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Abstract The lignite samples collected from Giral lignite field of Barmer basin have been subjected to petrological

investigation. The data generated has been discussed to understand the evolution of the paleomires of these lignites. The

present study reveals that these low rank C coals are chiefly composed of huminite group macerals, mainly telohuminite

and detrohuminite, while liptinite and inertinite group macerals occur in subordinate amounts. Not much variation in the

maceral composition from Seam-I to Seam-VIII has been observed. Barmer lignites are characterized by a very high GI

([10) and moderate TPI indicating topogenous mire in the basin which was permanently flooded. The GI and TPI values

and the petrography-based facies critical models indicate that these lignites originated mostly under wet forest swamp to

clastic marsh having telmatic to limno-telmatic conditions with a moderate rate of subsidence and a very slow fall in

ground water table. Further, the GWI and VI values are suggestive of mesotrophic to rheotrophic hydrological conditions

having the dominance of herbaceous to marginal aquatic vegetation. There were spells of periodic drowning of peat

especially during the formation of Seam-VII. Moderately high concentration of calcium in these lignites along with the

presence of framboidal pyrite indicate enhanced sulphate-reducing bacterial activity present in carbonate and sulphate-rich

waters in the basin during peat formation.
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1 Introduction

The relation of petrographic elements with the evolution of

peat swamps has been studied by a number of researchers

(Teichmüller 1950, 1962, 1989; Thompson 1951; Teich-

müller and Thompson 1958; Hiltmann 1976; Schneider

1978, 1980; von der Brelie and Wolf 1981; Diessel

1982, 1986; Hunt et al. 1986; Kalkreuth et al. 1991; Singh

and Singh 1996; Singh et al. 2010a, b, 2012a, b, 2013).

There is general agreement on the factors such as the type

of peat-forming flora, climate, geomorphologic, and tec-

tonic framework, but the precise role of these factors is still

a subject of interest and further study. In India, most of the

petrographic studies relating to the evolution of peat

swamps are on Gondwana coals and not much has been

done on lignites. Although, some lignite deposits have been

investigated by Singh et al. (2010a, b, 2012a, b, c), but such

studies are lacking with the Rajasthan lignites, especially

those of the Barmer basin, the current study area (Fig. 1).

Development of Barmer basin is considered as a com-

posite, second-order graben which is indicated by the

presence of Cretaceous-Paleocene volcanogenic sediments

(Sharma 2007). Initially, terrestrial sediments of the Jurassic

to Cretaceous periods were deposited while there was

deposition of coastal, marine, and shallow water sediments

during Paleocene to Eocene period (Sharma 2007). It is

believed that the fragmentation of Gondwanaland during
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Mesozoic caused extensional tectonics in the northwestern

Indian shield. The extensional tectonics continued and

resulted into deep fractures in the continental and oceanic

lithosphere. This led to the development of rift basins in

Gujarat and Rajasthan (Sharma 2007). The Cambay-San-

chor-Barmer rift formed within the continental lithosphere.

Fig. 1 Regional geological map of northern part of Rajasthan showing Barmer Basin (after Roy and Jakhar 2002)
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Lignite was initially reported in this basin, by Oldham

(1886) who carried out systematic mapping. Subsequently,

various aspects of the area were studied by a number of

workers on (La Touche 1902; Bhola 1946; Barooah 1946;

Siddiquie 1963; Deshmukh and Mishra 1971). Siddiquie

and Bahl (1965) initially worked out on the lignite-bearing

Akli Formation (Fig. 2). This Formation has two members,

the lowermost is the Thumbli Member and the upper one is

Akli Bentonite Member (Das Gupta 1974; Sisodia and

Singh 2000). The lower member consists of sandstones,

lignites, and shales which were deposited in a lagoonal,

delta-front setting while the upper one comprises of shal-

low marine bentonite clays. Ash-grey to dark-brown lig-

nitic clay, lignite, clay, and siltstones are associated with

the lignite seams. These lignite seams laterally as well as

vertically grade into carbonaceous clay and lignitic clay.

The occurrence of lignite has been reported from Botiya–

Bharka and Giral area in Barmer basin (Joshi et al. 1990).

The exploratory drilling carried out by Geological Survey

of India (GSI) in the Botiya–Bharka–Thumbli area indi-

cates that the lignite seams are not persistent in quality as

well as quantity (Bhattacharya and Dutta 1985). They

occur at depths of 6–100, 100–160, and 160–241 m from

the surface and are respectively named zones A, B, and C.

The lignite seams maintain low dip of 3�–4� and are spread

over a 3-km strike length and 1.5 km down dip (Jodha

2003). The lignite seams are thin and the individual seams

vary in thickness from 0.3 to 7.20 m (Jodha 2003).

Fig. 2 Litho column showing various rock units in Barmer Basin along with lignite seam profiles at Giral
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Thickness of seams is function of subsidence and peat

accumulation rate (McCabe 1991). Considering the thin

lignite seams in the basin, it appears that peat accumulation

could not keep pace with basin subsidence for long time

and the subsidence exceeded peat accumulation rate. The

sedimentary sequences of Middle Jurassic to Early Eocene

were deposited under shallow marine to fluviatile envi-

ronment (Jodha 2003). In the eastern and central part of the

Barmer basin there is merging of fluvial sediments of Akli

formation with the near shore to shallow inner shelf marine

sediments. The core samples analysed by GSI have yielded

numerous palynomorphs. Their studies have shown the

presence of Proxaperitites, Spinizonocolpites, and spinose

grains in high concentration which are comparable with the

Paleocene–early Eocene sediments of India (Jodha 2003).

Based on the palynotaxa recovered from the Akli succession

of Barmer like Dandotiaspora dilate, Lygodiumsporites

lakiensis, Proxapertites cursus, Kielmeyerapollenites eoceni-

cus, and Palmidites plicatus, Tripathi et al. (2009) assigned a

late Paleocene (Thanetian to Ypresian) age to the Akli For-

mation. They observed relatively high abundance of biode-

graded phytoclasts compared to other lithotypes in the lignite

seams.

The present work aims to study the vertical variation of

petrographic and chemical attributes and based on them

evolution of the paleomire of these lignites has been

discussed.

2 Geological setting

The Barmer basin is a narrow, elongated rift graben

which trends in north–south direction over a length of

100 km. The eastern and western margin of basin is

bounded by faults. Oriented along north–south a number

of sub-basins also occur which run parallel to the basin

edge. The main basin is floored by Malani Igneous

Complex and pre-rift sedimentation of Paleozoic and

Jurassic. Established delta systems formed during post

rift period and are represented by the Mataji-Ka-Donger

and Akli Formations. The Akli Formation comprises of

delta plain and lagoonal shales, sandstones and lignites

with clay rich bentonite.

It is believed that epi-orogenic movements that

occurred during early Jurassic period resulted in subsi-

dence and formation of Kachchh and Sanchor basins in

south and Jaisalmer basin in the central portion. Subse-

quently, the movements during the Late Cretaceous per-

iod caused subsidence as well as fracturing and converted

the Barmer basin into a graben (Compton 2009). The

gravity and magnetic surveys in Jaisalmer and Barmer

were taken during 1955–1956 (Bose 1956). The area has

subsequently been explored in detail for its hydrocarbon

potential through geological and geophysical tools by Oil

and Natural Gas Corporation (ONGC). The Barmer basin

is connected to the Cambay basin through tectonic

embayment. There are numerous cross-trends within the

basin graben which occur in the form of transverse and

oblique faults, uplifts, and geomorphic lineaments. The

formations have a regional trend of NNE–SSW with 3�–
4� dip towards SE. Subsurface data indicates the presence

of several intra-basinal normal oblique and cross faults

consequently forming horst and graben structure (Jodha

2003) and disrupting the lignite occurrences. Based on the

dominance of calcium carbonate, attapulgite, and xero-

phytic flora recovered from the fullers’ earth, it is sug-

gested that arid environment commences during early

Eocene (Jodha 2003).

The general stratigraphic succession of the Barmer basin

based on the informations compiled through several sour-

ces, are furnished in Table 1 while the general geological

map of the area is shown in Fig. 1. The lithocolumn along

with the megascopic seam profile is presented in Fig. 2.

3 Method of study

Lignite samples were collected from Seam-I to Seam-

VIII from Giral mine of Barmer basin, Rajasthan (Fig. 1)

adopting pillar sampling method as per Schopf (1960).

The lignite samples were crushed and reduced in quan-

tity through quartering and coning to prepare 31 com-

posite samples (from 102 number of individual lignite

samples) and were analysed for their petrographic and

chemical composition. The -18 mesh size samples were

used to prepare polished mounts for petrography and

-70 mesh size samples were used for proximate analy-

sis. Maceral analysis was performed on a Leitz Ortho-

plan-Pol Microscope equipped with Wild Photoautomat

MPS-45 in the Coal and Organic Petrology Laboratory,

Centre of Advanced Study in Geology, Banaras Hindu

University. The line-to-line and point-to-point spacing

was 0.4 mm and more than 600 counts were taken on

each sample. The method described by Taylor et al.

(1998) was followed; huminite macerals were termed and

described following ICCP-1994 system (Sykorova et al.

2005) whereas the recommendations of ICCP (2001) was

followed for the inertinite macerals. The proximate

analysis was carried out following BIS (2003). The

elemental analysis (C, H, N, O, and S) was performed at

CMPDI, Ranchi. The vitrinite/huminite reflectance was

measured at National Metallurgical Laboratory,

Jamshedpur and a minimum of 200 measurements were

taken on each sample. The Rock–Eval-6 pyrolysis has

been carried out at Research and Development, Oil India

Ltd, Duliajan, Assam.
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4 Result and discussion

4.1 Petrographic composition

Megascopically, the lignite seams consist dominantly of

stratified black bands. Most of the bands contain patches of

resin which is visible and few of them also show specks of

pyrite. The lignites of Barmer basin are composed chiefly of

huminite-group macerals while liptinite and inertinite group

of macerals occur in subordinate amounts (Table 2a, b).

There is not much variation in the maceral composition from

Seam-I to Seam-VIII. Huminite (85.9 vol%, mean of all the

seams on mmf basis) comprises mainly telohuminite and

detrohuminite. Telohuminite is mainly composed of ulmi-

nite-A (24.4 %) and ulminite-B (20.9 %). Detrohuminite

comprises densinite (32.2 %) and attrinite (7.6 %). Gelo-

huminite is present in very small amount. Textinite rarely

occurs in these lignite seams and mostly shows lamellar

structure. Ulminite is normally homogeneous in nature and

at places fractures have been observed which are filled up

Table 1 General stratigraphic succession in the Barmer Basin, Rajasthan (compiled after Deshmukh and Mishra 1971; Das Gupta 1974;

Bhandari 1999)

Age Formation Lithology Fossils Thickness

(m)

Recent Dune sand and sediments Alluvium, sands, river alluvium and

gravel wash

Sub-recent and (?) older Uttarlai Formation Thin gypsum- limestone and salt

sequence, with unconsolidated sands,

kankar and gravel beds

3–4

Unconformity

Eocene Kapurdi formation Lacustrine Fuller’s earth deposits (?)

interbeded with marine bioclastic

limestone

Molluscs, echinoids,

fishes, carbonaceous

plant remains etc.

30

Mataji Ka Dungar formation Shallow marine orthoquartzite and hard

sandstone with pisolites and ball clay

and impure bentonitic clay bands at the

base

– 180

Unconformity

Akli Formation

Akli Bentonite member

Thumbli member

Volcanogenic bentonite sequence at the

top and sandstone, lignite sequence in

the basal part

Leaves pollen, spores,

forams, ostracods and

molluscs

280

Paleocene Barmer Formation

Mandai member

Barmer hill member

Shallow marine sandstone with rare plant

fossils and orthoquartzite bands grading

into conglomerate, sandstone with plant

fossils and volcanogenic clay

80

Fategarh Formation fategarh

scarp member

Vinjori Member

Sandsone layer with mixed bivalve and

gastropod casts at the top, Dominatly of

ochrous clay bands, variegated sandy

siltstone and sandstone sequence with

coquina beds

Molluscs, echinoid bone

fragments, for ams and

plant remain

520

Volcanic Formation (?) Acid to basic volcanic rocks mainly in

form of sills and dykes and local

intrusive porphyrites

Intrusive contact

Cretaceous Sarnu Formation Indurated, terrestrial sandstone and

siltstone with plant fossils

80

Unconformity

Callovo-Oxfordian Jaisalmer Formation Marine, fossiliferous, arenaceous

limestone

15

Bathonian to Lias Lathi Formation (?) Terrestrial arenaceous sequence with

wood fossils and fossiliferous tree trunk

Wood and leaves

Precambrian Malani Suite of Igneous rocks Rhyolite and granite
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with argillaceous minerals. Rounded to oval corpohuminite,

usually occurs in clusters associated with ulminite. Among

liptinites (8.8 vol%, mean of all the seams on mmf basis),

resinite (5–40 lm) (5 %) sporinite (1.1 %), cutinite (0.5 %)

are common. Few sections show megaspores and megacu-

ticles. Few patches of suberinite are seen showing clearly

developed cortex cells. Bituminite grains in few patches

were also identified under UV light. Among inertinites

(5.3 vol%, mean of all the seams on mmf basis), fusinite

(2.2 %) with bogen structure was observed, especially in

Seam-IV and VIII; funginite is common and occurs as

telutospore as well as multichambered bodies of oval to

rounded shape having up to 70 lm in size. Seam-I and

Seam-VI from Giral mine have shown good fungal bodies.

Mineral matter (11.6 vol%, mean of all the seams) occurs in

moderate concentration in all the seams at Giral mine

(Table 2a, b). Characteristic macerals are shown in pho-

tomicrographs (Fig. 3). The relative abundance of maceral

groups and mineral matter of various seams in the Giral

lignite mine is shown in Fig. 4.

Analysis of microlithotype has been performed

simultaneously with maceral counting and is based on

the classification scheme of Singh et al. (2010a, b).

Humite (76.5 vol%, mean of all the seams) is the

dominant microlithotype in all the lignite samples of

Barmer basin. Other monomacerites (liptite and inertite)

and bimacerites (clarite-H, clarite-E, huminertite-H,

huminertite-I, durite-I and durite-E) occur in small con-

centrations. The details of the microlithotypes are fur-

nished in Table 2b.

Table 2a Maceral composition (vol%) of Barmer Basin lignite, Rajasthan

Seam no. VIII VII VI V IV III II I Mean of all seams

Maceral

Textinite-A 0.0 0.2 0.0 0.0 0.1 0.0 0.0 0.1 0.0

Textinite-B 0.0 0.4 0.2 0.0 0.0 0.2 0.1 0.1 0.1

Ulminite-A 23.9 10.9 28.0 19.8 22.9 18.6 23.2 25.6 21.6

Ulminite-B 18.0 10.5 13.9 17.3 24.7 21.5 19.4 22.6 18.5

Attrinite 11.1 9.3 2.4 10.7 6.6 3.8 5.6 4.0 6.7

Densinite 18.5 47.3 31.7 27.6 20.8 33.3 26.7 21.6 28.4

Phlobaphinite 1.0 0.4 0.0 0.6 0.9 0.3 0.5 0.9 0.6

Total 72.4 79.1 76.1 75.9 76.0 77.7 75.4 74.8 75.9

Sporinite 1.4 0.6 2.0 0.2 0.7 0.7 1.5 0.9 1.0

Cutinite 0.8 0.8 0.2 0.2 0.3 0.2 0.7 0.6 0.5

Resinite 4.9 6.2 3.7 4.1 4.4 4.4 4.2 3.9 4.5

Suberinite 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0

Liptodetrinite 1.2 1.2 1.0 1.2 1.4 1.8 1.6 1.5 1.3

Bituminite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Fluorinite 0.4 0.0 0.4 0.6 0.4 0.0 0.4 0.4 0.3

Alginite 0.0 0.2 0.0 0.2 0.6 0.1 0.1 0.1 0.2

Total 8.7 9.0 7.6 6.4 7.7 7.2 8.5 7.5 7.8

Micrinite 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Macrinite 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Semifusinite 1.8 0.4 2.9 1.2 3.0 1.3 2.0 1.3 1.7

Fusinite 3.6 0.2 0.8 1.9 3.3 0.6 3.4 2.2 2.0

Funginite 0.2 0.2 0.6 0.2 0.1 0.2 0.5 0.6 0.3

Secretinite 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.0

Inertodetrinite 0.2 0.0 0.0 1.2 1.5 0.4 0.7 0.6 0.6

Total 6.3 0.8 4.3 4.5 7.8 2.6 6.6 4.7 4.7

Sulphide 1.4 1.8 1.6 1.6 0.9 1.9 1.5 2.3 1.6

Carbonate 0.8 0.6 0.8 1.0 0.4 0.7 0.7 0.7 0.7

Argillaceous 10.5 8.8 9.6 10.7 7.2 10.0 7.3 10.0 9.2

Total 12.6 11.1 11.9 13.2 8.5 12.5 9.5 13.0 11.5

Seams V–VIII have 3 composite samples each; Seam IV has 4 composite samples; and Seams I–III haves 5 composite samples each
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4.2 Chemical attributes

Proximate analysis indicates that Barmer lignites have a

moderate ash content (mean 17.0 wt% of all I-VIII seams)

while seam-IV has a low ash yield of 10.0 %. The mean

volatile matter (daf) content for all the seams is 56.3 %.

The details of the proximate constituents are given in

Table 3. Ultimate analysis indicates that these lignite

seams contain 70.7 % carbon, 4.8 % hydrogen, 1.9 %

nitrogen, 2.1 % sulphur, and 20.5 % oxygen (mean values

of all the seams on daf basis). The average H/C and O/C

ratios are 0.8 and 0.2 respectively. The details of chemical

analyses are furnished in Table 3.

4.3 Vitrinite reflectance and thermal maturity

Barmer lignites have attained a thermal maturity up to

0.23–0.34 percent vitrinite reflectance (VRr) which may

assign them ‘low rank C’ coals as per ISO-11760 (2005).

The Tmax values in these lignites vary from 397 to 413 �C
which maintains a strong positive correlation with VRr

(r = 0.68) complementing each other. The immaturity of

these lignites is also reflected in the H/C–O/C plot (Fig. 5).

Further, Cdaf maintains strong sympathetic correlations

with vitrinite reflectance (r = 0.60) and with Tmax

(r = 0.63) in these lignites. VRr maintains negative cor-

relation with O/C (r = -0.61) and with H/C (r = -0.03)

atomic ratios. This shows that coalification of these lignites

is characterized by gain of carbon and loss of hydrogen and

oxygen. This is also substantiated by a strong negative

correlation (r = -0.95) between oxygen index (OI) and

hydrogen index (HI) (Table 4).

4.4 Depositional environment

Barmer lignites are strongly gelified because of anaerobic

processes. True signatures of environment of the paleomire

are imprinted on macerals as they directly relate to plants

and environment. Presence or absence of certain macerals

is related to the paleo depositional environment (Te-

ichmüller 1989). Peat forming plant communities, nutrient

supply, bacterial activity, types of deposition, temperature,

Table 2b Maceral composition (vol%) of mineral matter free basis of Barmer Basin lignite, Rajasthan

Seam no. VIII VII VI V IV III II I Mean of all seams

Textinite-A 0.0 0.2 0.0 0.0 0.1 0.0 0.0 0.1 0.1

Textinite-B 0.0 0.4 0.2 0.0 0.0 0.2 0.1 0.1 0.1

Ulminite-A 27.3 12.3 31.8 22.8 25.1 21.3 25.6 29.3 24.4

Ulminite-B 20.5 11.9 15.8 19.9 27.0 24.6 21.4 25.9 20.9

Attrinite 12.6 10.5 2.7 12.3 7.2 4.3 6.2 4.7 7.6

Densinite 21.2 53.2 36.0 31.8 22.7 38.1 29.5 24.9 32.2

Phlobaphinite 1.1 0.4 0.0 0.7 1.0 0.4 0.5 1.1 0.6

Total 82.8 89.0 86.4 87.5 83.0 88.9 83.3 86.0 85.9

Sporinite 1.6 0.7 2.2 0.2 0.8 0.8 1.7 1.1 1.1

Cutinite 0.9 0.9 0.2 0.2 0.3 0.2 0.8 0.7 0.5

Resinite 5.6 6.9 4.2 4.7 4.8 5.0 4.7 4.5 5.0

Suberinite 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.1

Liptodetrinite 1.4 1.3 1.1 1.3 1.5 2.0 1.7 1.7 1.5

Bituminite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Fluorinite 0.5 0.0 0.4 0.7 0.4 0.0 0.4 0.5 0.4

Alginite 0.0 0.2 0.0 0.2 0.6 0.1 0.1 0.2 0.2

Total 9.9 10.1 8.7 7.4 8.4 8.2 9.4 8.6 8.8

Micrinite 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Macrinite 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1

Semifusinite 2.0 0.4 3.3 1.3 3.2 1.4 2.2 1.4 1.9

Fusinite 4.1 0.2 0.9 2.2 3.6 0.7 3.8 2.5 2.2

Funginite 0.2 0.2 0.7 0.2 0.1 0.2 0.5 0.7 0.4

Secretinite 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.0

Inertodetrinite 0.2 0.0 0.0 1.3 1.6 0.5 0.8 0.7 0.6

Total 7.2 0.9 4.9 5.1 8.5 2.9 7.3 5.4 5.3

Seams V–VIII have 3 composite samples each; Seam IV has 4 composite samples; and Seams I–III haves 5 composite samples each
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pH and redox potential are the main controlling factors that

characterize a coal (Teichmüller et al. 1998a, b; and Lin

and Tian 2011). Inundation in the basin enhances the

clastic mineral matter supply in the basin which is reflected

in the coal by high ash yield. Reconstruction of the envi-

ronment of paleomire of Barmer lignite basin has been

attempted using petrography-based models. Cohen and

Spackman (1972), Styan and Bustin (1983), Cohen et al.

(1987), Calder et al. (1991), Grady et al. (1993), Hawke

et al. (1996), Singh and Singh (1996), Shearer and Clark-

son (1998), Sun et al. (1998), Jasper et al. (2010), Singh

et al. (2010a, b), (2012a, b, c), Deng and Sun (2011), and

have successfully reconstructed the paleoecological envi-

ronment using petrological studies.

Diesel (1986) used gelification index (GI) and tissue

preservation index (TPI) for characterizing the paleomire

Fig. 3 Characteristic photomicrographs in the lignites of Barmer basin: a ulminite (U) with cracks; b ulminite and pyrite (Py); c ulminite,

phlobaphinite (Ph) and densinite (D); d textinite (T) showing compressed cell cavities; e textinite showing lamellar strcture; f attrinite (A),

resinite (R) and inertodetrinite (Id); g fusinite (Fu); h fusinite showing elongated cells; i attrinite, funginite (F) and macrinite (Ma); j suberinite
(Sb); k cutinite (Cu) and sporinite (Sp); l megasporinite (Sp)

Peat swamps at Giral lignite field of Barmer basin, Rajasthan, Western India… 155

123



of Permian coals of Australia. Less-humified structured and

strongly-humified unstructured tissue-derived macerals

reveal vegetation type and degree of humification (Diesel

1992). While a high subsidence rate of a basin is reflected

by high TPI and wood-derived tissues, a low TPI is

indicative of subsidence with enhanced humification due to

dominating herbaceous vegetation in the mire. On the other

hand, the degree of gelification of huminite macerals is

indicated by GI which differentiates gelified macerals from

the ungelified ones. A continuous presence of water is

prerequisite for gelification and fluctuation in water

table affects GI because during the periods of drier spells

inertinites would form. Many researchers have used paly-

nological and paleobotanical data which provides higher

precision in the determination of paleoenvironment (Calder

1993; Collinson and Scott 1987). Moreover, several

researchers made serious remarks for using these indices

for low-rank coals (Lambersen et al. 1991; Crosdale 1993;

Dehmer 1995; Wüst et al. 2001; Scott 2002a, b; Moore and

Shearer 2003; Amijaya and Littke 2005). As a result of

Fig. 3 continued
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this, few researchers used a combination of petrographic,

organic geochemical, and/or isotope data to understand the

environment of paleomire (Bechtel et al. 2002, 2003; Singh

et al. 2013) while few researchers modified these indices

for low-rank coals (Kalkreuth et al. 1991; Petersen 1993;

Flores 2002).

It is often argued about the inclusion of inertinite mac-

erals in the formula because inertinites may be washed or

blown in the mire system or it may result due to crownfires

and not necessarily a result of dry condition (Calder et al.

1991; Scott 2002a, b). Further, Moore and Shearer (2003)

believe that coal type is related to degree of degradation of

peat and not a function of climate, depositional environ-

ment, or tectonic setting. Mineral matter also provides

important clue for environmental interpretation (Amijaya

and Littke 2005; Singh and Singh 1996).

For the present study the indices have been calculated as

per Petersen (1993) to reconstruct the environment of

paleomire.

Barmer lignites are characterized by a very high GI and

moderate TPI which are indicative of a continuous wet

condition prevailing in the basin and a moderate subsi-

dence rate during the decay of organic matter. Hoekel

(1989) believes that intensive gelification of plant tissues

results from acid ground water which is because of marine

influence. This could also be the case with Barmer lignites.

The detrital huminite relates to decay of plant material

under telmatic to limno-telmatic environment. GI values

exceeding 10 in all the seams indicate a topogenous mire in

the Giral lignite field of Barmer basin which was perma-

nently flooded. The GI and TPI values indicate that the

these lignites originated mostly under wet forest swamp to

Fig. 4 Vertical variation of petrographic constituents in the lignites of Barmer at Giral and Kapurdi
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clastic marsh having telmatic to limno-telmatic condition

(Fig. 6) with a moderate rate of subsidence and a very slow

fall in ground water table. The correlation between TPI and

argillaceous mineral matter and also between GI and

argillaceous mineral matter is insignificant in the investi-

gated area. The Barmer lignites are moderately high in

sulphur content which could be due to their association

with brackish water. Several authors have observed such

associations. Elevated sulphur content reveals that either

the peat is connected to brackish water (Bustin and Lowe

1987; Casagrande 1987) or the seam is overlain by marine

sediments (Cohen et al. 1984). This can be further sub-

stantiated by the studies on modern peats being formed

under marine influence which have revealed the enrich-

ment of sulfur due to sulphate reducing bacteria. This also

results into precipitation of pyrite in peat (Querol et al.

1989; Phillips et al. 1994). A strong positive correlation

(r = 0.850) between sulphur and ash further indicates that

pH of the paleomire was raised due to infilling water which

kept diluting humic acids. The pH would have been further

raised by the carbonate-rich surface waters. This could

have attributed for the higher sulphur content. The positive

correlation between ash content and sulphur content further

suggests that clastic sedimentation enhances the tree den-

sity and tissue preservation in the Barmer basin. Similar

observation was also noticed in Nagaland coals of north-

eastern India (Singh et al. 2012a, b, c).

The influence of ground water on the environment of

paleomire has been emphasised by Calder et al. (1991) and

he used ground water influence index (GWI) and vegeta-

tion index (VI). Mires form in successive variations

between rheotrophic and ombrotrophic hydrological con-

ditions. Rheotrophic hydrological condition is character-

ized by relatively more high GWI values ([1) while

ombrotrophic to mesotrophic paleoenvironments are char-

acterized by low GWI values (\1). GWI values [5 are

indicative of drowning of peat. The GWI and VI values of

lignites of Barmer basin is suggestive of mesotrophic to

rheotrophic hydrological conditions (Fig. 7) having the

dominance of herbaceous to marginal aquatic vegetation.

There were spells of periodic drowning of peat, especially

Table 3 Microlithotype composition (vol%) of Barmer Basin lignite, Rajasthan (as per classification scheme of Singh et al. 2010a, b)

Item Seam no. VIII VII VI V IV III II I Mean of all seams

Microlithotype Humite 71.9 81.2 78.2 78.3 77.6 77.1 74.2 73.7 76.5

Liptite 3.8 3.4 2.4 2.8 2.9 2.8 3.8 2.9 3.1

Inertite 3.0 0.4 1.8 1.6 3.2 1.1 2.8 2.1 2.0

Clarite-H 2.4 2.0 1.8 1.4 2.1 1.9 2.1 1.8 1.9

Clarite-E 1.8 1.2 1.4 0.4 1.5 1.5 1.5 1.2 1.3

Huminertite-H 2.0 0.6 1.6 1.8 2.7 1.3 2.2 1.8 1.8

Huminertite-I 1.4 0.0 1.0 0.8 1.6 0.6 1.2 0.8 0.9

Durite-I 1.2 0.4 0.8 0.6 0.8 0.7 0.7 0.4 0.7

Durite-E 0.2 0.0 0.2 0.4 0.3 0.4 0.2 0.3 0.3

Total 87.6 89.2 89.1 88.1 92.6 87.3 88.8 85.0 88.5

Carbominerite Carbargilite 9.5 8.1 8.3 9.8 5.2 9.9 8.8 11.7 8.9

Carbopyrite 2.2 1.8 2.0 1.6 1.3 2.0 1.9 2.4 1.9

Carbankerite 0.6 0.6 0.4 0.6 0.8 0.5 0.4 0.7 0.6

Carbopolyminerite 0.2 0.4 0.2 0.0 0.2 0.3 0.2 0.3 0.2

Total 12.5 10.9 10.9 12.0 7.4 12.7 11.2 15.0 11.6

Seams V–VIII have 3 composite samples each; Seam IV has 4 composite samples; and Seams I–III haves 5 composite samples each

Fig. 5 Position of Barmer lignites in Van Krevelen diagram of H/C

versus O/C atomic ratios (modified from Van Krevelen 1961)
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during the formation of Seam-VII. Variation of GI, TPI,

GWI, and VI values from Seam-I to Seam VIII in Barmer

basin is shown in Fig. 8. A ternary facies model based on

maceral composition, modified from Mukhopadhyay

(1986), has been used to understand the environment of

deposition of Barmer lignites. The plots are not exactly

within the field of either forest swamp or reed marsh.

Nevertheless, the plots cluster more towards forest swamp

with tissue preservation (Fig. 9). For Rajpardi Eocene

lignite deposit of adjacent Cambay basin, Singh et al.

(2012a, b, c) proposed a ternary model based on macerals

and clastic minerals. The plots of Barmer lignites on this

model (Fig. 10) suggest that these lignites originated in wet

moors with moderate to high flooding. The tissue preser-

vation was moderate, but few sections have shown low

preservation of tissue which is also reflected in the TPI

values. Calcium-rich coals are understood to suffer severe

structural decomposition through bacterial activity leading

to the formation of humic gels (Teichmüller et al. 1998a).

Subsequently, the bacterial degradation of the plant

remains will lead to bacterial reduction of sulphates and

ulminites would be formed in high concentration. Further,

Teichmüller et al. (1998a) believe that presence of sub-

stantial amount of detrohuminite favours its formation

under aerobic condition. Kuder et al. (1998) have discussed

the tectonic implications of peat beds. The concentration of

moderately high concentration of calcium (1.2 %–

4.7 wt%) in the Barmer lignites along with the presence of

framboidal pyrite indicate enhanced sulphate-reducing

bacterial activity present in the carbonate- and sulphate-

rich waters of the basin at the time of peat formation which

is in agreement with the views of Kuder et al. (1998) and

Teichmüller et al. (1998a). Marine influence in the Barmer

basin is indicated by pyrite framboids which formed

through the bacterial activity.

On the basis of sedimentological studies, Sisodia and

Singh (2000) believe that the Akli Formation was formed

over a flood plain which suffered marine incursion. Habib

et al. (1994) suggested its formation close to the pale-

oshoreline on the basis of terrestrial organic matter and

dinoflagellate cysts recovered from the black shales and

Table 4 Summary of proximate and ultimate constituents (wt %) of various lignite seams of Barmer Basin, Rajasthan

Seam Ash (%) Dry ash free basis TOC (%) Lithotype

VM FC C H N S O

Seam-I 23.0 59.4 40.6 73.1 5.0 2.1 2.3 17.5 32.5 Stratified black

Seam-II 15.6 54.6 45.4 72.1 4.7 1.9 2.0 19.3 41.6 Stratified black

Seam-III 19.4 54.6 45.4 70.7 4.1 2.0 2.1 21.1 53.8 Stratified black

Seam-IV 9.2 54.0 46.0 72.4 4.9 1.7 1.9 19.0 51.0 Stratified black

Seam-V 18.3 59.2 40.8 69.9 5.2 2.0 2.0 20.9 35.4 Stratified black

Seam-VI 14.6 61.7 38.3 69.8 4.9 1.9 2.0 21.4 NA Stratified black

Seam-VII 13.0 53.7 46.3 71.6 4.8 1.9 2.0 19.6 14.8 Stratified black

Seam-VIII 16.9 56.8 43.2 66.0 4.9 1.8 2.0 25.3 42.5 Stratified black

Seams V–VIII have 3 composite samples each; Seam IV has 4 composite samples; and Seams I–III haves 5 composite samples each

Fig. 7 Plots of ground water influence index (GWI) versus vegeta-

tion index (VI) for the lignites of Barmer basin (after Calder et al.

1991)

Fig. 6 Coal facies determined from Gelification Index (GI) and the

Tissue Preservation Index (TPI) in relation to depositional setting and

type of mire for the lignites of Barmer basin (modified from Diessel

1986)
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gray clay. Tripathi et al. (2009) speculated that the Akli

Formation was formed in a paleoshoreline having exten-

sive swamps which were fringed by abundant mangrove

Nypa palms. They have reported the abundance of tropical

flora such as pteridophytic spores. Further, the presence of

Microthyriaceous fungal fruits indicates warm and humid

condition and high precipitation.

The depositional environment of coal also influences its

sulphur content (Berner and Raisewell 1983; Littke et al.

1991; Lallier-Vergès et al. 1997; Jasper et al. 2010). Since

sea water contains high sulphur as compared to fresh water,

it is generally observed that the coal seams overlain by

marine horizons are enriched in sulphur content. Berner

and Rsaisewell (1983) suggested that S/TOC ratio of fresh

water sediments is less than that in marine sediments. The

S versus TOC plot (after Jasper et al. 2010) for the Barmer

lignites is shown in Fig. 11. In this plot Jasper et al. (2010)

grouped the coals in three domains. Group A is for coals

with high TOC and low sulphur content (\2 %), such as

evolved under ombrogenous mires having raised bogs fed

by rainwater. Group C is characterized by coals having

high-sulphur content and formed as topogenous mires.

Group B shows an intermediate condition. Most of the

lignites samples of the Barmer basin fall within Group C

and represent a topogenous condition of formation. How-

ever, three samples belonging to one each from seams-I, V,

and VII of the Giral mine having less than 30 % TOC fall

out of Group C. This is also in agreement with the result

obtained through the ground water index of Calder et al.

Fig. 8 Variation of GI, TPI, GWI and VI with depth in the lignites seams of Barmer Basin

Fig. 9 Ternary diagram illustrating facies- critical maceral associa-

tions in lignites of Barmer Basin and suggested peat forming

environments (modified from Mukhopadhyay 1986)

Fig. 10 Peat forming environment of lignites of Barmer basin based

on microlithotype (after Singh et al. 2012a, b, c)
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(1991). Haq et al. (1987) discussed the Early Paleogene

eustatic sea level rise of 70–140 m higher than the present

day sea level. This is supported by the records preserved in

the late Paleocene-early Eocene sedimentary sequences

formed due to global transgressions during 58.5–52.8 Ma

(Sluijs et al. 2008). Further, Haq et al. (1987) and Har-

denbol et al. (1998) have suggested that during 55–52 Ma

the eustatic sea-level curve was high in spite of small scale

fluctuations. The ternary model of Singh et al. (2010a, b)

based on microlithotype composition of lignites, which was

initially proposed for understanding the paleodepositional

environment of Vastan Eocene lignite deposit of adjacent

Cambay basin, also supports this view. The data of Barmer

lignites on this model indicates that they formed in a wet

moor with moderate flooding where increasing bacterial

activity prevailed. Due to very high concentration of

huminite the samples are clustered towards ‘A’ corner

(Fig. 12).

5 Conclusions

In the present study the lignites of the Barmer basin (Ra-

jasthan) have been subjected to petrological and chemical

analyses to understand the evolution of their peat forming

paleomires. The basin is the northward extension of the

Cambay rift basin which is considered as a composite,

second-order graben. The lignites occur in the Akli For-

mation. Its lower member is comprised of sandstones,

lignites, and shales while the upper member contains

bentonite clays. These lignite seams laterally and vertically

grade into carbonaceous clay and lignite clay. The lignite

seams are thin and the individual seams vary in thickness

from 0.3 to 7.20 m. Based on the present investigation, the

following conclusions may be drawn:

(1) Megascopically, the lignite seams consist domi-

nantly of stratified black bands, most of which

contain patches of megascopic resin and a few of the

lignites also show specks of pyrite.

(2) The lignites of the Barmer basin are chiefly

composed of the huminite group of macerals while

the liptinite and inertinite group macerals occur in

low concentrations. There is not much variation in

the maceral composition from Seam-I to Seam-VIII.

Huminite (85.9 vol%, mean of all the seams on mmf

basis) is comprised mainly of telohuminite and

detrohuminite. Telohuminite is mainly contributed

by ulminite-A (24.4 %) and ulminite-B (20.9 %).

Detrohuminite consists of densinite (32.2 %) and

attrinite (7.6 %). Gelohuminite is present in very

small amounts. Among the liptinites (8.8 vol%,

mean of all the seams on mmf basis), resinite

(5–40 lm) (5 %) sporinite (1.1 %), cutinite (0.5 %)

are common. Few sections show megaspores and

megacuticles. Few patches of suberinite are seen,

showing clearly developed cortex cells. Among the

inertinites (5.3 vol%, mean of all the seams on mmf

basis), fusinite (2.2 %) with bogen structure was

observed especially in Seam-IV and VIII. Seam-I

and Seam-VI from the Giral mine have shown good

fungal bodies. Mineral matter (11.6 vol%, mean of

all the seams) occurs in moderate concentration in all

the seams of the Giral mine.

(3) These lignites have a moderate ash content (mean

17.0 wt% of all I–VIII seams) while seam-IV has a

low ash yield of 10.0 %. The mean volatile matter

(daf) content for all the seams is 56.3 %. Vitrinite

reflectance (VRr) of 0.23 %–0.34 % assigns them as

‘low rank C’ coals. The Tmax values in these lignites

vary from 397 to 413 �C, which has a strong positive

correlation with VRr (r = 0.68).

Fig. 11 Plot of sulphur (wt%) versus TOC (wt%) for the lignites of

Barmer Basin

Fig. 12 Peat forming environment of lignites of Barmer Basin based

on microlithotype (after Singh et al. 2010a, b)
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(4) The Barmer lignites are characterized by a very high

GI and moderate TPI which are indicative of a

continuous wet condition prevailing in the basin with

a moderate subsidence rate. GI values exceeding 10

in all the seams indicate topogenous mire in Barmer

basin which was permanently flooded. The GI and

TPI values and the petrography-based facies models

indicate that the Barmer lignites originated mostly

under wet forest swamp to clastic marsh having

telmatic to limno-telmatic condition with a moderate

rate of subsidence and a very slow fall in ground

water table. Considering the thin lignite seams in the

basin, it appears that peat accumulation could not

keep pace with basin subsidence for long time and

the subsidence exceeded peat accumulation rate. The

strong positive correlation (r = 0.850) between ash

content and sulphur content suggests that clastic

sedimentation enhances the tree density and tissue

preservation in the Barmer basin.

(5) The GWI and VI values of lignites of Barmer basin

are suggestive of mesotrophic to rheotrophic hydro-

logical conditions having the dominance of herba-

ceous to marginal aquatic vegetation. There were

spells of periodic drowning of peat, especially during

the formation of Seam-VII. The moderately high

concentration of calcium (1.2 %–4.7 wt%) in the

Barmer lignites along with the presence of fram-

boidal pyrite are suggestive of enhanced sulphate-

reducing bacterial activity in the carbonate and

sulphate-rich waters of the basin at the time of peat

formation.
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