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A B S T R A C T

The sedimentary sequence containing lignite deposits in Gurha quarry of the Bikaner-Nagaur Basin (Rajasthan)

has been investigated. The samples from lignite and allied shale horizons were evaluated for petrographical,

palynological, palynofacies and organic geochemical inferences, to depict the source flora and to reconstruct the

palaeodepositional conditions prevailed during the sedimentation. An assessment for the hydrocarbon generation

potential of these deposits has also been made. The results revealed the dominance of huminite macerals and

phytoclasts organic matter (OM) indicating the existence of forested vegetation in the vicinity of the depositional

site. A relatively high terrigenous/aquatic ratio (TAR) and the carbon preference index (CPI) are also suggesting

the contribution of higher plants in the peat formation. However, the n-alkane distributions, maximizing at n-C17

and n-C29, showed inputs from the algal communities along with the higher plant derived organic matters.

Recovered palynomorphs of the families Onagraceae, Meliaceae, Arecaceae, Rhizophoraceae, Rubiaceae, Cte-

nolophonaceae, etc. together with oleanene and ursane types of triterpenoids suggest the contribution from an-

giosperms source vegetation. Interestingly, the presence of Araucareaceae and Podocarpaceae pollen grains shows

the existence of gymnosperms vegetation. Further, the presence of tetracyclic diterpanes; demethylated ent-

beyerane, sandaracopimarane, pimarane, and Kaurane type of compounds confirms the contribution of co-

nifers. The variation in the values of the coefficient of non-equality (H: 0.68%–7.56%), the standard deviation (δ:

0.04%–0.16%) and the coefficient of variability (V: 16.10%–46.47%), also shows the heterogeneity in the source

organic matter.

The various petrographical indices, palynological entities, and geochemical parameters indicate that the peat-

forming vegetation was accumulated under a mixed environment and fluctuating hydrological settings. The

interpretation of palynofacies data on APP (Amorphous organic matter-Phytoclast-Palynomorphs) diagram sug-

gests that the accumulation of organic matter occurred in a dysoxic-suboxic condition in a proximal (to land)

setting with the shift to an anoxic condition in distal setting towards the termination of sedimentation. The

huminite (ulminite) reflectance (Rr) values (av. 0.28%) showed a good relationship with average Tmax value (414
�C), suggesting the immaturity. The TOC content ranges of 13–59 wt.%, and HI values vary between 101 and 546

mg HC/g TOC in the studied samples. Collectively, the studied lignite and shale samples have the admixed

kerogens (Type III–II) and exhibit the ability to generate the gaseous to oil hydrocarbons upon maturation.

1. Introduction

Lignite/coal is a highly composite blend of plant remains which has

been transformed by various microbial and diagenetic activities (Hatcher

and Clifford, 1997; Wilkins and George, 2002). Therefore, the organic

matter (OM) preserve in the sediments (lignite, coal, shale, etc.) are
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thought to reflect the conditions prevailing during the time of their

deposition and the botanical framework of the areas. In the investigation

of these organic-rich deposits, organic petrography is widely considered

as one of the best methods to deduce the palaeodepositional conditions,

besides providing valuable inputs about the source vegetation, maturity

and hydrocarbon generation potential of the OM (Taylor et al., 1998;

Bechtel et al., 2005; Dai et al., 2007; Zdravkov et al., 2011; Su�arez-Ruiz

et al., 2012; Singh et al., 2017a, b, c; and many others).

Organic facies (particulate organic matter) reflects the information

about the palaeobotanical framework, the original environment and

depositional conditions of the source area. Thus, these facies has been

widely used to describe the palaeovegetation and to understand the

Fig. 1. (A) Palaeogeographical reconstruction map of Indian Subcontinent (western part encircled) during Palaeocene (66 Ma) (www.odsn.de/odsn/index.html). (B)

Location map of Gurha lignite mine in Rajasthan state, northwestern India. (C) Generalized geological map of the study area.

Fig. 2. A generalized lithostratigraphic succession of Bikaner-Nagaur Basin, northwestern India.
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evolution of peat-swamps (Tyson, 1995; Batten, 1996; Mendonça Filho

et al., 2011, 2012; Singh et al., 2013, 2017a, b, c). The organic facies

study also indicate the potenital of sedimentary rock to generate hy-

drocarbons (Singh et al., 2017a, b). Further, the assessment of paly-

nomorphs affinity to their parent plants and their associated habitats can

help in evaluating palaeovegetation and biome evolution. Their abun-

dant production provides themwith the feasibility of getting preserved in

almost every kind of environment and provides a large dataset with high

statistic fidelity. The palynology can also be applied for establishing the

stratigraphy, and phytogeographic and palaeoclimatic interpretations

(Singh et al., 1992; Ampaiwan et al., 2003; Hoorn et al., 2012).

In addition, Gas Chromatography-Mass Spectrometry (GC-MS) is

considered as a useful technique with which the chemical compositions

of the organic matter can be easily deciphered (Nip et al., 1985; Hatcher

and Clifford, 1997; Dutta et al., 2011). The contributions of different

types of plant produce various types of biopolymers. These biopolymers

have been contributed through the original organic matters, and the

degree of coalification determines the chemical structure of coal/lignite.

The Palaeocene successions in the western part of Indian subconti-

nent (South Asia) have a significant role in understanding the faunal and

floral relationships on the drifting of the Indian plate (Fig. 1A) with

respect to its Gondwanan continental associations (Singh et al., 2011,

2015a; Paul et al., 2015, see ref. for details). The lignite deposits of

Bikaner sub-basin in northwestern India are associated with the Palana

Formation of Palaeocene age (~66–56 Ma), and being excavated at

Gurha and Barsingsar areas in Bikaner district of Rajasthan State

(Fig. 1B). The lignite deposts of the basin were studied by various re-

searchers to understand the palynological attributes of the succession

(Sah and Kar, 1974; Singh and Dogra, 1988; Kar, 1995, 1996; Ambwani

and Singh, 1996; Kar and Sharma, 2001; Singh et al., 2017c and many

others). Shukla et al. (2014) suggested a cool temperate climate for the

Gurha succession, based on the CLAMP (Climate Leaf Analysis Multi-

variant Program) technique on fossil leaves. However, Naafs et al. (2018)

found high values of isoGDGT-5, and the MAATpeat (mean annual air

temperature) in the lignites deposits of India (~0–5�N) ranges of

(28–29) �C � 4.7 �C, higher than any other low latitudes basins, sug-

gesting a much hotter (as estimated earlier) terrestrial region during the

early Palaeogene. The preliminary data about the characterization and

hydrocarbon potential for these lignites has been provided by Singh et al.

(2015b, 2016), Singh and Kumar (2018) and Rajak et al. (2019). Paul and

Dutta (2016) performed the molecular characterization of fossil resin

from the Gurha lignite mine. Kumar et al. (2016), Shukla and Mehrotra

(2018), and Shukla et al. (2018) on the basis of palynology and nearest

living relatives (NLRs), respectively) suggested the occurrences of

frequent wildfires and a strong rainfall seasonality for a near coastal

tropical evergreen vegetation of Gurha mine.

Building upon and integrating these research results can lead to more

confident reconstruction of the palaeovegetation and environment.

Therefore, the present multidisciplinary investigation (on new set of

samples) has been taken up for a better understanding of botanical origin,

nature, composition and depositional settings of the Gurha lignites, be-

sides attempting to estimate the hydrocarbon generation potential of

these Palaeocene deposits. It is supplementary to the categorization of

the DGH, MoPNG (India) that the Bikaner-Nagaur comes under the

productive Basin-I category.

2. Geology and lignite deposits

Rajasthan State as a part of Indian shield consists of sedimentary re-

cords covering a time span from early Archaean to Holocene. The distinct

basins viz. Bikaner-Nagaur, Barmer and Jaisalmer basins, developed as a

result of the intracratonic sedimentation covering an area of about

120,000 km2 (Bhowmick, 2008). The basin (Neoproterozoic–early

Palaeozoic) covers an area of 30,000 km2 in the districts of Bikaner and

Nagaur (Prasad et al., 2010). It (basin) comprised of Delhi metamorphites

and MIS (Malani Igneous Suite) and is the largest of the basins in western

Rajasthan. The overall sedimentary thickness is approx. 2100 m in the

basin (Raju et al., 2014). The generalized stratigraphic succession of the

Bikaner-Nagaur Basin is presented in Fig. 2.

The Bikaner-Nagaur Basin display thick late Palaeozoic deposits,

followed by a relatively thin Mesozoic and Cenozoic sediments. The

Cenozoic deposits show a large extension of over 1700 km2 (Fig. 1C).

Further, the Cenozoic era has been initiated by the lignite-bearing Palana

Formation. The formation is well exposed in Barsingsar and Gurhamines,

belonging to Palana-Kolayat sub-basin in the North, and in Kasnau-

Matasukh mine belonging to Nagaur-Merta sub-basin, in the south of

the Bikaner-Nagaur Basin. The Palana Formation (av. thickness 200 m) is

composed of sandstone, silt stone, sandy clay, clay, carbonaceous shale,

lignite and minor limestone (Sinha-Roy et al., 1998; Singh et al., 2015b).

The Marh Formation of argillaceous and ferruginous facies overlies the

Palana Formation. The Cenozoic sedimentation in the basin ended up

with the deposition of Jogira Formation having marine signatures.

The Gurha (East) lignite mine (27�550N, 72�580E) is situated about 20

km northwest of Kolayat town in the Bikaner district. The Gurha mine

contains about 38 million tonnes of reserves, and the lignite seams are

Fig. 3. Litholog of the studied Gurha lignite mine section showing the lithounits

and samples.
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about 20–26.90 m thick at different depths (38–148 m). The overall

thickness of the studied sequence is approx. 21 m, which consists of a

composite lignite seam of approx. 18 m thick. The lignite seam is over-

lained by grey shales of variable thicknesses. The lignites are compact,

sparingly banded, amorphous textured and blackish-brown in colour,

and contain high in-situ moisture. The average ash yield is 11.9 wt.%,

volatile matter yield is 31.81 wt.%, fixed carbon is 21.28 wt.%, and

calorific value at 45% in-situ moisture is 2867 k cal./kg (GSI, 2011 un-

published Report).

3. Material and methods

The representative 43 samples were taken after removing the

weathered surface (altered sediments) vertically in ascending order

(channel sampling). The petrographical analysis was performed on 31

samples, while the palynological and palynofacies studies were carried

out on 43 samples. The six representative samples (4 lignites, 2 shales)

were subjected to GC-MS analysis for assessing the biomarkers, whereas

the Rock-Eval analysis was made on 13 samples (8 lignites, 5 shales). The

lithology and samples position are shown in Fig. 3.

3.1. Petrography

The sample preparation, macerals analyses (composition), and mea-

surements of huminite (ulminite) reflectance (Rr) on crushed sample

fragments (1 mm) were performed according to the ISO 7404-2, 7404-3

and 7404-5 (ISO, 2009) norms and ICCP nomenclature (ICCP, 2001;

Sýkorov�a et al., 2005; Pickel et al., 2017). The methodology/procedure

for petrographical analyses provided by Singh et al. (2017a, b, c) was

followed.

3.2. Palynology

The maceration technique given by Traverse (1988) for the palyno-

logical investigation, was followed. Briefly, the crushed samples were

undergone to various acid (HCl, HF, and HNO3) subsequent treatments.

The acid-free sieved samples are also treated with a 10% KOH solution

for the recovery of clean palynomorphs. The Leica DM 3000 microscope

Table 1

Maceral contents (vol.%), mineral matter content (vol.%), ulminite reflectance (Rr, in %) and petrographic indices (GI, TPI, GWI, VI) of Gurha lignites.
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Huminite (H) 59 52 49 60 61 53 68 69 48 53 62 47 59 53 72 39 61

Telohuminite 10 34 6 41 18 19 32 21 27 19 11 19 13 18 44 24 5

Textinite 1 1 0 2 2 1 1 0 0 0 0 0 0 0 2 0 0

Ulminite 9 33 6 39 16 19 31 21 27 19 11 19 13 18 43 24 5

Detrohuminite 48 15 43 17 38 32 33 47 21 33 51 27 47 35 24 13 55

Attrinite 2 2 34 5 31 7 5 11 8 13 0 5 3 10 13 6 4

Densinite 46 13 9 12 8 25 27 36 13 20 55 23 44 25 11 7 51

Gelohuminite 1 3 1 3 5 1 4 1 0 1 1 1 0 1 3 3 1

Corpohuminite 1 3 1 3 5 1 4 1 0 1 1 1 0 1 3 3 1

Liptinite (L) 11 14 6 8 10 16 15 10 8 9 12 6 18 15 11 12 17

Sporinite 2 2 1 1 3 2 5 0 1 1 1 1 0 2 2 3 1

Cutinite 1 3 1 3 1 3 1 1 5 1 1 1 0 3 2 3 0

Suberinite 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0

Resinite 5 2 2 3 2 7 3 4 2 4 4 1 7 3 4 5 11

Alginite 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0

Bituminite 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Liptodetrinite 4 5 3 1 4 3 6 5 1 3 5 2 9 6 3 2 5

Inertinite (I) 17 24 39 26 20 29 16 15 38 35 22 42 9 28 10 45 22

Semifusinite 10 7 20 7 10 6 4 8 8 19 11 16 5 12 3 12 8

Fusinite 2 0 0 1 0 1 8 1 0 1 5 3 2 0 0 0 6

Funginite 0 6 3 3 3 2 2 1 7 1 1 4 0 0 6 9 2

Inertodetrinite 6 11 16 15 7 20 2 5 22 14 5 19 2 16 2 24 6

Mineral Matter (TOTAL) 13 9 5 6 9 3 1 6 6 3 4 5 14 4 8 5 1

Others 11 6 1 6 2 2 1 6 6 2 4 5 13 4 6 5 1

Pyrite 3 4 4 0 8 1 0 0 0 1 0 0 1 0 2 0 0

Fluorescing H 24 36 34 42 50 36 20 14 33 36 33 30 19 38 15 27 54

Non-fluorescing (H) 35 16 15 18 11 17 48 55 15 17 29 18 40 15 72 11 7

Total Fluorescing (H þ L) 35 50 41 50 59 52 35 24 41 45 45 35 38 53 11 39 71

Non-fluorescing (H þ I þ M) 65 50 59 50 41 48 65 76 59 55 55 65 62 47 89 61 29

H (mmf) 67 58 52 64 67 54 69 73 51 55 65 50 69 55 77 41 61

L (mmf) 13 16 7 8 11 16 15 11 9 9 13 6 21 16 12 13 17

I (mmf) 20 27 41 28 22 30 16 16 40 36 23 44 10 29 11 47 22

Rank (Rr %) 0.26 0.34 0.31 0.3 0.27 0.25 0.32 0.33 0.26 0.27 0.25 0.28 0.27 0.26 0.27 0.26 0.25

GI 2.81 1.77 0.21 1.59 0.54 1.22 2.79 2.23 0.89 0.84 3.05 0.92 4.85 1.14 2.26 0.65 2.24

TPI 0.23 1.45 0.12 1.42 0.5 0.42 1.26 0.44 0.62 0.44 0.28 0.49 0.3 0.37 1.84 0.72 0.19

GWI 5.24 0.71 0.38 0.44 0.45 1.1 0.85 1.34 0.56 0.76 5.69 1.21 3.7 1.09 0.38 0.46 6.02

VI 0.5 1.46 0.47 1.72 0.7 0.7 1.31 0.61 0.94 0.88 0.53 0.85 0.44 0.67 1.87 1.21 0.46

Min. ¼ Minimum; Max. ¼ Maximum; Avg. ¼ Average; St. Dev. ¼ Standrad Deviation
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has been used for identification and counting (150–200 counts per

sample) of the palynomorphs.

3.3. Palynofacies

The procedure for the palynofacies (sedimentary organic matter)

study has been provided by Batten (1996) and Batten and Stead (2005).

As per the classification of Mendonça Filho et al. (2010, 2011, 2012), the

calculation of the OM was made, under the optical microscope with

transmitted light. The detailed procedure provided by Singh et al.

(2017a, b, c), has been followed.

3.4. Organic geochemistry (Gas Chromatography-Mass Spectrometry)

For assessing the biomarker composition, the oven-dried powdered

samples were first treated with the solution of dichloromethane: meth-

anol (9:1), to obtain the soluble organic matter by ultrasonication for 30

min. The soluble (saturated and aromatic) fraction was analyzed on a gas

chromatograph (Agilent 7890A) connected with a mass spectrometer

(Agilent 5975C). The detailed methodology is given in Singh et al.

(2017a, b, c) has been followed.

3.5. Rock-Eval pyrolysis

The method is useful in the quick assessment of the kerogens (types),

thermal maturation (Tmax) and the hydrocarbon potential (S1 and S2).

The ‘Turbo’ Rock-Eval-6 Pyrolyser, used for the analysis of representative

samples. The procedure of Rock-Eval suggested by Espitali�e et al. (1977)

and Lafargue et al. (1998) have been followed.

4. Results

4.1. Maceral and mineral constituents

The petrographical constituents and the frequency distribution of the

samples (lignite) are enumerated in Table 1. The vertical distribution

frequency of maceral groups and various petrographic indices has been

shown in Fig. 4. The photomicrographs (in both white and fluorescence
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light mode), showing the different maceral types and association of

various macerals are furnished in Fig. 5.

The results show huminite as the dominant maceral group (24–85

vol.%, av. 59 vol.%) in the lignites, and is mainly represented by detro-

huminite sub-group (av. 31 vol.%) constituting detrital macerals–

attrinite and densinite. The structured telohuminite, incorporating

ulminite and textinite, is the subdominant sub-group (av. 26 vol.%),

followed by the gelohuminite sub-group of macerals represented only by

the corpohuminite maceral (av. 2 vol.%). The perhydrous/fluorescing

huminites are found to be high in most of the samples.

The inertinite in lignites is a subdominant maceral group ranging of

4–45 vol.% (barring one high value: 62 vol.%, av. 23 vol.%) of the

Fig. 4. Frequency distribution of various maceral group and petrographical indices of the studies lignites.
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maceral composition. It is represented by the inertodetrinite (av. 10

vol.%), semifusinite (av. 9 vol.%), funginite (av. 3 vol.%) and fusinite

(av. 2 vol.%) macerals in order of abundance. The broken/fine fragments

of all the macerals of this group are documented as inertodetrinite. A few

studied samples also exhibit a transformation of huminite into semi-

fusinite. The single to multi-chambered fungal spores of funginite ap-

pears as oval/elliptical bodies. The liptinite group is mainly represented

by the liptodetrinite, resinite (resin/wax, etc.), sporinite (spore/pollens),

and cutinite macerals, and constitutes an average of 12 vol.%, making it

the least abundant group. However, sample No. 23 is enriched with

alginite maceral (18 vol.%), in particular.

The mineral matter contents in the studied lignites are varying be-

tween 1 vol.% and 13 vol.% (av. 6 vol.%), mainly characterized by pyrite

and clay minerals. Pyrite (0–9 vol.%) occurs as both framboidal and

disseminated forms. The clastic minerals are present with almost all the

macerals and occurred as micro-bands, granules, and lumps.

4.2. Thermal maturation (rank)

The information about the thermal maturation of studied lignite

samples has been retrieved by calculating the mean random reflectance

(Rr) value on the ulminite (huminite) maceral grains. According to ISO,

Fig. 5. Representative photomicrographs of macerals of Gurha lignite, (a) ulminite, (b) textinite, (c) detrinite, (d) corpohuminite, (e,f) sporinite (cluster), (g) resinite,

(h) alginite, (i) cutinite, (j) sporinite (megaspore), (k) funginite, (l–m) semifusinite, (n–o) pyrite. Photomicrographs were taken under reflected white light (a–d, k–o)

and in fluorescence mode (e–j).
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11760-2005, the calculated Rr value of 0.24%–0.36% (av. 0.28%;

Table 1), indicate that these lignites are of Low-Rank B category. Hence,

it may be interpreted that transformation of organic matter subjected to

pre-diagenesis region, prone for gaseous hydrocarbon genesis (Taylor

et al., 1998) upon maturation or with additional heating. Further, the

values of random reflectance (huminite) categorized and plotted in V/II

steps to illustrate the peak maturity of studied lignite to assess the hy-

drocarbon potential (Table 2; Fig. 6).

4.3. Palynological composition

The major recovered palynomorphs in the palynoassemblage are

listed in Table 3, and some of them are represented in Fig. 7. The vertical

frequency distribution of important taxa in the studied lignite-bearing

sequence is furnished in Table 4 and illustrated in Fig. 8. Although few

horizons are moderatley rich, generally the distribution of palynomorphs

are low in the studied samples. Major palynomorphs identified belongs to

the families Onagraceae, Arecaceae, Lamiaceae, Clusiaceae, Rubiaceae,

Ctenolophonaceae, Lentibulariaceae, Meliaceae, Bombacaceae, Mato-

niaceae, Schizaeaceae, Pinaceae, Podocarpiaceae and Araucariaceae and

Microthriaceae. The pollens of Palmae and Triangulorites sp. are common

in most of the samples. Triangulorites are very rich in samples towards the

upper part of the mine section (clay bed). Incidences of few Pinaceae

pollens in the studied samples are of great importance.

4.4. Palynofacies composition

The assessment (identification and counting) of particulate organic

matter (POM) has been performed, and the values are shown in Table 5.

The vertical frequency distribution of different palynofacies constituents

(Phytoclasts, AOM, and Palynomorphs) are presented in Fig. 9 and the

various particulate components (photomicrographs) are shown in

Fig. 10.

The analysis shows that, in general, the sediments are rich in phyto-

clasts (av. 61%), followed by AOM (av. 35%), and palynomorphs (av.

4%). The palynomorphs group is characterized mainly by terrestrial

(spores and pollen grains) and few marine components. On the basis of

evaluation of POM, three palynofacies assemblages are recognized

(Fig. 9):

Palynofacies Assemblage-I is categorized by an abundance of phyto-

clast contents (av. 79%) with good preservation, constituting bio-

structure, cuticles, and fungal elements. The AOM contents are a second

in abundance (av. 16%), and the palynomorphs contents (av. 5%) are less

recorded. This facies observed in samples nos. G-1, G-3–17, G-20–22, G-

24–26, G-28–31 and G-40.

Palynofacies Assemblage-II shows a slightly higher proportion of

AOM (av. 54%) compared to phytoclasts (av. 43%). The palynomorphs

are represented in a lower amount (av. 3%). The facies occur in sample

nos. G-2, G-18, G-19, G-23, G-27, and G-32–35. The phytoclasts in

particular non-opaque ones in the samples are represented mainly by the

biostructure (av. 17%), cuticles (av. 4%) along with non-biostructure (av.

3%) and fungal filaments (av. 1%). The equant and lath shaped opaque

elements are also found in appreciated frequency (av. 17%).

Palynofacies Assemblage-III is characterized by the high AOM con-

tents (av. 83%). The phytoclasts (av. 14%) are a subordinate while,

palynomorphs (av. 3%) are the least component in this facies. The facies

is represented by the samples G-36–39 and G-41–43. Among phytoclasts,

the opaques (av. 7%) and biostructures (av. 5%) are in relatively high

proportions with fewer contents of the cuticle, non-biostructure, and

fungal elements.

4.5. Biomarker constituents (Organic geochemistry)

The saturated biomarker constituent of the Gurha samples is

enumerated in Table 6. The chromatograms of selected ions m/z 57, m/z

123 and m/z 191 showing the distribution and relative abundance of

various biomarkers are presented in Figs. 11–13, respectively. Bio-

markers distributions apparently indicate the organic facies and envi-

ronment of deposition (Waples and Machihara, 1991; Hunt, 1996; Peters

et al., 2005).

4.5.1. Normal alkanes and isoprenoids

The normal (n-) alkanes distribution in the studied samples vary be-

tween n-C14 and n-C35. Both unimodal and bimodal distribution patterns

are observed. A unimodal distribution suggests a high contribution from

a single source. Here in lignite samples G-2, G-9, and G-31, unimodal

distributions are maximizing (Cmax) at n-C29, whereas in other samples

(lignite: G-15, shales: G-32 and G-41) bimodal distributions are evident

with Cmax at n-C17 and n-C29. Bimodal distribution clearly indicates a

mixed source of organic matter (Moldowan et al., 1985). Odd saturated

hydrocarbons with a carbon number ranging from n-C15 to n-C25 suggest

inputs from aquatic organic matter, where the lacustrine algal source is

indicated by the shorter chains andmacrophyte source is indicated by the

longer chains (Ficken et al., 2000, 2002). The abundances of n-C18, n-C20

is suggestive of the microbial activity (Cranwell, 1977). The high relative

abundance of compounds with odd carbon number (<C27) maximizing at

n-C29 indicates the input of terrestrial higher plants.

Table 2

Value of reflectance and the calculated parameters (δ, V, H) of Gurha lignite

samples.

S. No. Reflectance δ (%) V (%) H (%)

Min. Max. Mean

G-1 0.2 0.31 0.26 0.08 30.38 2.36

G-2 0.27 0.4 0.34 0.09 27.42 2.52

G-3 0.24 0.4 0.3 0.11 37.86 4.28

G-4 0.24 0.37 0.29 0.09 31.7 2.91

G-5 0.22 0.32 0.26 0.07 26.78 1.89

G-6 0.2 0.29 0.25 0.06 25.98 1.65

G-7 0.26 0.46 0.32 0.14 44.75 6.33

G-8 0.24 0.39 0.33 0.11 32.14 3.41

G-9 0.2 0.32 0.25 0.08 34.01 2.89

G-10 0.23 0.31 0.27 0.06 21.35 1.21

G-11 0.22 0.3 0.25 0.06 22.95 1.3

G-12 0.23 0.35 0.27 0.08 31.14 2.64

G-13 0.23 0.29 0.26 0.04 16.19 0.69

G-14 0.2 0.31 0.26 0.08 30.3 2.36

G-15 0.23 0.31 0.26 0.06 22.05 1.25

G-16 0.22 0.29 0.26 0.05 19.33 0.96

G-17 0.2 0.3 0.23 0.07 30.59 2.16

G-18 0.24 0.3 0.26 0.04 16.1 0.68

G-19 0.2 0.3 0.25 0.07 27.78 1.96

G-20 0.21 0.3 0.25 0.06 25.56 1.63

G-21 0.2 0.32 0.26 0.08 33.08 2.81

G-22 0.22 0.36 0.29 0.1 34.74 3.44

G-23 0.23 0.34 0.28 0.08 27.86 2.17

G-24 0.26 0.41 0.32 0.11 33.02 3.5

G-25 0.24 0.47 0.35 0.16 46.47 7.56

G-26 0.21 0.3 0.24 0.06 26.29 1.67

G-27 0.24 0.35 0.28 0.08 27.62 2.15

G-28 0.24 0.35 0.27 0.08 29.02 2.26

G-29 0.24 0.38 0.29 0.1 34.42 3.41

G-30 0.2 0.28 0.24 0.06 23.14 1.31

G-31 0.22 0.36 0.28 0.1 35.05 3.47

Min. 0.2 0.28 0.23 0.04 16.1 0.68

Max. 0.27 0.47 0.35 0.16 46.47 7.56

Avg. 0.23 0.34 0.27 0.08 29.2 2.54

δ: Standard Deviation, V: coefficient of variation (V ¼ δ � 100/Rm), H: coeffi-

cient of non-equality (H ¼ δ2 � 100/Rm), Min.: Minimum, Max.: Maximum.
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The various n-alkane parameters calculated are presented in Table 7.

The isoprenoid compounds pristane (Pr) and phytane (Ph) are common

in all the studied samples, and the Pr/Ph ratio is greater than 1 (av. 1.9)

in lignites, whereas it is less than 1 (av. 0.8) in shales. The carbon pref-

erence index (CPI; Moldowan et al., 1985) values range between 2.23

and 7.01. The terrigenous/aquatic ratio (TAR; Bourbonniere andMeyers,

1996) ranges between 2.35 and 56.20. The Paq (Proxy aqueous) ranges

from 0.74 to 0.94, while the Pwax (Proxy wax) ratios range between 0.22

and 0.58.

4.5.2. Terpenoids

The sesquiterpenoids are represented by rearranged bicyclic alkane

(C14), 8β (H)-drimane and 8β (H)-homodrimane. The origins of these

compounds are widely unknown (Peters and Moldowan, 1993).

However, according to Alexander et al. (1984) and Philp (1985), these

compounds are originated from a possible hopanoid precursor via aero-

bic microbial activity during early diagenesis. The diterpanes are indi-

cated by the mass chromatogram m/z 123 (Fig. 10). The diterpenoids

found in analyzed samples include C18 and C20 diterpane, demethylated

ent-beyerane, sandaracopimarane, pimarane, and Kaurane type of

compounds.

The m/z 191 mass chromatogram shows C15 to C19 homologue series

of tricyclic terpanes (Fig. 11). These compounds show a higher relative

abundance in two samples (G-1 and G-15) of which in sample G-15, C15

tricyclic terpanes is the most abundant compound. The tetracyclic ter-

panes identified include degradation products of oleanene, ursene, and

lupane. Generally, in most of the samples, hopanoids are found in

abundance, but two samples (G-2, G-15) show relatively low

Fig. 6. V/II-step reflectograms of some representative samples of Gurha lignites.
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concentrations. The most abundant hopanoids are 30-norhop-17(21)-

ene, Hop-17(21)-ene, 17β(H)-22,29,30-Trisnorhopane, 17β(H),21β(H)-

30- ββ-hopane and Norhopane.

4.6. Rock-Eval pyrolysis and total organic carbon (TOC) analyses

The analysis suggests that the free hydrocarbon (recorded as S1

curve) contents range of 1.09–16.05 mg HC/g for the lignites, and

0.64–1.82 mg HC/g for the associated shales. The amount of hydrocar-

bon yield (S2), released due to the breaking of larger molecules of the

OM, varies between 63.59–247.88 mg HC/g (lignites) and 16.30–214.39

mg HC/g (shales). The contents of CO2 produced during pyrolysis (under

the S3 curve) are ranges of 5.15–26.07 mg CO2/g (Table 8).

The TOC contents is avital parameter for the measurement of the

hydrocarbon generative potential (Tissot andWalte, 1984; Peters, 1986).

The amount (quantity) of OM present in the sediment, generally articu-

lated as total organic carbon; however, OM not only contains carbon but

also have oxygen, nitrogen, sulphur and hydrogen. The TOC ranges of

13.03–58.76 wt.% in the studied samples (Table 8). The ranges of

hydrogen index (HI) and oxygen index (OI) between 101 and 546 mg

HC/g TOC, and from 31 to 91 mg CO2/g TOC, respectively. The mineral

matter contents might have some influence on the HI values, causes a low

HI content (Horsfield et al., 1988; Littke et al., 1989; Jasper et al., 2009;

Mendhe et al., 2017a, b; Mendhe et al., 2018a, b, c). Kotarba et al. (2002)

and Varma et al. (2015) suggested that the presences of some stable

oxygen moieties (not cracked immature sediments) may be attributed to

low OI values. The temperature maxima (Tmax) varies between 395 �C

and 429 �C, values are uniform and are well-corroborated with the rank

data of the studied lignites. The production index (PI) is also a crucial

geochemical parameter for maturity if the source rock is not affected by

hydrocarbon expulsion or impregnation (Jasper et al., 2009). The

analyzed PI values vary between 0 and 0.1.

5. Discussion

5.1. Palaeovegetation

The Gurha lignite deposits are predominantly composed of huminite

macerals (Singh et al., 2016; Singh and Kumar, 2018; Razak et al., 2019),

angiosperm pollens and phytoclasts OM along with fair representation of

sporinite (spores-pollen), cutinite (cuticles) and resinite (resin/wax,

latex, etc.) indicating higher (angiosperm and gymnosperm) plant input.

This primary input is further indicated by the high relative abundance of

compounds with odd carbon number (<C27) maximizing at n-C29. Also,

the occurrence of Onagraceae family pollens in great frequency points to

the high input of resin-producing vegetation, occurring in a dense forest,

contributes to the peat formation. The better preservation of tissues is

aided by the high content of lignin in the woody materials (Oikonomo-

poulos et al., 2013). The tetracyclic terpanes present in the lignite ex-

tracts are primarily considered as diagenetic products of the microbial

activity (Corbet et al., 1980; Jacob et al., 2007). During diagenesis, in

angiosperms, the oxygenated triterpenoids compounds like α amyrin, β

amyrin, and lupeol, forms these biomarker compounds (Trendel et al.,

1989; ten Haven et al., 1992; Jacob et al., 2007). The presence of these

compounds in Gurha deposits suggests the terrigenous (angiosperm)

input into the OM.

The carbon preference index (CPI) provides general information on

organic matter source, and the value � 1 indicates coaly source OM

(Moldowan et al., 1985). Whereas, the terrigenous/aquatic ratio (TAR)

shows the relation between the terrigenous inputs and the aquatic input

(Peters et al., 2005). The CPI values are ranging from 2.23 to 7.01 and

TAR values ranging from 2.35 to 56.20 in the analyzed samples. The

values indicate a considerably high input of terrigenous plants. The Pwax

(Proxy wax) ratios range between 0.22 and 0.58 indicate the significant

influence of the higher land plant to OM (Zheng et al., 2007). Most of the

western Indian lignites are presumed to be formed from the angiosperm

dominant forest vegetation (Dutta et al., 2011; Singh et al., 2013; Paul

et al., 2015; Singh et al., 2015a, b, 2017a, b, c, 2018 and many others).

The detrohuminites is formed by the contributions of the soft-wood plant

(the herbaceous vegetation) and/or the mechanical degradation of

higher plant tissues by the increased bacterial activity on the peat

biomass (Diessel, 1992). The physical breakdown of the OM before

deposition can also lead to the enrichment of the detrohuminite contents

(Iordanidis and Geogikopoulos, 2003). In the studied samples, the

appreciable amount of detrohuminiteis indicative of herbaceous input

and bacterial degradation.

Further, the variation in V/II steps reflectograms (Fig. 6) suggests that

the organic matter was derived from two or more sources (Hazra et al.,

2015; Varma et al., 2018). Varma et al. (2018) have demonstrated the

source of deposited organic matter empirically by calculating the coef-

ficient of non-equality (H), the standard deviation (δ) and the coefficient

of variability (V). The values of these parameters (H: 0.68%–7.56%; δ:

0.04%–0.16%; V: 16.10%–46.47%; Table 2), in the studied samples, also

points towards the heterogeneity in the organic source material. This

heterogeneity in the organic matter composition has exerted control over

reactivity and could play an essential role in the hydrocarbon generation

(Varma et al., 2018 and the ref. therein).

The Paq (Proxy aqueous) ratio in the studied samples varies between

0.74 and 0.94, suggesting the critical contribution of submerged or

floating macrophyte input in peat formation (Ficken et al., 2000). The

hopanoids observed in the lignite extracts are also indicated a consid-

erable bacterial degradation of the peat biomass. These compounds are

found in aerobic bacteria, fungi, and cryptogams (Bechtel et al., 2001).

Thus, the abundance of n-C18, n-C20 and hopanoids point toward

Table 3

Palynomorphs recorded in the lignite-bearing Gurha sedimentary sequences.

Pteridophytic spores

Monolete spores

Schizaesporites crassimurus (Mandal, 1990)

Trilete spores

Dandotiaspora dilate (Sah et al., 1971)

Dandotiasporatelonata (Sah et al., 1971)

Lygodiumsporites eocenicus (Dutta and Sah, 1970)

Lygodiumsporites pachyexinus (Saxena, 1978)

Angiosperm pollen

Monocolpate/Monosulcate

Grevilloideaepites pachyexinus (Singh and Misra, 1991)

Monosulcites major (Dutta and Sah, 1970)

Palmipollenites sp.

Proxapertites microreticulatus (Jain et al., 1973)

Polylongicolporites verrucatus sp.

Polycolporites microreticulatus sp.

Polybrevicolporites sp. (Singh et al., 1992)

Bacuspinulopollenites baculatus (Singh and Misra, 1991)

Fevitrireticolpites sp.

Retistephanocolpites multirimatus (Saxena, 1982)

Retistephanocolpites flavatus (Saxena, 1979)

Ctenolophonodites sp.

Polycolpites ornatus (Dutta and Sah, 1970)

Meliapollis pachydermis (Navale and Misra, 1979)

Lakiapolliollis ornatus (Dutta and Sah, 1970)

Lakiapolliollis ovatus (Venkatachala and Kar, 1969)

Gymnosperm Pollen

Pinuspollenites sp.

P. crestus

Araucaria sp.

Fungal fruiting bodies

Phragmothyrites eocaenica (Kar and Saxena, 1976)

Callimothallus assamicus (Kar et al., 1972)

Multicelliasporites tener (Kalgutkar and Jansonius, 2000)

Dinoflagellate cysts.
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increased microbial activity. Further, the occurrence of tricyclic terpanes

also suggests the microbial or algal origin (Aquino Neto et al., 1983;

Azevedo et al., 1992). Along with these, inputs from the algal commu-

nities are also identified by the peaks maximizing at n-C17 and n-C19 in

some samples. The presence of spores of family Rhizophoraceae in the

palynoassemblage indicates mangrove-mixed source vegetation.

Further, the relatively high contents of telohuminite also point to-

wards the higher degree of protection to bacterial degradation by resins

produced by gymnosperms (Drobniak and Mastalerz, 2006) in some

samples. Earlier studies show that coals/lignites originated from the

conifer-forests displayed better preservation of cellular tissues than

angiosperm sourced coals (Cameron et al., 1984; Teichmüller, 1989;

Taylor et al., 1998). Here, although found in low frequency, the occur-

rence of Pinaceae family pollen is noticeable in the recovered paly-

noassemblage and indicates the presence of gymnosperm vegetation in

the hinterland. Moreover, the organic extracts show the presence of

diterpanes in Gurha mine samples. These biomarker compounds are the

indicators of conifer plants and derived precisely from essential oils and

resinous substance. In the extant gymnosperms, compounds with phyl-

locladane skeleton are characteristic of the families Cupressaceae,

Fig. 7. Palynomorphs recovered from the studied

Gurha samples: (a) Grevilloideaepites pachyexinus, (b)

Grevilloideaepites pachyexinus, (c) Monosulcites major,

(d) Palmipollenites sp., (e) Proxapertites micro-

reticulatus, (f) Polylongicolporites verrucatus sp., (g)

Polycolporites verrucatus sp., (h) Polycolporites micro-

reticulatus sp., (i) Polybrevicolporites sp., (j) Bacuspi-

nulopollenites baculatus, (k) Fevitrireticolpites sp., (l)

Retistephanocolpites multirimatus, (m) Ctenolophono-

dites sp., (n) Polycolpites ornatus, (o) Meliapollis

pachydermis, (p) Lakiapollis ornatus, (q) Pinuspollenites

crestus, (r) Pinuspollenites sp., (s–t) Araucaria pollen,

(u) Dandotiaspora dilate, (v) Schizaeosporites crassi-

murus, (w) Multicelliasporites sp., (x) Dinoflagellate

cyst.
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Table 4

Vertical frequency distribution (in%) of recovered palynotaxa in Gurha (east) lignite mine.
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Araucariaceae, Phyllocladaceae, Podocarpaceae, and Taxodiaceae (Kar-

rer et al., 1977; Noble et al., 1985; Dev, 1989; Otto and Wilde, 2001).

High amounts of Kauranes are often found in Araucariaceae derived

oraganic matter (Stefanova et al., 2002). These types of compounds are

absent in Pinaceae (Otto andWilde, 2001; Pereira et al., 2009). However,

the existence of pimarane-type diterpenoids may suggest Pinaceae,

Taxodiceae and Cupressaceae source (Noble et al., 1985; Dev, 1989; Otto

et al., 1997; Stefanova et al., 2002). Recently Paul and Dutta (2016) re-

ported the existence of Araucariaceae and Podocarpaceae dominated

conifers forests in western India, based on resin chemistry. In the present

study also, the incidence of tetracyclic diterpenoids compounds indicate

the existence of Araucariaceae and Podocarpaceae conifers forests in the

Palaeocene–Eocene of Bikaner-Nagaur Basin.

5.2. Depositional palaeoenvironment

To understand the depositional patterns of the peat swamp, various

organic facies indicators (TPI-GI and GWI-VI) have been utilized along

with the maceral compositions (Kalkreuth et al., 1991; Silva et al., 2008,

Su�arez-Ruiz et al., 2012; Singh et al., 2013; Singh et al., 2017a,b, c and

many others). Although these facies indicators are used widely among

coal petrographers, it is recommended to be used along with other facies

analysis methods such as organic geochemistry, palynology, etc. (Cros-

dale, 1993; Dehmer, 1995; Wüst et al., 2001; Scott, 2002; Moore and

Shearer, 2003; Amijaya and Littke, 2005).

A diagram based model (Diessel, 1986) of GI and TPI indices have

been estimated by using the relation given by Kalaitzidis et al. (2000) as:

GI¼
ulþ glþ dn

txþ atþ inÞ

TPI¼
ðteþ coþ fuþ sfÞ

atþ dnþ gelþ inert

where, ul¼ ulminite; gl¼ gelohuminite; dn¼ densinite; tx¼ textinite, at

¼ attrinite, in ¼ inertinite; te ¼ telohuminite; co ¼ corpohuminite; fu ¼

fusinite; sf ¼ semifusinite; gel ¼ gelinite and, inert ¼ inertodetrinite.

The lignites are characterized by high GI (0.21–11.69, av. 2.58) and

the moderate to low TPI (0.12–2.52, av. 0.89) values (Table 1; Fig. 5).

The plotting of these values on Diessel's diagram suggests that the

deposition of peat precursors was taken place in limno-telmatic to the

telmatic regime (Fig. 14). The considerable variation in these values is

indicating significant changes in source vegetation input as well as in

bacterial degradations.

The GWI and VI relationship were given in Kalaitzidis et al. (2000),

has been used to deduce the hydrological conditions and vegetation type

of the palaeomire on Calder et al. (1991) facies model as under:

GWI¼
co þ gel þ dn þ mm

txþ ulþ at

Fig. 8. Vertical distribution of different palynotaxa recovered in the studied Gurha samples.
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VI¼
ðteþ suþ reþ sf þ fuÞ

detroþ inertþ cuþ spþ alþ biþ lipto

where, co¼ corpohuminite; gel¼ gelinite; dn¼ densinite; mm¼mineral

matter; tx ¼ textinite; ul ¼ ulminite; at ¼ attrinite; te ¼ telohuminite; su

¼ suberinite; re ¼ resinite; sf ¼ semifusinite; fu ¼ fusinite; detro ¼

detrohuminite; inert ¼ inertodetrinite; cu ¼ cutinite; sp ¼ sporinite; al ¼

alginite; bi ¼ bituminite; lipto ¼ liptodetrinite.

The GWI values of the Gurha lignites range from 0.23 to 6.02, and the

VI values fluctuate from 0.34 to 2.99 (Table 1; Fig. 5), suggesting that the

basin in general witnessed varying mesotrophic to rheotrophic hydro-

logical conditions (Fig. 15). However, few samples also show ombro-

trophic condition, suggesting sporadic aerial exposure of peat surface.

During exposed conditions, the oxidation of humic substances leads to

the formation of inertinite macerals (Diessel, 1992; Sýkorov�a et al.,

2005). Simultaneously, hopanoid compounds degrade to form

sesquiterpenoid compounds such as rearranged bicyclic alkane (C14),

8β(H)-drimane and 8β(H)-homodrimane (Alexander et al., 1984; Weston

et al., 1989). Hence, the intermittent ombrotropic conditions in the mire

are also evidenced by the moderatley high inetrinite contents and the

presence of the aforementioned sesquiterpenoid compounds in some

samples.

The extrapolation of palynofacies composition of samples on the APP

(amorphous OM-phytoclasts-palynomorphs) ternary diagram of Tyson

(1995) characterizes by three palyno-fields: (1) marginal dysoxic-anoxic

basin (II); (2) proximal suboxic-anoxic shelf (VI) and (3)

distal-suboxic-anoxic basin (IX) fields (Fig. 16).

The marginal dysoxic-anoxic basin field (II, palynofacies Assemblage-

I) is dominated by opaque phytoclast along with biostructured and

cuticle components of non-opaque phytoclasts, indicating the presence of

dense arborescent vegetation in the vicinity of the depositional site. The

relatively high phytoclasts in this facies together with the low AOM

Table 5

Result of palynofacies analysis of the studied Gurha samples (Mendonça Filho et al., 2012).

S. No. Phytolasts Total (%) AOM (%) Palynomorphs (%) PF-type

Opaque Non-opaque

Cuticle Biostr. Non-biostr. Fungal

(%) (%) (%) (%) (%)

G-43 5.41 1 1 0.25 0 7.66 91.89 0.45 III

G-42 4 2 5.05 1.75 0.8 13.6 84.4 2 III

G-41 8.89 0 1.22 1 1.78 12.89 86.22 0.89 III

G-40 72.86 3 8 5.08 2.51 91.46 5.03 3.52 I

G-39 1.4 0 1.4 0 0 2.8 95.44 1.76 III

G-38 12.95 2 5 0.91 0.72 21.58 73.38 5.04 III

G-37 8.95 0.73 9 0 0.39 19.07 77.04 3.89 III

G-36 11.29 1.2 10.5 1.2 0.81 25 71.77 3.23 III

G-35 13.73 3 18 4.32 1.29 40.34 55.36 4.29 II

G-34 7.86 4 25.43 2 0.71 40 55 5 II

G-33 13.68 5 16 5.5 1.28 41.46 55.13 3.42 II

G-32 20 3 15.7 4.7 1.28 44.68 53.62 1.71 II

G-31 40.64 2 20.58 6.9 2.39 72.51 19.12 8.37 I

G-30 40.64 7.66 26.3 2 4.97 81.57 10.53 7.9 I

G-29 51.05 8.64 20 4 3.35 87.03 6.28 6.69 I

G-28 57.78 4 18 2.44 0.37 82.59 16.3 1.12 I

G-27 16.12 8.62 17 3 0.33 45.07 54.28 0.66 II

G-26 29.43 8 27.13 6 2.26 72.83 23.4 3.78 I

G-25 25.29 9.38 27 5 2.3 68.97 26.82 4.21 I

G-24 52.29 4 19 8.65 3.21 87.15 10.55 2.3 I

G-23 11.61 4 22 3.29 1.06 41.95 56.46 1.58 II

G-22 67.9 1.05 11 4 1.23 85.19 11.52 3.29 I

G-21 69.86 2.44 13 1 0.91 87.22 10.05 2.74 I

G-20 46.32 1 28.2 5 1.73 82.25 14.29 3.46 I

G-19 27.69 1 9.69 2 0.77 41.15 56.92 1.93 II

G-18 8.16 6 28.05 2 1.02 45.23 53.4 1.37 II

G-17 28.7 11 31.61 0 0.87 72.18 24.35 3.48 I

G-16 45.14 8 23 3.63 1.95 81.71 14.79 3.5 I

G-15 14.1 15 36 6.96 1.31 73.36 21.41 5.23 I

G-14 66.06 1 8 1.86 1.81 78.73 18.1 3.17 I

G-13 52.3 5 20.1 2.52 1.26 81.18 16.74 2.09 I

G-12 91.34 0 0.87 0 2.16 94.38 3.46 2.16 I

G-11 52.08 8.1 19 4.57 1.67 85.42 10.42 4.16 I

G-10 66.26 2 8.1 2.66 2.06 81.07 13.99 4.94 I

G-9 66.45 5 13.53 0 0 84.98 13.1 1.92 I

G-8 41.15 6 20.5 0.53 1.91 70.09 24.64 5.27 I

G-7 32.29 2 12 3.94 1.79 52.02 32.29 15.69 I

G-6 51.32 4 12.1 4.29 2.3 74.01 17.43 8.56 I

G-5 58.1 6.99 18 1 0.92 85.01 13.15 1.84 I

G-4 51.61 2 16 7.35 8.76 85.72 6.91 7.37 I

G-3 62.87 1 9 3 2.05 77.91 19.75 2.34 I

G-2 39.83 2 6.5 0.51 0.84 49.68 48.64 1.68 II

G-1 49.17 4.35 17 2 1.65 74.18 21.28 4.54 I

Min. 1.4 0 0.87 0 0 2.8 3.46 0.45

Max. 91.34 15 36 8.65 8.76 94.38 95.44 15.69

Avg. 37.08 4.1 15.69 2.95 1.65 61.46 34.76 3.78
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contents, also suggestive of an enhanced terrigenous input accumulated

in anoxic condition under the proximal setting. The exceeding concen-

tration of opaque phytoclasts over the non opaques commonly associated

with high energy environments and more oxic conditions (Smyth et al.,

1992; Carvalho et al., 2013). Further, the occurrence of

non-biostructured phytoclasts (although in low concentration) also in-

dicates that the OM could have undergone some (pre- and

post-depositional) alterations. Therefore, a moderately high energy

environment and dysoxic-anoxic conditions can be attributed to paly-

nofacies Assemblage-I.

The proximal suboxic-anoxic shelf (VI, palynofacies Assemblage-II) is

characterized by the high incidence of phytoclasts with the relatively

high amount of AOM and indicate that during deposition an O2-deprived

zone was formed near to the fluvio-deltaic sources (Tyson, 1995). The

occurrence of significant contents of AOM in the proximal setting could

be due to the enhancement of water column in the proximal setting,

leading to the formation of low-oxygen zone/environment, this reducing

(low-oxygen) zone/environment is ideal for AOM preservation. It is also

noted that the high AOM contents are generally associated with dysoxic

conditions and/or with the sediments usually accumulated by upwelling

water (Summerhayes, 1983 and the references therein). Therefore, from

this facies, a suboxic-anoxic condition associated with shoreline and

brackish/freshwater environment can be inferred.

Distal-suboxic-anoxic basin (IX, palynofacies Assemblage-III) repre-

sents the overall dominance of well-preserved AOM. The AOM contents

are reported to have increased towards the basin direction in suboxic-

anoxic conditions (Dow and Pearson, 1975; Bujak et al., 1977). Simi-

larly, a low frequency of phytoclasts, constituting woody tissues,

bio-structured and fungal remains in this facies indicates remoteness

with the fluvial channel; suggestive of the suboxic conditions. The

occurrence of fungal elements (although low) indicate a warm and humid

environmental condition, these elements (bodies) infested the phytoclast

and destroy their cellular structure, thus decreasing the frequency of

well-preserved phytoclasts (Peters et al., 2013). The palynomorphs are

represented by terrestrial and marine elements indicating intermixing of

flora and the marine incursion at the termination point of peat accu-

mulation in distal settings.

The land derived spores-pollen recovered in palynological assem-

blage suggests that the floristic association was tropical to sub-tropical

and controlled by humid climatic condition during the deposition of

lignite-bearing Palana Formation (Table 9). Further, the presence of

Uvaria palaeozeylanica (leaf) reported by Shukla and Mehrotra (2014),

Aporosa ecocenicus (leaf), Leguminocarpon cajanoides (fruit), and Legumi-

nocarpon saracoides (fruit) by Shukla and Mehrotra (2016), Dioscorea

(Mehrotra and Shukla, 2019) from Bikaner-Nagaur Basin also suggests

the existence of mixed (tropical evergreen/semi-arid/rainforest) envi-

ronmental condition (Shukla and Mehrotra, 2018; Mehrotra and Shukla,

2019) in and/or around the mine area. The palynoassemblage consists

mainly of the lowland plants (angiosperms), and cosmopolitan group of

plants (pteridophytes) and few gymnospermous pollen grains (Pinus,

Fig. 9. Vertical distribution of palynofacies components and facies identified in the studied Gurha succession.
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Abies, Podocarpus). The rich preservation of angiosperm pollen shows a

dense and lowland forest. Shukla et al. (2014) also reported (from Gurha

mine) the occurrence of Gunnera, an uncommon tropical feature, suggest

that the conditions were probably more temperate (cooler) than in pre-

sent equatorial regions (Kumar et al., 2016). The presence of gymno-

spermous pollen suggests that either they might have transported from

the surrounding hilly areas of temperate zones, or a mix of lowland flora

and highland flora thriving in close environments. The varieties of

palynomorphs found are assigned to various ecological groups of plants

such as mixed deciduous moist forest, freshwater swamp, and man-

groves. These forms indicate tropical-subtropical to a warm temperate

climate with evergreen to the semi-evergreen mixed forest environment.

The copious funginite maceral also supports warm and moist conditions

during the biomass deposition. The occurrence of framboidal pyrite in

lignites and the presence of marine dinoflagellate cysts including with

coastal evidence of arecaceous pollen grains (Monosulcites major, Palmi-

dites sp., Proxapertites microreticulatus, Spinizonocolpite sp., etc.) indicate

marine incursion(s) during the peat development.

Fig. 10. Representative photomicrographs of palynofacies components, (a–b) cuticle, (c–d) biostructure phytoclast, (e) non-biostructure phytoclast, (f–h) opaque

phytoclasts, (i–k) palynomorphs, (l–m) fungal elements, (n–o) amorphous organic matter.
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The pattern of n-alkane distribution useful in depicting the deposi-

tional settings/conditions (Waples and Machihara, 1991; Peters et al.,

2005). In the lower part of the seam section (G-2, G-9) and the upper part

(G-31), the relatively high terrestrial higher plant input is recoded indi-

cating the terrigenous condition of the basin with minimum moisture

conditions. Microbial activity is also persistent during the deposition of

these samples. However, during the formation of shales (G-32, G-41) and

the middle part of the lignite seam (G-15), higher abundance of n-C17 and

n-C19 is observed indicating algal input. Although terrestrial plants and

bacteria produce this compound, the aquatic alga is a significant source

(Giger et al., 1980; Cranwell et al., 1987). Therefore, the copious

occurrence of these compounds also suggests aquatic conditions. Pristane

(Pr) and phytane (Ph) are the most common isoprenoids in the aliphatic

fraction of OM extracts. The ratio between them is used to indicate the

redox conditions prevailed during the deposition time (Didyk et al.,

1978; Kotarba et al., 2002). Clayton (1993) suggested that OM derived

from the humic coaly source usually have a high Pr/Ph ratio. The values

> 3 suggest a higher plant input, deposited in oxic condition, values

between 1 and 3 suggest moderate environment, and the values less than

0.8 indicate an anoxic condition (Powell, 1988). In Gurha samples, the

Pr/Ph ratio is greater than 1 in lignites indicates moderate redox

(oxidizing) conditions, whereas less than 1 in shales indicates reducing

conditions. The Pr/n-C17 vs. Ph/n-C18 plot (Fig. 17) shows that the

deposition took place in a terrestrial to marginal marine depositional

settings.

5.3. Hydrocarbon source potential

The results of Rock-Eval pyrolysis analysis, are widely used to assess

the hydrocarbon source potentials and to evaluate the thermal matura-

tion of organic-rich deposits with an excellent degree of accuracy (Peters,

1986; Peters and Cassa, 1994; Lafargue et al., 1998; Garcia-Vall�es et al.,

2000; Skyes and Snowdown, 2002; Singh et al., 2017a, b; Mendhe et al.,

2018a, b, c). In the studied samples, TOC contents (13.03–58.76 wt.%,

av. 40.19 wt.%) are clearly above the threshold value (i.e., 0.5 wt.%).

However, TOC may also include inert carbon which is having no hy-

drocarbon generation potential (Peters and Cassa, 1994; Mendhe et al.,

2018a, b). Hence, the S2 content has more reliability to show the

source-potential of a rock/sediment (Peters, 1986; Bordenave, 1993;

Kumar et al., 2018).

Table 6

Biomarker compounds identified in Gurha samples.

Peak No. Compound Base peak Mol. Wt.

Sesquiterpane

a1 Rearranged bicyclic alkane (C14) 179 194

a2 8β(H)-Drimane 123 208

a3 8β(H)-Homodrimane 123 222

Tricyclic terpane

1 C15 tricyclic terpane 191 206

2 C16 tricyclic terpane 191 220

3 C18 tricyclic terpane 191 248

4 C19 tricyclic terpane 191 262

Tetracyclic terpane

5 De-A-olean-13(18)-ene 189 328

6 De-A-Lupane 123 330

7 De-A-urs-13(18)-ene ? 313 328

8 De-A-olean-12-ene 203 328

9 17,21-secohopane (C26) 191 358

Diterpane

d1 C18 Diterpane 135 248

d2 unidentified diterpane 259 274

d3 Demethylated ent-beyerane? 109 260

d4 Sandaracopimarane 245 260

d5 C20 Diterpane/Abietane 163 276

d6 ent-beyerane 123 274

d7 Pimarane 247 276

d8 Demethylated ent-beyerane? 109 260

d9 16α(H)-phyllocladane 123 274

d10 16α(H)-phyllocladane 123 274

Pentacyclic triterpanes

10 17α(H),18α(H),21β(H)-28,30-Bisnorhopane 191 384

11 17α(H), 21β(H)-25-Norhopane 191 398

12 22,29,30-Trisnorhop-13(18)-ene 191 368

13 17β(H)-22,29,30-Trisnorhopane (Tm) 149 370

14 28,30-Bisnorhop-13(18)-ene 191 382

15 30-norhopane 191 398

16 30-norhop-17(21)-ene 191 396

17 Hop-21-ene 69 410

18 Hop-17(21)-ene 367 410

19 Neohop-13(18)-ene 191 410

20 17β(H),21β(H)-30-Norhopane 177 398

21 17α(H),21β(H)-Homohopane (22 S/R ?) 191 426

22 β,β-hopane 191 412

23 17β(H),21β(H)-Homohopane 205 426

24 17β(H),21β(H)-30,31-Bishomohopane 219 440

Fig. 11. n-alkane distribution according to SIM m/z 57 the studied Gurha lignite samples. Numbers correspond to carbons in the n-alkane chain.
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The S2 value shows the potential of a sample to generate hydrocar-

bons (especially oil) if it attained a sufficient maturity level to produce

gaseous hydrocarbons (Tissot and Welte, 1984; Mendhe et al., 2017a, b).

Rocks with S2 values > 4.0 mg HC/g rock are suggestive of a good

source-rock. Thus, the obtained S2 values (16.30–247.88 mg HC/g, av.

112.55 mg HC/g) indicate that the Gurha samples have a very good

ability to generate hydrocarbon. The hydrogen Index (HI) is also another

critical parameter for the source rock quality (threshold value: 0.5 wt.%;

Peters and Cassa, 1994; Hakimi et al., 2013; Hazra et al., 2015; Mendhe

et al., 2017b, 2018b, c). The HI values for the samples vary between 101

and 546 mg HC/g TOC, and the OI values range from 31 to 91 mg CO2/g

TOC.

The studied samples have a low to moderate HI, and low OI values.

The cross plots of HI and OI values demonstrate the information about

the organic matter or kerogen type, the scattering of samples on the plot

suggests that the sediments have mixed type III and II kerogens

(Fig. 18a). Another cross plots like S2 vs. TOC (Fig. 18b) and HI vs. Tmax

(Fig. 18c) also show that the samples have an abundance of admixed type

III-II kerogens (organic matter). Collectively, all these parameters advo-

cate that the analyzed samples from Gurha mine have the ability to

produce the gaseous to oil hydrocarbons.

Despite having sufficient TOC and suitable kerogen type, a source

Fig. 12. Sesquiterpenoid and diterpenoid distribution m/z 123 the studied Gurha samples. Numbers correspond to compounds referred in Table 5.

Fig. 13. Tricyclic and pentacyclic terpenoid distribution in the studied Gurha samples.
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Table 7

Biomarker parameters calculated for Gurha samples.

S. No. CPI TAR Pr/Ph Ph/n-C18 Pr/n-C17 Pwax Paq

G-41 2.55 5.93 0.7 0.39 0.13 0.39 0.83

G-32 2.23 2.35 0.97 0.96 0.43 0.52 0.74

G-31 5.5 56.2 3.13 0.26 3.19 0.22 0.94

G-15 2.65 2.66 1.36 0.3 0.17 0.58 0.74

G-9 5.97 37.58 2.31 0.33 1.08 0.27 0.9

G-2 7.01 22.22 1.17 0.65 0.95 0.22 0.92

Min. 2.23 2.35 0.7 0.26 0.13 0.22 0.74

Max. 7.01 56.2 3.13 0.96 3.19 0.58 0.94

Avg. 4.32 21.16 1.61 0.48 0.99 0.37 0.85

CPI (Carbon Preference Ratio) ¼ 2(C23þC25þC27þC29)/(C22þ2(C24þC26þC28) þC30) (Peters and Moldwan, 1993).

TAR (Terrigenous/Aquatic Ratio) ¼ (C27þC29þC31)/(C15þC17þC19) (Bourbonniere and Meyers, 1996).

Pwax (Proxy wax) ¼ (C27þC29þC31)/(C23þC25þ C27þC29þC31) (Zheng et al., 2007).

Paq (Proxy aqueous) ¼ (C23þC25)/(C23þC25þC29þC31) (Ficken et al., 2000).

Pr: Pristane; Ph: Phytane.

Table 8

Results of Rock-Eval pyrolysis of the Gurha samples.

Lithology S. No. S1 S2 S3 TOC Tmax HI OI PI GP S2/S3

Shale G-43 1.32 80.31 5.15 15.7 429 512 33 0.02 81.63 15.59

G-41 1 46.37 5.97 13.03 428 356 46 0.02 47.37 7.77

G-38 0.64 16.3 14.74 16.11 415 101 91 0.04 16.94 1.11

G-35 2.96 143.45 15.27 35.56 421 403 43 0.02 146.41 9.39

G-32 1.82 214.39 12.29 39.26 418 546 31 0.01 216.21 17.44

Min. 0.64 16.3 5.15 13.03 415 101 31 0.01 16.94 1.11

Max. 2.96 214.39 15.27 39.26 429 546 91 0.04 216.21 17.44

Avg. 1.55 100.16 10.68 23.93 422 384 49 0.02 101.71 10.26

Lignite G-31 1.09 63.59 21.39 39.15 418 193 34 0.02 64.68 2.97

G-28 2.19 72.39 26.07 58.06 408 125 45 0.03 74.58 2.78

G-23 1.2 247.88 20.61 52.09 427 476 40 0 249.08 12.03

G-21 1.57 76.36 13.47 39.51 414 193 34 0.02 77.93 5.67

G-17 9.5 104.63 22.24 58.76 405 178 38 0.08 114.13 4.7

G-12 10.12 107.63 22.84 58.09 397 185 39 0.09 117.75 4.71

G-9 1.47 160.95 16.52 44.32 418 363 37 0.01 162.42 9.74

G-2 16.05 128.86 20.99 52.95 395 243 40 0.11 144.91 6.14

Min. 1.09 63.59 13.47 39.15 395 125 34 0 64.68 2.78

Max. 16.05 247.88 26.07 58.76 427 476 45 0.11 249.08 12.03

Avg. 5.4 120.29 20.52 50.37 410 245 38 0.05 125.69 6.09

S1 ¼ free hydrocarbons (mg HC/g); S2 ¼ amount of hydrocarbons (mg HC/g); S3 ¼ released carbon dioxide (mg CO2/g); TOC ¼ Total organic carbon (wt.%); Tmax ¼

temperature maximum (�C); OI (Oxygen Index) ¼ (S3/TOC) � 100 (mg CO2/g TOC); HI (Hydrogen Index) ¼ (S2/TOC)� 100 (mg HC/g TOC); PI (Production Index) ¼

S1/(S1þS2); GP (Genetic Potential) ¼ S1þS2; S2/S3 ¼Hydrogen richness.

Fig. 14. Coal-facies diagram of the gelification index (GI) and tissue preservation index (TPI) in relation to depositional setting and type of mire (after Diessel, 1992).
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rock cannot generate hydrocarbon unless it is buried to sufficient depth

for the organic material to attain thermal maturity. The evaluation of

thermal maturity attained can be done based on the pyrolysis Tmax, PI

(potential index) and Rr (huminite reflectance). The Tmax values can be

used to determine the maturation of samples with TOC>0.5 wt.% and

sufficient S2 yield (c.f. Akhande et al., 2012). The studied samples

showed average Tmax of 414
�C indicating immaturity. However, the Tmax

is highly sensitive to the kinetic behavior of macerals; it can vary

depending on the compositions (Snowdown, 1995). Hence, in compari-

son with other parameters such as PI or Rr can give a more reliable result.

The PI is considered as significant if the value is higher than 0.05%–0.1%

(Garcia-Vall�es et al., 2000). All the Gurha samples showed PI values <

0.05, which correspond to the immaturity of the samples. The measured

Tmax values and PI are also in good agreement with the Rr values.

Furthermore, in general, the values of huminite/vitrinite reflectance

are being used for the assessment of wet and dry hydrocarbon generation

potential of the organic matter. The reflectance values below 0.45 are

suitable for the “heavy hydrocarbons” generation (Makhopadhyay,

1994). The random reflectance (Rr) values are varying between 0.20%

and 0.47%, with maximum mean value 0.35% (Table 2), signifying that

the studied lignites are prone for “heavy hydrocarbons” genesis.

Additionally, the occurrence of hop-17(21)-ene (thermally unstable

compound) and relatively high incidence of ββ-hopane and points to-

wards the limited hopanoid alteration, and the thermal immaturity of the

organic matters (Petersen et al., 2004). The occurrences of the

non-hopanoid triterpenoids compound with lupane or ursane, and the

oleanane framework further indicates the immature nature of the studied

organic matter (ten Haven et al., 1992). Moreover, the particulate OM

data can also be useful in retrieving the information about hydrocarbon

generation potential. The phytoclasts elements generally have the low

hydrogen content (Batten, 1996b) and their relative abundance in the

studied samples, thus indicate rather the low hydrocarbon generation

ability (Tyson, 1995). In contrast, the AOM contents are rich in hydrogen

(than carbon) component of OM and formed primarily in an anoxic

condition (appropriate for source rock deposition; Pacton et al., 2011).

Fig. 15. Coal-facies diagram of vegetation index (VI) versus ground water index

(GWI) plot showing palaeoenvironmental conditions (after Calder et al., 1991).

Fig. 16. Amorphous organic matter-palynomorph-phytoclast (APP) diagram showing depositional fields, the environment of deposition and Kerogen type for the

studied lignite and shale samples.

R.P. Mathews et al. Geoscience Frontiers 11 (2020) 965–988

984



Amorphous organic matter contents are vital for the generation for

Type-II kerogens (Zhang et al., 2015), its appreciable amount in the

samples, suggest a high-quality source-rock. Hence, the POM data ex-

hibits that the Gurha lignite-bearing sequence can generate Type-III

(mainly) and Type-II kerogens, also supported by the occurrence of

reasonable content of perhydrous huminite þ liptinite (10–70 vol.%;

hydrogen-rich), in the lignites. It is also notable that the adjacent

Palaeogene–Neogene basins/blocks like Barmer-Sanchore, Mehsana,

Tharad, etc. are well known for oil and gas fields in India. Hence, the

encouraging hydrocarbon potential of the studied lignites also inspires to

explore the gas and oil exploration in the nearby equivalent geological

formation.

6. Conclusions

A high-resolution study on the lignites and associated shales from

Gurha lignite mine of northwestern Indian state Rajasthan have been

carried out. The different data sets are corrobarated-well with each other

and to the prior research works. The following inferences have been

deduced on the basis of detailed investigation:

I. The low-rank B lignites show that the palaeovegetation mainly

comprised of higher plant (with some contribution of herbaceous

vegetation) indicated by the dominance of huminite group, and

phytoclasts and was subjected to bacterial degradation in time.

The values of CPI and TAR further specify the significant terrig-

enous input.

II. The varieties of palaeo-flora (evergreen forests, freshwater

swamps, mangroves) were thriving in a tropical-subtropical warm

and humid climatic condition. However, the occurrence of gym-

nosperms points towards a temperate climatic zone in the vicinity.

III. The various petrographic indices suggest that the different

ecological peat-forming plant groups were accumulated under

limno-telmatic settings and in fluctuating (ombrotrphic to rheo-

trophic) hydrological conditions.

IV. The extrapolation of palynofacies data, Pr/n-C17 vs. Ph/n-C18 and

Pr/Ph ratio together suggest that the sedimentation occurred

mainly under oxic-dysoxic depositional environment with alter-

nating fluctuations (suboxic) in a proximal setting. However,

Table 9

Palynotaxa from Gurha lignite-bearing sequence and their ecology.

Affinities Palynotaxa Climate Ecological group

Onagraceae Grevilloideaepites

pachyeximus

Warm

temperate

Cosmopolitan,

mixed deciduous

Arecaceae Palmaepollenites

eocenicus

Tropical

subtropical

Coastal, Moist

forest

Rhizophoraceae Paleosantalaceaepites

primitava

Tropical True mangrove

Rhizophoraceae Cf. Paleosantalaceaepites

primitava

Tropical True mangrove

Euphorbiaceae Tricolporocolumellites

pilatus

Tropical Low land

Bombaceae Tricolporocolumellites

pilatus

Tropical

subtropical

Warmer

Unknown Florschuetzia

rajpardensis

Tropical

subtropical

Low land

Rubiaceae Fevitrieticolpites sp. Tropical

temperate

Cosmopolitan

Ctenolophonaceae Retistephanocolpites

multirimatus

Tropical Fresh water

swamp

Ctenolophonaceae Ctenolophonidites sp. Tropical-

subtropical

Fresh water,

cosmopolitan

Meliaceae Meliapollis pachydermis Tropical Low land

Schizaeceae Cicatricososporites sp. Tropical-

subtropical

Cosmopolitan

Microthyraceae Multicellaesporites sp. Tropical Cosmopolitan

Fig. 17. Pristane/n-C17 vs. phytane/n-C18 plot of the samples from Gurha

lignite mine.

Fig. 18. Rock-Eval pyrolysis data of the samples of Gurha lignites; (a) HI vs. OI,

(b) S2 vs. TOC, and (c) HI vs. Tmax plots.
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distal suboxic-anoxic basin condition prevailed towards the

termination of sedimentation.

V. Huminite reflectance (Rr), ββ-hopane, hop-17(21)-ene, non-

hopanoid triterpenoids, Tmax and PI indicate the thermal imma-

turity of organic matters.

VI. The dominance of terrestrial organic matters (huminite and phy-

toclasts) along with hydrogen rich AOM as well as the macerals

data show the ability of these deposits to generate hydrocarbon

(Kerogen type III//II).

VII. Sufficient TOC content and HI value indicate that these deposits

have the potential to generate gaseous to oil hydrocarbon upon

maturation. The low reflectance values favored for the generation

of “heavy hydrocarbon”.
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