S kerogen (Fig. 2). This type 
of kerogen comprises a large number of alkyl chains associ-
ated with the kerogen nuclei by the S–S and the C–S bonds. 
These bonds have lower bond dissociation energy than the 
C–O and the C–C bonds, which dominate the chemical 
frameworks of other kerogen types. Due to the presence of 
these weaker bonds and, therefore, reactive chemical frame-
work, type II-S kerogen can expel hydrocarbons at a consid-
erably lower temperature than the other kerogen types (Orr 
1986) (except the type I kerogen). Further, the Raniganj and 
the Jharia coal samples on the van-Krevelen diagram portray 
type II-III admixed kerogen. This kerogen combination may 
produce a mixed type of hydrocarbons (oil and gas) depend-
ing upon the extent of maturity (Killlops and Killops 2005). 
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Hence, the studied low to medium-rank samples reveal sig-
nificant hydrocarbon potential owing to their reactive chemi-
cal structure. On the other hand, the van-Krevelen plot and 
calculated peak paleotemperatures (see Sect. 4.2) of the 
high-rank samples from Sikkim suggest that these samples 
are at metagenesis to the post-metagenesis stage with a poor 
hydrocarbon generation potential.

4.2  Vitrinite reflectance, coal rank, and basinal 
paleotemperature

Based on the mean random vitrinite reflectance ( R̄r%) 
values, the coal samples from Meghalaya are divided 
into two groups. The low-rank samples (< 0.40%–0.50%) 
comprise the lignite ( R̄r: < 0.40%) and subbituminous 
( R̄r: 0.40%–0.50%) coals, while the medium-rank sam-
ples (> 0.50%–1.00%) include the bituminous D ( R̄
r: 0.50%–0.60%), and bituminous C ( R̄r: 0.60%–1.00%) 
coals. Further, the Raniganj and the Jharia coals are cat-
egorized into medium-rank coals (0.58%–1.09%; Anwita 
et al. 2020; Ghosh et al. 2020) consisting of bituminous D 
( R̄r:0.50%–0.60%), bituminous C ( ̄Rr: 0.60%–1.00%), and 
bituminous B ( R̄r:1.00%–2.00%) rank (ISO 11760:2005). 
On the other hand, the Sikkim coal samples are grouped 
into high-rank coals ( ̄Rr: 4.15%–5.36%; Anwita et al. 2020; 

Ghosh et al. 2018,  2020). The R̄r value of 0.50% is set as 
the boundary between the low-rank and medium-rank coals 
following the concept of the ‘first coalification jump.’ Bustin 
and Guo (1999) suggested that among the four or five jumps, 
the first coalification jump usually occurs at the high vola-
tile bituminous coal rank ( ̄Rr:0.50%–0.60%). Meanwhile, as 
discussed in subSect. 4.1, the Meghalaya coal samples com-
prise type II-S kerogen, which is extremely reactive than the 
type II-III kerogen to produce hydrocarbons before the peak 
thermal cracking of bitumen. Hence, the authors propose 
that the coalification jump in these samples occurs at the R̄
r of 0.50%, which forms the base of the division between 
the low ( R̄r < 0.50%) and medium rank ( R̄r > 0.50%) coal 
samples.

The heating temperature of the sedimentary OM, such as 
coal, is controlled by the maximum burial temperatures and 
the duration of the heating on the extended geological time 
scale (Barker and Pawlewicz 1986). However, this duo has 
limitations to measure in cooled sedimentary environments 
because of the weak thermal imprints. In such cases, R̄r% 
functions as an indicator of the peak temperature reached 
in the system. The R̄r% was used by many authors to docu-
ment the peak temperature experienced by the OM in vari-
ous geological settings (Bostick et al. 1979; Barker and 
Goldstein 1990; Piedad-Sánchez et al. 2004; Ghosh et al. 
2018; Ghosh et al.  2020; Misra et al. 2019). The maxi-
mum temperature (Tpeak) of burial heating experienced by 
the OM in low to medium-rank coals of Meghalaya ranges 
from 74.59 to 112.28 °C. In contrast, the medium-rank coals 
from the Jharia and the Raniganj Basins underwent burial 
heating temperatures from 91.93 to 142.52 °C (Ghosh et al. 
2020). On the other hand, for the high-rank samples from 
Sikkim, the calculated peak temperature fluctuates between 
334.25 and 366.79 °C (Ghosh et al. 2020). The values of 
paleotemperature for low to medium-rank coals may suggest 
that these samples have experienced late pre-catagenetic to 
catagenetic and post-catagenetic (Fig. 2) thermal matura-
tion. Taylor et al. (1998) suggested that the distinctive tem-
perature for coalification of high-rank coals is from ~ 170 
to 250 °C. However, the paleotemperature range of these 
high-rank coals from Sikkim is beyond this coalification 
temperature range, suggesting the influence of thermal meta-
morphism under tectonic stress (anchizonal metamorphism; 
Ghosh et al. 2018).

The organic micropetrography of the vitrinite (collotelin-
ite) grains substantiates these microstructural transforma-
tions with the coal metamorphism (Additonal file 1: Fig. 
S1a-d). The collotelinite grains in the sub-bituminous and 
bituminous coals from Meghalaya, Raniganj, and Jharia 
barely show any optical anisotropy (Fig. 1a–b) as the aro-
matic lamellae within them have not developed any preferred 
orientation, yet, and consist terminal functional groups and 

Fig. 2  Atomic H/C versus O/C (van-Krevelen) diagram
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heteroatomic bridges. Only a transition from the bituminous 
D to bituminous C rank implies a small rise in the micro-
structural ordering. At this rank, the primary driving forces 
of coalification were the temperature and the burial depth. 
However, with the increasing metamorphism to the anthra-
cite A rank, and consequent depletion of the functional 
groups, methyl chains, and branches, the aromatic layers 
experienced polycondensation. The temperature enhanced 
the aromaticity, while the tectonic shear stress reoriented 
the aromatic lamellae within the vitrinite grains. These 
polyaromatic lamellae (Basic Structural Units (BSUs)) are 
oriented perpendicularly to the maximum stress direction 
of the triaxial stress field induced by the Himalayan orog-
eny in the Sikkim fold-thrust belts. This preferred orienta-
tion of the BSUs in the vitrinite grains developed optical 
anisotropy quantified by the bireflectance (Fig. 1c–d). The 
reflectance of the vitrinite grains in the anthracite A samples 
was presented by the Reflectance Indicating Surface (RIS), 
its principal axes (RMAX, RINT, and RMIN), and parameters 
(Ram, Rev, and Rst). Intense tectonic deformation episodes 
also resulted in the biaxial negative optical texture of these 
vitrinite grains as observed from the relation between the 
maximum, intermediate, and minimum reflectance axes val-
ues (RMAX > RINT >  > RMIN) and RIS-style parameter (Rst) 
(Ghosh et al. 2018).

4.3  Hydrocarbon generation properties

The TOC richness in low-medium rank coals from Megha-
laya ranges from 35.31 wt% to 73.13 wt%, whereas it fluctu-
ates between 59.24 wt% and 78.04 wt% in the medium-rank 
coals of the Raniganj and the Jharia Basins. The TOC values 
agree for good hydrocarbon generation potential. In favour, 

potentially liquid hydrocarbon generation can be expected 
from the Meghalaya coals based on their high hydrogen 
index (HI; avg. 307.90 mg HC/g TOC). This is supported 
by their persistent sulfur-rich (type-IIS) kerogen and higher 
genetic potential values. Moreover, the R̄ r% values for 
Meghalaya coals are also in good agreement to infer their 
early oil generation potential (Fig. 3a). On the other hand, 
in the medium-rank coals, the HI values show a significant 
decline to the range of type-II-III kerogen. This kerogen 
type may imply the mixed oil and gas generation potential 
of the Raniganj and Jharia coal. Due to a higher degree of 
organic metamorphism at the anthracite stage and the large 
degree of aromatic polycondensation, the organic matter 
would have exhausted its capacity for any hydrocarbon gen-
eration. The S2 values are extremely low (< 0.03), and the 
S2 curves appear as a hump in the pyrograms, which also 
leads to anomalous and unreliable Tmax values. Therefore, 
the Rock–Eval parameters such as S1, S2, and Tmax are not 
recognized in the studied high-rank samples.

Moreover, as a whole, the GP and HI values are sharply 
declining at R̄r 0.50%, possibly due to the first coalification 
jump (Table. 3; Fig. 3b), implying the effects of sulfur-rich 
reactive organic matrix on the early hydrocarbon generation 
from these coals. Sulfur is the most predominant heteroatom 
attached to the macromolecular matrix of coals rich in type-
IIS kerogen. This type of kerogen comprises a large number 
of alkyl chains associated with the kerogen nuclei by the 
S–S and the C–S bonds. These bonds have lower bond dis-
sociation energy (65 kcal/mole) than the C–O (85.5 kcal/
mole) and the C–C (83 kcal/mole) bonds, which dominate 
the chemical frameworks of other kerogen types. Due to the 
presence of these weaker bonds and, therefore, consequent 
reactive chemical framework, type IIS kerogen can expel 

Fig. 3  a Mean random vitrinite reflectance ( ̄Rr%) vs. Temperature at which maximum hydrocarbon recorded under S2 curve (Tmax) and b Mean 
random vitrinite reflectance ( ̄Rr%) vs. Genetic potential (S1 + S2)
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hydrocarbons at a considerably lower temperature than the 
other kerogen types (Orr 1986). Type-IIS kerogen is, there-
fore, very reactive than type II-III kerogen that produces 
hydrocarbons before the peak thermal cracking of bitumen 
(Ma et al. 2016). Hence, the authors propose that the coali-
fication jump in these samples occurs at the R̄r of 0.50%. In 
support, it is suggested that during the coalification tran-
sition at R̄r 0.50%, sulfur-containing functional groups, 
through reductive decomposition, may convert to  H2S, pro-
moting hydrogen shuttling and, therefore, early cleavage of 
sulfur bonds. This process may help extract hydrogen from 
kerogen through free radical reactions (Trewhella and Grint 
1987) and promote early oil generation.

4.4  Spectral demonstrations

4.4.1  Qualitative characterization of the functional groups

The fitted FTIR spectra are assigned to the specific functional 
groups following Ibarra et al. (1996), Coates (2006), Chen 
et al. (2012), Djomgoue and Njopwouo (2013), Okolo et al. 
(2015), Ghosh et al. (2020) and are presented in Table 4. 
In low to medium-rank coals from Meghalaya, the spectral 
deconvolution of the region 3700–3600  cm−1 reveals lucid 
–OH stretching vibrations of kaolinite, characterized by three 

peaks of surficial –OH group vibrations at ~ 3691, ~ 3678, 
and ~ 3658  cm−1 together with an inner surface vibration 
peak at ~ 3620  cm−1 (Fig. 4a) (Djomgoue and Njopwouo 
2013). Whereas medium-rank coals from the Jharia and 
the Raniganj Basins coals depict three peaks at 3694  cm−1, 
3652  cm−1, and 3620  cm−1 (Fig. 4b). On the other hand, 
only the inner surface hydroxyl group marks the kaolinite 
structure in the high-rank samples from the Rangit tectonic 
window (Fig. 4c). This transition may imply an increasing 
degree of dehydroxylation and progressive loss of the –OH 
group with coalification. Meanwhile, the inner surface –OH 
group would have stronger hydrogen bond energy to survive 
that process than the surficial species, making it the only 
prominent group in the high-rank coal samples from Sikkim 
(Ghosh et al. 2020). Further, all samples show IR absorb-
ance of the pyrrolic –NH group with variable intensities. A 
cluster of peaks observed in the region of 3100–3000  cm−1 
is assigned to the vibrations of aromatic C–H stretching 
due to the cross-linking aromatic structures (Cooke et al. 
1986). In low to medium-rank coals of Meghalaya, spec-
tral distribution observed in the region of 3000–2800  cm−1 
is attributed to the aliphatic C–H stretching bonds result-
ing from the presence of the aliphatic side-chains (Chen 
et al. 2012). This region consists of several distinct peaks 
of the asymmetric and symmetric aliphatic –CH3 and –CH2 

Table 3  Hydrocarbon 
generation parameters 
calculated from Rock–Eval 
pyrolysis

Explanations: R̄r% = Mean random vitrinite reflectance value; TOC (wt%) = Total Organic carbon; 
S1 = Expulsion of low-molecular-weight hydrocarbons under S1 curve in Rock–Eval pyrolysis  (mg 
HC/g rock); S2 = Release of thermally cracked high-molecular-weight hydrocarbons recorded under S2 
curve (mg HC/g rock); Tmax (°C) = Maximum hydrocarbon liberation temperature recorded under S2 curve; 
HI = Hydrogen index: 100 × (S2/TOC) (mg HC/g TOC) ; GP = Genetic potential (S1 + S2) (mg HC/g rock)

Sample ID Location R̄r% TOC 
(wt%)

S1 (mg 
HC/g 
rock)

S2 (mg HC/g rock) Tmax (°C) HI (mg 
HC/g 
TOC)

GP (mg 
HC/g 
rock)

CG-5213 Jaintia Hills 0.26 58.39 12.21 204.18 439.00 350.00 216.39
CG-5219 Khasi Hills 0.47 73.13 6.89 250.77 422.00 343.00 257.66
CG-5209 Jaintia Hills 0.48 68.09 6.59 229.82 422.00 338.00 236.41
CG-5214 Jaintia Hills 0.53 52.86 5.29 158.79 437.00 300.00 164.08
CG-5221 Khasi Hills 0.57 38.52 2.13 98.28 420.00 255.00 100.41
CG-5227 Garo Hills 0.57 67.42 4.16 183.73 420.00 273.00 187.89
CG-5223 Khasi Hills 0.58 35.31 4.25 108.55 423.00 307.00 112.80
CG-5229 Garo Hills 0.59 64.55 5.03 211.12 420.00 327.00 216.15
CG-5217 Khasi Hills 0.60 60.18 6.35 179.01 422.00 297.00 185.36
CG-5204 Jaintia Hills 0.75 72.09 10.85 207.99 446.00 289.00 218.84
CG-1672 Raniganj 0.58 63.47 0.71 115.23 425.00 182.00 115.94
CG-1671 Raniganj 0.65 64.62 1.34 117.99 424.00 183.00 119.33
CG-1676 Jharia 0.76 59.29 3.17 154.82 432.00 261.00 157.99
CG-1675 Jharia 0.90 63.61 0.95 114.97 451.00 181.00 115.92
CG-1673 Jharia 0.95 78.04 1.63 159.55 448.00 204.00 161.18
CG-1677 Jharia 1.00 77.75 2.01 194.31 443.00 250.00 196.32
CG-1679 Jharia 1.00 59.24 1.64 109.39 442.00 185.00 111.03
CG-1674 Jharia 1.09 64.66 1.00 101.24 461.00 157.00 102.24
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stretching vibrations (Table 4). These peaks suggest that the 
studied low to medium-rank coal samples have a reactive 
aliphatic structure (straight-chain and branched) contributed 
mainly by the methylene and methyl groups. Nonetheless, 
the medium-rank samples from the Jharia and the Raniganj 
Basins illustrate only two prominent peaks of symmetric 
and asymmetric aliphatic –CH2 stretching vibration (Ghosh 
et al. 2020). This may indicate the chemical transition within 
the coals during the first coalification jump and, therefore, 
may substantiate the authors' proposition to set the R̄r value 
of 0.50% as the marker of the first coalification jump. How-
ever, the high-rank samples are devoid of the absorbance 
intensities in this region because of the coupling of thermal 

and stress degradation that prompted the expulsion of the 
aliphatic groups of low bond dissociation energy as hydro-
carbons (Ghosh et al. 2020). Further, the absorption of infra-
red spectra at ~ 1730  cm−1 may indicate the presence of the 
aromatic ester group, while the influences of acid, ketones, 
and aldehydes on stretching vibrations of the aliphatic C=O 
and –COOH groups are recorded in the absorption peak 
of ~ 1703  cm−1 (Okolo et al. 2015). Moreover, C=O aromatic 
stretching vibrations are recorded at 1650  cm−1. The peak 
detected at ~ 1600  cm−1 is attributed to the C=C aromatic 
stretching vibration of aromatic rings or aromatic nuclei. 
Further, the weakly intense peaks associated with the oxy-
genated functional groups (1750–1650  cm−1) and aromatic 

Table 4  Peak Assignments of the deconvoluted FTIR spectra of the studied samples following Ibarra et al. (1996), Coates (2006), Chen et al. 
(2012), Djomgoue and Njopwouo (2013), Okolo et al. (2015) and Ghosh et al. (2020)

Explanations: –CH3= Methyl group; –CH2= Methylene group; –OH= Hydroxyl group; RCOOR′ = Aryl esters; –COOH= Carboxyl group; 
C=O= Carbonyl group; C–S= Carbon–Sulfur bond; S–S= Sulfur-Sulfur bond

Serial number Wavenumber  (cm−1) Assignments

1  ~ 3691 Kaolinite hydroxyl (–OH) stretching- surficial
2  ~ 3678 Kaolinite hydroxyl (–OH) stretching- surficial
3  ~ 3658 Kaolinite hydroxyl (–OH) stretching- surficial
4  ~ 3620 Kaolinite hydroxyl (–OH) inner stretching- Inner surficial
5  ~ 3510 Free –OH Group
6  ~ 3458, ~ 3408, ~ 3366 Pyrrolic –NH
7  ~ 3420 H–O–H stretching
8  ~ 3400 Strong –OH group
9  ~ 3319, ~ 3273 –OH ether O Hydrogen Bond
10  ~ 3210 Tightly bound cyclic –OH tetramers
11 3100–3000 Aromatic C–H stretching
12  ~ 2950 Asymmetric aliphatic  CH3 stretching vibration
13  ~ 2920 Asymmetric aliphatic  CH2 stretching vibration
14  ~ 2900 to 2880 R3–CH stretching
15  ~ 2870 Symmetric aliphatic  CH3 stretching vibration
16  ~ 2850 Symmetric aliphatic  CH2 stretching vibration
17  ~ 1730 Aromatic ester group (RCOOR') vibration
18  ~ 1703 Vibrational intensity of aliphatic C=O and –COOH group
19  ~ 1650 Aromatic C=O stretching
20  ~ 1600 Aromatic C=C stretching
21  ~ 1460 Aromatic C=C stretching
22  ~ 1435 Aliphatic  CH2 and  CH3 bending vibrations
23  ~ 1370 CH3 symmetric bending vibration
24  ~ 1350 to 1330 Aliphatic C–H in-plane bending vibration
25  ~ 870 Aromatic nucleus C–H bending frequency with isolated aromatic hydrogen
26  ~ 810 Aromatic nucleus C–H bending frequency with two to three adjacent 

aromatic hydrogen in each ring
27  ~ 750 Aromatic nucleus C–H bending frequency with four (4) aromatic hydrogen
28  ~ 695 Thiol or Thioether  CH2–S– (C–S stretch)
29  ~ 630 Thioether  CH3–S– (C–S stretch)
30  ~ 620, ~ 605 Disulfides (S–S stretch)
31  ~ 595, ~ 580 Disulfides (C–S stretch)
32  ~ 470 Polysulfides (S–S stretch)
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C=C stretching (1600  cm−1) are found in the high-rank sam-
ples, possibly due to the increasing non-sensitivity of these 
functional groups to the IR spectra caused by a decrease in 
the net dipole moment.

Besides, the bending vibrations of the aliphatic –CH2 
and –CH3 groups are recorded at ~ 1435  cm−1 in all the 
studied low to medium and medium-rank coal samples 
and only in one high-rank sample (CG-3300). This band 
may have a contribution from a few hydrogen-bonded 
–OH structures, but the peak at ~ 1460  cm−1 observed on 
the left shoulder of ~ 1435  cm−1 peak suggests a contri-
bution from aromatic C = C stretching vibrations (Cooke 
et al. 1986; Coates 2006; van Niekerk et al. 2008; Okolo 
et al. 2015). The infrared absorption at ~ 1370   cm−1 is 
attributed to the presence of –CH3 groups in aliphatic 
chains. Further, in low to medium-rank coals, aliphatic 
C–H in-plane bending vibrations are noted in the region 
between ~ 1350–1330  cm−1. The high-rank samples are 
devoid of any peaks in this region due to the thermo-stress 
degradation effects. Further, the substitution of aromatic 
species in aromatic rings is indicated by aromatic out-
of-plane C–H bending vibration from 900 to 700  cm−1 
spectral regions (Fig. 5). This configuration may result 

from the Hydrogen-Carbon–Carbon (HCC) rocking vibra-
tion in the condensed aromatic ring system. Moreover, the 
absorbance intensities of the sulfur-containing structures 
are detected in the Meghalaya coals from 750 to 430  cm−1, 
represented by thiol or thioether, disulfides (S–S, and C–S 
stretch), and the polysulfides (Fig. 6; Coates 2006).

4.4.2  Semi‑quantitative characterization

The numerical parameters obtained from the IR spectra 
are shown in Table 5. Semi-quantitative characterizations 
of the infrared absorbance spectra are mainly performed 
based on the aliphatic carbon fraction  (Cal/C), apparent 
aromaticity (fa), “A-factor” and “C-factor”. The apparent 
aromaticity (fa) of lignite ( R̄r: 0.40%) is 0.72; for subbi-
tuminous ( R̄r: 0.40% & 0.50%) it is 0.74 and 0.77; for 
bituminous D ( R̄r: 0.50%–0.60%), it ranges from 0.67 to 
0.79, for bituminous C ( R̄r: 0.60%–1.00%) it spans from 
0.72 to 0.91, and for bituminous B ( ̄Rr:1.00%–2.00%) it is 
0.93. On the other hand, the apparent aromaticity (fa) for 
high-rank samples falls between 0.96 and 1.00. The posi-
tive correlation between the fa and R̄r % in the low-rank 
coals (r = 0.87), low to medium-rank coals (r = 0.77), and 

Fig. 4  Hydroxyl group (–OH) absorbance intensities of kaolinite in 
a CG-5204 (representative of the low to medium-rank coal samples 
from Meghalaya) and b CG-1679 (representative of the medium-
rank coal samples from the Jharia and the Raniganj Basins), and c 
CG-3305 (representative of the high-rank samples from Rangit tec-
tonic window). Reuse of Fig. 4b from Ghosh et al. (2020), with modi-

fication, is permitted by the Elsevier and Copyright Clearance center; 
Licence Number: 5215880419644; dated: 25th December 2021. 
Explanations: 1: Surficial –OH group vibration (3691  cm−1); 2: Surfi-
cial –OH group vibration (3678  cm−1); 3: Surficial –OH group vibra-
tion (3658  cm−1); 4: Inner Surface –OH group vibration (3620  cm−1)
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for high-rank coals (r = 0.82) may indicate rising aroma-
ticity with increasing coal rank due to thermo-stress poly-
condensation (Fig. 7a). The  Cal/C shows the exact reverse 
trends with the rising vitrinite reflectance values (Fig. 7b). 
This substantial depletion in the aliphatic carbon fraction 
in the low, medium, and high-rank coal samples with the 
surging R̄r parameter may imply the progressive eleva-
tion in the aromatization of the chemical framework with 
the gradual alleviation in the aliphatic compounds pos-
sibly due to their expulsion as hydrocarbons. These rela-
tions may, therefore, suggest a progressive growth in the 

condensed aromatic structures and stacked aromatic lamel-
lae with lesser amounts of aliphatic side-chains and het-
eroaliphatic compounds with an increasing degree of coal 
metamorphism (Fig. 7). Interestingly, when all the coal 
samples from Meghalaya, Raniganj, and Jharia are plotted 
in a continuous series, these two indices depicted a weak 
correlation with the R̄r parameter. However, the division of 
these coal samples into the low rank ( R̄r < 0.50%) and the 
medium rank ( R̄r > 0.50%), keeping the R̄r value of 0.50% 
as the marker of the first coalification jump, enhances the 
statistical correlations between these two indices and the 

Fig. 5  Aromatic out-of-plane C–H bending frequencies in a CG-5204 
(representative of the low to medium-rank coal samples from Megha-
laya) and b CG-1679 (representative of medium-rank coal samples 
from the Jharia and the Raniganj Basins), and c CG-3305 (repre-
sentative of the high-rank samples from the Rangit tectonic window). 

Explanations: 5: Aromatic C–H bending frequency with an isolated 
aromatic hydrogen atom (~ 870  cm−1); 6: Aromatic C–H bending fre-
quency with two to three aromatic hydrogen atoms (~ 810   cm−1); 7: 
Aromatic C–H bending frequency with four adjacent aromatic hydro-
gen aromatic atoms (~ 750  cm−1)

Fig. 6  Sulfur moieties in 
CG-5204 (representative 
of the low to medium-rank 
coal samples from Megha-
laya). Explanations: 8: Thiol 
or Thioether  CH2–S– (C–S 
stretch) (695  cm−1); 9: 
Thioether  CH3–S– (C–S stretch) 
(630  cm−1); 10: Disulfides (S–S 
stretch) (620 and 605  cm−1); 11: 
Disulfides (C–S stretch) (595 
and 580  cm−1); 12: Polysulfides 
(S–S stretch) (470  cm−1) follow-
ing Coates (2006)
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vitrinite reflectance. This may further support the author’s 
observation that the coalification jump occurs earlier in 
the reactive organic matter at the sub-bituminous stage.

Moreover, the “A-factor” characterizes the reactivity 
of the chemical framework of organic matter based on 
the stretching of the labile aliphatic –CH functionalities 

Table 5  Semi-quantitative 
parameters from FTIR

Explanation: ( ̄Rr %) Mean random vitrinite reflectance; nd-Not detected; R̄r% values for medium and high-
rank coals are adopted from Ghosh et al. (2020).  Cal/C = Aliphatic carbon fraction; fa = Apparent aromaticity

Sample ID Rank R̄r (%) Cal/C fa “C-factor” “A-factor”

CG-5213 Lignite B 0.26 0.28 0.72 0.30 0.57
CG-5219 Sub-bituminous 0.47 0.26 0.74 0.80 0.79
CG-5209 Sub-bituminous 0.48 0.23 0.77 0.78 0.83
CG-5214 Bituminous D 0.53 0.24 0.76 0.89 0.87
CG-5221 Bituminous D 0.57 0.33 0.67 0.29 0.55
CG-5227 Bituminous D 0.57 0.29 0.71 0.82 0.89
CG-5223 Bituminous D 0.58 0.27 0.73 0.76 0.79
CG-5229 Bituminous D 0.59 0.29 0.71 nd 0.92
CG-5217 Bituminous D 0.60 0.31 0.69 0.78 0.91
CG-5204 Bituminous C 0.75 0.28 0.72 0.75 0.82
CG-1672 Bituminous C 0.58 0.21 0.79 nd 0.30
CG-1671 Bituminous C 0.65 0.26 0.74 nd 0.37
CG-1676 Bituminous C 0.76 0.23 0.77 nd 0.42
CG-1675 Bituminous C 0.90 0.23 0.77 nd 0.32
CG-1673 Bituminous C 0.95 0.16 0.84 nd 0.32
CG-1677 Bituminous C 1.00 0.24 0.76 nd 0.46
CG-1679 Bituminous C 1.00 0.09 0.91 nd 0.31
CG-1674 Bituminous B 1.09 0.07 0.93 nd 0.29
CG-3305 Anthracite A 4.15 0.04 0.96 nd nd
CG-3306 Anthracite A 4.73 0.01 0.99 nd nd
CG-3300 Anthracite A 5.12 0.00 1.00 nd nd
CG-3303 Anthracite A 5.36 0.01 0.99 nd nd

Fig. 7  Relation between the mean random vitrinite reflectance ( ̄Rr %) and the a apparent aromaticity and b aliphatic carbon with coalification
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over the aromatic C=C stretching vibration. This index, 
although not precisely associated with the first coalifica-
tion jump, sharply drops from the Meghalaya coal samples 
to the Raniganj and Jharia coals, which may indicate that 
the Meghalaya coal samples have a more reactive chemi-
cal framework capable of producing hydrocarbons earlier 
than the Raniganj and the Jharia coals at an early stage of 
thermal maturation.

4.4.3  Raman spectroscopy

Deconvolution of the Raman spectra exhibits bands asso-
ciated with the amorphous and graphitic carbon furnished 
in Fig. 8. The quantitative Raman spectral parameters of 
the individual coal samples are summarized in Table 6. A 
perfectly ordered graphitic band that corresponds to the 
 E2g2 vibration mode of the crystalline graphite moieties 

with the  D6h
4 symmetry at 1600  cm−1 is called the G band 

(Beyssac et al. 2002a, b; Li et al. 2006; Lahfid et al. 2010; 
Han et al. 2017; Xueqiu et al. 2017 and among others). This 
band originates from the vibration of the  sp2 hybridized C–C 
bond in aromatic structures (Henry et al. 2019a and 2019b). 
However, poor microstructural ordering introduces disor-
ders in the crystalline structure, represented by the defect 
bands (D). These defect bands indicate highly disordered 
carbon structure around ~ 1150  cm−1 (S), 1350–1380  cm−1 
 (D1), ~ 1500   cm−1  (D3), ~ 1200   cm−1  (D4), ~ 1260   cm−1 
 (D5), and ~ 1440  cm−1  (D6) in the first-order Raman spec-
tra (Fig. 8a; Beyssac et al. 2002a, 2002b; Li et al. 2006; 
Lahfid et al. 2010; Ferralis et al. 2016; Han et al. 2017; 
Xueqiu et al. 2017; Henry et al. 2019a, 2019b). It is under-
stood from the work of Li et al. (2006) that the peak around 
1150  cm−1 corresponds to the S-band representing the vibra-
tions of  Caromatic–Calkyl ethers and C–C and C–H stretching 

Fig. 8  Deconvoluted Raman spectra of a CG-5204 (representative for 
the low to medium-rank coal samples from Meghalaya), b CG-1679 
(representative of medium-rank coal samples from the Jharia and the 
Raniganj Basins), and c CG-3306 (representative for high-rank sam-

ples from the Rangit tectonic window). Reusing Fig. 8b and c from 
Ghosh et al. (2020) is permitted by the Elsevier and Copyright Clear-
ance center; Licence Number: 5215880419644; dated: 25th Decem-
ber 2021
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vibrations within the aromatic structures (Kuzmany et al. 
2004; Ferralis et al. 2016). Meanwhile, the peak in 1350 to 
1380  cm−1 range  (D1 band) corresponds to the structural 
disorders induced by the heteroatoms (Beny-Bassez and 
Rouzaud 1985). Meanwhile, Tunistra and Koeing (1970) 
proposed the origin of this band from the breathing of the 
 sp2 hybridized atoms in an aromatic ring with the A1g sym-
metry. In addition, the  D3 band, observed at ~ 1500  cm−1, is 
a result of out-of-plane vibrations raised from the intersti-
tial defects in the chemical structure of the organic material 
(Morga 2011; Baludikay et al. 2018; Henry et al. 2019a). 
This band may also arise from the interference of the poorly 
developed crystals within the internal lattice of organic mat-
ter (Beyssac et al. 2002a). Moreover, C–H stretching vibra-
tions in the aliphatic hydrocarbon chains give rise to the  D4 
and  D5 bands centred around ~ 1200  cm−1 and ~ 1260  cm−1, 
respectively (Ferralis et al. 2016). Besides, the  D6 band 
at ~ 1440  cm−1 represents the trapped hydrocarbons within 
the micropores of organic matter. It was first recognized by 
Romero-Sarmiento et al. (2014).

The low to medium-rank coal samples from Meghalaya 
exhibit that all of these defect bands (D) are associated with 
the crystalline graphitic band (G), indicating a poorly organ-
ized microstructure. The small and under-developed crystal-
lites, low degree of aromatic condensation, low aromaticity 
(supported by the FTIR spectra), and the abundances of ali-
phatic side-chains and labile hydrogen-bearing functional 
groups would have led to the disordered microstructural 
framework in these samples. Further, the presence of the  D6 
band may indicate that reasonable amounts of early mature 
hydrocarbons are trapped within the micropores of the mac-
erals suggesting the pre-catagenetic to a catagenetic phase 
of the thermal maturation. Thus, the presence of this par-
ticular band, along with the  D4 and  D5 bands, may support 
the highly reactive microstructure of the type II-S kerogen 
in these samples. Meanwhile, the medium-rank coal sam-
ples from the Jharia and the Raniganj Basins reveal the S, 
 D1,  D3,  D4, and G bands (Fig. 8b). The presence of the  D4 
band, but the absence of the  D5 band may imply less reactive 
microstructure of type II–III admixed kerogen than the type 
II-S kerogen in the Meghalaya coal samples. Further, the 
absence of the  D6 band may indicate the peak catagenetic 
phase of thermal maturation, where the hydrocarbons are 
expelled from the organic micropores. However, in the high-
rank samples from the Rangit tectonic window, only  D1,  D3, 
 D4, and G bands are observed (Fig. 8c), indicating relatively 
inert microstructure metagenesis to the post-metagenesis 
stage (anchizonal metamorphism) of thermal maturation. 
The defect bands in these samples are associated with the 
tetrahedral disorders that originated during the pre-graphiti-
zation phase, the introduction of microstructural defects by 
the Himalayan deformation episodes, and the presence of 
turbostratic carbon (Ghosh et al. 2018).Ex
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4.4.4  Semi‑quantitative parameters of the Raman spectra

The microstructural disruptions in coal caused due to coali-
fication, metamorphism, and deformation are determined 
using the Raman parameters such as intensity ratio  (ID1/
IG), the difference in peak positions (G-D1), and full width 
at half maximum (FWHM) (Table 6). The difference in peak 
positions between the G and  D1 bands (G-D1) or the Raman 
band separation (RBS) has significant implications for deter-
mining the degree of microstructural ordering. The RBS val-
ues range from 213.48–244.97  cm−1, 224.73–266.92  cm−1, 
to 239.99–248.53  cm−1 for low to medium-rank Megha-
laya coal samples, medium-rank coals from the Jharia and 
the Raniganj Basins, and high-rank samples from Sikkim, 
respectively. Among the low to medium-rank samples from 
Meghalaya, CG-5229 from the Garo Hills with the largest 
peak position difference may indicate a better microstruc-
tural ordering compared to the sample CG-5217 from the 
Khasi Hills with the least difference in the peak positions 
(Table 6). Likewise, the sample CG-1673 depicts the least 
peak position difference indicating a disordered microstruc-
ture. In contrast, sample CG-1679 illustrates a comparatively 
ordered microstructure with relatively large RBS among the 
medium-rank samples of the Jharia and the Raniganj Basins. 
Meanwhile, in the high-rank coal samples, the RBS param-
eter shows an insignificant variation, possibly suggesting 
almost similar microstructural characteristics (Table 6). 
However, in these samples, the RBS would have enhanced 
due to the shift of the  D1 band to the lower wavenumber as 
a result of high thermal maturity.

The  ID1/IG is another sensitive parameter that records 
the degree of graphitization and microstructural ordering in 
carbonaceous materials (Rahl et al. 2005; Rodrigues et al. 

2011; Han et al. 2017; Schito et al. 2017, among others). 
This ratio initially declines up to 2.5% R̄r, then inclines up 
to the low-grade metamorphic stage, and then drastically 
depletes at the medium- to high-grade metamorphic phase 
until the microstructure becomes completely ordered (Bey-
ssac et al. 2002a, b; Rahl et al. 2005; Lünsdorf et al. 2017; 
Henry et al. 2019a, b). Meanwhile, several authors observed 
an increase in the  ID1/IG ratio with the rising vitrinite reflec-
tance (Guedes et al. 2010; Lahfid et al. 2010; Schito et al. 
2017; Ghosh et al. 2020). Similar to these later observa-
tions, the  ID1/IG ratio in the studied low-rank coal sam-
ples from Meghalaya increases from the lignite to the sub-
bituminous rank (r = 0.96; Fig. 9a), indicating an increasing 
degree of aromatic ring condensation  (sp2 hybridized atoms) 
and consequent improvement in the microstructural order-
ing with the rising degree of metamorphism. However, all 
the studied medium-rank coal samples exhibit a poor trend 
of this ratio with the R̄r (%) parameter, which may indi-
cate an almost similar metamorphic grade of these samples 
(r = 0.06; Fig. 9a). On the other hand, the high-rank samples 
show a strong positive trend between the R̄r (%) and the 
 ID1/IG ratio due to an increased microstructural ordering 
(r = 0.90; Fig. 9a). Again, this may suggest an overall growth 
of the condensed aromatic structures with the rising vitrinite 
reflectance values at the anchizonal phase of metamorphism. 
This observation may also substantiate the escalation of the 
apparent aromaticity (fa) in the high-rank samples. Hence, 
this ratio depicts a significant shift in the low-rank coals ( ̄R
r: < 0.50%) but a poor trend in the medium-rank coals ( R̄
r > 0.50%), suggesting that the  ID1/IG ratio is sensitive to the 
first coalification jump ( ̄Rr: 0.50%), which is an interesting 
finding from this investigation. Further, this ratio shows a 
strong trend in the high-rank samples ( R̄r: 4.15%–5.36%), 

Fig. 9  a Variable responses of the intensity ratio of  D1 to G band 
 (ID1/IG) to the rising mean random vitrinite reflectance ( ̄Rr%) values 
and b a polynomial trend of the  ID1/IG with the degree of coalifica-

tion. Explanations: Some data points overlap in the reflectance range 
of the medium-rank coal samples
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possibly indicating its sensitivity towards the anchizonal 
metamorphism and pregraphization phase of organic mat-
ter. So, a linear relationship does not fit all the data  (ID1/IG) 
throughout the reflectance ranges considered in this study, 
as this ratio responds differently to the reflectance ranges. 
Therefore, an effort is made to fit this ratio throughout the 
reflectance values of the low, medium, and high-rank coals. 
The authors have found that the  ID1/IG ratio and the mean 
random vitrinite reflectance ( ̄Rr %) values are best fitted with 
a quadratic polynomial trend (Eq. (7)) with the coefficient 
of regression (R2) of 0.91 (Fig. 9b), which is also a novel 
observation from this investigation.

Besides, the FWHM of the G band was used extensively 
in the earlier investigations to estimate thermal maturity at 
R̄r% range from 0.5% to 3.0% (Kelemen and Fang 2001; 
Hinrichs et al. 2014; Romero-Sarmiento et al. 2014; Henry 
et al. 2019a, 2019b). Henry et al. (2019b) found a non-linear 
relation between the FWHM of the G band and the R̄r % 
parameters. However, these two parameters barely show any 
linear relationship throughout the reflectance ranges of the 
studied coal samples. The non-linear shift of the G band-
FWHM in the low and medium-rank coals may suggest that 
this parameter is less subtle to the transformations during the 
first coalification jump than the  ID1/IG ratio. Further, the G 
band usually shrinks with the increasing degree of coal meta-
morphism. However, in the studied high-rank samples from 
the Rangit tectonic window, it does not shrink, and its range 
(Table 6) may indicate the influence of tetrahedral defects and 
turbostratic carbon (Ghosh et al. 2018), which form during 
the pre-graphitization stage of the organic matter. Due to its 
intermediate stage of microstructural ordering between the 
amorphous and graphitic carbon, it may influence the FWHM 
of the graphitic band. Besides, the microstructural defects 
induced by the Himalayan orogeny would have hindered the 
complete growth of the graphitic crystalline structure in these 
samples resulting in the substantial width of the G band.

5  Hydrocarbon generation potential 
of the low to medium‑rank coal samples: 
a glimpse from the semi‑quantitative 
ratios

The FTIR spectroscopy can be efficiently applied to deter-
mine the type of kerogen present in the source rocks, its 
maturity, and assess the hydrocarbon potential. Similar 

(7)
ID

1

IG
=

(

0.0692 × R
2

r

)

−

(

0.2128 × R
r

)

+ 0.976

to the van-Krevelen diagram constructed by the atomic 
H/C vs. atomic O/C ratios, Ganz and Kalkreuth (1987) 
used the “A-factor” and “C-factor” for determining kero-
gen type and maturation level of OM, respectively. The 
“A-factor” is a specific parameter for expressing the kero-
gen type, reactivity, and hydrocarbon generation potential 
of a source rock (Iglesias et al. 1995; Chen et al. 2012). 
This is calculated from the stretching vibrations of the 
aliphatic C–H functionalities. So, large concentrations of 
reactive aliphatic moieties may result in the larger ali-
phatic stretching, which raises the “A-factor”. In all the 
studied Meghalaya coal samples, “A-factor” values rang-
ing from 0.55 to 0.92 may suggest lower thermal maturity 
and promising hydrocarbon generation potential. Further, 
in the medium-rank coals of the Jharia and the Raniganj 
Basins, the “A-factor” value ranges from 0.29 to 0.46, 
which may point towards comparatively lower hydrocar-
bon potential of these medium-rank coals than the low to 
medium-rank Meghalaya coal samples. This further may 
substantiate the observations from the atomic H/C and 
O/C ratios. Besides, as discussed in subSect. 4.4.4, the 
presence of both  D4 and  D5 bands in the Meghalaya coals 
but the absence of the  D5 band in the Raniganj and the 
Jharia coal samples make the former samples more prone 
to hydrocarbon generation. Thus, the ‘A-factor’ param-
eter from the FTIR spectroscopy is in line with both the 
atomic ratios and Raman spectral features in assessing 
the hydrocarbon generation potential of the studied low 
to medium-rank coal samples.

Besides, the RBS (G-D1  cm−1),  ID1/IG, and the ratio of 
the full width at the half maxima of the  D1 to that of the G 
band  (Dw/Gw) can be used in collaboration with the vitrinite 
reflectance to elucidate the thermal maturity and plausible 
types of hydrocarbon generation from the reactive kerogen 
(Sauerer et al. 2017; Tiwari et al. 2020; Adsul et al. 2021). 
These conjugated interrelations (Fig. 10) reveal that within 
the low-rank samples, the lignite is immature, while the 
sub-bituminous coals are at the pre-catagenetic phase. The 
medium-rank coals from Meghalaya are at the catagenesis 
stage to expel liquid hydrocarbons, while the Raniganj and 
Jharia coals are at the ‘oil window’ and trend towards the 
peak wet gas generation phase (post-catagenesis). Thus, 
these relations apparently exhibit significant oil potential of 
the Meghalaya coal samples (type II-S kerogen) but mixed 
oil and gas generation potential of the Raniganj and Jha-
ria coals (type II-III admixed kerogen). Meanwhile, these 
observations from the FTIR and Raman semi-quantitative 
ratios require further validation from the lipid biomarker 
and micro-petrographic investigations to put forward sound 
conclusions.
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6  Conclusions

The composite multispectral approach using the FTIR and 
Raman spectroscopy spectacularly portrays the whims 
of microstructural restyling during coalification and its 
controls on hydrocarbon generation. The spectral features 
exhibit a gradual depletion of the aliphatic moieties and 
enhancement of the apparent aromaticity with the increas-
ing degree of coalification. Further, this apparent aroma-
ticity responds to the first coalification jump at the R̄r: 
0.50%, at the boundary between the low-rank ( R̄r: < 0.50%) 

and medium-rank coals ( R̄r: > 0.50%). Besides, the 
thermo-stress polycondensation of the aromatic structures 
enhances its values in high-rank coals. In support, the  ID1/
IG ratio is also subtle to the first coalification jump and 
the pregraphitization phase of organic matter. Due to its 
variable responses to the coalification, this ratio reveals a 
quadratic polynomial relation with the vitrinite reflectance 
range from 0.26% to 5.36%. Moreover, the Rock–Eval 
hydrogen index and genetic potential also decline sharply 
at the first coalification jump. This investigation also 
reports the plausible influences of microstructural nice-
ties on hydrocarbon generation from the studied coal 
samples. The atomic ratios, vitrinite reflectance values, 
and paleotemperature suggest that all the medium-rank 
coal samples are at the catagenetic phase (oil window) 
of thermal maturation. Besides, the presence of the pres-
ence of sulfur functionalities in the type II-S kerogen,  D4, 
and  D5 bands in the Raman spectra, along with the large 
“A-factor” values, mark the early mature oil generation 
for the Meghalaya coal samples. Further, the Raniganj and 
Jharia coals comprising admixed type II-III kerogen are 
at the catagenetic stage with a trend towards the peak wet 
gas generation phase. Hence, show a mixed hydrocarbon 
potential. Meanwhile, thermo-stress polycondensation in 
the high-rank coal samples possibly developed an inert 
microstructure with negligible potential to generate hydro-
carbons at metagenesis to post-metagenesis phase.
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