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Abstract

Lignite-bearing sequence of the Valia mine, associated with the Cambay Shale Formation (early
Eocene) in Cambay Basin of western Indian State Gujarat, has been studied. An integrated approach
(including organic petrography, palynofacies, palynology, entomology, geochemistry) has been
adopted to assess the origin and characters of lignite deposits and their potential for the hydrocarbon
generation, besides to understand the evolution and interaction of different biotic (floral-faunal) groups
of the geological time. The studied samples (lignites/shales) are characterized by the domination of
huminite group (av. 67 vol.%)/phytoclasts (av. 58%) along with the abundance of short-chain n-
alkanes (bacterial activity). The frequencies of detrohuminite sub-group, non-biostructured elements,
macrophyte-derived amorphous organic matter (AOM, mainly), and high values of proxy aqueous are
indicating the elevated bacterial degradation of the OM and/or also suggest the significant contribution
of the herbaceous vegetation/aquatic macrophytes/algal input to the palaeo-peat. The relative
abundance of hopanes and low values of the steroids/hopanoids ratios further indicate a high bacterial
activity. On the other hand, the contents of telohuminite, liptinite group, and cuticle elements together
with the high carbon preference index, low proxy wax, and terrigenous/aquatic ratios confirm both
terrestrial and macrophyte contributions during the peat accumulation. Fascinatingly, we have found
Dipterocarpus-derived amber (fossil resin) within the lignite seam (lower) with remarkably well-
preserved arthropod inclusions consisting of arachnids and insects. Generally, insects have an
association with flora and provide important ecosystem functions. In the studied amber samples, the
insects to arachnids (spiders and pseudoscorpions) ratio is 3:1. Their quantitative analysis indicates the
dominance of the Chironomidae (non-biting midges 32%) followed by Araneae, Myrmicinae,
Cecidomyiidae, and Mycetophilidae. A rare entity such as pseudoscorpions has also been found during
the investigation.

The derived petrographic indices indicate that the peat-forming limno-telmatic vegetation was
accumulated mainly in back-barrier settings with high groundwater (mesotrophic to rheotrophic)
condition. The contents of pyrite (mainly framboidal) mineral and sulphur (0.69-2.24 wt.%) suggesting
that peat had experienced the marine influx. Further, the high occurrence of funginite maceral (among
inertinite group), and spores of family Microthyriaceae point towards a warm and moist condition. The
plotting of palynofacies data on Tyson’s APP diagram, and the values of pristane/phytane ratio suggest
that the OM was primarily deposited in dysoxic to suboxic settings. The high incidence of family
Chironomidae, non-biostructured and low cuticle contents indicate the proximal settings and a low
energy environment like lake/pond or marshlands. However, the occurrence of granular-AOM along
with high (relatively) opaque phytoclast contents in the upper part indicates that distal settings were
formed at the termination of the OM accumulation. The total organic carbon (TOC) contents and
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hydrogen index values in the studied samples indicate a good to excellent source for the hydrocarbon
generation. However, the low gross calorific value (av. 4467 cal/g), values of Tmax (mostly below 435
°C), and H/C and O/C atomic ratios showing that the samples are of immature (early diagenetic stage;
huminite reflectance value: av. 0.28%) nature of the OM. Moreover, the different cross plots (hydrogen
index (HI) vs. oxygen index (Ol), Sz vs. TOC, HI vs. Tmax) indicate that the Valia lignite-bearing
succession contains admixed type-11l/Il kerogen, and can generate gaseous and some liquid
hydrocarbons upon maturation or with additional heating.

Keywords: Macerals, Palynofacies, Palaeogene-biota, Biomarkers, Proximate-Ultimate analyses,
Palaeoenvironment, Depositional setting, Source rock

1. Introduction

The Indian plate detached from Africa (~160 Ma) and Madagascar (~90 Ma) before drifting
northward, and collides with Asia resulted in the Tethys ocean's closure and the beginning of the
Himalayan orogeny (Rust et al., 2010; and reference therein). Consequently, after breaking away from
Africa, the isolated landmass of Indian subcontinent has brought remarkable diversification in the
floral and faunal compositions as it has crossed various latitudes and climatic zones (Morley, 2000).
Besides, during the early Cenozoic, many catastrophic events occurred, i.e. greenhouse forcing,
significant transient warming events, massive change in the global carbon cycle, the enormous release
of methane hydrates, etc. (Haq et al., 1987; Kennett and Stott, 1991; Dickens et al., 1995; Svensen et
al., 2004; Sluijs et al., 2007; Zachos et al., 2008; Clementz et al., 2011; and references therein). An
isolated Indian plate was no exception to these ‘terrible’ events, and has experienced many of them,
e.g. Deccan volcanic (K-Pg boundary), Palaecocene-Eocene Thermal Maximum (PETM) event, etc.
These geological events have affected the regional climatic and biotic framework of the subcontinent
(Sahni et al., 2006; Rust et al., 2010). Therefore, the deposition of sedimentary sequences of the
Palaeogene in western India under the influence of many global events, provided an opportunity to
reveal the enthralling history of the geological time.

While straddling the equator (late Palaeocene-early Eocene time; Scotese and Golanka, 1992), the
Indian plate was covered with rich and profoundly diverse tropical forests due to the warm and humid
equatorial climate (Morley, 2000). Eventually, the thick forest vegetation resulted in lignite deposits
(present-day) in western India (in particular), and being mined at several localities, viz. Tadkeshwar
(Tarkeshwar), Vastan, Mangrol, Valia and Rajpardi (Cambay Basin), Surkha and Khadsaliya
(Saurashtra Basin), Matanomadh Panandhro and Umarsar (Kutch (Kachchh) Basin) in the state of
Gujarat (Fig. 1a). These deposits not only harbour remarkable palaeo-biota, vital for unraveling
mysteries relating to the palaeo-biogeographical history, climatic controls, ecological features,
depositional dynamics, but also hold many economically exploitable lignite seams as well as oil/gas
fields (Sahni et al., 2006; Rust et al., 2010; Singh et al., 2010, 2017a, b, c; Mathews et al., 2020a; and



many others). Since the discovery of Mumbai High (erstwhile Bombay High) in 1965 by the Oil and
Natural Gas Corporation, the Cambay Basin becomes the hotspot for the scientific and industrial

communities, and contributes significantly to meet the country’s energy demand.

The lignite-bearing sequences of the Cambay Basin have extensively been studied for describing
the maceral-mineral matrix and assessing their hydrocarbon potential (Singh et al., 2010, 2012a, b,
2013, 2019; Mallick et al., 2021; many others), biomarker compositions (Dutta et al., 2009, 2011a;
Mallick et al., 2021), palynoassemblages (Samant and Phadtare, 1997; Samant and Tapaswi, 2000;
Mandal and Guleria, 2006; Garg et al., 2008; Tripathi and Srivastava, 2012; Prasad et al., 2013, 2014;
Rao et al., 2013; Shukla et al., 2013; Paul et al., 2015; Singh et al., 2015), fossils wood/fruit (Shukla
et al., 2013, 2015; Prasad et al., 2014; Singh et al., 2015; 2016), fossil flowers (Singh et al., 2021) and
regional biostratigraphy framework (Sahni et al., 2004, 2006) to understand their nature, origin and
depositional environments. Similarly, a large number of significant fauna (vertebrate and invertebrate)
have also been recorded from the basin, providing valuable information about the biotic make-up of
the geological time, e.g. fishes (Samant and Bajpai, 2001; Bajpai and Kapoor, 2004; Rana et al., 2004;
Nolf et al., 2006), ostracods (Bhandari et al., 2005; Nagori et al., 2013), bats (Rana et al., 2005; Smith
et al., 2007), Cambaytheres (Bajpai et al., 2006; Rose et al., 2014), lizards (Prasad and Bajpai, 2008),
snakes (Rage et al., 2008), rodent (Rana et al., 2008), euprimate (Rose et al., 2009), Avian remains
(Mayr et al., 2010), frog (Folie et al., 2013), Acrodontan assemblage (Rana et al., 2013), Tillodont
(Rose et al., 2013), etc. Recently, Dutta et al. (2020) have presented evidence of preserved collagen
from fish vertebrate in the Cambay Basin.

Studies on the insects (preserved in amber) in accompaniment with the palynoflora have become
more decisive in deciphering the evolutionary aspects of related biota (Rust et al., 2010; Smith et al.,
2016, Singh, 2020). Alimohammadian et al. (2005) have first examined class Il or Dammer-type amber
(Dutta et al., 2009; Mallick et al., 2009) of the Cambay Basin. The Cambay amber has records of the
earliest social insects and their assemblages (Grimaldi and Singh, 2012, Stebner et al., 2016, 2017;
Kania et al., 2017), including the earliest record of Termitidae (Engel et al., 2011) and the oldest fossil
record of the sub-family Osoriinae (Coleoptera: Staphylinidae; Ortega-Blanco et al., 2013). Recently,
various insect groups in amber have also been examined from the nearby Kachchh Basin with records
of true flies (Chironomus), social insects, arachnids, and termites (Agnihotri and Singh, 2020; Singh,
2020).

Evidently, notable data have been collected on sediments and amber associated with the Cambay
Shale Formation (late Palaeocene-middle Eocene) of Cambay Basin. However, the organic

compositions, palaeoecological characteristics, depositional environments, and maturation properties



of the lignite-bearing succession of Valia mine are not sufficiently understood. Nevertheless, Shukla
et al. (2015) have recovered the oldest record of Gynocardia (fossil wood) from the mine. Hence, to
improve the existing knowledge and for further addition to the global database, the present integrated
investigation has been conducted. Moreover, this work is the first attempt to study the insect inclusions
(in amber) within the studied lignites and associated sediments. This approach will certainly have far-
reaching implications to understand the interaction between different biotic groups within the biome
and the environments in which they exist. The Valia amber is uniquely diverse, preserving several
groups of social insects, spiders, ants, bees, and termites that radiated during the Early Eocene Climatic
Optimum and/or during the Palaeocene-Eocene Thermal Maximum (Rust et al. 2010). Although we
have found various inclusions, only a few insects have been used for ecological purposes in this study.

The detailed taxonomic amber inclusions study will be treated separately.
2. Geological settings

The Cambay Basin is one of the most thoroughly studied sedimentary basins of India. The detailed
geological framework, age and regional stratigraphy of the basin have already been documented and
presented by several workers (Zubov et al., 1966; Krishnan, 1968; Mathur et al., 1968; Chandra and
Chowdhary, 1969; Sudhakar and Basu, 1973; Biswas, 1982, 1987, 1999; Raju and Srinivasan, 1983;
Roy, 1990; Merh, 1995; Bhandari et al., 2005; Sahni et al., 2006; Punekar and Saraswati, 2010; Rao
et al., 2013; and many others). Henceforth, we are briefly describing the geological configuration of

the basin.

The Cambay Basin is an intracratonic rift basin with an extent of about 59,000 km? on the west-
north-western part of Indian shield in the State of Gujarat, and some part in Rajasthan. The basin is
bordered by the Aravalli swell in the northeast, and the Deccan Trap in the east and west (Raju and
Srinivasan, 1983). The basin is mainly occupied by Palaeogene sedimentary formations, underlain by
the Deccan Traps and overlain by the alluvium. The Deccan Traps are followed by the
Vagadkhol/Olpad Formation (Palaeocene—lower Eocene) that contains grey to greyish-green clays and
conglomerates, and overlain by the Cambay Shale Formation. Pandey et al. (1993) have classified the
Cambay Shale Formation into two units: Older Cambay shale (lower) and Younger Cambay shale
(upper: Sahni et al., 2006). The Cambay shale contains many economically exploitable lignite seams
along with alternating carbonaceous shale and greyish-green-whitish clay. The age of the Cambay
Shale Formation is early Eocene as suggested by Punekar and Saraswati (2010), based on benthic
foraminifera (Nummulites burdigalensis) from the adjacent Vastan lignite mine. The Cambay shale is
overlain by the Amaravati Formation (late Eocene) comprising of nummulitic limestone and marl

followed by sub-recent and recent alluviums.



In Valia mine (latitude: 21° 30" 52” N, longitude: 73° 12' 20” E; Fig. 1b), there are two main
lignite seams of approximately 3 m (lower seam) and 4.5 m (upper seam) thickness interbedded with
carbonaceous and grey shales of variable thickness. A small band of lignite (approx. 0.3 m thick) is
also present in between the two main seams. Shukla et al. (2015) have documented the fossil wood
from lower seam of the mine. The generalised stratigraphic succession around the study area has been

presented in Fig. 2.
3. Material and methods

Sums of 51 samples (lignites and associated sediments) were collected vertically in ascending
order (channel sampling) from the Valia lignite-bearing succession. The palynofacies and palynology
studies were performed on all the samples (Fig. 3). The representative 13 lignite samples, belonging
to two seams, were used for the petrographical and bulk-geochemical studies. The Rock-Eval pyrolysis
and biomarker (GC-MS) analyses were conducted on 11 and 9 representative samples, respectively.

3.1.  Petrography

The preparation of particulate pellets of lignite, maceral analyses, and reflectance measurements
were carried out following the specifications of ISO standards 7404-2, 7404-3 and 7404-5, respectively
(1ISO, 2009). The nomenclature of the International Committee for Coal and Organic Petrology
(Sykorova et al., 2005 for huminite group; Pickel et al., 2017 for liptinite group; ICCP, 2001 for
inertinite group) has been followed. The rank determination was done following 1SO-11760, (2005)

standard.
3.2.  Palynofacies

For the palynofacies study, the samples were treated with HCI (to remove carbonates) and HF (to
dissolve silicate) acids, following the method of Batten and Stead (2005). The counted OM (300-500
counts/sample) have been categorized under phytoclast, amorphous OM and palynomorph groups,
based on the classification suggested by Tyson (1995), Mendonca Filho et al. (2011), Mendonga and
Gongalves, (2017), using transmitted white light on Leica DM 3000 microscope.

3.3.  Palynology

The samples were processed for palynological investigation after cleaning from the extraneous
matters. The maceration technique of Traverse (1988) was followed for the recovery of palynomorphs.
The morphological observation of palynomorphs was performed on prepared permanent slides
(mounted with polyvinyl alcohol and Canada balsam) using a Leica DM 3000 microscope. The

frequency of each palynotaxa was determined by counting at least 300 palynofossils in every sample.



3.4. Entomology

Amber specimens with arthropod-inclusions were treated via faceting saw (water-fed), grounded
on the Buhler’s machine with emery sheets multiple grit sizes, following the procedures of Nascimbene
and Silverstein (2000). Polishing has been done both manually and with Buhler’s machine using viable
lubricants. The specimens were observed and photographed under Leica stereomicroscope (LEICA

M205A). The specimens rest at the BSIP amber repository.

3.5.  Geochemistry
3.5.1. Biomarker analysis

The soluble OM was extracted with dichloromethane: methanol (9:1) mixture from oven-dried
powdered lignite/shale samples by ultrasonication for 30 minutes. The precipitation of asphaltenes was
performed using an excess of n-hexane (40 ml). The separated fractions (saturated and aromatic) have
been analysed using an Agilent 7890A gas chromatograph (GC) interfaced to Agilent 5975C mass
spectrometer (MS). The procedure described in Singh et al. (2017¢) and Mathews et al. (2020a) was

followed.
3.5.2. Proximate and GCV analyses

The lignite samples were analysed using micro-balance, oven (for moisture content) and muffle
furnace (for ash and volatile matter yields) following the norms of Bureau of Indian Standard IS 1350
(BIS, 2003). The gross calorific values (GCV) were measured on Leco AC 350 GCV analyser
according to the ASTM D2015 (1996) norms.

3.5.3. Ultimate analysis

The CHNS values of lignite samples were determined following the D3177-89, D3178-89 and
D3179 (ASTM, 1993), respectively on Elementar Vario EL I11-CHNS Analyser. The percentage of
oxygen was calculated by subtracting the sum of percentages of carbon, hydrogen, nitrogen, ash and
sulphur from 100.

3.5.4. Rock-Eval pyrolysis

Pyrolysis experiments were conducted using a “Turbo” Rock-Eval-6 Pyrolyser manufactured by
Vinci Technologies®. The procedures of Rock-Eval as suggested by Espitalié et al. (1985) and
Lafargue et al. (1998) have been followed.



4. Results
4.1. Petrography

Values of the observed maceral groups and mineral matter (associated) in the studied lignite
samples of Valia mine are presented in Table 1. The illustrations of representative photomicrographs

of different maceral types and mineral associations are furnished in Fig. 4.
4.1.1. Maceral composition

The maceral analyses showed huminite as the dominant maceral group, ranging between 52 and
75 vol.% (av. 67 vol.%). Among huminite, the detrohuminite (24-49%, av. 37 vol.%) and telohuminite
(2-49%, av. 27 vol.%) subgroups have shown dominant occurrences. The gelohuminite subgroup
varies from 1 to 8 vol.% (av. 3 vol.%) and is represented only by the corpohuminite maceral. Ulminite
is the major maceral (2-47 vol.%) of the telohuminite subgroup. Densinite accounts a significant part
(20-48 vol.%) of the detrohuminite content, followed by the maceral attrinite (1-12 vol.%). These
lignites also have a considerable proportion of fluorescing huminite or perhydrous huminite (av. 21
vol.%). The liptinite group is moderate (10-24%, av. 18 vol.%) in Valia lignites. Resinite, cutinite,
sporinite, suberinite and liptodetrinite are the main macerals of the group, while alginite, bituminite
and flourinite (a variety of resinite) macerals are present in traces. The inertinite group is least recorded

(1-10%, av. 6 vol.%), and is represented by the macerals funginite, semifusinite and inertodetrinite.
4.1.2. Mineral matter content

The mineral inclusions in lignites is relatively low and varies from 4 to 28 vol.% (av. 10 vol.%);
mainly represented by the clastics (clay, quartz) and sulphide (pyrite) minerals along with the sporadic
presence of carbonate minerals (siderite, calcite). Pyrite (1-8 vol.%) occurs in both framboidal and

disseminated forms. The high amount of framboidal types is indicative of the sulphur bacteria activity.
4.1.3. Rank

Huminite reflectance is considered as the most accurate rank parameter with the capacity to serve
as an independent rank indicator (Suarez-Ruiz et al., 2012). The measured random reflectance (Rr)
values of the huminite (ulminite) particles vary from 0.26% to 0.30% (av. 0.28% Ry). The Valia lignites
may be categorised as ‘low rank-C’ as per the 1SO-11760-2005 norms.

4.2.  Palynofacies composition

The components of palynofacies are broadly classified as phytoclasts, amorphous OM (AOM) and
palynomorphs for the quantitative analysis. Also, the analysis is carried out according to their size, the

degree of degradation/preservation, and optical properties (colouration, opaque, translucent, etc.) in



the lignite and associated sediments. The frequency distribution of particulate OM in the studied
samples is listed in Table 2 and presented in Fig. 5. The representative photomicrographs of each OM

group are illustrated in Fig. 6.
4.2.1. Phytoclasts group

This tissue-derived group is the dominant or subdominant kerogen, ranging between 27 and 87%
(av. 61%), in the samples. The non-opaque (translucent) subgroup is more frequent (av. 60%) than the
opaque (av. 1%). Among non-opaques phytoclast, non-biostructured is present in good amounts (av.
48%). Its dominance in the non-opaque suggests that the OM may have gone through to pre- and post-
depositional alterations (Tyson, 1995). The cuticles are observed in considerable frequency (av. 11%)
suggesting a terrestrial influx and proximity to the terrestrial source area (Tyson, 1995). The fungal
spores (av. 1%) are also observed in the samples. The opaques (up to 10%) are laths (mainly) types;
indicating shorter aerial oxidation (due to the variations in water level and/or selective preservation)

during the deposition.

4.2.2. AOM group

AOM is the second in abundance of kerogen type, reaching up to 72% (av. 39%) in the samples.
This group is mainly represented by the AOM (av. 38%), while the resin subgroup (0-3%) occurs only
as an accessory component. The amorphous products subgroup is constituted of those components
which do not possess any botanical structures when observed using light microscopy. These
components comprise of the degraded products of higher plants tissues (macrophyte-derived AOM),
granular-AOM (phytoplankton- and bacterially derived), resinous material of higher plants, microbial
mat, and products of extracellular polymeric substances and macrophyte tissues (Tyson, 1995;
Mendonca Filho et al., 2011; Mendonca and Gongalves, 2017).
4.2.3. Palynomorphs group

This group represents nil to 4% of the kerogen assemblage in samples, and includes continental
(terrestrial and aquatic) components only. The modern affinities assigned to the recorded
palynomorphs suggest coastal environmental (brackish water) conditions during the deposition (Singh
etal., 2013).

4.2.4. Palynofacies assemblage

Based on the quantitative data obtained from the analysed samples, three (I-I11) palynofacies

zones have been framed in the Valia mine section (Fig. 6; Table 2):



Palynofacies zone-I: The facies occur in sample nos. VA-1-5, 21-34, 36-38, 44 and 47-48, and shows
the high frequency of phytoclasts (av. 75%) over AOM elements (av. 24%) of the OM. The

palynomorphs are represented in fewer proportions (up to 4%).

Palynofacies zone-11: This facies is recognised in sample nos. VA-6-20, 35, 39-43 and 45. The
phytoclasts group (av. 49%) and AOM group (av. 51%) are in co-dominance, while palynomorphs

contribute less (up to 1%) to the kerogen composition.

Palynofacies zone-111: The facies is represented by sample nos. VA-49 to 51. It is characterized by
high AOM contents (av. 71%) with good preservation. The phytoclasts group is a minor (av. 28%)

component in this facies, constituting opaque (av. 8%), woody tissues, cuticles and fungal remains.
4.3. Palynological assemblage

The frequencies of major recovered palynotaxa from the Valia mine are presented in Fig.7, and
some of them are illustrated in Fig. 8. Although preservation is generally moderate, and richness is
relatively low in most of the samples. Over specific intervals of the succession, a notable improvement
of productivity is evident. The recorded palynofloras are pteridophytic spores (3 families, 5 species),
angiosperm pollen (11 families, 20 species), and fungi (1 family, 2 species), belonging primarily to
the tropical-subtropical climatic zone. Amongst them, 6 families are belonging to the thick evergreen
rain forest. The angiospermic pollen grains are dominated over the pteridophytic spores in the overall

floral composition.

The palynomorph assemblage is represented by angiosperm pollen of the families Arecaceae,
Bombaceae, Caesalpiniaceae, Miliaceae, Annonaceae and Ctenolophonaceae. The floral assemblage
of Arecaceae is mostly abundant in the succession. The pollen grains Arengapollenites, Arecipites,
Palmidites, Longapertites, Spinizonocolpites, etc. of the family Arecaceae indicate dense vegetation
within coastal environmental conditions. The recorded pteridophytic spores are of the families
Dicksoniaceae, Osmundaceae, Matoniaceae, Polypodiaceae and Schizaeaceae. These families belong
to river/stream banks and shady, swampy habitats and water edge habitats. The spores of Schizaeaceae,
Matoniaceae along with pollen of Bombaceae, Ctenolophonaceae suggest swampy habitats. The
presence of Microthyriaceous fruiting bodies along with fungal remains points to high precipitation in
the area.

4.4. Entomology

The frequency of recovered arthropods (fossils) is furnished in Table 3, and the representative
amber-inclusions from the Valia mine are illustrated in Fig. 9. The ratio of insects to arachnids (spiders)

embedded in ambers is 3:1. Various families of insects and spider groups, based on their quantitative



analysis, are as follows: Chironomidae being the dominant group (nematoceran flies, 32%), spiders
(25%; families Sicariidae, Actinopodidae), Myrmicinae ants (19%), Cecidomyiidae (biting midges,
13%), Mycetophilidae (fungus gnats, 10%), and the least recorded pseudoscorpions (1%). There are
also records of characteristic Eocene freshwater ostracod assemblages from the studied lignite-bearing

succession.

4.5.  Geochemical parameters

45.1. Biomarkers

The biomarkers investigation of the saturated fraction revealed the dominance of n-alkanes and
hopanes with a consistent presence of triterpenoids. The n-alkanes ranges from n-Cis to n-Caz, and
observed in the samples with unimodal and bimodal distributions. However, although both
distributions are evident, the maximum relative abundance (Cmax) is shown by n-Cig (Fig. 10) except
samples V-27 and V-30, where maxima are located in the n-C7. Moreover, the n-alkanes distribution
shows a predominance of short-chain (n-Cis-C19) over mid-chain (n-Cz1-Czs) n-alkanes, while long-

chain n-alkanes (n-C27-Cs1) occur in low quantities.

The various alkane parameters have been calculated and are provided in Table 4. The carbon
preference index (CPI: Peters et al., 2005) ranges between 1.60 and 5.94 with an average of 3.12. The
terrigenous/aquatic ratio (TAR: Bourbonniere and Meyers, 1996) varies from 0.05 to 1.23 and 2.07 to
2.56 for the shale and carbonaceous shale sediments, respectively. For lignites, the TAR value ranges
between 0.07 and 0.26 which is very less considering the nature of the samples. The pristane/phytane
(Pr/Ph) ratio varies from 0.43 to 2.01 with an average of 0.99. The proxy wax (Pwax: Zheng et al., 2007)
varies from 0.22 to 0.70 with an average of 0.50, and the proxy aqueous (Paq: Ficken et al., 2000) varies
from 0.47 to 0.88. The aliphatic chain length (ACL) values vary from 15.71 to 23.25 with an average
of 20.59.

Terpenoids in the studied samples include bi-, tetra-, pentacyclic triterpenoid and few diterpenoid
compounds. The identified bicyclic sesquiterpenoids includes 4p3(H)-eudesmane, 83(H)-drimane and
Cie-compound. The tetracyclic Cos- and Cos- secohopanes have also been identified. The pentacyclic
hopanoid compounds are abundant in the samples. Triterpenoids, other than hopanoids, identified
include tetra- and pentacyclic compounds with oleanane, lupane and ursane skeletons. Few aromatic

triterpenoids and diterpenoids have also been identified (Table 5).
4.5.2. Proximate, Ultimate and GCV analyses

Table 6 summarizes the data obtained from proximate, gross calorific values (GCVs), and ultimate

analyses. The analysis shows that the lignites are high (dry-basis) in moisture contents (15.76-41.70%,



av. 29.06 wt.%), low in ash yields (3.82-19.79%, av. 8.47 wt.%), and moderately high in volatile matter
yields (daf: 51.08-75.68 wt.%) and fixed carbon contents (24.32-48.92 wt.%). The fuel ratios (FC/VM)
range between 0.32 and 0.96. The GCVs vary from 3279 to 5216 cal/g (av. 4467 cal/g). The studied
lignites have relatively high carbon (daf: 58.04-79.07 wt.%) and oxygen (daf: 18.34-34.34 wt.%)
contents. The sulphur contents vary from 0.69 to 2.24% (av. 1.52 wt.%; dry-basis). The hydrogen (daf:
2.68-6.56 wt.%) and nitrogen (daf: 0.80-2.90 wt.%) contents have been recorded in lesser amounts.
The atomic ratio of hydrogen to carbon (H/C) for the lignites varies from 0.48 and 1.29, whereas the
oxygen to carbon (O/C) ratio ranges between 0.19 and 0.44.

4.5.3. Rock-Eval pyrolysis and TOC contents

Pyrolysis experiment has been carried out on the representative samples (7 lignites, 2 carb. shale,
2 shales), covering the entire sequence, and the results are listed in Table 7. The total organic carbon
(TOC) contents vary from 35.90 to 55.60 wt.% for lignites, 12.20 to 16.20 wt.% for carbonaceous
shales, and from 1.46 to 2.83 wt.% for shales. Information about the OM or kerogen type can reliably
be obtained from the hydrogen and oxygen indices (HI and OI). The HI values determined from Rock-
Eval pyrolysis vary from 124 to 694 mg HC/gTOC, 278 to 302 mg HC/gTOC, and from 40 to 279 mg
HC/gTOC in the lignite, carbonaceous shale, and shale samples, respectively. Whereas, the Ol values
range between 31 and 69 mg CO2/gTOC (for lignites), 51 and 58 mg CO./gTOC (for carb. shales),
and between 59 and 260 mg CO2/gTOC (for shales). The high HI values of lignites corroborates with
their perhydrous nature. This is also reflected in S2 (remaining hydrocarbon) values of the samples.
The lower values of HI in some samples could be due to the type of kerogen present in the sample.
The temperature at which the maximum rate of hydrocarbon generation occurs during pyrolysis (Tmax)
indicates the level of thermal maturity, with Tmax values varying from 379 to 417 °C, 424 to 427 °C
and from 433 to 437 °C for the lignite, carbonaceous shale and shale samples, respectively.

5. Discussion

5.1. Palaeovegetation reconstruction

The Valia lignites are composed mainly of the huminite, followed by the liptinite and inertinite
groups of macerals suggesting a continuous terrestrial (tress, herbs, shrubs and bushes) influx,
deposited/preserved under a relatively high level of ground water at the deposition site. The
distribution of n-alkanes in organic-rich sediments provides general indications of the OM source,
depositional setting and climatic condition (Peters et al., 2005; Mathews et al., 2020b; and many more).
Both unimodal and bimodal distributions have been identified in the studied samples along with the
presence of short to long-chain n-alkanes. This suggests input of OM from the various sources. The

high occurrence of the short and intermediate n-alkanes chain indicates the important contribution of



algal or bacterial OM and aquatic macrophytes, respectively (Gelpi et al., 1970; Tissot and Welte,
1984, Ficken et al., 2000; Nott et al., 2000). The high values of Paq confirm the important contribution

of submerged/floating macrophytes under a considerable water column (Ficken et al., 2000).

Evidences from the palaeobotanical record suggest that the herbs, shrubs and bushes including
pteridophytes were grown widely during the Eocene period in western India, as understory floras in
the angiosperms-dominant forest (Venkatachala et al., 1969; Mandal and Guleria, 2006; Rao et al.,
2013; and others). Further, the dominance of detrohuminite in the studied lignites, reflected by the
relatively higher contents of densinite maceral, points towards the significant contribution of
herbaceous/bushy plants (decompose easily) in the peat-forming vegetation, deposited in subaqueous
conditions. High frequency of biodegraded phytoclasts, an appreciable amount of gelified-AOM, and
the presence of pteridophytic palynomorphs belonging to the families Dicksoniaceae, Osmundaceae,
Polypodiaceae, Lycopodiaceae, Matoniaceae indicate the predominance of herbs/shrubs source
vegetation in the vicinity and/or extremely high-level of bacterial activities. In the palynoassemblages,
also the pteridophytic spores reflect the morphological similarities with Cytheaceae, Osmundaceae,
Lycopodiaceae families that are limited to tropical-sub-tropical areas (Table 8). However, some of
these are cosmopolitan in distribution (Ramanujam, 1995; Rao, 1995). The pteridophytic spores
Osmundacidites, Todisporites, Polypodiaceaesporites, Polypodiisporites jointly specify the presence

of humid and shaded habitats with perpetual water in the area (Ramanujam, 1995).

The relatively higher content of maceral funginite along with occurrence of family
Microthyriaceae are suggestive of a warm and moist condition, prevailed during the time of peat
accumulation. Further, the appreciable contents of perhydrous or fluorescing huminite (decomposed
products of liptinite) also indicate the contribution of herbaceous vegetation in the peat formation. On
the other hand, the occurrences of ulminite along with the resinite, sporinite and cutinite macerals
indicate the existence of higher plants in the surrounding area, and contribute meaningfully to the peat
formation. The high CPI values confirm the contribution of continental plants (waxy plants) to the OM
(Bray and Evans, 1961; Eglinton and Hamilton, 1967; Caldicott and Eglinton, 1973). Moreover, the

average Pwax values evidence the noticeable contribution of land plants and macrophytes to the OM.

Similarly, the terpenoid composition in OM is a good indicator of the source floras. The study
reveals the large abundance of pentacyclic non-hopanoid triterpenoids and tetracyclic de-A-
triterpenoids. These compounds include angiosperm-derived triterpanes, their degradation products.
The pentacyclic hopanoid compounds are abundant in the samples, and are dominated by 17B(H)-
22,29,30-Trisnorhopane, 30-Norneohop-13(18)-ene and a, f-Homohopane (Fig. 11). The consistent

presence of non-hopanoid triterpenoids of oleanane skeleton suggests the contribution of angiosperms



to the peat biomass (Karrer et al., 1977). Hopanoid distributions indicate the bacterial origin of
sedimentary OM (Peters et al., 2005). The biological precursor compounds of hopane derivatives are
considered to be bacteriohopantetrol, and to a smaller extent 3-desoxyhopanes (Ourisson et al., 1979;
Rohmer et al., 1992). Aerobic bacteria, fungi as well as cryptogams are found to contain these
compounds (Bechtel et al.,, 2001). Secohopanes in the samples are also indicating microbial
degradation of the OM.

The TAR values are higher in carbonaceous shales suggesting higher input of terrestrial OM.
However, in lignites, low TAR and Pwax values point to the less contribution from the higher plants,
which is unusual considering the nature of the samples. This discrepancy indicates alteration of the
OM characteristics leading to unusual results. On the contrary, more abundance in the long-chain n-
alkanes is observed in carbonaceous shales than the lignites. This unusually low abundance of long-
chain n-alkanes in lignite samples could be a probable result of the microbial degradation. Intense
bacterial activity leads to the increase of n-alkanes shorter than n-C,3 from higher plants (Otto et al.,
1994; Dehmer, 1995). Thus, X Cz-/ X Ca3+ ratio can be an effective indicator of the intensity of
microbial degradation. In all the lignite samples, the ratio is greater than 6 and even up to 9.93 (Table
4) suggesting intense bacterial degradation of terrestrial biomass. It has also been observed that the
higher microbial degradation favoured the removal of long-chain n-alkanes during early diagenesis
~60-80 °C (Zhang, 1979; Peters and Moldowan, 1993), which is indicated by the high relative
abundance of short-chain homologues, consequently, leading to the low TAR and Pwax (in lignites).
On the other hand, the association of pyrite (including framboidal) in the lignites suggests a marine
incursion during the peat deposition. The oxygenated water further enhances the bacterial activity in
the mire and causes tissue destruction. The high mineral matter contents in top most samples (V-12
and 13) suggest that the high inorganic material is transporting into the mire at the termination point

of peat accumulation.

Amber, hugely diverse in its chemical composition of terpenoids (Simoneit et al., 1986, 2016;
Mallick et al. 2014) as an outcome of environmental stresses and volcanic activity to be considered as
major causes (Naglik et al., 2018 and references therein). The recorded arthropod composition of the
Valia amber indicates the prevalence of a tropical forest with the dominance of Dipterocarpaceae with
warmer conditions and high humidity (Dutta et al., 2009; Rust et al., 2010). It also supports the
existence of aquatic habitats near the shoreline for the growth of Dipteran flies (Stebner et al., 2017,
and references therein). The rare occurrences of crustacean fossil (freshwater ostracods) assemblages
includes specimens assigned to family Candonidae and Limnocytheridae. Dating back to the

Ordovician (Horne, 2005), these are mostly represented by their calcified bivalved carapace and a



hinge. The soft parts are rare to be recorded due to lack of preservation (Wang et al., 2020). Comparing
faunal assemblages depicts true flies as the major element of the Eocene in Cambay Basin. As a result
of ectothermy, arachnids and insects can resist variations in the ecosystem. Fossil pseudoscorpions are
a rare entity preserved in amber, irrespective of their modern diversity. Trapped in a tree resin, one
expects to predominantly get arboreal taxa, bark-associated families, or under rocks (Harms and
Dunlop, 2017), responsible for decomposing. They favour development in a warmer climate, similar
to those found in warm-temperate or sub-tropical type of conditions. Common to the Cenozoic and
early Cretaceous insect assemblage (Sinitshenkova, 2002), records of nematoceran flies in amber value
to non-biting midges as ecological and paleoeclimate indicators during the Eocene. They largely thrive
well in warm-temperate and moist-tropical regions with the dominance of conifers and pines. Here in
the studied samples, the presences of ent-Kaurane, Isopimarane and 19-norisopimarane compounds
(although less) hint the minor contribution of the conifer vegetation. This agrees with the earlier report
of Mandal and Guleria, (2006).

The earlier works on Palaeogene/Neogene amber in Southeast Asia is suggestive of dammerane-
type resin, exuded from trees of family Dipterocarpaceae (Simoneit et al., 2020 and references therein).
According to Kocsis et al. (2020), the FTIR spectra from Indian Eocene dipterocarp Cambay amber
(Dutta et al., 2009, 2011b; Rust et al., 2010) is analogous with the Borneo records. Notably, during
late Cretaceous the Dipterocarpaceae family was growing abundantly in India and later migrated to
Asia (Morley, 2000). Besides, Singh et al. (2017c), have reported the occurrences of tetracyclic
diterpenoids with kaurane skeleton in the Eocene Surkha lignite of Saurashtra Basin (Gujarat). These
types of compounds predominantly occur in the leaf resins of coniferous tree: Agathis (family
Araucariaceae; Noble et al., 1985), also reported from Borneo (Kocsis et al., 2020; Simoneit et al.,
2020). Therefore, with the similar present-day tropical vegetation, biomarker signature and the
geographical emplacement (Latitude: 3° 21' 16" N, Longitude: 117° 35' 47" E; Fig. 12), the
peatland/rainforest of Borneo could be considered as a modern equivalent for the Indian Eocene lignite

deposits.
5.2.  Palaeodepositional condition

Coal/lignite macerals, derived from plant tissues through a gradual process of decomposition and
preservation, serve as one of the best tools to understand the botanical framework of the hinterland.
They are also useful in deciphering the depositional conditions, and the changes underwhich the OM
has gone through after its burial, such as water table, pH, bacterial activity, degree of the thermal
maturation, etc. (Silva et al., 2008; Suarez-Ruizet al., 2012; and references therein). The various

maceral-derived indices have effectively been used in reconstructing the depositional conditions



(Kalkreuth et al., 1991; Zivoti¢ et al., 2010; Suarez-Ruiz, et al., 2012; Singh et al., 2012a, b, 2013,
2017a, b, c; Radhwani et al., 2018; Mathews et al., 2020a; and many others). Although, it is
recommended that these indices/facies models be used with caution, and in conjunction with other
parameters such as geochemistry, palynofacies, palynology, etc. (Crosdale, 1993; Wdst et al., 2001;
Scott, 2002; Moore and Shearer, 2003).

Kalkreuth et al. (1991) and later Kalaitzidis et al. (2004) have modified the gelification index (GI)
and tissue preservation index (TPI) facies model for the Palaeogene-Neogene coal, originally
proposed by Diessel (1986) to understand the depositional settings of Australian Permian coals. Here,
we have used the relation given by Kalaitzidis et al. (2004; refer Table 1). The Valia lignites have high
Gl values range from 2.52 to 26.47 (av. 7.07) and low TPI values vary between 0.06 and 1.95 (av.
0.85). The plot of these values on Diessel’s model suggests that the poorly preserved limnic to limno-
telmatic peat vegetation was deposited (mainly) under the back-barrier environment (Fig. 13). A low
TPI values suggests either predominance of the herbaceous plants (soft-wood or cellulose-rich) in the

mire or large-scale destruction of plant tissues due to the intense humification (Diessel, 1992).

Elevated water-oxygen content leads to increased tissue destruction due to the more intense
humification, and results in the preferential formation of detrohuminite over telohuminite in both
woody and herbaceous precursor materials (Dehmer, 1995). The domination of non-biostructured
components of OM in the studied samples further reinforces the above observation. TPI also indicates
pH conditions of palaeomires because, in a low pH condition, microbial activity is weak and plants
can be well-preserved, and vice-versa (Zhang et al., 2010). Further, the lower values (<1) may also be
attributed to the presence of herbaceous vegetation, also supported by the dominance of detrohuminite

(detritus) in the maceral composition.

Furthermore, a moderate variation in the GI values is suggestive of some fluctuation in redox
conditions in the basin, probably due to the fluctuations in water cover. It has also been observed that
marine-influenced-peat often has a higher content of sulphur (Diessel, 1992). To a greater extent,
depositional conditions favour the intensification of microbial activity. Studies have shown that an
increase in salinity can be a causative factor (Qin et al., 2010). Thus, it may be assumed that the setting
in which the peat mire deposited was under the influence of marine conditions causing the increase in
salinity of the mire water leading to sulphate reduction by bacteria. In the investigated samples, the
contents of sulphur and pyrite together with ash yields suggesting that peat has experienced the influx

of sulphate and Fe-rich sea water in a back-barrier/coastal systems (Kalkreuth et al., 2010).

The groundwater or relative rainfall (hydrological condition) and vegetation type (e.g., trees,

bushes) play an important role in the development of peat, and to understand this Calder et al. (1991)



have proposed a facies model based on groundwater (GWI) and vegetation inputs (V1). Here, the GWI
and VI equations as specified in Kalaitzidis et al. (2004) has been used, with a slight modification as
suggested by Stock et al. (2016) in the GWI equation (see Table 1). The GWI1 values of lignites range
from 0.47 to 2.03 (except for one higher value 18.13, could be due to mineral matter influx and/or
intermittent marine influence), and the VI values range from 0.39 to 1.99 suggesting a good, but
fluctuating (mesotrophic to rheotrophic), hydrological condition (ground-water level) was prevailing
during the deposition of peat (Fig. 14). The low V1 values together with relatively less contribution of
biostructured phytoclasts and cuticle components in the palynofacies composition reflecting the
dominance of herbaceous/soft-wood vegetation that deposited under subaquatic condition. The VI
values are more or less uniform throughout the seam sections; suggesting that no significant change

in the vegetal input occurs during the peat development.

The relatively low frequencies of recorded inertinite macerals and opaque phytoclasts indicate
that the peat surface has experienced an occasional/short period of aerial exposure, which further
minimizing the possibility of oxidative degradation of the OM/peat. The Pr vs. Ph ratio provides
evidence about the redox conditions of the depositional environment (Didyk et al., 1978). The
analysed samples show Pr/Ph ratios <1, except samples VV-27, 30 and V-41. The values indicate the
predominance of a dysoxic environment and anaerobic conditions within the deposit environment.
The Pr/n-Cz7 vs. Ph/n-Cyg plot further suggests that the deposits were formed in near-shore conditions
(Fig. 15). While, it is supposed that the influence of marine water was not prominent during the
deposition of carbonaceous shale. The occurrence of Arecaceae pollen also indicates the near-shore

depositional (marginal marine) settings.

Further, the origin of Cambay amber is supposed to have occurred in relatively more humid and
warmer climatic conditions (Stebner et al., 2017). Subsequently, the tropical families like Arecaceae,
Annonaceae, Bombacaceae, Liliaceae and Ctenolophonaceae are indicative of the warm and humid
climate. The palms are arborescent monocotyledons, and considered to be of pantropical origin.
Presently, they are predominantly found in tropical-subtropical evergreen and semi-evergreen forest
ecosystems (Table 8) across the world (Greenwood and Wings 1995; Morley 2000, 2003; Dransfield
et al. 2008). Besides, the appreciable contents of maceral funginite in lignites as well as the occurrence
of epiphyllous fungi (Microthyriaceae) mainly indicate moist condition. The records of fossil
epiphyllous fungi, such as Phragmothyrites and Callimothallus, are also indicators of heavy rain
(Dilcher 1965; Saxena and Tripathi 2011). These fossil fungi are growing abundantly in tropical-
subtropical mesophytic vegetation that thrives in a humid climate with heavy rainfall (Selkirk, 1975).

The presence of maceral alginite, derived from algae like Botryococcus (fig. 4h), along with the



pteridophytic spores, such as Dictyophyllidites laevigatus, Todiosporites plicatus, Dandotiaspora

dilate, etc. are indicative of freshwater swamp and pond conditions.

The record of Chironomidae genera and ostracod families in the Valia amber also suggests the
presence of freshwater environment and standing water bodies (Stebner et al., 2017; Wang et al., 2020).
Earlier records of vertebrate fauna (Rana et al., 2004, 2005; Rose et al., 2006; Sahni et al., 2006) and
palynological assemblages (Rao et al., 2013) from the adjacent Vastan mine have also indicated the
influx of freshwater during the peat deposition in Cambay Basin. Moreover, the climate is one of the
main contributory factors controlling the floral characteristics and hydrological conditions in any
environment. It also controls the deposition, formation of OM, and their diagenetic alterations. Thus,
in the formation of thick seams of lignite and carbonaceous shales, climate plays a pivotal role. The
alkane parameter, ACL (Eglinton and Hamilton, 1967) has been utilized by various workers to
elucidate the paleoclimatic conditions. The ACL values strongly reflect the moisture conditions, and
may be utilized to know the climatic conditions during the existence of the plant (Anderson et al.,
2011; Baker et al., 2016). Hotter and drier conditions contribute to longer ACL values and vice versa
(Zhou et al., 2005). The relatively low ACL values (15.71-23.25) in the studied samples suggest wetter
conditions, pointing to the humid climatic conditions that existed in the basin which is further

supported by the floral and faunal compositions.

Furthermore, the extrapolation of palynofacies data on Tyson’s APP (AOM-Phytoclasts—
Palynomorphs) diagram revealed the dispersal of samples mainly in three fields (I, VI and IX; Fig.
16), corresponding to the three palynofacies zones (see section 4.2.4) of the studied succession:

Marginal dysoxic-anoxic basin, Il (Palynofacies zone-I; lithology: lignite, carb. shale and shale)—
characterized by the high frequency of non-biostructures and subordinate amount of cuticles along
with the minimum representation of palynomorphs. The AOM (mainly gelified) also contributes
significantly to the kerogen composition. The dominance of non-opaque phytoclasts indicates that the
deposition of the OM took place in the proximal (to source) settings (Tyson, 1995). The non-
biostructured elements are with no botanical structure, translucent, and formed in low-energy
conditions like stagnant water/lake/pond (Tyson, 1993; Mendonca and Gongalves, 2017).
Subsequently, the macrophyte-derived AOM are linked to the high bacterial activity that requires an
oxygenated environment, but their preservation needs a dysoxic-anoxic basin which could be related
to transportation to an oxygen-depleted and stagnant environment. Similarly, the occurrences of major
fossil spiders are from the lacustrine or similar quiet-water deposits, where there are least chances of
mechanical destruction of soft bodies in the area (Selden and Penney, 2009). Based on these, a low or

quiet energy environment (lake/pond, etc.) under proximal settings can be assigned to this facies.



Proximal suboxic-anoxic shelf, VI (Palynofacies zone-Il; lithology: lignite and shale)—
categorized by the co-dominance of phytoclast and AOM components. The increase in AOM, and
decrease in non-biostructured and cuticle contents (w.r.t. Palynofacies-I) indicate an elevated level of
OM degradation and/or amorphization in the proximal environment. According to Pacton et al. (2011),
prolong darkening conditions (anoxia) can also result in the high frequency of AOM. Likewise, the
enhancement of water level has formed an oxygen minimum zone/environment in the proximal setting,
resulting in high preservation of AOM. Moreover, the diversity of Spinizonocolpites (Nypa pollen) in
the studied samples indicated the existence of mangrove vegetation in various brackish water habitats
(Fredericksen 1994). Likewise, arthropod groups (midges and spiders in the present case) are found in
abundance, native to shore areas of freshwater habitats, while a few species of family Chironomidae
also indicate marine environment (Brodin and Andersson, 2009; Hodge and Vink, 2020) and offshore
regions. Arachnids, however, are more confined to areas where there is easy access to prey and suitable
modes for reproduction. Hence, a fluctuating water conditions (freshwater-brackish) and suboxic-

anoxic settings can be deduced from this facies.

Distal-suboxic-anoxic basin, IX (Palynofacies zone-l1ll; lithology: clay/claystone)— signified a
high incidence of well-preserved AOM along with some non-biostructured, opaque phytoclast, fungal
and cuticle elements. The granular type (principally) of AOM has been observed in this facies (fig.
6n). According to Pacton et al. (2011), the granular AOM is a product of microbial activity. It can also
be noted that the concentration of AOM is generally enhanced towards the basinal (anoxic) settings
(Dow and Pearson, 1975; Bujak et al., 1977). Subsequently, a relatively high incidence (mainly lath-
shaped) of opaque phytoclast (more refractory) indicates distal (to source) settings (Mendonca Filho
et al., 2014). Moreover, the occurrence of fungal elements indicates a warm and humid environmental
condition at the depositional site. They digest the cellular structures that led to the degradation of OM
(Peters et al., 2013). This facies is suggestive of distal settings with suboxic to anoxic conditions.

Thus, the overall characteristics suggest that lush angiosperm dominant forest vegetation
composed of herbs, shrubs, woody forest and mangrove elements formed the source of Valia lignite
deposits, and that were eventually deposited in a proximal setting under fluctuating environments

(freshwater-brackish).
5.3.  Hydrocarbon generation potential

The results of geochemical screening (Rock-Eval pyrolysis) have reliably been used in academic
and industrial spheres for decades, particularly for the assessment of hydrocarbons plays. The
technique is simple, inexpensive, required less sample amount, and generates reliable data (Lafargue

et al., 1998). Several workers have presented many guidelines/critical observations to improve the



understanding of Rock-Eval data and eliminate misinterpretation (Sykes and Snowdon, 2002;
Dembicki Jr., 2009; Carvajal-Ortiz and Gentzis, 2015; Hazra et al., 2021; and many others).

The measurement of TOC (in weight percentage), although OM also contains hydrogen, nitrogen,
oxygen and sulphur, is considered as the most significant parameter to evaluate the quantity of OM.
The amount of OM present in the sediment has been influenced by many factors, such as primary
production, rate of sedimentation, the environment of deposition and the burial history of sediment.
The sediment/rock containing >2 wt.% of TOC is considered as an excellent source for hydrocarbons
(Peters, 1986; Peters and Cassa, 1994). In the studied samples, the TOC contents (35.90-55.60 wt.%
in lignites, 12.20-16.20 wt.% in Carb. Shales, 1.46-2.83 wt.% in shales) suggesting a good to excellent
potential for these organic-rich deposits to produce hydrocarbons. On the other hand, for the generation
of hydrocarbons, the OM must have hydrogen associated with carbon (Dembicki Jr., 2009). The S
peak (of Rock-Eval) indicates the amount of hydrocarbons generation, and is usually higher for the
OM with high liptinite macerals (H-rich). Hence, the combination of Sz and TOC will provide useful
insight into the hydrocarbon generation. The cross plot of S> values against TOC contents (Fig. 17a)

indicates an excellent hydrocarbon potentiality of the Valia samples.

The inertinite macerals/opaque phytoclast/inert carbon contents also contribute to the TOC
concentration, and play no role in the generation of hydrocarbons. Therefore, it is important to
determine the types of OM (Dow, 1977; Tissot and Welte, 1984; Peters, 1986; Dembicki Jr., 2009).
The HI [(S2/TOC)*100] value >200 mg HC/gTOC is generally considered good for the generation of
liquid hydrocarbons (Bordenave and Durand, 1993; Peters and Cassa, 1994, Hunt, 1996; Sykes and
Snowdon, 2002). The plotting of calculated values of HI and Ol [(S3/TOC)*100] indicates that the
studied samples contain an admixed type-I1l and Il kerogen (Fig. 17b), and can generate mainly
gaseous hydrocarbon. The high HI value of sample VA-47 could be assigned to the heterogeneity,
vegetational influx and the preservation state of the OM. Alternatively, these ‘abnormal’ values can
also be caused by the subtle environment change reflected by the high inorganic (mineral matter/Ash
yield) contents and high Gl and GWI1 values (Petersen et al., 2009). Similarly, the relationship between
HI and TOC (Fig. 17c) also shows that these deposits have a fair potential to generate gaseous and

some liquid hydrocarbons.

Further, the OM with good Sz and TOC contents must be ‘cooked’ enough for the hydrocarbons
production. Hence, the determination of thermal maturity is vital for the assessment of hydrocarbon
exploration/prospect. The thermal maturation of OM is convincingly evaluated from the Tmax (Rock-
Eval pyrolysis) and vitrinite/huminite reflectance (organic petrography) parameters (Peters and Cassa,

1994; Taylor et al., 1998). However, precautions should be taken while using these parameters, as they



are influenced by various factors, such as OM types, depositional environments, etc. (Snowdon, 1995,
Sykes and Snowdon, 2002, Dembicki Jr., 2009). The Tmax values of Valia samples are generally low
(below 435 °C). The cross plot of HI vs. Tmax (Fig. 17d) indicates the immature nature of lignite and
carbonaceous shale samples, while shale sediments fall at the edge of the immature-mature zone.
According to Yang and Horsfield, (2020) various factors such as clay richness and oxidation or
reworking can affect the Tmax values. Similarly, the vitrinite/huminite reflectance is a robust method
for depicting the thermal maturity in conventional and unconventional hydrocarbon systems (Hackley
et al., 2015; and reference therein). The random reflectance values (0.26-0.30%) categorised the Valia
lignites as low rank-C, thus indicates immature nature. The other parameter used here for determining
the maturation is the atomic ratios of H/C and O/C on the van Krevelen diagram. The ratios indicate
that the OM reached up the early diagenesis stage (immature) of coalification, and mainly contains
type-111 kerogen (Fig. 18). Likewise, the high values of Ol and low values of production index [Pl=
S1/(S1+S2)] also suggesting the immature nature of the studied sediments, and less chance for in-situ

liquid hydrocarbon generation (Garcia-Vallés et al., 2000).

Additionally, the average values of volatile matter yields (58.61 wt.%), carbon contents (68.43
wt.%) and gross calorific values (4467 Cal/g), also indicating the immaturity of the studied deposits.
The hop-17(21)-ene is present in majority of samples, that generally occurs in immature coal/lignite
samples (Bechtel et al., 2003, 2005). The extended hopanes are also present in the samples. The
presence of compounds with thermally unstable B3-configuration points to the low degree of hopanoid
alteration, and suggesting thermally immature nature of the OM (Petersen et al., 2004). Altogether, it
is evident that the Valia lignite-bearing succession with having admixed type-111/l1 kerogen can
generate gaseous and some liquid hydrocarbons upon maturation or with additional heating.

6. Conclusions

The integration of petrographical, palynofacies, palynological and geochemical parameters is
significant to provide a comprehensive account of nature, composition, maturation, palaeoecology,
depositional settings, and hydrocarbon generation potential of the Valia lignite deposits of Gujarat in
western India. Remarkably, the entomological studies of the Cambay amber offer an opportunity to
understand the existence of fauna (fossil arthropod) within the existing flora (forests), and open a
window to learn more about the fascinating life forms of the past. This approach will have broad
biological significance for identifying the ecological pattern of different biotic communities and their
dispersal in the geological time. Based on the combined approach, this study obtains the following

conclusions:



e The low rank-C lignites are chiefly composed of huminite group (mainly
detrohuminites)/phytoclasts OM. The lignites are characterised by high carbon contents and volatile
matter yields, moderate fixed carbon contents and low ash yields.

e The maceral composition, palynofacies assemblage and biomarker data suggest that both land
plants and macrophytes contribute significantly to the peat formation. The recovered palynomorphs
and the pentacyclic non-hopanoid compounds with oleanane-type structures indicate that
angiosperms were the main precursors of peat-forming vegetation.

e The limno-telmatic peat-forming vegetation was deposited under the back-barrier environment with
fluctuating (mesotrophic to rheotrophic) hydrological settings.

e The occurrences and diversity of Spinizonocolpites (Nypa-pollen), framboidal pyrite, sulphur, and
the high variability of ash yields are indicating a brackish environment. However, the abundance of
insects’ family Chironomidae and occurrences of pteridophytic spores like Dictyophyllidites
laevigatus, Todiosporites plicatus, Dandotiaspora dilate together with maceral alginite
(Botryococcus) indicate freshwater condition.

e The palynofacies assemblages suggests that the deposition of OM took place (mainly) under
dysoxic-suboxic conditions in proximal settings. The Pr/Ph ratio and Pr/n-C17 vs. Ph/n-Cys plot are
also indicating suboxic conditions.

e The relative abundances of hopanes, non-biostructured, gelified-AOM and detrohuminite indicate
the exceeding level of biodegradation (bacterial activity) of the OM.

e The TOC contents, hydrogen-rich macerals (liptinite + perhydrous huminite) and HI values indicate
that the studied deposits are of a good to excellent source of hydrocarbon generation. The atomic
ratios of H/C and O/C and occurrences of 33-hopane along with the values of Ry, Tmax, GCV show
the immature nature of the deposits.

e The relationship between different petro-geochemical parameters indicates that the lignite-bearing
sequence of Valia mine contains admixed type-111/11 kerogen, and capable of generating gaseous

(mainly) and some liquid hydrocarbons through thermal cracking.
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Table: 1 Maceral contents (vol.%), mineral matter content (vol.%), ulminite reflectance (Rr %) and petrographic indices (GI, TPI, GWI, VI) of

the studied Valia lignites.

Sample No. V-1 | V-2 | V-3 V-4 | V5 | V6 | V-7 | V-8 | V-9 | V-10 | V-11 | V-12 | V-13 | Avg.
Huminite(H) 63 76 76 71 63 70 64 68 65 73 70 60 52 67
Telohuminite 26 49 44 28 31 23 22 30 28 29 19 21 2 27
Textinite 1 1 1 1 2 2 1 3 2 3 2 1 1
Ulminite 25 A7 43 27 30 22 21 27 25 27 17 20 2
Detrohuminite 35 25 30 42 24 45 35 37 34 42 48 36 49 37
Attrinite 12 4 2 4 2 9 5 7 4 5 5 8 1
Densinite 23 20 28 38 22 37 30 30 30 36 43 28 48
Gelohuminite 2 2 2 1 8 2 7 1 3 2 3 3 1 3
|Corpohuminite | 2 2 2 1 8 2 7 1 3 2 3 3 1
Liptinite (L) 21 15 16 24 18 21 19 10 20 14 18 15 20 17
Sporinite 3 2 1 2 3 1 2 2 4 1 0 2 0
Cutinite 6 3 1 2 6 4 5 0 4 2 0 2 0
Suberinite 2 1 1 5 0 3 1 1 1 1 2 1 1
Resinite 5 5 7 11 7 8 5 5 4 5 7 5 17
Alginite 0 0 0 0 2 0 2 0 2 0 3 3 0
Bituminite 1 0 1 1 0 0 0 0 1 1 0 0 0
Exsudatinite 0 0 0 0 0 0 0 0 1 0 0 0 0
Liptodetrinite 4 4 5 3 0 5 4 2 3 4 6 2 2
Inertinite (1) 7 3 5 1 9 5 8 10 10 8 4 4 1 6
Semifusinite 1 0 1 0 1 1 1 1 0 1 1 1 0
Funginite 3 2 3 0 4 3 5 8 7 4 3 1 0
Inertodetrinite 3 1 1 1 4 1 2 1 3 3 0 2 1
Mineral Matter (M) 8 5 6 4 9 4 9 13 7 5 8 20 27 10
|Other 6 4 5 2 5 3 4 9 5 3 6 12 25




Pyrite 2 1 1 2 4 1 5 4 2 2 2 8 2
Fluorescing H 19 23 25 26 22 18 22 17 22 18 26 17 14 21
Non-fluorescing (H) 45 52 50 45 41 53 42 51 42 55 44 43 38 46
Total Fluorescing (H+L)| 40 39 40 49 41 38 42 27 41 32 44 32 34 38
Non-fluorescing 60 61 60 51 59 62 58 73 59 68 56 68 66 62
(H+1+M)

H (mmf) 69 80 79 75 69 74 70 78 69 77 76 75 71 74
L (mmf) 23 17 16 24 21 21 21 11 21 15 20 20 28 20
I (mmf) 8 3 5 1 10 5 9 11 10 8 4 5 1 6

Rr mean % 0.29 0.3 027 | 0.26 | 0.28 | 0.29 | 0.29 | 0.28 0.3 0.28 | 0.28 | 0.29 | 0.27 | 0.28
Gl 252 | 7.74 | 10.36 | 12.37 | 452 | 3.79 | 4.04 | 2.96 3.6 406 | 576 | 3.78 | 26.47 | 7.07
TPI 075 | 195 | 149 | 068 | 1.38 | 054 | 0.78 | 0.82 | 0.84 | 0.71 | 045 | 062 | 0.06 | 0.85
GWI 0.74 | 047 | 071 | 135 | 096 | 152 | 147 | 095 | 1.09 | 1.17 | 203 | 137 | 18.13 | 2.46
VI 099 | 199 | 151 | 103 | 1.29 | 0.78 0.8 0.96 0.9 0.78 | 051 | 0.74 | 0.39 | 0.97

Gl (Gelification Index) = Ulminite+Densinite+Corpohuminite+Gelinite / Textinite+Attrinite+Inertinite (Kalaitzidis et al., 2004)

TPI (Tissue Preservation Index) = Textinite+UIminite+Corpohuminite+Fusinite / Attrinite+Densinite+Gelinite+Inertodetrinite (Kalaitzidis et al.,
2004)

GWI (Ground Water Index) = Densinite+Corpohuminite+Gelinite+(Ash/2) / Textinite+UIminite+Attrinite (Kalaitzidis et al., 2004; Stock et al.,
2016)

VI (Vegetation Index) =Textinite+UIminite+Sporinite+Cutinite+Suberinite+Resinite+Fusinite+Semifusinite / Attrinite+Densinite+
Alginite+Bituminite+ Liptodetrinite+Inertodetrinite
(Kalaitzidis et al., 2004)




Table 2: Result of palynofacies analysis of the studied Valia samples.

Phytoclasts
AOM

S No |l o N-O Total Total [Palynomorphs|  pF

BINB| C | F | (%) |[AOM|R | (%) Type

(%)| (%) | (%) | (%) | (%) (%) |(%) (%)

VA-51(10| 0 |19 | 0 | O | 29 | 71 |0 | 71 0 11
VA50| 7| 0 |20 0| 0|27 | 72 |0 72 0 11
VA-49[5| 0 |20 1| 2 |28 | 70 |1| 71 1 11
VA48|0| 2 |50| 16| 2 | 70 | 31 |0 | 31 0 |
VA-47|0 | 1 |71 |13 2 | 87 | 10 |0 | 10 4 |
VA46| 0| 1 | 49| 9 | 1 | 60 | 40 | 0| 40 0 |
VA-45(0| 0 |50 | 3 | O | 53 | 47 |0 | 47 0 I
VA-44| 0| 0 | 64|10 | O | 74 | 27 |0 | 27 0 |
VA-43| 0| 0 | 39| 4| 0 | 43 | 57 | 0| 57 1 I
VA42|0| 0 |44| 6 | 0| 5 | 51 |0 51 0 I
VA-41[0| O | 45| 1 | O | 4 | 52 | 2| 54 0 I
VA40| 0| O | 37| 15| 0 | 52 | 48 | 0| 48 0 I
VA-39| 0| 0 | 41 0| 4 | 52 |0 | 52 0 I
VA-38| 0| 0 | 82 0| 87 | 12 |0 12 0 |
VA-37|0 | 0 | 69 0| 77 | 23 |0| 23 0 |
VA-36| 0| 0 | 70 2 | 77 | 23 |0 | 23 1 |
VA-35|0| 0 |36 | 10| 0 | 46 | 54 | 0| 54 0 I
VA-34| 4| 0 |58 [22| 0| 84 | 17 |0 | 17 0 |
VA-33| 2| 1 |51|22] 0| 76 | 25 |0 25 0 |
VA-32[2| 0 |51 |24 1| 78 | 22 |0 22 0 |
VA-31| 0| 1 |55[23| 1| 80 | 20 |0 20 1 |
VA-30| 1| 0 |50 |3 | 1| 8 | 13 |0 13 1 |
VA-29| 3| 1 |57|18| 1 | 80 | 19 |0 | 19 2 |
VA28 1| 0 |20 |58 | 1 | 80 | 20 |0 20 0 |
VA27|2| 0 |65|15| 2 | 84 | 15 |0 | 15 0 |
VA-26|1| 0 |63[15] 0 | 79 | 20 | 0| 20 1 |
VA-25[0| 0 | 63|17 | 0 | 80 | 21 |0 | 21 0 |
VA24| 7|1 62| 3 | 1| 74| 26 |0 26 0 |
VA-23|4 | 2 | 67| 2| 1| 76 | 24 |0]| 24 1 |
VA-22| 2| 1 |68| 3 | 1| 75| 25 |1 26 0 |
VA21[2| 0 |72 2| 0| 76 | 23 |0 | 23 0 |
VA-20{ 0| 0 |37 | 3| 5| 45 | 55 |0 | 55 0 I
VA-19| 0| 0 | 45| 3 | 1 | 49 | 52 | 0| 52 0 I




VA-18| 0| 0 | 52| 3 | 0 | 55 | 45 | 0| 45 0 I
VA-17|0| O | 43| 2 | 0 | 45 | 55 | 0| 55 0 I
VA-16| 0| O |46 | 0 | O | 46 | 53 | 0| 53 0 I
VA-15|0| 0 |49 | 4 | 0 | 53 | 46 | 0| 46 0 I
VA-14| 0| 0 | 52| 2 | 1 | 55 | 45 | 0| 45 0 I
VA-13| 0| 0 |40| 2 | O | 42 | 58 | 0| 58 0 I
VA-12| 0| 0 | 46| O | O | 46 | 54 | 0| 54 0 I
VA-11| 0| 0 | 42| 4 | 0 | 46 | 53 | 0| 53 0 I
VA-10{ 0| O |41 | 9 | 0 | 50 | 50 | 0| 50 0 I
VA9 |0| O |42 |10 | 1 | 53 | 48 | 0| 48 0 I
VA8 | 0| O |3 |19 | 0 | 57 | 39 | 3] 42 0 I
VA7 |0| 0 |40]| 9 | 2 | 51 | 48 | 0| 48 0 I
VA6 | 0| 2 | 42 1 | 52 | 46 |2 | 48 0 I
VA5 | 0| 0 |54 |11 | 1| 66 | 34 | 0| 34 0 |
VA4 |0| 0 |3 ]29| 0| 67 | 32 |0] 32 0 |
VA3 |0| 0 |40 |30 | 0| 70 | 30 | 0] 30 0 |
VA2 | 0| 0 | 22|26 | 1 | 49 | 52 | 0| 52 0 |
VA-1|0| 0 | 62 4 | 66 | 33 | 0| 33 2 |
Min. | 0| 0 | 19 0| 27 | 10 [0 10 0

Max |10| 2 (82 |58 | 5 | 87 | 72 |3 | 72 4

szrag 1|0 |48 |11| 1| 61 | 38 | 0] 39 0

O= Opaque; N-O= Non-opaque; C= Cuticle; B= Biostructured; NB= Non-biostructured; F=
Fungal; AOM= Amorphous Organic Matter; R= Resin; PF= Palynofacies.



Table 3: Arthropods from Valia Amber.

. . Habitat Composition
Class Order Tribe/Family/Genus suitability (%)
Tropical, sub-
Chironomidae tropical 32
lowlands,
Diptera Temperate
Insecta Cecidomyiidae Wet region 13
Mycetophilidae Wet anq moist 10
region
Myrmecia; . .
Hymenoptera Myrmicinae Humid region 19
Sicariidae, Moisture-rich
Araneae . . 25
Actinopodidae areas
Arachnida Warmer climate,
Pseudoscorpionida | Pseudoscorpiones Temperate 1

regions




Table 4: Values of n-alkane and various calculated indices/ratios from the studied Valia samples.

Litholog | Sampl Pr/n- | Ph/n- O0C22-
y o Pr/Ph Cir Cis Pwax | Pag | CPlI | TAR|[ACL /0 Cast

Carb. [ V-30 | 1.61 0.75 044 [0.69| 0.5 | 2.33 | 2.56 |22.32 0.50

Shale | v-27 | 2.01 1.13 0.51 |0.70 | 0.47 | 2.38 | 2.07 |23.25 0.65

Shale V-32 | 0.60 0.37 0.58 |0.66 | 0.51 | 3.04 | 1.23 |21.63 1.08

V-12 | 0.89 0.47 045 |0.27|0.85 | 1.65 | 0.05|15.71 9.45

V-41 | 1.14 3.10 264 |040]0.71 | 2.63 | 0.10 |21.16 7.10

V-38 | 0.43 0.31 0.31 | 0.58|0.64 594 |0.25]21.81 9.93

Lignite | V-29 | 0.91 0.54 044 10.22|0.88 | 1.60 | 0.07 |16.45 6.10

V-8 0.44 0.32 031 [059|0.64|572|0.26 |22.18 9.25

V-5 | 0.90 0.52 043 (041|0.71|279|0.10 |20.78 7.87

Min. 0.43 0.31 031 (022|047 ] 160 |0.05|15.71 0.50
Max. 2.01 3.10 264 |0.70 | 0.88 | 5.94 | 2.56 |23.25 9.93
Avg. 0.99 0.83 0.68 0.5 | 0.66 | 3.12 | 0.74 |20.59 S5.77

Pr: Pristane, Ph: Phytane, Pag: Proxy aqueous, Pwax: Proxy wax, CPI: Carbon Preference Index,
TAR: Terrigenous/Aquatic Ratio, ACL.: Aliphatic chain length

Pwax = (C23+Cos) / (C23+ Cos+ Cag+ Ca1) Zheng et al. (2007).

Pag = (C27+ C29+ Ca1) / (Ca3+Co5+C27+C20+Cs1) Ficken et al. (2000).
CPI1=2(C23+Cos5+Co7+C29) / [Co2+2(C24+C26+C28) + Cao] Peters et al. (2005).

TAR= (C27+C29+C31) / (C15+ C17+ Cuo) Bourbonniere and Meyers (1996).

ACL= [(25Cas + 27Ca7 + 29C29 + 31C31+33Cas)/ (Cas + C27 + Ca9 + Ca1 + Ca3)]
Eglinton and Hamilton, (1967).




Table 5: Biomarker compounds identified in the studied Valia lignite and shale samples.

Sl.no | Compound name Mol. mass id
Bicyclic sesquiterpanes
1 4B(H)-eudesmane 208 Sql
2 8B(H)-drimane 208 Sg3
3 8B(H)-homodrimane 222 Sq4
Diterpenoids
4 ent-Kaurane 274 di
5 Isopimarane 276 d2
6 19-norisopimarane 262 d3
Tetracyclic triterpenoids
7 Isomer of De-A-olean-13(18)-ene? 328 dtl
8 Isomer of De-A-olean-13(18)-ene 328 dt2
9 Unidentified De-A-triterpenoid 328 dt3
10 Compound 'A’ (Stout, 1992) 326 dt4
11 De-A-olean-12-ene 328 dt5
12 De-A-Lupane 330 dt6
13 Unidentified De-A-triterpenoid 328 dt7
14 De-A-Ursane? 330 dt8
Secohopanes
15 17,21-secohopane (C25) 344 sl
16 17,21-secohopane (C26) 358 s2
Pentacyclic triterpenoids
17 22,29,30-Trisnorneohop-13(18)-ene 368 1
18 17B(H)-22,29,30-Trisnorhopane 370 2
19 30-Norneohop-13(18)-ene 396 3
20 Neohop-13(18)-ene 410 4
21 Olean-12-ene 410 5
22 Ba-30-Norhopane 398 6
23 Neohop-13(18)-ene 410 7
24 Bp-30-Norhopane 398 8
25 ap-Homohopane (22 S) 426 9
26 ap-Homohopane (22 R) 426 10
27 Bp-hopane 412 11
28 Bp-Homohopane 426 12
Aromatic triterpenoids
29 24,25-Dinoroleana-1,3,5(10),12-tetraene 376 al
30 24,25-Dinorursa-1,3,5(10),12-tetraene 376 a2
31 Dinoroleana-1,3,5(10),12-triene 378 a3
32 Diaromatic pentacyclic triterpane 374 a4




Table 6. Results of proximate and ultimate analyses of the studied Valia lignites.

S. No.

As received
basis

GCV
(Callg

)

M
(wt.%
)

Air-dry basis
(db)
wt.%

Dry ash-free basis (daf)
(wt.%%0)

Atomic ratio

Ash S

VM

FC

C

H

N

O

O/C | HIC

Fuel
Ratio
(wt.%

)

4531

32.54

458 | 2.24

53.82

46.18

79.07

4.24

0.80

18.34

0.19 | 0.71

0.86

4816

28.97

46 | 1.93

51.08

48.92

78.97

3.20

1.97

19.34

0.20 | 0.53

0.96

4637

30.04

5.48 | 2.05

53.09

46.91

78.32

2.94

1.73

22.99

0.25 | 0.52

0.88

4689

28.72

6.58 | 1.64

62.44

37.56

62.01

3.02

1.86

29.54

0.36 | 0.58

0.60

3824

41.7

3.82 | 1.36

51.63

48.37

73.11

2.85

2.90

25.93

0.30 | 0.53

0.94

3279

33.04

19.79| 1.52

58.19

41.81

68.67

3.86

1.65

21.01

0.23 | 0.67

0.72

5123

2411

5.29 | 1.43

51.73

48.27

67.71

2.88

2.07

24.67

0.27 | 0.51

0.93

3965

35.97

8.19 | 1.27

56.75

43.25

65.98

3.30

1.87

25.29

0.29 | 0.60

0.76

5216

23.38

417 | 1.78

56.65

43.35

58.04

2.68

1.73

34.34

0.44 | 0.55

0.77

V-10

5042

25.83

4.09 | 1.25

55.99

4401

60.08

3.61

1.44

32.46

0.41 | 0.72

0.79

V-11

4061

35.13

6.71 | 0.69

69.27

30.73

73.26

2.96

1.70

20.26

0.21 | 0.48

0.44

V-12

4272

22.62

17.79| 0.87

65.55

34.45

63.74

5.03

1.26

28.09

0.33 | 0.94

0.53

V-13

4619

15.76

19.02 | 1.72

75.68

24.32

60.68

6.56

1.49

28.14

0.35 | 1.29

0.32

Min.

3279

15.76

3.82 | 0.69

51.08

24.32

58.04

2.68

0.80

18.34

0.19 | 0.48

0.32

Max.

5216

41.70

19.79| 2.24

75.68

48.92

79.07

6.56

2.90

34.34

0.44 | 1.29

0.96

Avg.

4467

29.06

8.47 | 1.52

58.61

41.39

68.43

3.63

1.73

25.41

0.30 | 0.66

0.73

M= Moisture; VM=

Volatile matter; FC= Fixed Carbon; GCV= Gross Calorific Value, Min=
Minimum, Max.=Maximum, Avg.= Average.




Table 7. Results of Rock-Eval Pyrolysis and calculated parameters of the studied Valia
samples.

'—'”;0'09 Sample| S1 | s2 | s3 [TOC|Tmx | HI | OI | PI | GP |s2/s3
VA-47 | 14.14|372.1|16.65|53.64 | 396 | 694 | 31 | 0.04 3822 22.35
VA-43 | 6.71 |84.93[24.92] 35.9 | 379 | 236 | 69 | 0.07 [91.64] 3.41
VA-35 | 7.89 |140.3|27.78| 556 | 383 | 252 | 50 | 0.05 |*5%| 5.0

Lignite \/a 29| 2.23 [72.92|26.47| 383 | 417 | 190 | 69 | 0.03 |75.15| 2.75
VA9 | 1.66 |74.24]|2887| 49 | 415 | 152 | 59 | 0.02 | 75.9 | 2.57
VA-3 | 0.83 [55.87(30.93| 449 | 410 | 124 | 69 | 0.01 | 56.7 | 1.81
115.8

VA1 | 381 | 112 {3027 498 | 410 | 225 | 61 | 0.03 [P 37
Min. 0.83 |55.87|16.65| 359 | 379 | 124 | 31 | 0.01 | 56.7 | 1.81
Max. 14.14(3721 (3093 | 556 | 417 | 694 | 69 | 007 | 337212235
Avg. 5.32 [130.3|26.56| 46.7 | 401 | 268 | 58 | 0.04 |20 595

VA-32( 016 | 79 | 1.66 | 283 | 437 [ 279 | 59 | 0.02 | 8.06 | 4.76
VA-2210.04 [ 019 | 1.22 | 047 | 433 | 40 | 260 [ 0.17 | 0.23 | 0.16
Carb. |VA-30| 094 (37.01| 6.28 | 12.2 | 427 | 302 | 51 | 0.02 |37.95| 5.89
Shale |[VA-27| 1.07 |45.07| 9.42 | 16.2 | 424 | 278 | 58 | 0.02 |46.14| 4.78

Shale

Min. 0.04 | 019 | 1.22 | 047 | 424 | 40 51 | 0.02 | 0.23 | 0.16
Max. 1.07 |45.07| 942 | 16.2 | 437 | 302 | 260 | 0.17 [46.14| 5.89
Avg. 0.55 | 2254 465 | 7.93 | 430 | 225 | 107 | 0.06 [23.10| 3.90

S1= free hydrocarbons (mgHC/g); S2= amount of hydrocarbons (mgHC/g); S3= released
carbon dioxide (mg CO2/g); TOC= Total organic carbon (wt.%); Tmax= temperature
maximum (°C); HI (Hydrogen Index) = (S2/TOC) x 100 (mg HC/g TOC); Ol (Oxygen Index)
= (S3/TOC) x 100 (mg CO2/g TOC); PI (Production Index) = S1/(S1+S2); GP (Genetic
Potential) = S1+S2; S2/S3= Hydrogen richness; mg/g= Milligram/gram; wt.= Weight, Min.=
Minimum, Max.= Maximum, Avg.= Average.



Table 8. Modern affinity of recovered palynomorphs along with their habitat and climatic

conditions.
Families Palynotaxa Present- day distribution| Ecological Group
Dicksoniaceae | Dictyophyllidites laevigatus Cosmopolitan Swamps/River banks

Osmundaceae

Osmundacidites Kutchensis

Tropical

Cosmopolitan

Osmundaceae

Todiosporites plicatus

Tropical-subtropical

Sub-aquatic to
swampy

Matoniaceae

Dandotiaspora dilata

Tropical-subtropical

Aquatic to swampy

Polypodiaceae

Polypodiaceoisporites
fossulatus

Cosmopolitan

Grow along the moist
areas

Schizaeaceae

Lygodiumsporites lakiensis

Tropical-subtropical

Freshwater swamp

Schizaeaceae

.Lygodiumsporites
pachyexinus

Tropical-subtropical

Climbing ferns

Spinizonocolpite

Evergreen forest, back

Caesalpiniaceae

Margocolporites sahnii

Tropical-subtropical

Arecaceae Venkatachalae Tropical-subtropical mangrove, Deltaic
Arecaceae Proxapertites Chiefly tropical Climbers in evergreen
microreticulatus forest, Moist temperate
Arecaceae Palmidites maximus Tropical dry forests Coastal i\étreggtreen—ram
Arecaceae Kapurdipollenites gemmatus |  Tropical-subtropical Evergreen forest
Arecaceae Echinate tricolpate pollen Tropical-subtropical Evergreen forest
Arecaceae Neocouperipolis robustus Mostly Tropical Coastal forest
Arecaceae Arecipites wodehousei Tropical to subtropical Coastal i\étreggtreen—ram
Arecaceae Acanthotricolpites spp. Tropics to subtropics Trees in rain forest
. . Palms of lowland
Arecaceae Longapertites spp. Tropics -
evergreen vegetation
- e Member of coastal Coastal vegetation -
Liliaceae Liliacidites sp. :
vegetation freshwater
Bombacaceae Lakiapollis ovatus Tropical to subtropical Swamp :Peilow land
Dermatobrevicolporites . Swamp low land-
Bombacaceae Tropical
dermatus freshwater
Rhizophoraceae Paleosantalaceaepites Tropical-subtropical Freshwater
minutes
Freshwater

swamp/water-edge

Ctenolophonaceae

Ctenolophonidites sp.

Tropical

Cosmopolitan

Mangrove to

Miliaceae Meliapollis sp. cf. M. raoi Tropical-subtropical freshwater
Rubiaceae Retitricolporites sp. Tropical-subtropical Marshy her_b to
Cosmopolitan
Matanomadhiasulcites . Semi-humid rain forest
Annonaceae . Tropical .
maximus adjacent to coast
Ctenolophonaceae| Retistephanocolpites flavatus Tropical Freshwater swamp

Microthyriaceae

Callimothallus pertusus

Tropical to subtropical

Humid Forest

Microthyriaceae

Phragmothyrites eocenicus

Tropical to subtropical

Warm and humid
forest




o
<™ BARODA

BHAVNAGAR

Cambay Shale VagadkholOlpad
I:I {Lower Eocena) Fm (Paleocene) - Deccan Traps E Study area

Fig. 1. Location (a) and geological map (b) of Valia lignite mine in Gujarat state, western
India.
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Fig. 2. A Generalized lithostratigraphic succession of Cambay Basin, western India (after
Bhandari et al., 2005).
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Fig. 3. Litholog of Valia lignite mine showing the lithological units and the sample positions.



Fig. 4. Representative photomicrographs of different macerals of the studied lignite: a)
ulminite (sample V-11), b) textinite (sample V-8), ¢) corpohuminite (sample V-7), d)
densinite (sample V-6), e) sporinite (sample V-9), f) cutinite (sample V-1), g) resinite
(sample V-2), h) alginite (sample V-5), i) suberinite (sample V-4), j) funginite (sample
V-10), k) semifusinite (sample V-3), I) pyrite (sample V-12). Photomicrographs were
taken under reflected white light (a—d and j-1) and in fluorescence mode (e—i).
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Fig. 5. Vertical distribution of different palynofacies components and the facies identified in
the studied succession.



Fig. 6. Representative photomicrographs of palynofacies components: a-b) cuticle (sample
VA-1), c-d) biostructured phytoclast (sample VA-1), e-f) opaque phytoclasts (sample VA-51),
g-h) non-biostructured phytoclast (sample VA-3), i—j) palynomorphs (sample VA-47), k-I)
fungal elements (sample VA-7), m) gelified-amorphous organic matter with fungal (sample
VA-28), n) granular-amorphous organic matter (sample VA-50), 0) zooclast (sample VA-51).
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Fig. 7. Frequency distribution of different palynotaxa recovered in the Valia samples.
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Fig. 8. Palynomorphs recovered from the studied samples: a) Lygodiumsporites lakiensis, Sah and Kar,
1969 (BSIP slide no. 16878); b) Lygodiumsporites pachyexinus, Saxena, 1978 (BSIP slide no.
16879); c¢) Todiosporites kutchensis, Sah and Kar, 1969 (BSIP slide no. 16880); d)
Spinizonocolpites venkatachalae, Saxena and Khare, 2004 (BSIP slide no. 16881); e)
Proxapertites microreticulatus, Jain et al., 1973 (BSIP slide no. 16879); f) Proxapertites
microreticulatus, Jain et al., 1973 (BSIP slide no. 16882); g) Kapurdipollenites gemmatus,
Tripathi, 1994 (BSIP slide no. 16883); h) Echinate tricolpate pollen (BSIP slide no. 16884); i)
Arecipites wodehousei, Samant and Phadtare, 1997 (BSIP slide no. 16885); j-k) Lakiapollis
ovatus, Venkatachala and Kar, 1969 (BSIP slide no. 16886); I) Meliapollis sp. cf. M. Raoi, Sah
and Kar, 1970 (BSIP slide no. 16887); m) Retitricolporites sp. (BSIP slide no. 16888); n)
Paleosantalaceaepites minutes, Sah and Kar, 1970 (BSIP slide no. 16879); o) Retitricolporites
sp. (BSIP slide no. 16889); p) Dermatobrevicolporites dermatus, Kar, 1985 (BSIP slide no.
16890); q) Matanomadhiasulcites maximus, Saxena, 1979; Kar, 1985 (BSIP slide no. 16891);
r) Ctenolophonidites sp. (BSIP slide no. 16880); s) Callimothallus pertusus, Dilcher, 1965
(BSIP slide no. 16881); t) Phragmothyrites eocenicus, Edwards, 1922 (BSIP slide no. 16880).



Fig. 9. Representative photomicrographs of amber arthropod-inclusions: a) Fungus gnat
(Family Mycetophilidae), BSIP specimen no. 41976; b) Ant genus Mymecia
(myrmicinae), BSIP specimen no. 41977; c) Recluse spider (Family Sicariidae), BSIP
specimen no. 41978; d) Non-biting midge (Family Chironomidae), BSIP specimen no.
41979; e) Biting midge (Family Cecidomyiidae), BSIP specimen no. 41980; f) Mouse
spider (Family Actinopodidae), BSIP specimen no. 41981; g) Pseudoscorpion (Order
Pseudoscorpiones), BSIP specimen no. 41982; h) Lestremiinae (Family
Cecidomyiidae), BSIP specimen no. 41983; i) Leptosynini gall midge, BSIP specimen
no. 41984.
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Fig. 10. n-alkane distribution according to SIM m/z 57 in the studied lignite samples. Numbers
correspond to carbons in the n-alkane chain.



V-30 (Carb. shale)
2

V-5 (Lignite)

Relative abundance

50 52 54 56 58 60
>

Retention time (min)

Fig. 11. Sesquiterpenoid and diterpenoid distribution m/z 123 in the studied samples. Numbers

correspond to compounds referred in Table 5.
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Fig. 12. A geographical map representing the palaeoposition of India (during ~55 Ma;
https:/www.odsn.de/osdn/services/paleomap/paleomap.html) and present position of
Borneo.
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Fig. 13. Relationship of depositional settings and mire-type depicted by gelification (GI) and
tissue preservation (TPI) indices (after Diessel, 1992).
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Fig. 14. Relationship between vegetation (V1) and ground water (GWI) indices showing the
vegetation type and hydrological conditions (after Calder et al., 1991).
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Fig. 15.Pristane/n-C17 vs. Phytane/n-Cgs plot of the samples from Valia lignite mine.
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Fig. 16. A plot on Tyson’s APP (Amorphous organic matter-palynomorph-phytoclast)
diagram indicating the depositional fields and kerogen types for the studied samples.
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Fig. 17. Rock-Eval pyrolysis data plots of the Valia samples: a) S2 vs. TOC, b) Hl vs. Ol, c)

Hlvs. TOC, d

) HI vs. Tmax.
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Fig. 18. Plot of atomic H/C vs.
samples.
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O/C ratios on Van Krevelen diagram for the studied Valia



