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Article history: The lignite and associated shale of the Khadsaliya Clays Formation (Eocene) of Saurashtra Basin, India have been
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studied. Organic petrographic, palynofacies and organic geochemical analyses have been carried out to deduce
the depositional palaeoenvironment, including the assessment of the hydrocarbon potential of this sequence.
Petrographically, the lignites constitute huminite macerals in dominance (av. 60%). The organic facies, as derived
from maceral composition and biomarker data, suggests that the peat biomass was formed from woody forest
vegetation consists of angiosperms and pteridophytes. Microbial activity was also prominent over the peat bio-
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Macerals mass. The peat biomass was deposited in tropical-subtropical humid climatic conditions under deltaic control
Biomarkers and brackish water influence. Further, there are signatures of intermittent floods in the mire, and is evident

from the shift from mesotrophic to rheotrophic conditions. The organic matter has been categorized into two
palynofacies and is derived from degraded terrestrial biomass. The extrapolation of Tyson's APP diagram and
Pr/n-Cy7 vs. Ph/n-Cyg plot suggest that deposition took place in dysoxic to sub-oxic conditions.

The huminite reflectance values (0.30-0.38%, av. 0.34% R,) suggest that lignites are less mature and have reached
up to lignitic stage (low rank B) of coalification. The geochemical (proximate + ultimate) analyses reveal that the
lignites are characterized by high moisture content (av. 18%) and relatively low ash yield (av. 27%). The volatile
matter yields and carbon contents are moderately high, whereas fixed carbon, sulphur and oxygen contents are
average and hydrogen and nitrogen contents are relatively low. Rock-Eval pyrolysis data indicate that the hydro-
gen index values of the samples vary between 23 and 477 mg HC/g TOC (av. 188 mg HC/g TOC). The T,ax values of
the lignites range between 377 and 433 °C (av. 418 °C), along with the presence of 33 hopanes suggesting the
immature nature of the deposits. HI vs. Trax, S2 vs. TOC, HI vs. Ol and H/C vs. O/C plots of the studied samples in-
dicate that the organic matters are a mix of type II/Ill kerogens. The types of kerogen along with high TOC con-
tents (av. 33 wt.%) indicate the ability of lignite-bearing sequence of Khadsaliya to generate mix of oil/gaseous
hydrocarbons upon maturation.
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1. Introduction 2012; Zdravkov et al., 2011; Dai et al., 2007; Bechtel et al., 2005; and

many more). The quantitative maceral analysis of coal/lignite reflects

The past decades of studies demonstrate, despite certain contradic-
tory views and discussions (Moore and Shearer, 2003; Scott, 2002;
Wiistetal., 2001; Crosdale, 1993; Dehmer, 1993), that organic petrogra-
phy is one of the most efficient tools for the reconstruction of deposi-
tional environments and deducing the palaeogeothermal conditions of
coal-/lignite-bearing basins (Stock et al., 2016; Suarez-Ruiz et al.,
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on the peat-forming conditions, and vitrinite/huminite reflectance pat-
tern points to the geothermal evolution of peat.

Palynofacies has also been widely used for interpretation of
palaeovegetation and climate during the development of peat swamps
(Mendonga Filho et al., 2011, 2012; Tyson, 1995). Besides, the biomark-
er data have convincingly been utilized for inferring the vegetation
source of peat biomass (Peters et al., 2005; Otto and Simoneit, 2001;
Otto and Wilde, 2001). The parameters drawn from these studies sup-
ported by Rock-Eval pyrolysis data help in the evaluation of
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hydrocarbon source (kerogen types) potential of the organic deposits
(Hakimi et al, 2013; Sia and Abdullah, 2012; Hunt, 1996;
Mukhopadhyay et al., 1985; Tissot and Welte, 1984), as the oil/gas gen-
eration potential depends on the amount, type and maturity of the in-
herent organic matter.

Gujarat, a state in the western part of India is well-known for the
huge deposits of lignites holding valuable signatures of Eocene
palaeovegetation and palaeoenvironments (Singh et al, 2013 on
Mangrol; Singh et al., 2012 on Tadkeshwar; Sahni et al., 2006 and
Singh et al., 2010 on Vastan lignite deposits of the Cambay Basin;
Dutta et al., 2011 on Matanomadh, and Singh and Singh, 2005 on
Panandhro fields of the Kachchh Basin) (Fig. 1A). Further, these workers
have also attempted to figure out the thermal maturity and source rock
potential (in some cases) of the lignite deposits of the region.

In Saurashtra Basin of Gujarat, the lignite deposits are associated
with the Khadsaliya Clays Formation (Eocene), and are presently
being excavated at the Surkha and Khadsaliya areas of Bhavnagar
district (Fig. 1A). The basin, as per the Directorate General of Hydro-
carbon, Ministry of Mines (Govt. of India), comes under category IlI-
prospective basin, and lies north of commercially proven Mumbai
Offshore and south of highly prospective Kachchh Basin. The Sau-
rashtra Basin is surrounded by the sea in western side, whereas its
eastern flanks are bordered with the commercially proven Cambay
Basin. The petrographic information on the Khadsaliya lignites is
provided by Thakur et al. (2010) from old mine section. In the pres-
ent study, petrographical and palynofacies data from the Khadsaliya
new mine section are combined with the organic geochemical
studies for interpretation on palaeodepositional conditions of the
lignite-bearing sequence, besides to evaluate the hydrocarbon
source potential of the deposits.

2. Geological setting

The peninsula of Saurashtra forms a horst bounded between the
structural trends of Delhi (NE-SW), Dharwar (NNW-SSE) and Narmada
(ENE-WSW) (Fig. 1B). It forms a high level dissected lava plateau and
flat top hills of sandstones in the north-east, a low level dissected pla-
teau intervenes the high level plateau, and the flat-broad coastal erosion
plains (Merh, 1995). In an aerial view, the Saurashtra peninsula forms a
triangular shape, an outcome of various bounding faults. Its northern
limit is marked by the E-W orienting Gulf of Kachchh Fault, the south-
western coastline parallels a NW-SE fault which is an extension of the
West Coast Fault System, whereas the southern coast runs parallel to
the extension of the Narmada Geo-fracture. To the east, the peninsula
is flanked by the N-S orienting Western Cambay Basin Bounding.
Apart from the bounding faults, numerous fault systems and fractures
have been identified within the Saurashtra horst.

The Saurashtra peninsula forms a rocky tableland fringed by coastal
plains, a major portion of which is occupied by the Deccan lava flows.
The central part is made up of an undulating plain broken by hills and
considerably dissected by various rivers that flow out in all directions.
The highlands provide a zigzag outline and a rugged topography, vague-
ly forming three almost parallel elevated areas striking ENE-WSW con-
nected by a NNE-SSW ridge. The eastern fringe of Saurashtra is a low-
lying ground marking the site of former sea connection between the
Gulfs of Kachchh (Kutch) and Khambhat (Cambay). Today, it is a saline
wasteland interspersed with marshes and lakes. To the north, the Sau-
rashtra peninsula is flanked by the Gulf of Kachchh and to its west and
south is the Arabian Sea (Fig. 1C).

Biswas and Deshpande (1983) consider the Saurashtra region as a
horst surrounded by rift graben and demonstrate that central, southern
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Fig. 1. (A) Location map of Khadsaliya lignite mine in Gujarat state of western India, (B) regional tectonic map of western India showing prominent rift basins and Precambrian orogenic
trends (after Biswas and Deshpande, 1983), and (C) geological map of Saurashtra Basin (after Merh, 1995).
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and northern Saurashtra exhibit distinct volcano-tectonic characteris-
tics. The Saurashtra peninsula is about 65% covered by basaltic lava
flows (Deccan Trap) overlying the Mesozoic sediments in north, and un-
derlying the Palaeogene-Quaternary sediments at the coastal fringe
(Fig. 1C). The Deccan Trap provides the basement for the deposition of
Palaeogene sediments that are exposed at some places.

The geological succession of the lignite-bearing Saurashtra region is
shown in Fig. 2. Lignite in the region occurs in Khadsaliya Clays Forma-
tion (Eocene) which is never exposed on the surface (Thakur et al.,
2010). This green to greenish-grey clay formation, overlying the
Supratrappean (Lower Eocene) and Deccan Traps (Cretaceous-Eocene),
encompasses lignite deposits together with carbonaceous shale and
shale. The basin extending in a length of about 12 km opens up towards
north with a general slope towards sea. The lignite seams unconform-
ably lie on the weathered trap on lithomargic clay. They become deeper
towards east to north-east and diminish towards sea.

3. Sample collection and methodology

The Khadsaliya lignite mine (lat. 21° 34’ 091” N & long. 72° 14’ 289"
E) is located at about 30 km south-east to the city of Bhavnagar, Gujarat.
The representative lignite samples (15) were collected vertically (from
bottom to top) in ascending order from three seams- Bottom seam
(approx. 1.5 m thick), Middle seam (approx. 2.0 m), and Top seam
(approx. 3.0 m thick; Fig. 3), and were subjected to petrography, geo-
chemistry and Rock-Eval pyrolysis studies. A total of 46 samples from
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the lignite-bearing sequence were also utilized for the palynofacies
analysis.

3.1. Petrography

Preparation of samples, maceral analysis and reflectance measure-
ments were carried out following the ISO 7404-2 (2009), ISO 7404-3
(2009), ISO 7404-5 (2009) norms, and the ICCP nomenclature. The
Leica DM4500P microscope was used for maceral analysis and reflec-
tance measurements. The random reflectance was measured on
huminite (ulminite) particles with the help of PMT Ill and MSP 200 soft-
wares. The quantitative estimation of macerals was made on automatic
point counter using the Petroglite 2.35 software. The maceral composi-
tion was analysed simultaneously in reflected white and blue lights by
using the Single-Scan method (X-axis: 0.6 mm; Y-axis: 0.7 mm). The
maceral descriptions and terminologies as provided by the International
Committee for Coal and Organic Petrology for huminite (Sykorova et al.,
2005), for liptinite (Pickel et al., 2017; Taylor et al., 1998) and for
inertinite (ICCP, 2001) were followed. Leica application suite (LAS)
was used for the photomicrography.

3.2. Palynofacies

The lignite and associated shale/clay samples were treated with hy-
drochloric (HCI) and hydrofluoric (HF) acids to dissolve carbonate and
silica contents, respectively. The slides for microscopic observation
were prepared by the procedure suggested by Batten (1996a) and
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Fig. 3. Lignite seam section in the Khadsaliya mine along with the distribution of studied
samples.

Batten and Stead (2005). The observation was made under transmitted
white and blue lights, and a minimum of 300 counts were taken for the
quantitative estimation of particulate organic matter as suggested in
Mendonga Filho et al. (2010, 2011). The absolute and relative propor-
tions, state of preservation, and size of organic matter were taken into
consideration for palynofacies analyses. The particulates of organic mat-
ter were counted in three main groups - phytoclasts, palynomorphs,
and amorphous organic matter (Mendongca Filho et al., 2002, 2011;
Tyson, 1995).

3.3. Biomarker analysis (GC-MS)

The extraction of lignite and shale was performed starting with
the powdering of the samples into very fine powder using a
brass mortar. The soluble organic matter was extracted with
dichloromethane:methanol (9:1) mixture from oven-dried
powdered samples by ultrasonication for 30 min. Subsequently,
asphaltenes were removed by precipitation using excess of n-hexane
(40 ml). The fractionation was accomplished by passing the extract
through a chromatographic column, containing activated silica gel,
using n-hexane (for saturates) and dichloromethane:hexane in the
ratio 1:4 (for aromatics). Here in the study, only the analysis of

saturated fractions has been performed. The analysis was carried
out using an Agilent 7890A Gas Chromatograph (GC) interfaced to
Agilent 5975C Mass Spectrometer (MS). The GC was fitted with a
HP-5MS fused silica capillary column (30 m x 0.25 mm i.d.,
0.25 um film thickness), and helium (He) was used as the carrier
gas at a flow rate of 1 ml/min. During each analysis, the GC
oven temperature was held at an initial 40 °C for 5 min, and then
ramped to 310 °C at 4 °C/min, which was held for a final 5.5 min.
Full scan (m/z 50-550) 70 eV mass spectra were acquired with a
source temperature of 300 °C. Data processing is done using
Chemstation software. Peak assignments were based on GC reten-
tion time and mass spectral data including comparison to MS library
and published mass spectra.

3.4. Rock-Eval pyrolysis

Rock-Eval pyrolysis was conducted using a “Turbo” Rock-Eval-6
pyrolyser manufactured by Vinci Technologies®. The pyrolysis
method consists of a programmed temperature heating (in a pyroly-
sis oven) in an inert atmosphere. The Rock-Eval instrument was first
developed by Institut Francais du Pétrole (IFP) in 1977 to perform
anhydrous, open system pyrolysis (Espitalié et al., 1977). However,
the procedure of the analysis is elaborated by Lafargue et al.
(1998). The samples were first pyrolysed under an inert N, atmo-
sphere and the residual carbon was subsequently burnt in an oxida-
tion oven. The amount of hydrocarbons released during the pyrolysis
was detected with a flame ionisation detector, while online infrared
detectors measure continuously the released CO and CO,. The sam-
ples were first pyrolysed from 100 °C to 650 °C at a rate of 25 °C/
min. The oxidation phase starts with an isothermal stage at 400 °C,
followed by an increase to 850 °C at a rate of 25 °C/min to burn out
all the residual carbon.

3.5. Proximate analysis

The proximate analysis involves the determination of moisture, ash,
volatile matter and fixed carbon contents in weight percentage. The
analyses were performed by taking 70 mesh size lignite powders of rep-
resentative samples, and using micro-balance, oven (for moisture con-
tent) and muffle furnace (for ash and volatile matter yields) as per the
specifications of Bureau of Indian Standard (BIS, 2003). Fixed carbon
content in the lignite samples were calculated by subtracting the sum
of ash yield, volatile matter yield and moisture content from 100. The
Leco AC 350 GCV Analyser was used to determine the calorific value.
Bulk quantities of the lignite samples weighing 100 g were individually
crushed to finer sizes in 3-4 stages, and reduced to — 212 pm (BSS mesh
No. 72, Bureau of Indian Standards IS: 1350; BIS, 2003). ASTM D 2015
(1996) standard was used for the determination of gross calorific values
of the samples.

3.6. Ultimate analysis

The ultimate analysis involves the determination of elemental
carbon, hydrogen, nitrogen, oxygen as well as sulphur in weight per-
cent. The analysis of lignite samples was performed on Elementar
Vario EL III-CHNS Analyser using standard procedure (ASTM
Standards: D3177-89, D3178-89, D3179, 1993a, 1993b, 1993c). For
this purpose, samples were prepared by the manual crushing in labora-
tory. The procedure given by Bureau of Indian Standards IS:1350 was
followed (BIS, 2003). The sample (approx. 10 mg) was put in tin foil,
and kept in CHNS analyser for each set of element to be calculated.
The percentage of oxygen was calculated by subtracting the sum of
percentage of carbon, hydrogen, nitrogen, ash, and sulphur from 100.
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4. Results
4.1. Petrographic characteristics

The studied lignites of Khadsaliya new mine are compact, amor-
phous textured and dark brown in colour. Table 1 provides the frequen-
cy distribution of various macerals and associated mineral matters
estimated in the lignites. The representative photomicrographs of vari-
ous macerals are shown in Fig. 4.

4.1.1. Huminite group

The lignite is mainly composed of huminite group of macerals (av.
60 vol.%). Huminite consists predominantly of telohuminite (struc-
tured: ulminite + textinite, av. 33%) and detrohuminite (detritus:
attrinite + densinite, av. 23%). The telohuminites are chiefly represent-
ed by ulminite maceral (av. 30%), while the detrohuminites are consti-
tuted mainly by densinite maceral (av. 15%). A low content of
gelohuminite (the gelified huminite) is also recorded, which is repre-
sented by the corpohuminite maceral (av. 4%). Overall, the frequency
of huminite group is almost similar throughout the seam sections with
slightly increasing tendency in the Middle seam section. Certain frac-
tions of the huminite group fluoresce (with weak intensity in dark
reddish-brown or brown colour) either due to relicts of cellulose and/
or by resinous impregnations. In the Top seam, the proportion of fluo-
rescing or perhydrous huminite is higher (av. 24%) than its concentra-
tion in the Middle (av. 22%) and Bottom (av. 15%) seams.

4.1.2. Liptinite group

The liptinites are represented by sporinite, cutinite, resinite,
suberinite, fluorinite, and liptodetrinite. These macerals appear relative-
ly darker in colour than huminite, to black in normal incident light and
fluoresce (under blue light excitation) in different colours (yellow to
yellowish-brown) and intensities. The liptinite content in the studied
lignites varies between 9 and 24 vol.% with higher concentration in
the Top seam compared to the Bottom and the Middle seams. Liptinites
are constituted chiefly by the liptodetrinite (av. 5%) and resinite (av. 4%)
macerals, followed by the sporinite, cutinite and suberinite, respective-
ly. Bituminite is also recorded along with the sporadic fluorinite (associ-
ated with cutinite). The bituminite is mostly accounted for by the
perhydrous huminite.

4.1.3. Inertinite group

The group is mainly represented by funginite, semifusinite, and
inertodetrinite along with sporadic occurrence of micrinite. Most com-
mon maceral funginite (fungal sclerotia) occurs as oval and elliptical
bodies. Single- to multi-celled fungal spores (teleutospores) are com-
mon. Greyish-white semifusinite, characterized by well-preserved cell
structure, is also common. Inertodetrinite occurs as fragmentary pieces
of semifusinite/fusinite and funginite. The group maceral has low con-
centration (av. 9 vol.%) and has no definite trend in distribution.

4.1.4. Mineral matter

It shows moderately high concentration (av. 14 vol.%) constituted
dominantly of clastic (clay and quartz) and sulphide (pyrite) minerals
along with the sporadic occurrences of carbonates (calcite, siderite).
The clastic minerals, occurring as granules, lumps and bands, are inti-
mately associated with almost all the macerals. Pyrite (range: 1-8%,
av. 5 vol.%) occurs in various forms, whereas massive (Fig. 4j),
framboidal (Fig. 4k-1), and disseminated forms are most common.

4.1.5. Rank of lignites

Rank of the lignites has been determined by random reflectance (R;)
measurements on huminite (ulminite) particles. The calculated mean
values range from 0.30 to 0.38% (av. 0.34%, Table 1) for the seams. The
values classify these lignites as ‘brown coal’ (German Standard) or ‘lig-
nite’ (Stach et al., 1982) or as ‘low rank B (lignite B)’ (as per ISO-

11760, 2005), and fall in the early diagenetic zone of methane genera-
tion (Taylor et al,, 1998). The reflectance results show slightly increasing
trend with depth of the seam.

The overall tendency in maceral composition of the lignites from
Khadsaliya new mine is similar as in the previous study of lignites
from the old mine section (Thakur et al., 2010). However, the rank of
the lignites of new mine section is found to be relatively higher than
the old mine section.

4.2. Palynofacies characteristics

Combaz (1964) introduced the term ‘palynofacies’ for the total as-
semblage of microscopic organic constituents present in a sediment/
rock, and that withstand the acid treatments of normal palynological
preparation procedures. The modern palynofacies concept was intro-
duced by Tyson (1995). The particulate organic matter recovered from
the studied Khadsaliya samples are illustrated in Fig. 5. The palynofacies
analysis reveals that the samples (lignite and shale) have yielded all the
three groups of particulate organic matter—phytoclasts, palynomorphs
and amorphous organic matter (Table 2).

4.2.1. Phytoclasts

In the studied samples, phytoclasts (tissues derived component) are
the predominant organic matter; constituting an average of 69%. The
non-opaque phytoclasts (av. 38%) show dominance over the opaque
(av.31%). Among the non-opaque phytoclasts, cuticles are in abundance
(av. 20%), while the biostructured (av. 9%) and non-biostructured (av.
8%) organic matters are in lesser proportions. The biostructured
phytoclast and cuticles presence are suggestive of proximity to the
source area (Tyson, 1995). The equant, lath-shaped and corroded
types of opaque phytoclasts are more common; indicating an aerial ox-
idation during the deposition.

4.2.2. Amorphous organic matter

AOM is the subdominant group (av. 26%) in the samples. The AOM
consists of all particulate organic components that lack a distinct and
recognizable outline, and which does not infer its biological affinity.
These components include phytoplankton-derived AOM, bacterially-
derived AOM, higher plant resins, and amorphous products of the dia-
genesis of macrophyte tissues (Mendonga Filho et al., 2011; Tyson,
1995). In the studied samples, this group is mainly represented by the
amorphous products, and the AOM subgroups (av. 25%), while the
resin subgroup (av. >1%) occurs only as an accessory component.

4.2.3. Palynomorphs

The group is the least abundant (range: nil-8%) of the three main or-
ganic matter (kerogen) groups in the samples. Palynomorphs are repre-
sented by the terrestrial palynomorphs (spores and pollen grains -
collectively known as sporomorphs), marine phytoplankton (dinofla-
gellate cysts), and zooplankton (inner linings of microforaminifera). In
the studied samples, palynomorphs include both the continental (ter-
restrial and aquatic, av. 4%) as well as the marine (av. 0.4%) components.
The palynomorphs of the families Annonaceae, Arecaceae, Meliaceae,
Matoniaceae, Bombacaceae have been documented. Nevertheless, iden-
tification of the palynomorphs genera is beyond the scope of this study.

Based on the estimation and distribution of particulate organic mat-
ters, two palynofacies are recognized in the lignite-bearing Khadsaliya
sequence (Fig. 6):

The palynofacies-I is typified by the clear dominance of phytoclasts
(av. 74%), while the AOM (av. 21%) and palynomorphs (av. ~ 5%) are
represented in fewer proportions. Such composition is encountered in
the sample nos. K-1-7, 10, 11, 13, 17-21, 23, 26-30, 32-37, 43-45.
The non-opaque phytoclasts (av. 37%) are represented mainly by the
cuticles (21%) with very high degree of preservation, besides the lath-
shaped woody material, structureless membranes, and along with fun-
gal filaments. The corroded and equant opaques are common. The AOM



Table 1

Maceral contents (vol.%), mineral matter content (vol.%), ulminite reflectance (Rr%) and petrographic indices (GI, TPI, GWI, VI) of the studied Khadsaliya lignites

Bottom seam Middle seam Top seam Mine average
Sample no. KH-1 KH-2 KH-3 KH-4  Average KH-5 KH-6 KH-7 KH-8 KH-9 KH-10 Average KH-11 KH-12 KH-13  KH-14 KH-15  Average
Macerals
Huminite(H) 57 63 53 56 57 64 60 67 63 57 67 63 59 61 51 54 67 59 60
Telohuminite 35 35 26 26 31 33 36 41 44 29 47 39 23 33 27 23 35 28 33
Textinite 1 1 0 1 8 1 2 4 6 6 3 1 1 1 0
Ulminite 33 34 26 25 25 34 39 41 23 42 20 32 26 22 34
Detrohuminite 19 24 25 27 24 27 15 21 13 20 15 19 33 26 23 27 26 27 23
Attrinite 6 7 11 9 9 7 6 6 12 5 10 5 7 7
Densinite 13 17 15 18 18 8 15 8 8 9 23 21 15 20 19
Gelohuminite 4 3 2 3 3 4 10 5 6 9 5 6 3 2 2 4 6 4 4
Corpohuminite 4 3 2 3 4 10 5 6 9 5 3 2 2 4 6
Gelinite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Liptinite (L) 21 13 21 15 17 16 16 9 15 19 14 15 17 19 14 17 24 18 17
Sporinite 3 0 2 2 1 2 1 1 2 1 1 0 2 1 2
Cutinite 1 1 3 3 4 4 3 2 3 2 2 4 2 2 3
Suberinite 0 1 1 0 0 0 0 1 0 0 1 2 2 2 1
Resinite 4 3 4 2 3 4 1 5 6 6 5 4 1 4 6
Alginite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bituminite 0 1 0 0 2 2 1 1 1 1 0 2 1 5 4
Fluorinite 1 0 1 1 1 1 0 2 1 1 1 1 1 0 2
Exsudatinite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Liptodetrinite 11 7 10 8 5 3 3 2 5 3 7 5 4 3 7
Inertinite (I) 5 6 13 7 8 12 9 11 9 11 10 10 14 15 7 8 6 10 9
Semifusinite 0 0 1 0 1 0 1 0 0 1 1 1 1 0 1
Fusinite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Funginite 2 3 9 5 9 7 9 5 8 7 12 11 2 6 3
Secretinite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Macrinite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Micrinite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Inertodetrinite 2 3 4 2 2 2 1 4 4 2 2 3 4 2 2
Mineral matter (Mm) 18 18 13 22 18 8 15 13 14 13 9 12 10 6 28 21 3 14 14
Others 14 11 10 16 4 9 6 5 9 2 9 2 21 17 2
Pyrite 4 7 3 6 4 6 7 8 4 7 1 4 7 4 1
Fluorescing H 15 15 17 14 17 10 16 29 33 25 19 25 21 26 27
Non-fluorescing (H) 42 49 35 42 47 50 51 33 24 42 40 36 30 28 39
Total Fluorescing (H + L) 35 28 38 29 33 26 25 44 52 39 36 44 35 43 52
Non-fluorescing 65 72 62 71 67 74 75 56 48 61 64 56 65 57 48
(H+ I+ Mm)
H (mmf %) 69 77 61 72 69 71 77 73 66 73 66 64 71 69 69
L (mmf %) 25 16 24 19 17 19 10 17 21 16 19 20 19 21 25
I (mmf %) 6 7 15 9 13 10 12 10 13 11 16 16 10 10 6
Rr mean % 0.34 0.36 0.36 0.38 0.36 0.33 0.32 0.3 0.31 0.31 0.34 0.32 0.34 0.34 0.33 0.36 0.35 0.34 0.33
GI 4,07 3.81 1.73 2.72 3.08 1.63 3.09 3.06 2.98 1.36 2.63 2.46 1.74 2.66 2.74 2.83 443 2.88 2.77
TPI 1.79 143 0.96 0.98 1.29 1.28 2.66 2.07 2.98 1.56 3.18 229 0.75 1.22 1.06 0.92 1.46 1.08 1.62
GWI 0.72 0.78 0.76 0.94 0.80 0.80 0.76 0.75 0.54 0.82 0.55 0.77 1.37 0.95 0.99 1.24 0.82 1.07 0.85
VI 1.04 1.06 0.73 0.68 0.88 0.91 145 145 2.15 0.99 2.33 1.55 0.66 0.98 0.82 0.70 0.98 0.83 1.13

GI (Gelification Index) = Ulminite + Densinite + Corpohuminite + Gelinite / Textinite + Attrinite + Inertinite (Kalaitzidis et al., 2000).

TPI (Tissue Preservation Index) = Textinite + Ulminite + Corpohuminite + Fusinite / Attrinite + Densinite + Gelinite + Inertodetrinite (Kalaitzidis et al., 2000).

GWI (Ground Water Index) = Densinite + Corpohuminite + Gelinite + (Ash /2) / Textinite + Ulminite + Attrinite (Stock et al., 2016; Kalaitzidis et al., 2000).

VI (Vegetation Index) = Textinite + Ulminite + Suberinite + Resinite + Fusinite 4+ Semifusinite / Attrinite + Densinite + Sporinite + Cutinite + Alginite + Bituminite + Liptodetrinite + Inertodetrinite (Kalaitzidis et al., 2000).
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Fig. 4. Representative photomicrographs of macerals and associated mineral matter of the Khadsaliya lignite: a) ulminite, b—c) textinite, d) corpohuminite, e) sporinite (cluster of spores),
f) cutinite, g) resinite, h) suberinite, i) funginite, j) massive pyrite, k-1) framboidal pyrite associated with huminite. Photomicrographs taken under incident white light (a-d and i-1) and

blue light excitation (e-h).

constituting degraded phytoclasts is indicative of the terrestrial origin of
these organic matters. Palynomorphs are mainly composed of the ter-
restrial palynomorphs (av. 4%), however marine palynomorphs (fora-
minifer linings and dinoflagellate cysts, av. < 1%) have also been
observed.

The palynofacies-II is also characterized by the dominance of
phytoclasts (av. 55%), but along with a high amount of the AOM (av.
41%). This type of association is observed in the sample nos. K-8, 9, 12,
14-16, 22, 24, 25, 31, 38-42, and 46. The non-opaque phytoclasts are
abundant (av. 42%), and mainly represented by the cuticles (av. 18%)
and non-biostructured (av. 12%) organic matters, followed by the
biostructured ones (av. 11%). The fungal remains (1%) has also been ob-
served. The granular AOM and fragments of the woody tissues some-
times contained with framboidal pyrite. The terrestrial palynomorphs
are relatively higher (av. 4%) in this palynofacies, while the marine
palynomorphs are almost absent.

4.3. Organic geochemical characteristics

4.3.1. Biomarker composition

Investigation on the macromolecular composition has been per-
formed on nine samples (six lignite and three shale). The representative
TIC (total ion chromatogram) of the saturated fraction is shown in the
Fig. 7. The major terpenoids identified in the Khadsaliya samples are
given in the Table 3. Various biomarker parameters have also been cal-
culated, and are presented in Table 4.

4.3.1.1. n-alkanes and isoprenoids. The selected mass chromatogram (m/z
57) represents the n-alkanes and isoprenoids. The hydrocarbon frac-
tions are all dominated by a homologous series of C;6 to C35 n-alkanes
(Fig. 8). Generally, bimodal n-alkane distribution is evident with the
dominance of short chain (n-Cyg, n-Cyp) and long chain (n-Cy7, n-Cag)
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Table 2
Results of palynofacies analysis of the studied Khadsaliya samples.
Phytolasts
AOM Palynomorphs .
Sample no. Opaque Non-opaque Total Total Total Palynofacies
Cuticle Biostructure Non-biostr. Fungal AOM Resin Terrestrial Marine type
(%) (%) (%) (%) (%) (%) (%) (%) (%)

K-1 72.0 5.0 0.0 9.0 0.0 86.0 9.0 0.0 9.0 3.0 2.0 5.0 I
K-2 74.0 4.0 0.0 8.0 0.2 86.2 9.0 2.0 11.0 1.8 1.0 2.8 I
K-3 75.9 45 0.0 5.0 0.4 85.8 8.7 0.6 9.3 3.2 1.7 49 I
K-4 73.8 5.6 0.0 6.8 0.0 86.2 9.2 12 104 24 1.0 34 I
K-5 66.2 4.7 0.0 5.2 0.0 76.1 18.0 2.2 20.2 2.2 15 3.7 I
K-6 64.2 54 0.8 52 0.0 75.6 18.2 0.0 18.2 42 2.0 6.2 I
K-7 51.2 14.6 0.0 8.8 2.1 76.7 16.1 2.2 18.3 35 15 5.0 I
K-8 39.1 19.0 0.0 7.0 0.0 65.1 29.0 0.0 29.0 5.9 0.0 5.9 11
K-9 15.2 18.7 10.0 16.5 1.2 61.6 354 0.0 354 3.1 0.0 3.1 11
K-10 235 37.2 11.0 5.6 1.0 783 184 0.0 184 34 0.0 34 I
K-11 22.6 375 9.9 8.1 0.0 78.1 15.6 23 17.9 4.0 0.0 4.0 I
K-12 10.2 16.4 10.3 18.2 0.5 55.6 40.0 2.0 42.0 23 0.0 23 I
K-13 143 20.8 229 6.7 12 65.9 25.2 2.6 27.8 6.3 0.0 6.3 I
K-14 12.6 8.1 16.6 174 1.0 55.7 36.0 2.0 38.0 6.3 0.0 6.3 11
K-15 10.2 10.0 235 113 1.0 56.0 37.0 3.8 40.8 3.2 0.0 3.2 11
K-16 10.1 10.5 246 8.9 15 55.6 342 19 36.1 83 0.0 83 11
K-17 189 22.8 18.7 3.0 1.0 64.4 30.0 29 329 2.7 0.0 2.7 [
K-18 325 36.5 6.1 7.8 2.1 85.0 10.0 1.7 11.7 34 0.0 34 [
K-19 22.3 189 194 6.7 12 68.5 26.2 2.0 28.2 34 0.0 34 [
K-20 22.0 174 204 7.2 1.0 68.0 24.0 2.5 26.5 55 0.0 55 [
K-21 19.8 26.5 19.5 5.8 0.5 721 23.1 0.0 23.1 4.8 0.0 4.8 [
K-22 5.2 18.6 2.8 16.8 0.0 43.4 51.1 2.6 53.7 2.9 0.0 2.9 11
K-23 358 226 71 71 12 73.8 22.8 0.0 228 34 0.0 34 [
K-24 143 10.8 74 16.8 1.0 50.3 452 2.0 472 2.5 0.0 25 11
K-25 126 15.6 10.0 15.2 2.1 55.5 37.0 2.0 39.0 5.5 0.0 5.5 11
K-26 253 29.6 17.9 8.9 0.0 81.7 139 1.0 14.9 34 0.0 34 [
K-27 21.0 227 222 74 12 74.5 21.1 1.0 221 34 0.0 34 I
K-28 7.8 335 30.9 10.5 0.0 82.7 13.0 1.0 14.0 33 0.0 33 1
K-29 10.5 394 10.0 5.8 1.0 66.7 29.9 0.0 29.9 34 0.0 34 I
K-30 229 379 6.8 85 0.5 76.6 18.0 14 194 4.0 0.0 4.0 I
K-31 14.2 28.6 3.6 5.3 1.0 52.7 40.1 2.7 42.8 4.5 0.0 4.5 11
K-32 18.5 274 11.5 7.4 2.0 66.8 275 1.0 28.5 4.7 0.0 4.7 I
K-33 21.6 17.6 173 6.8 0.0 63.3 30.0 1.2 31.2 5.5 0.0 5.5 I
K-34 39.5 174 0.0 8.0 1.2 66.1 28.0 2.0 30.0 39 0.0 3.9 I
K-35 42.9 18.6 0.0 4.9 1.0 67.4 26.7 1.0 27.7 3.8 1.1 4.9 1
K-36 55.1 15.8 0.0 2.3 2.0 75.2 21.0 1.0 22.0 2.3 0.5 2.8 I
K-37 36.3 20.0 23.0 29 0.0 82.2 12.0 21 141 2.7 1.0 3.7 I
K-38 25.8 27.0 11.0 7.1 12 721 17.0 1.0 18.0 8.1 1.8 9.9 11
K-39 326 26.5 0.0 8.1 0.0 67.2 25.1 3.6 28.7 4.1 0.0 4.1 il
K-40 30.2 30.6 0.0 8.2 1.0 70.0 245 1.0 25.5 45 0.0 4.5 il
K-41 325 253 0.0 6.2 0.0 64.0 28.0 32 31.2 38 1.0 48 il
K-42 329 253 2.8 7.8 12 70.0 23.0 23 253 4.7 0.0 4.7 11
K-43 43.6 20.1 34 115 2.0 80.6 15.0 1.1 16.1 3.0 0.2 3.2 I
K-44 37.8 233 5.6 8.5 0.0 75.2 20.0 1.0 21.0 33 0.5 3.8 I
K-45 325 249 0.0 5.7 1.0 64.1 28.7 1.0 29.7 6.0 0.2 6.2 I
K-46 23.0 6.4 0.0 10.0 0.0 394 56.0 0.0 56.0 3.7 0.9 4.6 il
Total average 31.0 20.2 8.8 8.4 0.8 69.2 249 1.5 26.4 4.0 0.4 44

Av. palynofacies-I 373 212 8.1 7.0 0.7 743 19.9 14 213 39 0.5 44

Av. palynofacies-Il ~ 13.0 175 10.9 125 1.0 54.9 39.1 1.7 40.8 42 0.1 43

n-alkanes. However, in sample K-28, short chain n-alkanes are relatively
low in abundance. All the analysed shale samples showed the abundance
of Co5 (medium chain) n-alkane. The acyclic C;9 and Cyq isoprenoid hy-
drocarbons, pristane (Pr) and phytane (Ph) are identified in the samples
with a dominance of phytane in all the samples. The Pr/Ph ratios are vary-
ing from 0.13 to 2.49. The lignite samples showed the higher ratio than
the shales. Other biomarker parameters calculated include CPI (carbon
preference index; Peters et al., 2005), TAR (terrigenous/aquatic ratio;
Bourbonniere and Meyers, 1996), P,q (proxy aqueous; Ficken et al,
2000), and Pyax (proxy wax; Zheng et al.,, 2007). The CPI varies between
1.34 and 3.58, and the TAR varies from 1.68 to 23.83 for the samples. Al-
though, no variation is seen in the CPI values of lignite and shale, the
TAR values are low for lignite than the shale. The P,q varies from 0.61 to
0.87, whereas P, is between 0.17 and 0.51.

4.3.1.2. Sesquiterpenoids. Sesquiterpenoids are found usually in coal and
lignite extracts. These compounds are mostly derived from the essential
oils, resins and ambers produced by the higher plants (Wang et al., 1990;
Simoneit et al., 1986) In the studied samples, the sesquiterpenoids
identified are longifolene-12, 4a(H)-eudesmane, 43(H)-eudesmane, 4-
Isoprpyl-1, 6-dimethyl-1,2,3,4,4a,5,6,8a-octahydro naphthalene, and
some unknown compounds. These compounds were also identified in
the nearby Surkha lignite-bearing sequence of the basin (Paul et al.,
2015). The main botanical sources of these natural products are
Cupreassaceae, Compositae (Gymnospermae), and Dipterocarpaceae
(Angiospermae) families (Sukh Dev, 1989). However, diterpenoids are
absent in these samples indicating the absence of gymnosperm source.
Therefore, the presence of sesquiterpenoids in the samples may indicate
the presence of Dipterocarpaceae in the source vegetation.

Fig. 5. Representative photomicrographs of palynofacies components: a-c) brown phytoclasts, d-f) opaque phytoclasts, g-h) palynomorphs (sporomorphs), i-j) fungal spores,

k) foraminiferal linings, ) dinoflagellate cyst, m-0) amorphous organic matters.
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Fig. 6. Vertical distribution of palynofacies components and facies identified in the studied Khadsaliya succession.

4.3.1.3. Triterpenoids. The triterpenoid biomarkers were detected using
the characteristic ion fragment m/z-191 (Fig. 9). Most of the compounds
identified are pentacyclic triterpenes with substantial amounts of
hopanes in all the analysed samples. Although the abundance of indi-
vidual compounds varies between the samples, 173(H)-22,29,30-
trisnorhopane,  30-norneohop-13(18)-ene, 17R(H),21B(H)-30-

norhopane, and 173 (H),213(H)-homohopane are generally dominant.
An overall dominance of norhopane over hopanes is also seen. Bp-
hopane is more abundant than its o5 counterpart. The pentacyclic
triterpenoids, other than hopanoids, identified are mostly unsaturated
counterparts of oleananes. These compounds, olean-12-ene, olean-18-
ene, and olean-2,13(18)-diene(?), are relatively low in abundance.

KH-6 (Lignite)

Sesquiterpenoids

Triterpenoids

K-32 (Shale)

Relative abundance (%)

Retention time (min)

Fig. 7. Representative total ion chromatogram (TIC) of analysed lignite and shale samples from the Khadsaliya succession.
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Table 3
Biomarker compounds identified in the Khadsaliya samples.
Peak Compounds Base Molecular
no. peak ion
Sesquiterpenoids
1 Longifolene-12 94 204
2 4-Isoprpyl-1,6-dimethyl-1,2,3,4,4a,5,6,8a-octahydro 163 206
naphthalene
3 4f3(H)-eudesmane 109 208
40(H)-eudesmane 109 208
Triterpenoids
1 De-A-fernene 231 328
2 De-A-urs-5(10)-ene 109 328
3 De-A-olean-18-ene 177 328
4 De-A-triterpenoid 313 328
5 De-A-Lupane 123 330
6 De-A-triterpenoid 95 330
7 17,21-secohopane (C25) 191 344
8 Unknown compound 191 398
9 17,21-secohopane (C26) 191 358
10 22,29,30-Trisnorneohop-13(18)-ene 191 368
11 Unknown compound 190 408
12 170(H)-22,29,30-Trisnorhopane (Tm) 191 370
13 17B(H)-22,29,30-Trisnorhopane 149 370
14 Olean-2,13(18)-diene? 189 408
15 30-Norneohop-13(18)-ene 191 396
16 Neohop-13 (18)-ene 191 410
17 30-norhopane 191 398
18 Olean-12-ene 218 410
19 Olean-18-ene 204 410
20  Hop-17 (21)-ene 367 410
21 17B(H),21a(H)-30-Norhopane 177 398
22 af-hopane 191 412
23 Neohop-13(18)-ene isomer 191 410
24 17B(H),21a(H)-30-Norhopane 177 398
25 17a(H),21p(H)-Homohopane (22 S) 191 426
26 17a(H),213(H)-Homohopane (22 R) 191 426
27 3p-hopane 191 412
28 17p(H),21B(H)-Homohopane 205 426
29 173 (H),213(H)-Bishomohopane 219 440

Tetracyclic 17,21-secohopanes (Cy5 and Cyg) are also identified in these
samples. Other tetracyclic compounds identified are De-A-fernene, De-
A-urs-5(10)-ene and De-A-olean-18-ene.

4.3.2. Rock-Eval pyrolysis and TOC content
The Rock-Eval pyrolysis provides important parameters related to hy-
drocarbon source potential of the organic-rich sediments. Results of the

pyrolysis and TOC analysis of the studied samples are furnished in Table 5.

The free hydrocarbon (S1) value of the samples ranges from 0.10 to
7.35 mg HC/g. The remaining hydrocarbon (S2) generation potential of
the lignites is found to be widely variable (4.23-261.25 mg HC/g). The
S2 value of shale samples varies between 0.59 and 1.38 mg HC/g,

Table 4

Parameters calculated from the distributions of n-alkanes and isoprenoids.
Sample no. Pr/Ph CPI TAR Paq Puax Pr/n-C17 Ph/n-C18
KH-2 0.82 134 1.89 071 033 055 0.36
KH-6 249 358 593 082 026 152 0.45
KH-10 0.75 294 624 073 036 135 0.62
KH-11 0.76 204 1583 087 017 0.96 0.62
KH-13 0.66 163 1.68 064 044 058 0.45
KH-15 0.75 151 838 083 019 118 0.52
K-11 0.37 225 1050 076 029 0.2 0.34
K-28 0.13 287 2383 074 034 034 0.34
K-32 0.28 174  7.70 0.61  0.51 043 0.31

Pr: pristane, Ph: phytane, CPI: carbon preference index, TAR: terrigenous/aquatic ratio,
Paq: proxy aqueous, Pyy,x: proxy wax.

CPI = 2(Ca3 + Cos5 + Co7 + Cag) / [Caz + 2(Cag + Co + Cag) + Csol; Peters et al. (2005).
TAR = (Cy7 + Ca9 + C31) / (Cis + Cy7 + Cq9); Bourbonniere and Meyers (1996).

Paq = (Co7 + Cog + C31) / (Co3 + Cos + Co7 + Cao + C3y); Ficken et al. (2000).

Pwax = (Ca3 + Cas) / (Ca3 + Cas + Cag + C31); Zheng et al. (2007).

whereas the S2 value of carbonaceous shale (sample K-29) is
6.26 mg HC/g. The TOC content of lignites ranges from 16.72 to
54.78 wt.%, whereas the TOC content of shales varies between 0.72
and 0.95 wt.%. The TOC content of the carbonaceous shale is 17.55 wt.%.

The HI value of the studied samples varies between 23 and
477 mg HC/g TOC. Samples with lower HI values could be an indication
of the mineral matter influence (Jasper et al., 2009; Littke et al., 1989;
Horsfield et al., 1988). The higher HI values are well-corroborated
with fair representations of liptinites and fluorescing huminite in the
lignite samples (refer Tables 1 and 5). The OI values of the samples are
in the range of 33 to 96 mg CO,/g TOC, except the carbonaceous shale
sample, which shows higher OI value (107 mg CO,/g TOC). The lower
Ol values may be attributed to the presence of stable oxygen moieties,
which are not cracked at the lower coal rank (Varma et al., 2015;
Kotarba et al., 2002).

Tmax (thermal maturity parameter) of the samples varies between
377 °Cand 433 °C (av. 418 °C). This clearly suggests that the sequence
has passed the early stage of diagenesis. The wide variation in Tpyax
values within this about 20 m sequence could be due to maceral compo-
sition or influenced by the mineral matter (Jasper et al., 2009). Further,
as suggested by Peters (1986), the significant amount of resin (resinite,
refer Table 1) may affect the true Ty, values. HI vs. OI (Fig. 10a), S2 vs.
TOC (Fig. 10b), and HI vs. T« (Fig. 10c) plots collectively indicate that
the studied sequence has dominance of a mix of kerogen type Il and II.
Production Index values (PI: mostly <0.1, the ratio of free hydrocarbon
to total hydrocarbons) indicate that the samples are at an immature
stage (Peters and Cassa, 1994), and correlate with their huminite reflec-
tance values (0.30-0.38% R;) which also indicate immature stage.

4.3.3. Proximate parameter

Table 6 summarizes the data obtained from proximate analysis of
the studied lignite samples. The analysis reveals that the lignites are
high in moisture contents, moderately high in ash and volatile matter
yields. The moisture content varies between 11.89 and 24.97% (av.
18 wt.%), whereas the ash yield is ranging in the limit of 18.94 to
35.69% (av. 27 wt.%), with two higher values- 33.36 wt.% (sample KH-
9) and 35.69 wt.% (sample KH-11). The volatile matter yield varies be-
tween 25.49 and 43.37 (av. 35 wt.%, daf: 56.68-77.25 wt.%), whereas
fixed carbon content of the samples ranges from 12.01 to 29.97% (av.
18 wt.%, daf: 22.75-43.32 wt.%). The gross calorific values of the samples
vary between 2897 and 5246 cal/g (av. value 3891 cal/g). The fuel ratio,
calculated as the ratio between fixed carbon content and volatile matter
yield, varies between 0.46 and 0.76.

The moisture content has shown significant negative correlation
with the huminite reflectance in the studied lignites (Sia and
Abdullah, 2012). Also, the TOC values show good negative correlation
with mineral matter contents and ash yields. Fixed carbon content
shows a fair positive correlation with the TOC, and ash and volatile mat-
ter yields have a negative correlation (Erik and Sancer, 2010). However,
a positive correlation between ash yields and mineral matter contents
has been observed.

4.3.4. Ultimate parameter

Results of the ultimate analysis of lignite samples are shown in
Table 6. The carbon content ranges from 20.33 to 42.86% (av.
30.67 wt.%; daf: 66.62-73.39 wt.%), hydrogen from 4.13 to 5.37 (av.
4.61 wt.%; daf: 3.38-6.30 wt.%), nitrogen from 0.58 to 0.97% (av.
0.77 wt.%; daf: 1.34-2.63 wt.%), sulphur content from 0.76 to 2.02%
(av. 1.42 wt.%; daf: 1.84-5.51 wt.%) and oxygen from 27.33 to 39.02%
(av. 34.18 wt.%; daf: 16.44-24.50 wt.%). The results (high oxygen, low
nitrogen, and relatively moderate sulphur contents) along with the
huminite reflectance data classify these lignites under lignite B stage/
rank. The carbon content increases with increasing hydrogen content,
whereas the oxygen content decreases. The H/C and O/C atomic ratios
for the studied samples vary between 0.57 and 1.08, and between 0.17
and 0.28, respectively.
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Fig. 8. n-alkane distribution according to SIM m/z 57 of the samples from Khadsaliya lignite mine. Numbers corresponds to carbons in the n-alkane chain.

An attempt has also been made to understand the relationship be-
tween lignite quality and hydrocarbon potential. It is found that there
is a positive correlation between gross calorific value and TOC content,
and also gross calorific values have positive correlations with the carbon
contents, fixed carbon contents and volatile matter yields.

5. Discussion
5.1. Palaeoenvironmental conditions

The microconstituents of coal (macerals) are carry signatures of
their precursors, and the controls of their formation in swamps or wet-
lands (Taylor et al., 1998; Teichmiiller, 1989; Stach et al., 1982). The
maceral data (type and amount of macerals) and the coal facies indices
(TPI, GI, GWI and VI) derived from it have significance in the reconstruc-
tion of peat-forming environment including type of vegetation, ground
water and surface water measures, and pH and Eh conditions of mires

(Suérez-Ruiz et al.,, 2012; and references therein). The palynofacies
study has also been used widely for the interpretation of peat precursors
and climatic conditions during the development of peat swamps
(Carvalho et al., 2006; Batten and Stead, 2005; Mendonga Filho et al,,
2002,2010,2011,2012; Batten, 1996a; Tyson, 1995). The particulate or-
ganic matter holds a good amount of information on various controls
that influence the environment in which it was generated, namely the
extent of decay, its burial, degree of degradation, oxic/anoxic environ-
ment, proximal/distal relationship to the source, brackish/fresh water
environment, etc.

The identification of biomarkers has convincingly been utilized to
deduce the depositional environments of organic-rich sediments
(Peters et al., 2005). The distribution patterns of n-alkanes hydrocar-
bon and isoprenoids allow depicting the source of organic matter,
and also are useful in describing the palaeodepositional conditions.
The high abundance of short chain n-alkanes (n-C;g, n-Cyq) indicates
a microbial source input (Cranwell, 1977). The n-alkanes with a
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Fig. 9. Triterpenoid distribution in the samples from Khadsaliya lignite mine. Numbers corresponds to compounds referred in the Table 3.

carbon number between C;5 and C,5 indicates aquatic source in
which shorter chains indicate lacustrine algae, whereas longer
chains indicate macrophytes (Ficken et al., 2000, 2002). The Pr/Ph
ratio has been widely used to delineate the palaeo-redox conditions
existed in the depositional environment (Hughes et al.,, 1995; Didyk
et al., 1978). In addition, proximate and ultimate data also reveal in-
formation on the depositional conditions and geologic history of the
sequences/seams (Ward, 2002).

The studied Khadsaliya lignites are chiefly composed of huminite,
followed by the liptinite, and have low content of inertinite macerals.
This suggests the prevalence of anaerobic conditions in the peat-
forming mire, probably due to periodic flooding (Erik, 2011; Sykorova
et al.,, 2005; Flores, 2002). Further, the predominance of telohuminite
(ulminite + textinite) indicates woody forest/vegetation. A rich

telohuminite fraction as compared to the detrohuminite (densinite +
attrinite) may be related to the fact that lignin-rich wood are structural-
ly better preserved than the cellulose-rich tissues of herbaceous plants
during the coalification (Taylor et al., 1998). However, fair representa-
tion of detrohuminite could be related to the presence of soft woody tis-
sues of the herbaceous/bushy plants, which eventually forms attrinite
and densinite.

Fernene is considered as the biomarker of ferns, which belongs to
pteridophytes (Brassell et al., 1980). Therefore, the occurrence of De-
A-fernene in the samples indicates the presence of pteridophytes in
the source vegetation, while De-A-urs-5(10)-ene and De-A-olean-18-
ene invariably suggest the presence of angiosperms. All these corrobo-
rate the palaeobotanical records suggestive of growth of herbs and
shrubs, including pteridophytes, in and around the basin during Early



236

V.P. Singh et al. / International Journal of Coal Geology 171 (2017) 223-242

Table 5
Results of Rock-Eval pyrolysis and TOC contents of the studied Khadsaliya samples.

Lignite S1 S2 S3 TOC Trax 0l HI Pl S2/S3 GP
KH-1 231 70.28 22.3 36.39 407 61 193 0.032 3.15 72.59
KH-2 5.27 129.79 18.52 40.75 413 45 319 0.039 7.01 135.06
KH-3 1.91 78.67 31.83 39.21 412 81 201 0.024 247 80.58
KH-4 2.83 119.29 26.92 49.2 413 55 242 0.023 443 122.12
KH-5 0.37 21.29 339 40.34 419 84 53 0.017 0.63 21.66
KH-6 1.59 67.69 18.35 31.11 424 59 218 0.023 3.69 69.28
KH-7 0.6 28.98 21.26 34.74 427 61 83 0.020 1.36 29.58
KH-8 0.58 27.2 17.31 26.25 419 66 104 0.021 1.57 27.78
KH-9 0.88 51.24 6.93 16.72 431 41 306 0.017 7.39 52.12
KH-10 0.38 46.98 21.39 35.83 433 60 131 0.008 2.20 47.36
KH-11 0.78 58.37 8.93 21.76 425 41 268 0.013 6.54 59.15
KH-12 1.04 54.93 24.86 37.61 417 66 146 0.019 2.21 55.97
KH-13 0.72 423 15.39 18.06 377 85 23 0.145 0.27 4.95
KH-14 1.73 34.75 29.18 30.29 432 96 115 0.047 1.19 36.48
KH-15 7.35 261.25 18.32 54.78 416 33 477 0.027 14.26 268.60
Shale

K-26 0.1 0.59 0.67 0.72 422 93 82 0.145 0.88 0.69

K-29 0.55 6.26 18.81 17.55 403 107 36 0.081 033 6.81

K-31 0.11 138 0.53 0.95 429 56 145 0.074 2.60 1.49

S1= free hydrocarbons (mg HC/g), S2= amount of hydrocarbons (mg HC/g), S3= released carbon dioxide (mg C02/g), TOC= Total organic carbon (%), Tmax= temperature maximum (°C),
OI: Oxygen index= (S3/TOC) x 100; (mg HC/gTOC), HI: Hydrogen index= (S2/TOC) x 100; (mg HC/gTOC), PI: Production index= S1 / (S1+S2), S2/S3= Hydrogen richness, GP: Genetic po-

tential= (S1+S2)

Eocene time, as undergrowth in the dense angiospermic forests and
back mangroves (Paul et al., 2015; Shukla et al., 2013; Samant, 2000;
Guleria, 1991).

Moderate contents of resinite, suberinite, sporinite, and cutinite in
the lignites are suggestive of vegetation dominated by the terrestrial
higher plants of a forest swamp, as also indicated by the predominance
of telohuminite. Consecutively, the abundance of non-opaque
phytoclasts in palynofacies assemblages also implies the existence of a
fairly dense vegetation cover in the hinterland. The relatively low
AOM content in palynofacies-I, along with a high phytoclasts, indicates
an increase in terrestrial influx. The presence of resin as rods and blobs
indicates the higher plants contribution to the organic matter composi-
tion. In addition, a high CPI values (>1) indicates that the organic matter
formed from the terrestrial source (Moldowan et al., 1985). However,
values equal to 1 may represent insignificant higher plant input
(Killops and Killops, 2005). The CPI values of the studied samples are
typical for immature and low rank coals with higher plants source. Like-
wise, the TAR values in the samples (both lignite and shale) are high
(>1), and suggests an increased terrigenous input.

The abundance of long chain n-alkanes (1n-Cy7, n-Czg) in most of the
lignite samples suggests high plant wax input of the terrestrial source

(Eglinton and Hamilton, 1967). The oleanene type of pentacyclic non-
hopanoid terpenes identified in the samples is the product of diagenetic
transformation of B-amyrin (Otto and Simoneit, 2001; Otto and Wilde,
2001; Rullkotter et al., 1994). These higher plant biomarkers are be-
lieved to be originated from the oxygenated triterpenoids in angio-
sperms (Stout, 1992; Woolhouse et al., 1992; Simoneit, 1986).
However, the abundance of detrohuminite macerals indicates the sub-
aqueous conditions of mire and also the prevalence of herbaceous veg-
etation more susceptible to degradation. The P, ratio between 0.4 and 1
indicates high contribution of submerged or floating aquatic macro-
phytes, whereas low ratio between 0.1 and 0.4 corresponds to emergent
macrophytes (Ficken et al., 2000). However, the ratio < 0.1 suggests ter-
rigenous input. A high ratio in all the studied samples admits increased
input of the organic matter from aquatic source.

A number of models have been developed for the reconstruction of
palaeomire conditions making use of quantitative maceral data/indices
as tools (Suarez-Ruiz et al., 2012; and references therein). Diessel
(1986) introduced gelification index (GI, the ratio of gelified versus
non-gelified macerals), and tissue preservation index (TPI, the ratio be-
tween tissue-derived structured and tissue-derived unstructured
macerals) for deducing the coal facies. These two indices were modified
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Fig. 10. Rock-Eval data of the samples of Khadsaliya lignites showing a) HI vs. OI, b) S2 vs. TOC, and c) HI vs. Trax plots.



Table 6

Results of proximate and ultimate analyses of the studied Khadsaliya lignites.

GCV

Fuel
Cal/g

Atomic

ratio

Atomic values

Dry basis (db) Dry ash free basis (daf)

As received basis

Sample
no.

ratio

0/C H/C

(6]

H

FC

VM

VM  FC

Ash

VM  FC
wt.%

Ash

M

wt.%
15.56 2539 39.25 19.80 33.69 4.36 0.68 1.88 34.00 30.07 4648 2345 3990 3.10 0.81 23.90 223 6647 33.53 6757 443 136 3.77 22.87 563 440 143 025 0.78 0.50

wt.s wtkh wtk
14.94 2642 40.08 18.56 3548 5.21

wts  wt%

wt.%

wt.%

4176
4204

4425

K

592 599 1.16 020 1.01 0.46

1.34 30.73 31.06 47.12 21.82 41.71 4.16 096 20.53 1.58 6835 31.65 71.13 6.03 1.64 2.69 18.51

0.82

KH -2

13.56 23.12 4337 1996 37.66 422 0.86 1.54 32,60 26.74 50.17 23.09 43.57 3.13 099 23.79 1.78 6848 31.52 68.80 4.27 157 281 2254 573 423 141 025 0.74 046

14.86 24.51 39.76 20.88 34.68 537 0.69 2.02 32.73 2879 46.69 2452 40.73 435 081 2295 237 65.57 3443 67.17 6.11

15.66 23.55 40.59 20.20 3522 4.59 0.94
2359 28.77 3264 15.00 25.64 4.25 0.67

2239 30.55 2891

KH -3

4389

134 391 2146 559 6.07 134 024 1.08 053

KH -4

4235

33.79 27.92 48.13 2395 41.76 336 1.11 23.57 226 66.77 33.23 68.69 4.67 1.83 3.73 21.08 572 4.63 132 023 0.81 0.50

1.91

KH -5

3418

0.57 0.46

586 3.35 124 0.21

0.88 23.65 2.16 68.51 3149 7043 3.38 1.84 453 19.81

1.65 39.02 37.65 42.72 19.63 3356 2.11

KH -6

3276
3823

3019

18.15 2433 4.16 058 1.38 39.00 39.37 37.25 2338 3135 2.13 0.75 24.63 1.78 61.44 3856 66.62 3.52 1.59 3.78 2450 5.55 349 153 0.28 0.63 0.63

KH -7

21.18 2445 3426 20.11 30.88 4.74 079 1.27 37.87 31.01 4347 2552 39.18 3.01 1.00 2419 1.61 63.01 3699 72.05 436 1.84 296 18.79 6.00 432 1.17 0.20 0.72 0.59

2440 3336 2798 14.26 2233 4.66 0.84

KH -8
KH -9

KH - 10

1736 582 453 1.08 0.19 0.78 0.51

18.86 29.54 2.55 1.11 20.34 233 66.24 33.76 69.93 4.57 2.63 5.51

1.76 37.05 44.13 37.01
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3426

1.76 423 2345 557 368 147 0.26 066 0.56

38.25 38.04 39.71 2225 3246 230 085 2429 2.05 64.09 3591 66.85 3.71

21.63 29.81 31.12 1744 2544 422 0.67 161

2897

2497 35.69 2549 13.85 2033 437 075 094 37.92 47.57 3397 1845 27.10 2.10 1.00 2098 1.25 64.80 3520 68.88 4.01 2.54 3.18 21.39 573 397 134 023 0.69 0.54

1533 34.17 3745 13.04 30.88 4.13 0.69 099 29.14 4036 44.24 1541

KH - 11

4086

19.07 6.01 474 1.19 0.20 0.79 0.58

1834 1.17 7417 2583 7222 478 1.61 232

3647 2.85 0.81

KH-12

3468

6.25 1.03 0.17 1.02 0.58

1933 3232 30.64 17.71 28.63 521 0.75 0.76 32.33 40.06 37.99 21.96 3549 3.78 093 18.80 094 63.37 36.63 73.39 630 192 195 1644 6.11

13.00 34.22 40.77 12.01 31.99 432 097 1.17 2733 3933 46.86 13.80 36.77 3.29 1.11

11.89 1894 39.21 29.97 42.86 528 091

KH-13

4275

1814 134 77.25 22.75 69.67 543 2.11 255 2024 580 539 1.27 022 093 0.50

KH - 14

5246

149 1.84 20.64 5.85 566 1.29 0.22 097 0.76

1.12 30.89 2149 4450 34.01 48.64 4.48 1.03 23.08 1.27 56.68 43.32 7032 5.71

KH - 15

Minimum

2897.00

11.89 1894 2549 12.01 2033 4.13 0.58 0.76 27.33 21.49 3397 13.80 27.10 2.10 0.75 18.14 094 56.68 22.75 66.62 3.38 134 1.84 1644 555 3.35 1.03 0.17 0.57 0.46

5246.00
3891

6.25 1.53 0.28 1.08 0.76

Maximum 24.97 35.69 43.37 2997 42.86 537 0.97 2.02 39.02 47.57 50.17 34.01 48.64 448 1.11 24.63 237 7725 4332 7339 630 2.63 551 2450 6.11

18.15 28.35 3544 18.06 30.67 4.61 0.77 142 34.18 3491 43.09 22.01 37.21 3.11 094 22.08 1.74 66.35 33.65 69.58 4.75 1.81 3.32 20.54 579 4.71 128 022 0.81 0.54

Average

M: moisture, VM: volatile matter, FC: fixed carbon, C: carbon, H: hydrogen, N: nitrogen, S: sulphur, O: oxygen, wt.: weight, GCV: gross calorific value.

237

by Kalkreuth et al. (1991), and later by Kalaitzidis et al. (2000) for the
low-rank coals/lignites. TPl measures the degree of humification of the
peat-forming plant matter, whereas GI quantifies the level of moisture
in the peat-forming environment vis-a-vis amount of plant-cell destruc-
tion. A high TPI value (>1) reflects equilibrium between the growth and
the accumulation of plant materials, rise of water table, and dominance
of tree vegetation. A low TPI value suggests either predominance of her-
baceous plants in the mire or large-scale destruction of plant tissues as a
result of advanced humification (Diessel, 1992). TPI also indicates pH
conditions of palaeomires because in a low pH conditions, microbial ac-
tivity is weak and structural components of plants can be well-
preserved and vice-versa (Zhang et al., 2010). High GI value is indicative
of a high water level and high gelification.

Calder et al. (1991) proposed a coal facies model based on GWI
(ground water index) and VI (vegetation index) indices. Kalaitzidis
et al. (2000) modified these indices for low-rank Tertiary lignite. The
GWI value indicates the level of ground water (and relative rainfall)
during peat accumulation. Mires are usually formed in successive varia-
tions between rheotrophic, mesotrophic and ombrotrophic hydrologi-
cal conditions (Silva et al., 2008; Amijaya and Littke, 2005). GWI
values < 0.5 suggest ombrotrophic hydrological conditions, whereas
values > 1 indicate rheotrophic hydrological condition. A mesotrophic
hydrological condition is characterized by the GWI values in between
0.5 and 1. The VI is related to the type of vegetation in the mire. It is de-
pendent on the type of peat-forming plant communities (e.g. trees and
bushes).

However, predicting the peat mire type and depositional condition
on organic petrographic basis alone may be erroneous (Scott, 2002;
Wiist et al., 2001; Crosdale, 1993; Dehmer, 1993), and other studies
(distribution of associated sediment types, palynology, etc.) should be
used for better interpretation (Moore and Shearer, 2003). In the present
study, the coal facies indices (TPI, GI, GWI and VI) are calculated using
the formulae of Kalaitzidis et al. (2000) and Stock et al. (2016), and
the values are listed in Table 1. A high TPI values (mostly above 1,
range: 0.92-3.18; Fig. 11) of the lignites indicate preservation of tissues
in high ground water table conditions (Dehmer, 1995). Whereas, low
TPI value (below 1) is suggestive of optimum water conditions
favourable for severe aerobic bacterial decay. Further, a moderate vari-
ation in the GI values (range: 1.36-4.43) is suggestive of some fluctua-
tion in redox conditions in the basin, probably due to fluctuations in
the water cover. An estimate of the GWI (range: 0.44-1.53) and VI
(range: 0.66-2.33) indices point that the peat was deposited under del-
taic regime in mesotrophic hydrological conditions with occasional
change in conditions close to rheotrophic phase due to the high ground
water levels (wetness) in the basin (Fig. 12).

The apparent dominance of phytoclasts organic matter (with better
degree of preservation) in the recovered palynofacies assemblages also
reflects that the deposition took place in oxygen deficient environments
in the immediate vicinity of fluvio-deltaic sources or turbidites (Tyson,
1993, 1995). It is evident by the marginal dysoxic-anoxic basin field
(II; palynofacies-I of the study) on Tyson's APP (AOM-Phytoclasts-
Palynomorphs) ternary diagram (Fig. 13). The occurrence of high
amount of AOM in palynofacies-II suggests that it is preferentially pre-
served under low oxygen conditions (Tyson, 1995). The AOM generally
increases towards offshore basinal settings, where reduced water
mixing and relatively low oxygen concentrations allow increased pres-
ervation of the less oxidation resistant organic matter (Roncaglia, 2004;
Wood and Gorin, 1998; Steffen and Gorin, 1993; Tyson, 1993, 1995;
Leckie et al., 1990). According to Kholeif and Ibrahim (2010), the high
AOM sediments indicate reducing conditions and increased water col-
umn resulting in dysoxic or anoxic bottom conditions. However, en-
hanced deposition of the AOM in shallow depositional settings could
be explained by the upward migration of the oxygen minimum zone,
thus providing the low oxygen environment for the preservation of
AOM, as indicated by the proximal suboxic-anoxic shelf field (VI) on
Tyson's APP diagram.
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The AOM shows a weak fluorescence may be due to the bacterial
degradation under dysoxic or anoxic conditions, which eventually de-
creased fluorescence. The bacterial degradation of organic material is
supported by the low content of inertinite macerals (formed during
aerial exposure of peat), which precludes the possibility of oxidative de-
composition. The bacterial activity increases in oxic and alkaline (due to
increased pH conditions of water) conditions leading to extensive deg-
radation of organic matters (Taylor et al., 1998). The decomposition
products of liptinite get perfused in the huminite forming perhydrous
or fluorescing huminite, appreciably represented in all the studied lig-
nite samples. Further, the presence of non-biostructured phytoclasts
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Fig. 12. Diagram of VI and GWI indices of the Khadsaliya lignites showing
palaeoenvironment conditions.

suggests that the organic matter may go through to some pre- and
post-depositional alterations (Mendonca Filho et al., 2011, 2012;
Tyson, 1995). In addition, most of the studied samples showed higher
abundance of short chain n-alkanes (n-Cyg, n-Cyg); indicating high mi-
crobial activity during the formation of these sediments (Cranwell,
1977).

The tetracyclic compounds identified are secohopanes and De-A-
triterpenoids. Secohopanes (Cys, Cy6) are considered as the degradation
products of hopane precursors formed during the thermal maturation
or microbial degradation (Peters et al., 2005). The De-A-triterpenoids
identified in the samples are De-A-fernene, De-A-urs-5(10)-ene and
De-A-olean-18-ene. These compounds are thought to be formed by
the loss of A-ring from 3-oxygenated pentacyclic triterpenoids on pho-
tochemical and/or microbially-mediated oxidative reactions (Trendel
et al.,, 1989; Corbet et al., 1980). They are also considered as the product
of diagenetic transformation of parent triterpenoids (Jaffé et al., 1996;
Jaffé and Hausmann, 1995; Corbet et al., 1980).

The distribution of hopanes and hopenes are characterized by the
presence of 17a(H)21B(H), 17B(H)21a(H) and 17p(H)21B(H) isomers
with 27 and 29-32 epimers. Abundant 17a(H)21p(H)-homohopane
(22 R) is common in low rank coals (Stefanova et al., 2005; Burhan
et al, 2002; Didyk et al., 1978). The decarboxylation of 31,32-
bishomohopanoic acid in soils and peats can eventually leads to the for-
mation of this compound in coals (Killops et al., 1998). 173(H)-
22,29,30-Trisnorhopane is prominent in some samples. The prevalence
of this C;7173(H)-hopane along with 173(H)21B3(H)-homohopane indi-
cates the activity of methanotrophic bacteria (Killops et al., 1998). Hop-
17(21)-ene present in the samples is considered as a rearrangement
product of diploptene, a common biohopanoid present in a variety of bac-
terial lineages (Rohmer et al., 1984). It is transformed into hopanes by hy-
drogenation during diagenesis. The hopanoid distributions generally
indicate bacterial origin of sedimentary organic matter (Peters et al.,
2005). Abundance of hopanoids in the studied samples indicates consid-
erable contribution from the bacterial biomass into these sediments. Ex-
tended hopanes up to Cs; is present in all the analysed samples. The
bacteriopolyhopanol, a compound present in the prokaryotic cell mem-
brane is found to be the precursor of homohopanes (Roushdy et al.,
2010; Ourisson et al., 1984).

In the studied lignite samples, ash contents are comparable with
mineral matter contents and vary in same fashion. This could be the re-
sult of intense organic matter degradation which would concentrate the
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inorganic fraction (Davis et al., 2007; Teichmdiller et al., 1998). Low to
moderate sulphur contents in the deposits are related to a marginal ma-
rine and brackish-water environment during deposition (Sachsenhofer
et al., 2003). This also points to a moderate water table (mesotrophic)
and low pH (Stach et al., 1982) with proximity of the peat to marine
water. Low sulphur content is a result of both the limited sulphur
input and the lack of sulphate-reducing bacteria in the acidic conditions
(Davis et al., 2007; Amijaya and Littke, 2005; Gruber and Sachsenhofer,
2001; Diessel, 1992). Therefore, the sulphur content also indicates that
the lignites were accumulated in mesotrophic condition. The principal
sulphur source was the marine water. This contention is further sup-
ported by the presence of framboidal pyrite in the lignites.

The presence of funginite (and record of fungal elements in the
palynofacies) in higher concentrations in the lignites is indicative of
warm and humid/moist climatic conditions, but not reaching to the
level of oxidation of peat because other macerals of the inertinite
group produced by oxidation are exceedingly low in concentrations.
Such conditions are favourable for the fungi and luxuriant growth of
vegetation in tropical to sub-tropical climate. Frequent occurrences of
resinite and suberinite in the lignites could be due to the prevalence of
resin-producing angiosperms and mangroves (arboreal plants) in
woody forests. The mangrove-mixed angiospermic vegetation and fre-
quent occurrence of framboidal pyrite are suggestive of brackish-
water influence during the development of peat in the marshy marginal
marine environment (Paul et al., 2015; Samant, 2000). Further, the
presence of marine palynomorphs (lining of foraminifers and dinocysts,
especially in the palynofacies-I) along with opaque phytoclasts suggest
intermixing of marine elements with terrestrial elements in proximal
condition. Palynofacies-II is also an indicative of shoreline and brack-
ish/freshwater environment (marginal marine).

The pristane (Pr) and phytane (Ph) compounds are assumed to be
derived from the phytyl side chain of chlorophyll in phototrophic organ-
isms, although other sources were also suggested (ten Haven et al.,
1984). The cleavage of phytyl side chain results in the formation of
phytol and under anoxic conditions, which is further reduced to

dihydrophytol, and then finally to phytane. Under oxic conditions, the
phytol is oxidized to phytenic acid, decarboxylated to pristine, and
then reduced to pristane (Peters and Moldowan, 1993). The low Pr/Ph
ratio values in the shale samples (av. 0.26) suggests anoxic, whereas
higher values (1.04) in the lignite samples suggests suboxic conditions.
Further, the abundant n-Cys in shale samples suggest increased aquatic
condition. The relatively low abundance of n-C;g in the shale samples
comparatively less microbial activity. The plot Pr/n-Cy; versus Ph/n-Cqg
(Fig. 14) clearly shows mixed (type II/Ill) organic matters input under
moderate redox conditions.

5.2. Economic potential for hydrocarbon source

The source rock horizons are important for any petroleum system.
Source rock potential is controlled by the amount of organic matter
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Fig. 14. Pristane/n-C;7 versus Phytane/n-C;g plot of the Khadsaliya samples.
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(kerogen), post-depositional alterations (diagenesis), and degree of
thermal maturation. The composition of kerogen determines the genet-
ic potential and the amount of hydrocarbons that can be generated dur-
ing burial. The petrographic (macerals/visual kerogens, vitrinite/
huminite reflectance), palynofacies (kerogen), and geochemical (such
as TOC, Rock-Eval pyrolysis) analyses have successfully been utilized
to provide the valuable source rock information with a higher degree
of accuracy. The thresholds for the source rock quality are based on HI
values (Hakimi et al.,, 2013; Peters and Cassa, 1994). The samples that
contain a type IlI vitrinitic/huminitic kerogen would be expected to gen-
erate gas with HI values < 200 but >50 mg HC/g TOC, whereas samples
with HI values higher than 200 mg HC/g TOC can generate oil although
their main generation products are gas and condensate. Moreover,
samples with HI values > 300 mg HC/g TOC (type Il kerogen) may gen-
erate oil (Koeverden et al., 2011; Hunt, 1996; Bordenave and Durand,
1993). The type I kerogen (oil prone) commonly possesses HI values
of >600 mg HC/g TOC, while type IV (inert) materials typically have
their values lower than 50 mg HC/g TOC.

In this respect, the analysed samples from the lignite-bearing se-
quence of Khadsaliya new mine consist of high TOC contents (av.
33 wt.%) and the high HI values (av. 188 mg HC/g TOC), and are consider-
ably above the minimum threshold values for hydrocarbon generation.
The value of S2 ranges from 4.23 to 261.25 mg HC/g sample. This range
indicates a highly variable source rock potential. Hence, both the TOC
and S2 yields from the samples indicate very good potential source
rocks for oil and gas, as it can also be deduced from the HI values that
vary from 23 to 477 mg HC/g TOC. The plottings of such values on HI ver-
sus Ol and S2 versus TOC diagrams (refer Fig. 10a and b, respectively) re-
veal that the samples are having kerogen types Il and Il (mixed oil- and
gas-prone). The van Krevelen's diagram plots the H/C vs. O/C atomic ra-
tios, which are used to classify kerogens and informing about the evolu-
tion path of organic matter from different organic sources (Erik, 2011).
The cross plot of H/C and O/C of the studied samples also indicates that
the organic matter constitutes a mix of type Il and IIl kerogens (Fig. 15).

The ratio of S2/S3 suggests the quality of the organic matter present.
Ratio values lower than 1 indicates absence of generated hydrocarbons
(Peters and Cassa, 1994). Most of the studied samples show S2/S3 ratio
above 1; indicating the potential to generate hydrocarbons. Moreover,
the degree of thermal maturation can be evaluated from huminite
(vitrinite in coal) reflectance and Ty,.x (Peters et al., 2005; Taylor et al.,
1998; Hunt, 1996). In the present study, the Tyax and reflectance values
obtained for the lignite samples are 377-433 °C and 0.30-0.38% R,, re-
spectively. These values suggest an immature stage with respect to
the hydrocarbon generation. The presence of 173 (H),213(H) stereo
isomers also indicates that the samples have experienced only a low

2.0
> Lacustrine Kerogens-|
1.5+ y
° Marine Kerogen® i
R
= S
& \ il
Q \\ / s\ Diaget*>>"V 'g¢ Ll ——m——— T
L 5 -
E1.0q
= Wls--—\ 0 __— ) -
< WYY N2 0. -—--—-——""
Q 1
T I
/ <% o
0.5~ %
%%
()
% %
Metagenesi: el R
(Anthracite and 2 ®
meta anthracite) Z
0.0 T

| I | |
0.0 0.1 0.2 0.3 0.4 0.5
O/C Atomic ratio

Fig. 15. Atomic H/C vs. O/C plot for the Khadsaliya lignite samples.

thermal maturity (Rohmer et al., 1980; Ensminger et al., 1974). The
presence of hop-17(21)-ene and other unsaturated hopanes also sug-
gests the lower level of thermal maturity of these samples.

Thermal maturation of the organic matter has been additionally de-
duced from the Rock-Eval pyrolysis derived T versus HI plot (refer
Fig. 10c). The zone of oil generation ranges between Ty,,x temperature
of 435° and 460 °C, and between production index (PI) values of 0.1
and 0.4 (Tissot and Welte, 1984). The PI values (<0.1) of the studied
samples point towards the remote chances of in situ generation of hy-
drocarbons from the lignite-bearing sequence of Khadsaliya mine.

Furthermore, the organic matters identified in the palynofacies anal-
ysis of the samples are mainly constituted by phytoclasts along with
AOM, and low palynomorphs. This also suggests the input of dominant-
ly type IlI-Il admixed kerogens (organic materials; Batten, 1996b; Tyson,
1995). The data is corroborated with the presence of fair amounts of
hydrogen-rich macerals (perhydrous/fluorescing huminite + liptinites:
25-52%, Table 1), recognized as visual kerogens, in the lignites. The bac-
terial degraded hydrogen-rich macerals are considered to be good
source of hydrocarbons (Horsfield et al., 1988). Thus, the overall charac-
teristics indicate that the studied lignite-bearing sequence of Khadsaliya
new mine has the potential to generate mixed oil and gaseous hydrocar-
bons upon maturation.

6. Conclusions

A combination of petrographical, palynofacies, and organic geo-
chemical parameters has been applied for detailed characterization of
the Khadsaliya lignite deposits from the new mine section. The infer-
ences drawn from the data generated are complimentary to each
other. The following findings are highlighted with regard to the thermal
maturity, palaeodepositional conditions, and hydrocarbon potential of
Early Eocene lignites from the Saurashtra Basin of western India:

Lignites are dominantly composed of huminite group of macerals
followed by the liptinite, and low content of inertinite groups.

High GI, TPI, and CPI values indicate that lignites were formed from
the woody forest (including herbaceous vegetation) in deltaic regime
under high ground water conditions and wetness in the palaeomire.
Biomarkers composition suggests the organic matter contributions
from angiosperms, pteridophytes, and product of bacterial activity.
GWI and VI indices suggest that the peat precursor was subjected to
intermittent flooding of the mire, as the maceral data show a shift
from mesotrophic to rheotrophic conditions. The high ground water
conditions are further determined from the increased TAR values.
Extrapolation of palynofacies data, Pr/Ph ratios, and Pr/n-Cy; vs. Ph/n-
Cy5 plot collectively shows that the studied sequence formed in a
varying deposition regime (marginal dysoxic-anoxic basin to proxi-
mal suboxic-anoxic shelf environments).

Lignites are characterized by high moisture contents, high carbon,
moderate oxygen, low to moderate sulphur, and relatively moderately
high ash yields and volatile matter yields and along with average fixed
carbon contents.

Biomarker composition, huminite reflectance and T,,.x values indicate
that the lignites are thermally immature, and coalification extended
up to the ‘low rank B coal’ stage.

Sufficient TOC contents, H/C-0/C atomic ratios, and normally high HI
values along with fair concentrations of phytoclasts and amorphous
organic matters, and hydrogen-rich macerals (perhydrous
huminite + liptinites) point towards the potential of the studied
lignite-bearing sequence to generate a mix of oil/gaseous hydrocar-
bons (kerogen types II-1II) upon maturation.
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