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Investigations on the Paleogene lignites were carried out through geochemical, mineralog-
ical and petrographic analyses to assess their paleodepositional environment, source rock
potential and thermal maturity. The samples were collected from the Barsingsar lignite
mines in the Bikaner—Nagaur Basin, Western Rajasthan, India. Huminite reflectance assigns
these samples as lignite (low-rank coal). Barsingsar lignites are dominated by the huminite
maceral group, while inertinites and liptinites occur in subordinated amount. The mineral
matter is dominated by carbonates, pyrite and argillaceous (in descending order). Gelifica-
tion index, tissue preservation index, groundwater index and vegetation index indicate the
prevalence of a dry forest swamp having ombrotrophic to mesotrophic conditions in the
paleomire. Rock—Eval pyrolysis indicates high hydrogen index relative to oxygen index and
excellent hydrocarbon potential. The Barsingsar lignites are characterized by mixed type III
and type II kerogens, which are thermally immature. Several minerals like quartz, coesite,
siderite, aragonite and rutile minerals have been identified by XRD analysis, whereas se-
lected trace elements primarily Sr, Zr, Cu, Pb, Zn, Cr, V, Ni, Rb and Co were also detected.
Fourier-transform infrared spectroscopy pattern shows the dominance of clay minerals and
the presence of aromatic, aliphatic and some oxygen functional groups in these lignites.

KEY WORDS: Bikaner-Nagaur, Barsingsar lignite, Petrography, Geochemistry, Paleoenvironment,
Thermal maturity.

INTRODUCTION

Coal and lignite are major primary sources of
energy in many countries. Due to continued increase
in the price of high-rank coals, attention is being
given to low-rank coal as an important sustainable
energy resource. Therefore, researchers are making
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serious efforts to understand the characteristics of
low-rank coals, especially lignites, for their optimum
utilization (Fowler et al. 1991; Bechtel et al. 2007a,
b; Koukouzas et al. 2010; Dutta et al. 2011; Singh
et al. 2013, 2016a, 2017a, 2018; Ayinla et al. 2017a;
Dokovi¢ et al. 2017; Karayigit et al. 2017; Radhwani
et al. 2018).

Huge lignite resources occur in few European
countries, Australia, Nigeria as well as in some
developing countries of Asia (Singh and Kumar
2017a). There are reports on hydrocarbon-prone
lignite in Poland (Bechtel et al. 2007a), Austria
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(Bechtel et al. 2007b), Tunisia (Radhwani et al.
2018), Serbia (Dokovi¢ et al. 2017), Turkey (Kar-
ayigit et al. 2017), Nigeria (Ayinla et al. 2017a), In-
dia (Dutta et al. 2011; Singh 2012; Singh et al. 2016a,
b, 2017a, 2018), Greece (Fowler et al. 1991; Kouk-
ouzas et al. 2010) and Pakistan (Ahmad et al. 2015).
In India, lignite is found in the Western Rajasthan,
Tamil Nadu, Gujarat and Jammu and Kashmir states
(Singh et al. 2010, Prasad et al. 2009).

During Jurassic and Cretaceous Periods, due to
the global tectonic process, the Indian plate got
separated from Gondwana. Subsequently, develop-
ment of rift basin took place in the Western Ra-
jasthan, which represents the Phanerozoic geologic
evolution of the area (Shivanna and Singh 2016).
Jaisalmer Basin, Bikaner-Nagaur Basin and Bar-
mer—Sanchore Basin were developed during the
Phanerozoic crustal evolution of Western Rajasthan
(Bhandari 1999) (Fig. 1a). The shallow marine sed-
iment succession and sand-covered area of Palana
and Merta sub-basins in Bikaner and Nagaur dis-
tricts are of Lower Tertiary (Pareek 1981, 1984;
Shivanna and Singh 2016). Over the last few dec-
ades, these sedimentary deposits have got great
attention in view of encouraging prospects of various
mineral deposits and for the study of paleoenviron-
mental condition of the region. In relevance to
source rock characterization, paleoenvironmental
condition, palynology and minerals in lignites of
these basins, valuable contributions have been made
by Mukherjee et al. (1992), Tripathi et al. (2009),
Singh et al. (2012), Raju and Mathur (2013), Shukla
et al. (2014), Bhattacharya and Dutta (2015), Farri-
mond et al. (2015), Singh et al. (2015), Kumar et al.
(2016), Paul and Dutta (2016), Shivanna and Singh
(2016), Shivanna et al. (2016), Singh et al. (2015,
2016a, b, 2017a, b, 2018), Singh and Kumar (2017a,
b, 2018a, b). The present research work aims to
study the paleoenvironmental condition, source rock
characteristics and mineralogy of lignite deposits of
Barsingsar, Bikaner-Nagaur Basin, which is a rela-
tively less studied region.

GEOLOGICAL SETTING
AND LITHOLOGY OF THE STUDY AREA

Various sedimentary basins have been identi-
fied in Western Rajasthan. These basins are boun-
ded between the Aravalli and Delhi Supergroup
rocks as easternmost boundary and the Malani Ig-
neous suite as the southern boundary (Fig. 1a) (Pa-
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reek 1981; Roy and Jakhar 2002). These basins
include Marwar Basin (Cambrian), Bap-Badhura
remnant (Permian), Lathi Basin (Lower Jurassic),
Jaisalmer Basin (Mesozoic and Tertiary), Palana-
Ganganagar Shelf (Tertiary) and Barmer Basin
(Cretaceous to Tertiary) (Pareek 1981). Outcrops of
different ages occur in the Bikaner district. Bilara
group is composed of dolomite and limestone and
shows algal structure. The Nagaur Group rocks are
comprised of siltstone containing gypsum and clay
pockets along with sandstone. The Bap Boulder Bed
(Permo-Carboniferous) overlies the Marwar Super-
group. It consists of glacial drift deposits such as
boulders, cobbles and erratic rocks of the Malani
Igneous Suite, Delhi Supergroup and Marwar
Supergroup. The Palana Formation occurs above
the Bap Boulder Bed, contains shale, clay and lignite
seams. The Palana Formation is succeeded by the
Marth and Jogira Formations. The uppermost sec-
tion of the area is represented by Quaternary sedi-
ments of varying thickness (Fig. 1a).

The entire investigation area is covered by eo-
lians with thickness varying from 1.5 to 4.0 m. Eolian
sand is underlain by white to yellowish white cal-
careous kankar column. This horizon is underlain by
medium to coarse-grained buff-colored sandstone,
followed by variegated clay. Variegated clay acts as
the roof of the lignite and carbonaceous horizon
(Fig. 1b).

METHOD OF STUDY

Sixty samples were collected from the working
face of the Barsingsar mine, Bikaner—-Nagaur Basin
following pillar sampling method from bottom to top
to cover the entire thickness of the seam. The re-
ported thickness of seam is about 43 m, but outcrop
does not show actual thickness. The ICCP (1993)
scheme has been used for megascopic characteriza-
tion. The samples with similar megascopic proper-
ties were clubbed together and converted into a
single composite band for the petrographic and
geochemical studies.

Petrographic Analysis

Thirteen composite samples were taken for
petrographic analysis. The lignite samples were
crushed into — 18 mesh size, dried and molded using
epoxy resin to prepare the polished particulate
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Figure 1. a Geological map of Rajasthan showing location of Barsingsar lignite mine, Bikaner—Nagaur Basin, India, b generalized
lithostratigraphic sequence of Barsingsar block.

mounts for microscopic study following the ASTM
Standard D7708-11 (2011). An advanced petrologi-
cal microscope (Leica DM 2700P), with reflected
and fluorescence light facilities attached with the
MSP 200 photometric system for reflectance mea-
surement, has been used for petrographic study. The
petrographic analysis was carried out in concurrence
with the guidelines established by the International
Committee for Coal and Organic Petrology, ICCP-
94 system (ICCP 2001, 2005, 2017). More than 500
maceral points were counted on each polished pellet
using a PetrogLite point counter machine during
petrographic analysis. More than 100 random re-
flectance measurements were performed on the
scratch-free eu-ulminite-B maceral as per the ISO
norms (ISO 7404-5 2009) on each polished block.
The key information about the coal facies and
paleodepositional environment condition during
peat accumulation of the area was identified from
petrographic indices derived from macerals ratios
(Baboolal et al. 2016; Oskay et al. 2016). Indices,
such as TPI (tissue preservation index), GWI

(groundwater index), VI (vegetation index) and GI
(gelification index), have been proposed by Diessel
(1986) and Calder et al. (1991) for Permian coal, and
further modified by Bechtel et al. (2003) and Kalk-
reuth et al. (1991) for Paleogene coals. For the cal-
culation of GWI, ash content has been used because
it provides better and precise quantitative informa-
tion about the mineral content than the mineral
matter analyzed under microscope (Stock et al.
2016). The TPI vs. GI and GWI vs. VI plots were
used to assess peat-forming conditions and predom-
inant peat-forming vegetation. Gl is derived from the
ratio of gelinite and fusinitized maceral, and it gives
an idea about the availability of water during peat
formation. TPI can be defined as the ratio of struc-
tural tissues vs. destructed tissues, and it delivers
evidence about the degree of humification and veg-
etation type. GWI is the ratio of strongly gelified to
weakly gelified tissue and provides information
about the hydrogeological condition. VI can be used
to indicate the type of vegetation (Calder et al. 1991).
The following formulae were used:
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Facies diagram given by Mukhopadhyay (1989)
has been used to establish the paleomire and
prevalent oxygen conditions.

Geochemical Analysis

To determine the weight percent of fixed carbon,
ash, volatile matter and moisture (proximate analysis),
the guidelines of BIS (2003) were used. For each entity,
1 g of powdered (— 72 mesh) sample was taken. The
moisture content was determined at a temperature of
105 °Cfor 1 hin a hot air oven. The powdered sample
was heated at a temperature of 450 °C and
750 + 25 °C for about half an hour and 1 h, respec-
tively, in a muffle furnace to determine the ash content.
The volatile matter was determined by keeping the
samples at temperature 925 °C for exactly 7 min in the
furnace. The value of fixed carbon (in percent) was
obtained by subtracting ash, moisture and volatile
matter from hundred. As part of the investigation, an
ultimate analysis was performed to determine the
carbon, hydrogen, nitrogen, sulfur and oxygen content
as per the guidelines of ASTM D5373-08 (1993).

The pyrolysis was performed on Rock-Eval 6
analyzer. The samples were pyrolyzed in an inert
atmosphere, and the remaining carbon was consecu-
tively cooked in an oxidation oven. The hydrocarbons
released were detected by a flame ionization detector
throughout pyrolysis. The released CO and CO, were
monitored continuously using online infrared detectors.
The samples were first pyrolyzed from 300 to 650 °C ata
rate of 25 °C/min. At a temperature of 300 °C, the oxi-
dation phase was started with an isothermal stage. After
that, the temperature was increased to 750 °C at a rate of
25 °C/min to burn out all the residual carbon.

Mineralogical Analysis

To study the mineralogy of the Barsingsar lignite,
the samples were subjected to XRD (X-ray diffrac-

tion), XRF (X-ray fluorescence) and FT-IR (Fourier-
transform infrared spectroscopy) analysis. The XRD
analysis was conducted on the ash of three composite
lignite samples from top, middle and bottom of the
exposed section using Panalytica XRD for ultra-fast
X-ray diffraction on powder samples using the line
detector. The measurement was taken within the an-
glerange of 10-75°20. X’pert HighScore software was
used for identification of mineral present in the ana-
lyzed sample. To determine the concentration of
major oxides and trace elements, XRF analysis was
performed on pressed ash of lignite powder pellets
using Rigaku-made WD-XRF Machine. FT-IR
spectra were recorded in FT-IR spectrophotometer
on powdered lignite samples using ATR mode. A
spectral resolution of 4 cm™' at a range of 400-
4000 cm ™' was used in collecting IR spectra.

RESULTS AND DISCUSSION
Macroscopic Observations

Brown coal is normally categorized into four main
lithotypes: matrix rich, xylite rich, charcoal rich and
mineral rich (ICCP 1993; Taylor et al. 1998). Matrix-
rich lithotype consists of fine detrital humic ground-
mass with homogeneous appearance (Thomas 2002).
Xylite-rich lithotype comprises well-fossilized wood
fragments. Charcoal-rich lithotype is observed as coke-
like appearances mainly found as a lens. Mineral-rich
lithotype is identified as different kinds of mineral
association with high specific gravity (Thomas 2002).

Macroscopically, the analyzed lignite samples
are dark brown to black in color, containing some-
times resin grains and wood fragments. Matrix-rich
lignite is the most common lithotype along with the
xylite-rich, while charcoal-rich and mineral-rich
lithotypes were absent in the Barsingsar (Fig. 2).
The roof and floor of the lignite seam are clay and
clayey silt, respectively.
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Figure 2. Graphic representation showing the variation in lithotype, maceral and microlithotype with mineral matter and
mineral matter-free basis and mean huminite/vitrinite reflectance of Barsingsar lignite, Rajasthan, India.

Microscopic Observations

The graphical representation of the variation of
lithotype, maceral, microlithotype and mean humi-
nite reflectance is shown in Figure 2. Petrographic
constituents of low-rank coals were identified based
on their different morphological characteristics and
color under reflected as well as fluorescent light
(Teichmiiller 1974; Hasiah 1999; Abdullah 2003;
Hakimi et al. 2013; ICCP 2017). The Barsingsar
lignite samples are dominated by huminite macerals
(13.7-91.5 vol% with mean 44.3 vol%) followed by
inertinite (1.9-76.0 vol% with mean 35.4 vol%).
Liptinite is less abundant in these lignites (2.2—
9.5 vol% with mean 4.9 vol%). Mineral matter oc-
curs in significant amount (3.8-33.6 vol% with mean
15.4 vol%) and is dominated by carbonates, whereas
clay and pyrites occur in meager concentrations
(Table 1). Random mean huminite reflectance
(%Rom) values of Barsingsar samples are given in
Table 2. The %R, values lie between 0.22 and
0.36% indicating low-rank (lignite) stage.

Huminite group is mainly represented by attri-
nite corpohuminite and textinite. Textinite macerals
are gray in color showing ungelified cell wall structure.
The cell lumens of textinite are mostly filled with
corpohuminite, carbonate and clay minerals (Fig. 3a).
The textinite is derived from plants, both herbaceous
and arborescent with woody tissues. A notable con-
centration of textinite maceral indicates cell tissue
preservation under relatively dry forest (Diessel
1992). Clusters of phlobaphinite/corpohuminite on
the patch of attrinite and attrinite are associated with
carbonate minerals (Fig. 3b). Attrinite consists of
fine-grained humic particles of different shapes,
spongy to porous in nature and light to dark gray in
color. The concentration of gelified ulminite maceral
is less than ungelified textinite. Minor concentration
of gelinite was recorded in the Barsingsar lignite, in
which porigelinite appears as spongy, porous and
micro-granular showing brownish color and associ-
ated with corpohuminite (Fig. 3c).

Liptinite macerals are low in concentration and
are mainly represented by sporinite and resinite,
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Table 1. continued

Mineral matter

Inertinite

Coalfield Coal seam Band no.

S. no.

Argillaceous

Macrinite ~ Micrinite ~ Funginite = Inertodetrinite =~ Sulfide = Carbonate

Fusinite

Semifusinite

Bottom

0.35
0.56
2.78
3.87
5.10
3.56
2.80
0.92
3.18
2.54
1.40
1.05
242

0.24

Nil

1.30
0.84
2.78
1.94
2.01
2.67
0.93
2.36
2.49
1.81
10.75

Nil

Nil

0.12
0.70
10.56
21.31

0.47
2.92
22.08
22.50

BS

ngsar

13.09
7.50
1.49
7.88
8.61

17.45

18.61

21.27
1.09

13.86

20.15

0.42
0.56
0.30
0.31
0.45
2.65
433
9.12
0.18
8.

Nil

Nil

Nil

BS

ngsar

5.97
6.71
7.26
5.04
2.34
4.98
4.14
6.88
9.66

0.69
0.75
0.31
0.59

Nil

0.69
0.30
2.16
0.30

Nil

[sp]

BS

ngsar

BS

ngsar

9.58
6.68
3.27
1.70
2.62
19.20
2.34
5.26
6.74

29.21

BS

ngsar

24.48

ngsar

4.05
6.42
9.67

32.97

BS

ngsar

Nil

0.13
0.55
1.63
1.40
0.45
0.35

BS

ngsar

Nil

BS

ngsar

0.36
0.31
0.45
0.17

10
11

BS

ngsar

26
01

16.98
24.36

BS

ngsar

3.

10.23
7.25

1.20
0.17

12
13

BS

ngsar

345

0.86

61.31

BS

ngsar

P o R o o o G R Y = Y e g

Bars

Bars

Bars

Bars

Bars

Bars

Bars

Bars

Bars

Bars

10
11

Bars

Bars

12
13

Bars

Top

2.35

10.66

2.36

0.45 2.40 6.41

0.80

6.93

19.80

Mean
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whereas suberinite, cutinite and liptodetrinite occur
sparsely. Resinite is mainly associated with
humotelinite and humodetrinites. It also occupies
cell lumens as a lumpy body, and it has orange to
dark orange color in reflected white light (Fig. 3d),
while in fluorescent blue light, it looks pale brownish
yellow color. Suberinite was recorded in minor
concentration, appearing dark in color under re-
flected white light (Fig. 3e). Sporinites consist of
outer membranes termed as exines and perines of
spore and pollens. Sporangium is observed under
UV light in a few samples (Fig. 3f).

Fusinite, semifusinite, funginite and inertode-
trinite occur as predominant sub-macerals of the
inertinite group. Semifusinite shows intermediate
reflectance between huminite and fusinite. The tis-
sue structures vary in size and are smaller than fu-
sinite  (Fig. 3g). Fusinite displays very high
reflectance with well-preserved cellular structure
(Fig. 3h). The cluster of single-celled, rounded fun-
ginite appears in the groundmass of ulminite mac-
eral (Fig. 3g). Few tiny patches of inertodetrinite
with high reflectance were also observed in the
studied samples (Fig. 3g). In addition, some massive,
dispersed, cell fillings and disseminated patches of
carbonate, sulfide and clay minerals were also re-
corded in the Barsingsar lignites (Fig. 3a—e and i).

Coal Rank

The huminite reflectance has been a widely
used parameter for rank determination along with
proximate analysis data, such as moisture and
calorific value (O’Keefe et al. 2013). The low hu-
minite reflectance (0.22-0.36%R,,,) in study area
put these coals as low rank (lignite) (Table 2). This
could be due to the presence of hydrogen-rich
macerals (e.g., liptinite group) (Bechtel et al. 2016).
The high concentration of huminite with low lip-
tinite content reported in Barsingsar supports the
hypothesis that these lignites are of humic type in
nature.

Coal Facies and Paleodepositional Environment

Petrographic constituents of coals have been
widely used to infer the depositional environment of
the paleomires (i.e., Baboolal et al. 2016; Ayinla
et al. 2017b; Johnston et al. 2017; Singh and Kumar
2017b; Singh et al. 2017b, c; Guo et al. 2018). The
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Table 2. Result of reflectance measurement and petrographic indices of lignites of Bikaner basin (Barsingsar lignite mines)

Singh and Kumar

S. no. Coalfield Coal seam Band no. Ro min% Ro mean% Ro max% GI TPI GWI VI
Bottom
1 Barsingsar BS 1 0.22 0.26 0.36 1.23 1.43 3.24 15.31
2 Barsingsar BS 2 0.24 0.28 0.37 0.69 0.91 7.58 9.01
3 Barsingsar BS 3 0.25 0.34 0.43 0.47 1.36 2.21 5.33
4 Barsingsar BS 4 0.20 0.22 0.24 0.42 2.72 2.71 5.45
5 Barsingsar BS 5 0.26 0.30 0.35 0.53 1.55 0.71 3.40
6 Barsingsar BS 6 0.23 0.28 0.38 0.82 1.89 0.57 3.54
7 Barsingsar BS 7 0.21 0.27 0.36 1.32 2.67 1.02 3.32
8 Barsingsar BS 8 0.22 0.30 0.42 0.65 1.12 1.16 2.69
9 Barsingsar BS 9 0.21 0.27 0.36 0.84 1.38 1.59 2.71
10 Barsingsar BS 10 0.22 0.30 0.45 0.42 2.55 1.29 5.35
11 Barsingsar BS 11 0.22 0.25 0.28 0.21 0.93 2.17 2.02
12 Barsingsar BS 12 0.21 0.26 0.31 0.21 0.55 3.62 2.56
13 Barsingsar BS 13 0.26 0.36 0.49 0.10 0.80 5.13 6.38
Top

GI gelification index, TPI tissue preservation index, GWI groundwater index, VI vegetation index, %R,,, mean huminite reflectance

Plate (a) Textlnlte with corpohumlnlte (b) Phlobaphlnlte in attrlnlte assomated with pyrlte (c) Porlgellnlte (d) Resmlte

(e) Suberinite & ulminite; (f) sporinites; (g) Funginite & semifusinite; (h) Fusinite; (i) Siderite
[Tx=textinite; Cr=Corpohuminite; At=Attrinite; Ph=Phlobaphinite; Pr=Porigelinite; Py=Pyrite; Rs=Resinite; Ul=UIminite; CI=Clay;
Sp=Sporinite; Fg=Funginite; Sf=Semifusinite; It=Inertodetrinite; Fu=Fusinite; Sd=Siderite

Figure 3. Representative photomicrographs of macerals and mineral matter of Barsingsar lignites, under the white light as

well as UV light.
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A= Humitelinite + Corpohuminite + Sporinite +
Cutinite + Resinite + Suberinite

B = Humodetrinite + Gelinite +Liptodetrinite +
Alginite
C= Inertinite

D= Forest swamp, mildly oxic to anoxic with
good tissue preservation
E= Reed marsh, increasingh maceration and
bacterial activityincreasing anoxic
F= Dry (oxic) conditions

A 0 10 20 30 40 50 60 70

80

90 100 B

Figure 4. Facies diagram showing peat-forming conditions in the study area (modified from Mukhopadhyay 1986).

higher concentration of huminite (Table 1), espe-
cially detrohuminite, in the Barsingsar lignite sample
indicates abundance of herbaceous plant commu-
nity. The moderate to high concentrations of iner-
tinite, intermittently, suggests prevalence of
oxidation condition in the paleomire, which resulted
in charring effect leading to the formation of more
amounts of inertinite macerals. In addition, the
studied lignite samples show significant amount of
ulminite and porigelinites, which entails preserva-
tion of more plant tissues that compressed and
gelified under wet conditions (Diessel 1992; Syko-
rova et al. 2005).

In the ternary diagram (Fig. 4), sample points
mostly fall near the vertex C and a few are between
vertices A and B (Mukhopadhyay 1989). The sam-
ples follow this trend due to higher inertinite con-
tents. The sample points, which mostly fall in the F
field in the ternary diagram, suggest dry (oxic) con-
ditions during peat accumulation (Fig. 4). All the
Barsingsar lignite samples have shown low and
variable TPI (0.55-2.72) and GI (0.10-1.32) values,
which suggest predominance of herbaceous plants in
the mire and low to moderate preservation of or-
ganic matter (Diessel 1992; Oskay et al. 2016). This
can be supported by the very low concentration of

liptinite maceral with the presence of detrital of
semifusinite and fusinite (inertodetrinite) in the
study area. The coal facies diagram for the Bars-
ingsar lignite (Fig. 5a) indicates that these coals have
originated under a dry forest swamp condition. The
plot of the coal facies of Barsingsar lignites based on
GWI (0.57-7.58) and VI (2.02-15.31), as shown in
Figure 5b, indicates that these lignites originated
from bog forest and ombrotrophic to mesotrophic
hydrological condition in the area.

In addition, according to Chou (2012), sulfur in
low sulfur coals (< 1% S) is derived from plant
material and related to fluvial environments,
whereas medium (1 to < 3% S) and high (= 3% S)
sulfur coals indicate sulfate in seawater that flooded
the peat swamp and are related to seawater-influ-
enced environment. The low sulfur (0.18-0.97%)
recorded in Barsingsar area indicates that the sulfur
was derived from plant material and shows the
influence of fluvial environments in the region.

Ultimate and Proximate Analyses

Summaries of the outcomes of the ultimate and
proximate analyses of lignite samples of the Bars-
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Table 3. Result of ultimate analysis of coals of Bikaner basin (Barsingsar lignite mines)

S.no.  Coalfield Coal  Band no. Dry basis Dry ash-free basis Atomic ratio
seam
C% H% N% S% 0% C% H% N% S% 0% H/C o/C
Bottom
1 Barsingsar  BS 1 6281 4.66 091 097 21.61 69.04 513 1.00 1.07 2376 0.89 0.26
2 Barsingsar  BS 2 6287 449 103 055 1998 7071 505 115 0.62 2247 0.86 0.24
3 Barsingsar  BS 3 63.52 405 1.09 048 17.67 7317 466 125 056 2036 0.76 0.21
4 Barsingsar  BS 4 5190 372 099 034 2039 6711 481 128 044 2636 0.86 0.29
5 Barsingsar  BS 5 5992 405 1.03 034 2031 6996 473 121 039 2372 081 0.25
6 Barsingsar  BS 6 5237 442 083 030 21.00 6636 560 1.05 038 2661 1.01 0.30
7 Barsingsar  BS 7 2252 290 045 018 1756 51.65 6.65 1.03 041 4027 155 0.58
8 Barsingsar  BS 8 3719 356 073 024 2219 5820 558 114 037 3471 115 0.45
9 Barsingsar  BS 9 61.88 3.87 1.09 026 1983 7119 445 125 030 2281 0.75 0.24
10 Barsingsar  BS 10 4332 374 080 028 1780 6569 568 121 043 2699 1.04 0.31
11 Barsingsar  BS 11 46.83 324 127 0.65 2206 6324 437 171 088 2979  0.83 0.35
Top
Mean 5138 388 093 042 2004 6603 516 121 053 27.08 096 0.32

C carbon, H hydrogen, N nitrogen, S sulfur, O oxygen

ingsar are provided in Tables 3 and 4, respectively,
and the same are graphically illustrated in Figure 6.
The results from ultimate analysis on dry basis (db)
and dry ash-free (daf) along with the H/C and O/C
atomic ratios are illustrated in Table 3. The con-
centrations of sulfur (0.18-0.97%, 0.42%), carbon
(22.57-63.52%, 51.38%), nitrogen (0.45-1.27%,
0.93%), hydrogen (2.90-4.66%, 3.88%) and oxygen
(17.56-22.19%, 20.04%) were obtained through
ultimate analysis. The O/C (0.12-0.58, 0.32) and H/C
(0.75-1.55, 0.96) ratios were calculated from the
ultimate results. The results of proximate analysis on
as-received basis, with the db and daf equivalents,
are provided in Table 4. The lignites have low
moisture content (7.03-13.65%; 9.86%), high vola-
tile matter (32.58-44.22%, 36.70%), high fixed car-
bon (24.40-45.11%, 34.89) and high ash yield (4.38-
33.58%, 18.56%).

Rock-Eval Pyrolysis

The type of organic matter, maturity and source
rock potential can be inferred from geochemical
data, such as Rock-Eval pyrolysis (Chen et al. 2016;
Longbottom et al. 2016). The Rock-Eval data of
Barsingsar lignites are shown in Table 5. The values
of free hydrocarbon content (S;), remaining hydro-
carbon potential (S;) and organic CO, (S;) range
from 0.74 to 2.63 mg HC/g, 51.62 to 142.12 mg HC/g
and 6.53 to 18.91 mg HC/g, respectively, and total
organic carbon (TOC) values range from 21.14 to

59.89 wt%. Hydrogen index (HI) and oxygen index
(OI) values in Barsingsar range from 98 to
314 mg HC/g TOC and 27 to 43 mg CO,/g TOC,
respectively. The temperatures at maximum evolu-
tion of S, peak (Tiax) are in the 422-432 °C range
with mean of 424.73 °C.

Source Rock Potential and Thermal Maturity

The organic matter richness of a source rock
enacts an important role in hydrocarbon generation,
which can be inferred from TOC data (Peters et al.
2005; Sun et al. 2014). High TOC indicates oil gen-
eration from type III kerogen (Littke and Ley-
thaeuser 1993). HI is another important geochemical
parameter to characterize source rock. Low HI
values (less than 200 mg HC/g TOC) reveal the
presence of type III kerogen indicating gas genera-
tion from these lignites (Hunt 1996). On the con-
trary, high HI values (greater than 200 mg HC/g
TOC) favor the generation of little oil (Hunt 1996).
In the Barsingsar lignite, the values of HI are less
than 200 mg HC/g TOC barring few samples (Ta-
ble 5). From the HI data, it can be inferred that
Barsingsar lignites generate mainly gases with lim-
ited quantity of liquid hydrocarbon. Significant val-
ues of TOC (av. 46 wt%) and HI (av. 188 mg HC/g
TOC) in Barsingsar lignites make them favorable for
the generation of hydrocarbon (mainly gases). The
plot between S, and TOC indicates Barsingsar lig-
nites to have a good hydrocarbon generative
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Figure 6. Graphical representation showing the variation of a proximate data and b ultimate data of Barsingsar lignites.

potential (Fig. 7a). All the studied samples show S,/
S5 ratios more than 1, indicating that the Barsingsar
lignites have the potential to generate hydrocarbons
as per the guidelines of Peters and Cassa (1994). In
addition, the high value of HI indicates the presence
of liptinites and fluorescing huminite in the lignite
samples (Singh et al. 2017b). Low OI values have
been recorded due to stable oxygen moieties in the
Barsingsar lignites (Varma et al. 2015a, b).
Furthermore, the plot of HI vs. Ty,,x was used
for the assessment of the maturity of organic matter
and the type of kerogen present in the source rock
(Mukhopadhyay et al. 1995). The plots of TOC vs.
S, and T, vs. HI fall within the mixed kerogen

type III/II, which indicates that the Barsingsar lig-
nites are gas prone (Fig. 7b and c). The plot also
suggests that the Barsingsar samples are thermally
immature to marginally mature in nature (Fowler
et al. 1991) (Fig. 7c). Additionally, to classify kero-
gen and to establish the evolution of organic matter,
the H/C and O/C plots in van Krevelen’s diagram
were used (Erik 2011). The Barsingsar lignite sam-
ples fall mostly on the lignite to sub-bituminous coal
range on the van Krevelen’s diagram (after Singh
et al. 2016b) and shows that the organic matter
contains type III kerogen (Fig. 8).
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Table 5. Result of Rock—Eval pyrolysis and oil yield calculation of lignites of the Bikaner basin (Barsingsar lignite mines)

S. Coalfield  Coal Band T max S S5 S PI S2/83 TOC HI OI (mg GP
no. seam no. (C) (mgHC/ (mgHC/ (mgHC/ (mg/g) (wt%) (mg HC/g CO,/g (mg/
) g g TOC) TOC) 8
Bottom
1 Barsingsar  BS 1 424 1.02 91.48 18.91 0.01 4.84 53.55 171 35 92.5
2 Barsingsar  BS 2 422 2.33 120.09 16.27 0.02 7.38 59.33 202 27 122.42
3 Barsingsar  BS 3 423 0.88 64.19 16.85 0.01 3.81 59.89 107 28 65.07
4 Barsingsar  BS 4 423 1.01 61.54 14.72 0.02 4.18 48.62 127 30 62.55
5 Barsingsar  BS 5 425 1.22 96.38 15.64 0.01 6.16 50.85 190 31 97.6
6 Barsingsar  BS 6 426 2.15 142.12 15.37 0.01 9.25 49.71 286 32 144.27
7 Barsingsar  BS 7 426 1.61 66.47 6.53 0.02 10.18 21.14 314 31 68.08
8 Barsingsar  BS 8 422 1.43 65.33 12.27 0.02 5.32 34.24 191 36 66.76
9 Barsingsar  BS 9 422 0.74 51.62 15.59 0.01 3.31 52.41 98 30 52.36
10 Barsingsar  BS 10 427 2.63 96.24 10.97 0.03 8.77 37.8 255 29 98.87
11 Barsingsar BS 11 432 0.85 54.37 17.4 0.02 3.12 40.52 134 43 55.22
Top
Mean 424.73 1.44 82.71 14.59 0.02 6.03 46.19 188.64 32
1000 1000
- R — Immature \ Mature Post Mature
o
x 5 = 3 S
8 1001 $ £ 8z A &‘ 900
2 > AA Af
I
o - R, 50.62%
E 10 Very good g0 | Type , L7 °
g Good //,
g Fair ,// _§
o 14 L 4 =]
= 700 ] =
§ E \ // = 2 .E
E Poor : i .E S §
2 04 3 g i = o
2 % 00 g | 3 3
+ £
g < =088% £
@] ¢ I i
oot t : e s 3500 - o
Total organic carbon (Wt.%)
300 \ //
Type | oil prone Type Il oil prone
usually lucastrine usually marine 400 - Type lI-lll
= 250
Y
g < 200 Mixed Type II-lll 300 Type llI-ll PS :
§ § oil-gas-prone .
8 5 sl —] LR =1.1%
5T | 7/
£g 2001 ‘ j ’
£g Type lli
3 1004 Typelll ' P | /
g gas- prone | | ]
504 ® (6] ® . ‘ | I
Type IV — I \i\ (c)
o Type IV inert (b) Type V| —~—I~—V~
T T T T T T T 1 T T T T
0 10 20 30 40 50 60 70 80 0 410 430 450 470 490 510 530
Total organic carbon (TOC, wt.%) Tsiiag (OC)

Figure 7. Plots for source rock potential, classification of kerogen type and maturity of organic matter based on pyrolysis result. a S, vs.
TOC, b S; vs. TOC and HI vs. Ty,.y, respectively, showing type III and mixed type II-III kerogens, thermally immature in nature and
excellent hydrocarbon potential of the analyzed lignite samples in the Bikaner—Nagaur Basin.
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Mineralogy

Pyrite, carbonates and clay minerals were
identified microscopically, while quartz, siderite,
coesite, aragonite and rutile were identified by
XRD. These minerals are expected to be the source
of most of the major elements (Fig. 9). The con-
centrations of major oxides SiO, (41.07%), Al,O3
(34.23%), CaO (8.185%), MgO (3.02%), Na,O
(1.96%), FeO (1.30%), TiO, (0.75%), K0 (0.15%),
MnO (0.06%) and P,Os (0.03%) are provided in
Table 6. Concentrations (ppm) of selected trace
elements (Rb, Sr, Zr, Cu, Zn, Pb, Ni, V and Cr) in
the ash of lignite samples are given in Table 6.

The mineralogical study, including major oxides
and trace elements of organic-rich sediments such as
shale, coal/lignite and mudstone area, is a useful
geochemical indicator to ascertain the paleodeposi-
tional and paleoclimatic condition of a Basin (Dai
et al. 2005; Roy and Roser 2013; Xu et al. 2016).
Important elements such as Si, Al and Ti were found
associated with SiO,, Al,O5 and TiO,, respectively.
The concentration of major oxides in lignites of

Barsingsar is predominated by SiO, (41.07%) and
Al,O5 (34.23%), which suggest that the deposition
of more clastic was by high energy deposition
(Ayinla et al. 2017b). In addition, the cross-plot of
SiO; vs. (AlLO3 + K,O + Na,O) was used to deter-
mine the paleodepositional conditions (Suttner and
Dutta 1986). The cross-plot indicates deposition
under semiarid to slightly arid climatic conditions
(Fig. 10). The positive correlations for SiO,-TiO,,
AlLO3-TiO, and K,O-TiO, (Fig. 11) indicate that
TiO, content is related to clay minerals.

The trace elements concentration of Sr, Rb and
V was used for discrimination between seawater and
freshwater (Makeen et al. 2015). On the other hand,
V, Ni, Cu and Cr are redox-sensitive elements and
were used to decipher the paleodepositional condi-
tion during sedimentation (Mohialdeen and Raza
2013; Armstrong-Altrin and Machain-Castillo 2016).
The trace element distribution is dominated by Rb,
Sr and Zr with moderate concentration of Cu, Zn,
Pb, Ni, V and Cr. Vanadium (V) and nickel (Ni) are
important trace elements usually incorporated with
organic matter during early diagenetic stage and are
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Figure 9. X-ray diffractogram (XRD) of ash of three composite lignite samples according to their lithotype of
Barsingsar lignite.

useful indicators of redox conditions during the
sedimentation process (Rimmer 2004; Galarraga
et al. 2008). The bivariant plot of V vs. Ni (Fig. 12a)
shows that the deposition of organic matter took
place in a deltaic setting under sub-oxic to oxic
condition. Similarly, the low sulfur content coupled
with moderate V/(V + Ni) ratio (Fig. 12b) further
supports sub-oxic condition during the sedimenta-
tion of the organic matter.

In addition, to detect various minerals as well as
to delineate carbohydrogenated structure (aromatic
and aliphatic) and heteroatomic functions (mainly
oxygenated), FT-IR technique was used (Geor-
gakopoulos et al. 2003). The details of observed
organic and inorganic function groups with corre-
sponding wave numbers are given in Table 7 and
illustrated in Figure 13. The sharp peaks at 3696,
3695, 3694, 3693, 3654, 3653, 3652, 3649, 3621, 3620,
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V/(V + Ni) vs. total sulfur content (wt%) of the analyzed
samples (Galarraga et al. 2008).
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3619 and 3618 cm ' are observed due to O-H
stretching vibrations of hydrogen-bonded hydroxyl
groups (Oikonomopoulos et al. 2010; Chen et al.
2015; Equeenuddin et al. 2016). In addition, sharp
peaks of medium intensity at 3000-2800, 2850 and
2920 cm~ ' represent the C-H aliphatic stretching
region (Ganz and Kalkreuth 1991; Oikonomopoulos
et al. 2010; Chen et al. 2015). Aliphatic and alicyclic
CH;, CH, and CH groups were observed at
2853 cm™'. The sharp peaks of 1031 and 1300
1000 cm ™! represent lignin and cellulose region (C-
O-H deformation in cellulose) (Oikonomopoulos
et al. 2010). The wave number 1008 cm ™' is attrib-
uted to Si-O-Si stretching (Equeenuddin et al.
2016). On the other hand, bands at 3652, 3620, 1095,
1034, 1031, 1009, 914, 910, 690 and 689 cm ' repre-
sent the dominance of kaolinite mineral with the
presence of bands 750 and 790 cm™' representing
marcasite and quartz, respectively (Chen et al.
2015).

Table 7. Band assignments for the infrared spectra of Barsingsar lignite (Wang and Griffiths 1985; Ganz and Kalkreuth 1991;
Oikonomopoulos et al. 2010; Chen et al. 2015; Varma et al. 2015a, b; Equeenuddin et al. 2016; Choudhury et al. 2017)

Organic functional groups

Inorganic functional groups

Wavenumber (cm ™) Assignment Wavenumber (cm™") Assignment

3100-3700, 3621 O-H stretching vibrations of hydrogen-bonded hy-  3600-3800 Clay min-
droxyl groups erals

3400-3800 Aromatic O-H (phenolic) 3652, 3620, 1095, 1034, 1031, 1009, 914, 910, Kaolinite

690, 689
3000-3100 Aromatic C-H stretching 3620 Illite
3000-2800, 2850, 2920, C-H aliphatic stretching region 1006 Glauconite
2924
2853 Aliphatic and alicyclic CH3, CH, and CH groups 790 Quartz
1560-1590 Carboxyl and carbonyl groups 750 Marcasite

1300-1000, 1031

Cellulose and lignin region (C-O-H deformation in

cellulose)

1300-1100 C-O stretch and O-H bend in phenoxy structures,
ethers

1100-1000 Aliphatic ethers, alcohols

1008 Si-O-Si stretching

700-900 Aromatic C-H out-of-plane region

912, 751 Aromatic structures

690 Stretching of S-S bonds of sulfides and C-S bonds

thiols
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The following conclusions were drawn from the
petrographic and geochemical study of Paleogene
lignites in the Palana Formation.

e These lignites have relatively high huminite

and inertinite content with respect to lip-
tinite, along with significant amounts of
mineral matter. High concentration of
detrohuminite indicates abundance of
herbaceous plants, while substantial textinite
concentration indicates high degree of cell
tissue preserved under relatively dry forest
condition.

The bands of high inertinite concentration
indicate periodic dry (oxic) conditions during
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Figure 13. FTIR spectra of studied lignite samples of Barsingsar.
CONCLUSIONS peat accumulation. GWI and VI indicate that

these lignites were formed from a bog forest
under ombrotrophic to mesotrophic mire
condition.

Low sulfur content (0.18-0.97%, < 1% S)
recorded in the Barsingsar indicates influence
of fluvial environment in the region.

The low huminite reflectance (%R,,) and
Tnax values of Barsingsar lignite indicate
their immaturity, which is also reflected in the
geochemical data. Lignite contains a mixed
kerogen type III/II, which indicates potential
for lighter hydrocarbon.

The ash of these lignites contains mainly
quartz, siderite, coesite, aragonite and rutile.
SiO, (41.07%) and Al,O5 (34.23%) are the
predominant oxides, which suggest deposi-
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tion of more clastic by high energy deposi-
tion. The concentrations of trace elements
indicate organic matter deposited under sub-
oxic to oxic condition in a deltaic setting. The
FT-IR analysis of raw lignite samples shows
the dominance of kaolinite minerals along
with quartz and marcasite.
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