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Abstract Lignite samples collected from Vastan, Rajpardi and Tadkeshwar lignite mines of Cambay basin (Gujarat) were
subjected to organic petrographic investigations and geochemical analyses and the data, thus generated, is used to
reconstruct the paleodepositional history of these lignite sequences. The lignites of Cambay basin dominantly comprise
huminite maceral group (71.6%-86.3%) followed by liptinite (10.1%—-19.3%) and inertinite (3.6%—11.0%) maceral groups.
The mineral matter varies from 9.0% to 20.0%. The petrography based facies model indicates that these lignites have high
values of gelification index (GI) and low tissue preservation index revealing a continuous wet condition in the basin and a
relatively slower rate of subsidence during the decay of organic matter. On several occasions, during the formation of
seams in Tadkeshwar, Rajpardi and Vastan mines, the value of GI exceeded 10 which indicates a forest permanently
flooded and the cause of pronounced degree of degradation. However, few sections in Tadkeshwar seam had relatively
drier spells of environmental conditions due to fluctuation in the water table as revealed by moderately high content of
inertinite macerals. This is specially indicated by the occurrence of funginite which normally thrives in the upper oxy-
genated peatigenic layer and indicates prevalence of oxic conditions during plant deposition. Such conditions prevailed
during a transgressive phase but there were intermittent fluvial activities also giving rise to supratidal flood plain as
reflected in the form of associated carbonaceous shales in the basin.
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1 Introduction

In Gujarat, the lignite deposits are found mainly in Cambay
Basin (Tadkeshwar, Rajpardi and Vastan lignite mines),
Kachchh Basin (Panandhro and Matanomadh lignite mines)
and Saurashtra Basin (Bhavnagar lignite mine). Cambay
Basin is located in the northwest part of the Indian craton,
covering an area of 59,000 kmz, with a length of 425 and
13 km wide in the central part. It extends from 21° to 25°N
latitudes and 71° 15’ to 73° 30’ E longitudes in the state of
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Gujarat and partly in Rajasthan (Pandey et al. 1993). The
lignite seams in this region lie unconformable on the
weathered trap on lithomargic clay.' There is almost 200 m
thick muddy succession in Vastan lignite field which has
been differentiated into three stratigraphic units- succession-
A, succession-B and succession-C. They directly lie over the
Deccan traps. The 45 m thick succession-A is the lignite
bearing and consists of greenish grey shales, carbonaceous
shales and shell carbonates apart from lignite (Garg et al.
2008). Mc Cann (2010) considers the shell rich beds (car-
bonate facies) as Chenier ridge. Further, he believes that the
carbonaceous shale litho-facies and the greenish grey shale
litho-facies are part of mudstone facies. Prasad et al. (2013)
found the carbonaceous shale litho-facies to be associated

! Lithomargic clay is normally fine grained, brown in color and
amorphous in nature.
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with the lignite litho-facies and linked them to marsh land;
and considered the greenish grey shale facies formed under
bay environment. They have shown that successions B and C
essentially comprise of mud which are deposited in
supratidal mudflats under dry condition.

Geologically, these deposits belong to Eocene age (Saxena
1979; Singh and Singh 2005; Balasubramanyan 2006; Sahni
etal. 2006; Singh et al. 2010a, b, 2012a, b, 20164, b). Lignites,
along with mud rich sediments and siderites from Rajpardi,
Vastan, and Tadkeshwar, were deposited in a predominantly
low-energy, near-shore/coastal setting as confirmed by
McCann (2010). Presence of shales along with lignite seams
also indicates intermittent fluvial activities (Singh et al.
2010a, b; Prasad et al. 2013). Home et al. (1978) have dis-
cussed the cyclic occurrence of coal and marine and non-
marine biota successively in the younger beds. It would be
interesting to see the position of Cambay basin closer to
equator during the Early Eocene period. The northward drift
of Indian Plate during Cretaceous to Eocene period is shown
in Fig. 1a. Considerable work on sedimentation, stratigraphy,
structures and depositional environments of the Tertiary
sediments has been carried out by ONGC in Surat and
Bharuch districts. Significant contributions, in this respect,
have also been made by Rao (1969), Sudhakar and Basu
(1973), Dutta et al. (2011). Some important references on the
study of coals and lignites of Gujarat include those of Saxena
(1979); Pareek (1981); Singh and Singh (2003, 2005); Sahni
et al. 2006; Joshi (2007); Singh et al. (2010a); Thakur et al.
(2010); Duttaetal. (2011); Singh (2012) and Rao et al. (2013).
Studies carried out so far have shown that a significant Ter-
tiary hydrocarbon belt extends through the Sanchor—Meh-
sana—Ahmedabad—Tarapur—Broach—Surat regions of Gujarat
which continues further to the Barmer region of Rajasthan
(Mathur et al. 1968; Biswas 1987, 1992). Nevertheless, fur-
ther study is required to understand the hydrocarbon potential
of this region and its controls.

Lignite, when exposed to the atmosphere develops
cracks and splits into small pieces due to moisture loss. It
contains resin patches, pyrite and minerals such as marc-
asite, siderite and chalcopyrite. The focus of the present
research work encompasses the lignite deposits of the
Cambay basin of Gujarat in a view to understand the
petrological and geochemical attributes of the lignite
deposits of Gujarat, because very little petrological data
exists about these lignites as compared to the wealth of
literature available on Indian Gondwana coals.

2 Geology of Cambay basin
The Cambay Basin, situated in the northwestern part of

Indian craton, is a narrow elongated rift-graben which
came in to existence as a result of rifting in the early

Paleocene. Saurashtra craton lies on the west of Cambay
Basin while Aravalli is located in the northeast, and Dec-
can lies in the southeast. It extends from a little north of
Sanchor to the south in Cambay Gulf and ultimately opens
into Arabian Sea. On the west and east, it is bounded by
basin margin faults. It extends upto Viramgram and Gogha
in the west while Himmatnagar-Baroda and Rajpipla lie
near its eastern margin (Pandey et al. 1993). Based on the
major basement fault, Cambay Basin is sub-divided into
five blocks (Mathur et al. 1968) which are listed from north
to south as Sanchor Patan Block, Mehsana-Ahmedabad
Block, Tarapur-Cambay Block, Jambusar-Broach Block,
and Narmada Tapti Block.

The Quaternary sediments cover the major part of the
Cambay basin. The beddings generally trend towards N-E
and S-W with gentle dip. Tertiary sediments are not pro-
found in this basin but occur in Gogha-Bhavnagar and
Jhagadia-Tarkeswar areas. The Tertiary rocks in this region
consist of sandstone, conglomerate, clay limestone, lignite
ranging in age from early Eocene to early Miocene. The
major litho units include Babaguru Formation underlain by
the Tadkeshwar Formation which, in turn, is underlain by
Nummulitic Formation. The Tadkeshwar Formation com-
prises the lignites in form of lenses having variable thick-
ness and lateral extent. The lignite producing mines of
Cambay Basin are mainly located in the southern part of
Narmada-Tapti block. The younger Cambay Shale/Tad-
keshwar Formation comprises the lignite bearing horizons
and the shales are good source rock for oil and gas in the
basin. The lignite seams are often associated with greenish
grey shales, carbonaceous shales and shell-carbonates
(Garg et al. 2008). At the bottom lies the grey clay-bed,
which is continuous with varying thickness and is overlain
by carbonaceous clay-bed. Sand lenses, sandstone, car-
bonaceous clay and lignite are reported to occur embedded
in grey clay. The carbonaceous clay bed is conformably
overlain by a thick lignite seam, which is a marker bed.
The lignite seam is soft, friable and brown containing
yellow resin and pockets of clay. The lignite seam is
conformably succeeded by upper carbonaceous clay. The
grey, plastic, bentonitic clay lies over upper carbonaceous
clay (GMDC 1989). There is an increase in the proportion
of sand towards the upper portion of the bentonitic clay and
gradually converts into sandy clay. Two unconformities are
reported in the area, one between the Traps and Vagadkhol
Formation, and the other between the lower clays and
upper sands of the Tadkeshwar Formation. Borehole data
indicates the presence of two persistent lignite seams des-
ignated respectively as top (0.15-8.8 m thick) and bottom
(1.0-3.4 m thick) seams/horizons. In addition to them, a
few non mineable and uneconomic local seams also occur
in this area. The sub-surface occurrence of coal/lignite in
Gujarat extends from Tharad in the North to Mahisagar
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Fig.1 a Shifting of Indian plate during last 71 million years (left); location of India during Eocene period (right); after Chatterjee and Bajpai
(2016). b Geological map of Cambay Basin and location of lignite fields (redrawn from, GSI 2012)
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Table 1 General Stratigraphic succession in the Cambay Basin, Gujarat (after Pandey et al. 1993)

Sl. no. Age Formation

Lithology

Thickness
(m)

Pleistocene to Recent Alluvium

Middle Miocene to Pliocene Jhagadia Formation

Varied colored sands, soil and Kankar -

Light colored sand stones, marls, limestone and conglomerate 304

3 Lower Miocene Kand Formation Limestone, marl sand clays with sandstone bearing 457
conglomerate

4 Lower most Miocene Babaguru Formation  Ferruginous sandstone, agate bearing conglomerates and varied 152
clay, gray sandstone and white sands

5 Oligocene to Upper Eocene Tadkeshwar® Grey, yellow and brown friable sandstone with clay lenses. 152

Formation Bentonitic clays with lignite bed and lenses of carbonaceous

clays sandstone and lignite

6 Upper Eocene to Lower Eocene Numulitic Formation =~ Numulitic limestone, clays with sandstone lenses 122

7 Lower Eocene Vagadkhal Formation Bentonitic clays, frable sandstone and conglomerates 304

8 Cretaceous Deccan Traps Basalts with basic intrusive -

? Now established as Early Eocene in age (Sahni et al. 2006)

River in the South. Along the Saurashtra coast and to the
east of the Gulf of Cambay, the basin spreads as a thin strip
comprising 75-150 m thick beds of greenish and whitish
grey and black clay/shales with lignite seams. The Cambay
lignites have been studied by Bajpai et al. (2005), Singh
(2012), Singh et al. (2010a, 2012a) and Prasad et al. (2013).
The geological map of Cambay basin is shown in Fig. 1b
and the details of the geological succession of the basin are
given in Tables 1, 2 and 3.

Table 2 Major lithounits of the Tadkeshwar Formation based on the
borehole logs (GMDC 1989)

Babaguru formation Agate Conglomerate
Ferruginous Sandstone
Sand clay

Grey clay

Lignite

Carbonaceous clay
Lenses of sandstone
Carbonaceous clay
Lignite

Grey clay

Nummulitic formation Nummulitic Limestone

3 Method of study

In the present investigation, the lignite samples were col-
lected from all the working mines of Cambay Basin
(Tadkeshwar, Rajpardi and Vastan) of Gujarat (Fig. 1b).
Every precaution was taken to collect fresh coal samples
from the various sections in stratigraphic order. The coal
sampling was done following the Pillar Sampling Method.
The vertical seam profile was reconstructed and megas-
copic variations in the coals were studied. For petrographic
studies and geochemical analysis the coal samples, were
crushed to —18 mesh size and —70 mesh size respectively.
For microscopic examination, the lignite samples were
crushed and particulate mounts were polished. The maceral
analysis was performed on the polished mounts under
reflected light using a Leitz Orthoplan-Pol Microscope
equipped with Wild Photoautomat MPS 45 in the Coal and
Organic Petrology Laboratory, Department of Geology,
Banaras Hindu University. The line-to-line and point-to-
point spacing was maintained at 0.4 mm and more than 600
counts were taken on each sample. The methodology given
by Taylor et al. (1998) was adopted; huminite macerals
were termed and described as per ICCP-1994 (Sykorova
et al. 2005), liptinite macerals have been identified as per

Table 3 Stratigraphic succession in the Vastan lignite mine of Cambay Basin (after Bhandari et al. 2005)

Formation Lithology

Age

Alluvium/Black soil

Amrawati

Calcareous bentonitic variegated Clay, unfossiliferous

Cambay Shale/Tadkeshwar

Soil and Recent alluviumNummulitic limestone and marl

Greenish grey, whitish clayand brown fissile shale, clayand marl with carbonaceous

Recent and SubRecent

Late Eocene

Early Eocene

zone including lignite seam with vertebrate, plant, pollen and spore fossils

Vagadkhol

Deccan Trap

Variegated clay
Basalt

Palaeocene-EarlyEocene

Late Cretaceous
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ICCP system-1994 (Pickel et al. 2017) while ICCP (2001)
was followed for the nomenclature of inertinite macerals.

In the present study, the indices, gelification index (GI)
and tissue preservation index (TPI), have been taken from
Flores (2002) which is a modified version of Kalkreuth
et al. (1991), for brown coals and the calculations are as per
the following formulae:

GI = (huminite + macrinite)/

(fusinite + semifusinite + inertodetrinite)

TPI = (telohuminite + fusinite + semifusinite)/
(gelinite + macrinite + inertodetrinite

+ detrohuminite)

The micro and mega-petrographic profiles were con-
structed for various seams in order to understand the variation
in the nature and quality of lignite from bottom to top of

different coal seams. The megascopic characters and group
maceral composition of these lignites have been used by Singh
et al. (2016a, b) as provided in Tables 4, 5 and 6 while dis-
cussing the geochemistry of selected trace elements of these
lignites. The set of data has also been used here for discussing
their paleomire. The reflectance measurement has been per-
formed on huminite macerals especially ulminite grains. Help
has been taken from Jennifer et al. (2013) for rank study. The
proximate analysis was carried out as per BIS 2003.

4 Result and discussion

Macroscopically, the lignites of Cambay basin are gen-
erally unstratified, matrix rich and inhomogeneous in nat-
ure as per ICCP (1993). One xylite rich band of 8-10 cm
was observed in Rajpardi seam. Dominantly, the bands

Table 4 Megascopic characteristics of Vastan Lignite Seams along with their petrographic composition and ash yield (after Singh et al. 2016a)

S. Sample  Megascopic characteristics Humi  Lipt Inert Mineral Ash
no. no. Matter yield
(vol%) (wWt%)
(vol%) (vol%) (vol%) Pyrite Other
1 Vastan upper V11 Unstratified, matrix rich, brown inhomogeneous 68.79 9.54 12.13 398 5.57 4.18
lignite seam lignite
2 V10 Unstratified, matrix rich, brown inhomogeneous 65.20 12.60 15.60 4.8 1.8 4.35
lignite with presence of sulphur
3 Vo Stratified, matrix rich, brown inhomogeneous lignite ~ 80.64 9.18 1.80 3.79 4.59 5.88
with presence of sulphur
4 V8 Unstratified, matrix rich, brown inhomogeneous 67.27 13.17 9.38 739 2.79 4.68
lignite with presence of sulphur
5 V7 Unstratified, matrix rich, black inhomogeneous lignite 69.64 9.33 8.33 11.31 1.39 4.61
6 Vo6 Stratified, matrix rich, brown inhomogeneous lignite ~ 67.80 9.00 920 124 1.60 4.50
7 V5 Unstratified, matrix rich, black inhomogeneous lignite 66.93 837 17.93 398 279 5.41
8 \Z Unstratified, matrix rich, brown inhomogeneous 60.88 16.57 8.58 10.78 3.19 4.63
lignite with presence of sulphur
9 V3 Stratified, matrix rich, brown inhomogeneous lignite ~ 75.40 6.94 6.35 7.54 377 4.48
10 V2 Unstratified, matrix rich, brown inhomogeneous 58 16.00 17.20 6.0 2.8 4.61
lignite with presence of sulphur and resin patches
11 Vi1 Stratified, matrix rich, brown inhomogeneous lignite ~ 82.07 8.57 2.59 398 2.79 4.50
12 Mean 69.33  10.84 9.92 6.90 3.01 4.71
13 Vastan lower VL6 Unstratified, matrix rich, black inhomogeneous lignite. 75.55 7.55 2.39 7.16 736 11.92
14  lignite seam 5 Stratified, matrix rich, brown inhomogeneous lignite. 78.17 694 258 556 675 5.6
15 VL4 Unstratified, matrix rich, brown inhomogeneous 7829  11.95 2.99 5.58 1.20 6.57
lignite
16 VL3 Unstratified, matrix rich, brown inhomogeneous 74.95 12.52 5.57 5.57 1.39 6.75
lignite
17 VL2 Unstratified, matrix rich, brown inhomogeneous 83.07 7.17 1 737 1.39 10.95
lignite
18 VL1 Unstratified, matrix rich, brown inhomogeneous 72.06 8.18 4.59 6.59 858 17.52
lignite
19 Mean 77.01 9.06 3.18 630 4.44 9.91

Humi-huminite, lipt-liptinite, inert-inertinite
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Table 5 Megascopic characteristics of Rajpardi Lignite Seam along with its petrographic composition and ash yield (after Singh et al. 2016a)

S. Sample  Megascopic characteristics Humi  Lipt Inert Mineral Ash

no. no. (vol%) (vol%) (vol%) matter (vol%) yield
s (WD)
Pyrite Other

1 Rajpardi R10 Unstratified, matrix rich, brown inhomogeneous lignite  68.71 11.88  9.31 792 218 7.99

lignite with presence of sulphur with resin patches
2 scam R9 Unstratified, matrix rich, brown inhomogeneous lignite ~ 80.04 8.70 2.77 494 3.56 7.47
3 R8 Unstratified, matrix rich, brown inhomogeneous lignite 71.29 15.45 6.14 554 1.58 5.23
with presence of sulphur and resin patches
4 R7 Stratified, matrix rich, brown inhomogeneous lignite 76.39 1230  4.37 595 0.99 5.28
with presence of sulphur and resin patches
5 R6 Unstratified, matrix rich, brown inhomogeneous lignite 70.78 16.30  5.57 596 1.39 7.99
with presence of sulphur and resin patches
6 RS Stratified, xylite rich, brown inhomogeneous lignite 71.09 16.24  3.17 5.94 3.56 7.83
with presence of sulphur
7 R4 Stratified, matrix rich, brown inhomogeneous lignite 67.86 11.58  5.79 9.38 539  13.38
with presence of sulphur and resin patches
R3 Stratified, matrix rich, brown inhomogeneous lignite. 76.10 10.16  5.58 458 3.59 6.53
R2 Stratified, matrix rich, brown inhomogeneous lignite. 70.44 11.31 3.37 13.10 1.79 7.82
10 R1 Stratified, matrix rich, black inhomogeneous lignite with  73.21 992 873 4.17 397 4.53
presence of sulphur
11 Mean 72.59 12.38 548 6.75 2.80 741

Humi-huminite, lipt-liptinite, inert-inertinite

were of brown colour and the details are discussed by
Singh et al. (2016a). Megascopic characteristics of the
lignite seams of Cambay basin along with their petro-
graphic composition (maceral groups), mineral matter
(pyrite and other minerals) and ash yield are provided in
Tables 4, 5 and 6. Pyrite and resin patches could be seen in
most of the lithotype bands. Though pyrite is the main
mineral present in most of the analysed samples but there is
no definite pattern of variation from bottom to the top of
lignite seams. Litho column showing various rock units in
Cambay Basin along with lignite seam profiles at Vastan,
Tadkeshwar and Rajpardi is shown in Fig. 2 while the
vertical variation of petrographic components is shown in
Fig. 3.

4.1 Petrography

The quantitative distribution of individual macerals in the
Cambay lignites is provided in Tables 7, 8 and 9. In these
lignites, huminite is the dominant maceral group which
ranges from 59.3% to 77.0% with a mean of 68.7%
(71.6%—86.3%, mean 77.92% on mmf basis) and com-
prises mainly of detrohuminite followed by telo-huminite
and gelo-huminite respectively. Liptinite group is second in
dominance and varies from 10.8% to 16.9%, mean 13.3%
(10.19%-19.3%, mean 14.8% on mmf basis) and constitutes
mainly of sporinite, resinite, liptodetrinite while other
macerals of this group occur in small concentration.

Inertinite, which ranges from 5.1% to 9.9% (mean 7.9%)
(3.6%—11.0%, mean 7.4% on mmf basis), is contributed
chiefly by funginite, inertodetrinite and fusinite whereas
other macerals of this group occur in very low concentra-
tion. Mineral matter ranges from 9.0% to 20.0%, mean
11.8%. There is no definite trend of variation of these
petrographic constituents from bottom to top of the lignite
seams.

4.1.1 Vastan lignite

Maceral composition and mineral matter content in Vastan
lignites are furnished in Table 7. Vastan upper lignite seam
has a dominance of huminite which varies from 58.0% to
82.1%, mean 69.3% (63.6%—-88.0%, mean 77.0% on mmf
basis). Liptinite is second in dominance and varies from
6.9% to 16.6%, mean 10.8% (7.8%—19.3%, mean 12.1% on
mmf basis) followed by inertinite which varies from 1.8%
to 17.9%, mean 9.9% (2.0%—-19.2%, mean 11.0% on mmf
basis). The mineral matter content ranges from 6.6% to
14.0%, mean 9.9%. Similarly, in Vastan lower lignite
seam, huminite varies from 72.1% to 83.1%, mean 77.0%
(80.6%-91.0%, mean 86.3% on mmf basis), liptinite varies
from 6.9% to 12.5%, mean 9.1% (7.9%-13.5%, mean
10.1% on mmf basis), and inertinite varies from 1.0% to
5.6%, mean 3.2% (1.1%—-6.0%, mean 3.6% on mmf basis).
The mineral matter content varies from 6.8% to 15.2%,
mean 10.7%.
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Table 6 Megascopic characteristics of Tadkeshwar Lignite Seams along with their petrographic composition and ash yield (after Singh et al.

2016a)
S. Sample  Megascopic characteristics Humi  Lipt Inert Mineral Ash
no. no. (vol%) (vol%) (vol%) matter (vol%) yoeld
Y (Wt%)
Pyrite  Other
1 Tadkeshwar T 10 Unstratified, matrix rich, brown inhomogeneous 65.67 24.40 1.39 2778 5.75 7.68
upper lignite lignite with presence of sulphur and resin patches
2 seam TO9 Unstratified, matrix rich, brown inhomogeneous 58.38  23.47 10.65 296 4.54 6.83
lignite with presence of sulphur and resin patches
3 T8 Unstratified, matrix rich, brown inhomogeneous 75.90 10.16 6.18 3.39 4.38 6.08
lignite
4 T7 Unstratified, matrix rich, black inhomogeneous 55.40 19.80 14 5.2 5.60 9.53
lignite with presence of sulphur and resin patches
5 T6 Unstratified, matrix rich, brown inhomogeneous 64.48 14.88 13.29 3.17 4.17 5.80
lignite
6 TS5 Unstratified, matrix rich, brown inhomogeneous 58.50 19.37 14.23 3.36 4.55 5.19
lignite with presence of sulphur
7 T4 Stratified, matrix rich, brown inhomogeneous lignite 54.74 18.18 14.82 1047 1.78 5.16
with presence of sulphur
8 T3 Unstratified, matrix rich, brown inhomogeneous 72.85 8.38 5.99 3.99 8.78 4.96
lignite with presence of sulphur and resin patches
9 T2 Unstratified, matrix rich, brown inhomogeneous 69.84 18.25 4.56 1.79 5.56 5.64
lignite with presence of sulphur
10 T1 Stratified, matrix rich, brown inhomogeneous lignite 75.89  12.06 3.95 296 5.14 7.19
with presence of sulphur
11 Mean 65.17 16.90 8.91 4.01 5.02 6.41
12 Tadkeshwar TL7 Stratified, matrix rich, brown inhomogeneous lignite 66.47  14.09 1.39 12,10 5.95 9.55
lower lignite with presence of sulphur
13 seam TL6 Unstratified, matrix rich, brown inhomogeneous 56.83  22.57 475 1248 3.37 1091
lignite
14 TL5 Stratified, matrix rich, brown inhomogeneous lignite 61.51  21.23 4.17 833 4.76 9.83
with presence of sulphur
15 TL4 Untratified, matrix rich, brown inhomogeneous 58.33 10.71 3.97 19.05 7.94 10.06
lignite with presence of sulphur
16 TL3 Stratified, matrix rich, brown inhomogeneous lignite 57.46 6.76 4.97 29.03 1.79 23.28
with presence of sulphur
17 TL2 Unstratified, matrix rich, brown inhomogeneous 51.98 17.86 774 1944 298 9.70
lignite with presence of sulphur and resin patches
18 TL1 Stratified, matrix rich, brown inhomogeneous lignite 61.88  16.97 8.58 798 459 10.65

with presence of sulphur and resin patches

Humi-huminite, lipt-liptinite, inert-inertinite

4.1.2 Tadkeshwar lignite

Maceral composition and mineral matter content in Tad-
keshwar lignites are furnished in Table 8. In Tadkeshwar
upper lignite seam, huminite is the dominant maceral group
and varies from 54.7% to 75.9%, mean 65.2% (62.1%—
83.5%, mean 71.6% on mmf basis). Liptinite varies from
8.4% to 24.4%, mean 16.9% (9.8%—26.8%, mean 19.3% on
mmf basis). Inertinite varies from 1.4% to 14.8%, mean
8.9% (1.5%-16.9%, mean 9.8% on mmf basis). Mineral
matter varies from 7.3% to 12.8%, mean 9.0%. In Tad-
keshwar lower lignite seam also huminite is the dominant
maceral group and ranges from 52.0% to 66.5%, mean
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59.3% (67.0%—-83.0%, mean 74.4% on mmf basis). Lip-
tinite is second in abundance and varies from 6.8% to
22.6%, mean 15.7% (9.8%—-26.8%, mean 19.3% on mmf
basis) followed by inertinite which varies from 1.4% to
8.6%, mean 5.1% (1.7%-10.0%, mean 6.4% on mmf
basis). Mineral matter ranges from 12.6% to 30.8%, mean
20.0%.

4.1.3 Rajpardi lignite
Maceral composition and mineral matter content in Raj-

pardi lignites are furnished in Table 9. In this lignite seam,
huminite dominates and ranges from 67.9% to 80.0%,
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Fig. 2 Litho column showing various rock units in Cambay Basin (after Sahni et al. 2006) along with lignite seam profiles at Tadkeshwar,

Vastan and Rajpardi

mean 72.6% (76.4%—-87.5%, mean 80.3% on mmf basis).
Liptinite is next in dominance and varies from 8.7% to
16.3%, mean 12.4% (9.5%—-17.9%, mean 13.7% on mmf
basis) followed by inertinite which varies from 2.8% to
9.3%, mean 5.5% (3.0%-10.4%, mean 6.1% on mmf
basis). The mineral matter varies from 6.9% to 14.9%,
mean 9.5%. The characteristic photomicrographs in the
lignites of Cambay basin is shown in Fig. 4.

The huminite reflectance measurement of the lignites of
Cambay Basin shows that Ro min ranges from 0.07% to
0.25% (average 0.15%), Ro max from 0.45% to 0.46%
(average 0.45%), and Ro mean from 0.27% to 0.34%
(average 0.31%). The standard deviation varies from 0.04
to 0.08 (average 0.06). Details of the reflectance values of
individual lignite samples of various seams are furnished in
Table 10.

4.2 Paleomires

The qualitative and quantitative petrographic data has been
used to discuss the evolutionary history of the lignites of
Cambay of Gujarat in this section. For this purpose, the
data has been generated on the lignite samples collected

from all the working mines of the Cambay (Vastan, Raj-
pardi and Tadkeshwar mines). The generated data is useful
in understanding the coal facies, nature of flora, and
depositional controls on the development of peat.

It is important to understand the variations in the pet-
rographic constituents of Gujarat lignites along the lignite
seam profiles, from bottom to top, in order to know their
evolutionary history. In the Cambay basin, brown bands are
more prevalent and are mostly unstratified and contain high
matrix while only few black, thin bands (V-5, VL-6, R-1,
and T-7; Tables 4, 5, 6; Fig. 2) are seen. The black bands
in these lignites, are relatively more strongly gelified
compared to the brownish bands. More gelification could
be caused as a result of anaerobic processes (Iordanidis and
Georgakopoulos 2003). Various shades of darkness could
also result due to different degrees of plant decomposition
(Hagemann and Wolf (1987). The black bands have very
high detro-huminite content with little bit less amount of
telo-huminite content. Since macerals directly relate to the
plants and environment, they provide useful guide to
characterize the paleomire. Certain macerals are indicative
of paleo-depositional environment, through their presence

or absence, (Teichmiiller 1989). The characteristics
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Fig. 3 Litho column showing various rock units in Cambay Basin (after Sahni et al. 2006) along with vertical variation of petrographic
constituents in the lignite seams at Tadkeshwar, Vastan and Rajpardi area

imparted to coal differ with variation in the peat forming
plant communities, nutrient supply, temperature, pH, bac-
terial activity, redox potential and types of deposition
(Teichmiiller et al. 1998a, b, c¢; Lin and Tian 2011).
Increase in the clastic mineral matter relates to the surface
inundation in the basin (Singh and Singh 1996). Petrogra-
phy based facies models have been used to discuss the
evolutionary history of the paleomires of the Cambay
basin. Using petrological tools a number of researchers
have successfully performed paleoecological reconstruc-
tions and contributions have been made by 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), Dai et al. (2007), Jasper et al.
(2010), Singh et al. (2010a, b), Deng and Sun (2011), and
Singh et al. (2012a, b, c, d). Detro-huminite is throughout
high in the lignites of Cambay basin wherein densinite is
more consistent. With decrease in the densinite content,
there is concomitant increase in the respective attrinite
content. Detro-huminite is normally generated in relatively
aerobic condition (Teichmiiller et al. 1998b). Moreover, the

@ Springer

activities of physical breakdown of plant to particulate
matrix are observed at the margin of the peat beds (Kuder
et al. 1998). To characterize the paleomires of the Aus-
tralian Permian coals, Diessel (1986) introduced two
indices, gelification index (GI) and tissue preservation
index (TPI). Less humified structured and strongly humi-
fied unstructured tissue derived macerals indicate the
degree of humification and the vegetation type (Diessel
1992). Accordingly, a high TPI value suggests a high
subsidence rate of basin and dominance of wood derived
tissues, and a low TPI suggests a low subsidence rate with
high humification. The degree of gelification of huminite
macerals is revealed by GI which distinguishes between
gelified and ungelified macerals. For gelification to take
place a continuous presence of water is necessary and
fluctuation in water table is likely to affect the degree of
gelification. However, these indices should be calculated
and used carefully. Researchers like Calder (1993) and
Collinson and Scott (1987) believe that the palynological
and paleobotanical data provide higher precision in the
determination of paleoenvironment. Several researchers
have objected the usage of such indices for Tertiary or low
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Table 9 Maceral composition (in vol%) of upper and lower lignite seams of Rajpardi, Cambay Basin

S. no. R1 R2 R3 R4 RS R6 R7 R8 R9 R10
Huminite (mmf basis)

Textinite-A 1.7 0.7 0.9 1.4 2.6 1.3 0.4 1.7 39 0.0
Textinite-B 0.0 0.2 0.0 0.5 1.3 0.6 0.0 1.1 1.9 0.0
Ulminite-A 21.6 12.1 24.1 8.7 12.3 39 16.2 16.2 14.3 12.3
Ulminite-B 134 24.5 13.7 33 3.1 8.6 7.2 11.1 23.8 1.1
Attrinite 10.4 12.6 124 28.6 16.4 27.5 28.1 17.7 11.4 42.7
Densinite 30.2 29.6 26.9 32.8 354 30.0 252 22.6 28.9 194
Phlobaphinite 24 2.8 4.1 44 7.4 4.5 4.9 6.2 22 0.9
Levigelinite 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0
Porigelinite 0.0 0.0 0.9 0.0 0.0 0.0 0.0 0.0 1.1 0.0
Total 79.7 82.8 82.9 79.6 78.6 76.4 82.1 76.8 87.5 76.4
Liptinite (mmf basis)

Sprinite 2.6 4.2 39 35 5.5 39 3.6 2.6 32 4.0
Cutinite 0.0 0.5 0.4 0.7 2.8 1.5 1.5 0.0 0.9 1.5
Resinite 39 1.6 2.8 35 6.6 4.1 43 53 32 3.7
Liptodetrinite 3.7 6.5 33 4.7 2.6 4.9 2.8 5.8 22 29
Suberinite 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1
Bituminite 0.0 0.0 0.7 1.2 0.0 32 1.1 2.6 0.0 0.0
Fluorinite 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0
Alginite 0.0 0.0 0.0 0.0 04 0.0 0.0 0.0 0.0 0.0
Total 10.8 13.3 11.1 13.6 17.9 17.6 132 16.6 9.5 132
Inertinite (mmf basis)

Pyrofusinite 52 14 1.3 1.2 0.4 1.5 1.3 1.7 1.1 29
Funginite 2.8 1.6 3.7 2.8 2.0 39 2.1 3.6 1.3 53
Secretinite 0.2 0.2 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0
Inertodetrinite 0.9 0.5 0.4 1.9 1.1 0.6 0.4 1.3 0.4 22
Micrinite 0.2 0.2 0.2 0.7 0.0 0.0 0.6 0.0 0.2 0.0
Macrinite 0.2 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0
Total 9.5 4.0 6.1 6.8 35 6.0 4.7 6.6 3.0 104
Total maceral 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Mineral matter

Argillaceous 34 14 2.8 4.8 34 0.6 0.8 0.8 32 1.4
Pyrite 4.2 13.1 4.6 9.4 5.9 6.0 6.0 5.5 4.9 7.9
Siderite 0.6 0.4 0.8 0.6 0.2 0.8 0.2 0.8 0.4 0.8
Total 8.1 14.9 8.2 14.8 9.5 7.4 6.9 7.1 8.5 10.1

rank coals (Lambersen et al. 1991; Crosdale 1993; Dehmer
1995; Wust et al. 2001; Scott 2000; Moore and Shearer
2003; Amijaya and Littke 2005). Few researchers have tried
a combination of petrographic, organic geochemical and/or
isotope data (Bechtel et al. 2002, 2003, 2007a, b, 2008;
Mayr et al. 2009; Savard et al. 2012; Singh et al. 2012c¢) for
the reconstruction of paleoenvironment. Kalkreuth et al.
(1991), Petersen (1993), and Flores (2002) further modified
these indices to make them useful for the low rank coals too.
In the present investigation, the indices have been taken
from Flores (2002) which is a modified version of Kalkreuth
et al. (1991), for brown coals.

The lignites of Cambay basin are characterized by high
GI and low TPI values indicating a continuous wet con-
dition in the basin and a relatively slow rate of subsidence
during the decay of organic matter. Few sections in Tad-
keshwar seam suffered relatively drier spells as revealed by
moderately high content of inertinite macerals. This is
especially revealed by the occurrence of funginite which
normally thrives in the upper oxygenated peatigenic layer
and indicates prevalence of oxic conditions. This indicates
fluctuation in the water cover in the peat swamp. Hoekel
(1989) believes that intensive gelification of plant tissues is
a function of acid ground water due to marine influence.
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Fig. 4 Characteristic photomicrographs in the lignites of Cambay Basin: a textinite (T); b ulminite with oxidation cracks; ¢ attrinite (A) with pyrite
grains; d phlopbaphinite (Ph) with oxidation cracks; e resinite (R) f sporinite (Sp) with pollen (Po) sac; g suberinite (Su) and cutinite (Cu) observed under
uv light; h megacutinite (Cu) as observed under uv light; i fungal bodies (F) occurring in densinitic background; j fusinite band (Fu) and densinite (D)
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Table 10 Results of the reflectance measurements in the lignite seams of Cambay Basin, Gujarat
Basin Mines/seams Sample Rom value (%) Maximum (%) Minimum (%) Standard deviation Variance
Cambay Tadkeshwar T10 0.33 0.46 0.1 0.06 0.0
T7 0.32 0.41 0.21 0.05 0.0
T5 0.31 0.48 0.12 0.07 0.01
T1 0.32 0.47 0.11 0.08 0.01
Mean 0.32 0.46 0.14 0.07 0.01
TL7 0.28 0.46 0.14 0.06 0.0
TL5 0.31 0.45 0.2 0.06 0.0
TL1 0.35 0.43 0.23 0.03 0.0
Mean 0.31 0.45 0.19 0.05 0.0
Rajpardi R10 0.26 0.47 0.08 0.1 0.01
R7 0.27 0.42 0.04 0.06 0.0
R1 0.29 0.47 0.1 0.08 0.01
Mean 0.27 0.45 0.07 0.08 0.01
Vastan V1l 0.3 0.4 0.15 0.04 0.0
V9 0.27 0.44 0.07 0.08 0.01
V5 0.29 0.49 0.03 0.08 0.01
V1 0.33 0.47 0.08 0.08 0.01
Mean 0.3 0.45 0.08 0.07 0.01
VL6 0.33 0.42 0.26 0.04 0.0
VL4 0.34 0.42 0.29 0.02 0.0
VL1 0.35 0.5 0.19 0.07 0.0
Mean 0.34 0.45 0.25 0.04 0.0

This could further increase the acidity and lead to gelifi-
cation and could have been the case with the Cambay
lignites. Moreover, detrital vitrinite is formed under limno-
telmatic and open marsh environment. A low TPI value
(<0.5) and a high GI (>6) is indicative of a topogenous
mire while a very high GI value (>10) indicates a perma-
nently flooded condition leading to a pronounced degree of
degradation of vegetal matter. Such situations prevailed on
several occasions during the formation of seams in Tad-
keshwar, Rajpardi and Vastan seams of Cambay Basin
(Fig. 5) which is a typical of a limno-telmatic swamp
having a low subsidence rate and a slow fall in the ground
water table. Moreover, such areas have treeless open marsh
and limnic plant communities (Iordanidis and Geor-
gakopoulos 2003). The formation of Vastan lower seam
began and continued further under a limno-telmatic envi-
ronment and during the formation of upper part of this
seam, there was a shifting towards telmatic environment
for a shorter period as indicated by a sudden increase in the
TPI values and again there was a shifting to a limno-tel-
matic environment. Similarly, the formation of Vastan
upper seam also began under limno-telmatic environment;
it shifted to telmatic environment for a relatively shorter
period, as indicated by its thin band, and then returned to
limno-telmatic condition which persisted for most part of
the time. However, during the formation of upper part of

this seam, there was again a small shift to telmatic envi-
ronment but soon it returned back to limno-telmatic con-
dition. Similarly, the formation of Tadkeshwar Lower seam
as well as Tadkeshwar Upper seam formed under limno-
telmatic to telmatic condition while Rajpardi seam evolved
under limno-telmatic environment where the values of TPI
are <1. This is also in concurrence with the study of Jasper
et al. (2010). There exists a strong sympathetic correlation
between ash content and sulphur content (r = 0.92 in
Rajpardi; » = 0.91 in Vastan; r = 0.88 in Tadkeshwar)
supporting the above view that clastic sedimentation has
increased the tree density and tissue preservation in the
Cambay Basin. This is also evident from a low to moderate
but positive correlation between TPI and clastic minerals
(r =042 in Tadkeshwar, r = 0.17 in Vastan, and
r = 0.10 in Rajpardi seams). A similar observation was
also noticed in Nagaland coals of north-eastern India
(Singh et al. 2012b). However, a low but negative corre-
lation value exists between GI and TPI values (r = —0.09
for Tadkeshwar lignite, and r = —0.02 for Vastan lignite
of Cambay Basin).

Possibility of a eustatic rise of 70—140 m in the sea level
during Early Paleogene period, as compared to the present
level, is discussed by Haq et al. (1987). This is indicated by
global transgressions during 58.5-52.8 Ma. The signatures
are seen in the Late Paleocene-Early Eocene sedimentary
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Fig. 5 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 Cambay Basin, Gujarat (modified from Diessel 1986)

sequences (Sluijs et al. 2008; Prasad et al. 2013). Har-
denbol et al. (1998) have expressed similar views and
believed that during 55-52 Ma the eustatic sea-level curve
was high and showed a little fluctuation. Owing to the
significance of ground water as a parameter controlling the
environment of a paleomire, Calder et al. (1991) proposed
ground water index (GWI) and vegatation index (VI) for
paleoenvironmental reconstruction. Mires generally form
in successive variations between ombrotrophic and rheo-
trophic hydrological conditions. While ombrotrophic to
mesotrophic paleoenvironments show usually low (<1)
GWI values; rheotrophic hydrological condition is char-
acterized by >1 GWI values. Extreme condition of >5
values point to drowning of peat. The GWI and VI values
of the investigated Cambay basin lignites suggest a mainly
rheotrophic paleoenvironment (Fig. 6) though mesotrophic
paleoenvironmental condition existed for a very shorter
span during the seam formation in few sections. Further,
the mire is characterized by the dominance of herbaceous
to marginal aquatic vegetation. It is considered that attrinite
and densinite are the chief constituents of lignites (lor-
danidis and Georgakopoulos 2003) of treeless marshes.
Diessel (1992) discusses that a wet forest may also produce
a peat having similar petrographic composition as that of
marsh peats provided a favourable condition prevails in the
basin for microbial destruction. Variation of GI, TPI, GWI
and VI values with depth in the lignite seams of Cambay
Basin is shown in Fig. 7.
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A ternary model proposed by Singh et al. (2012a), ini-
tially proposed for understanding the paleomires of the
Eocene lignite deposit of Rajpardi, has been used in the
present investigation. This model is based on maceral
composition as well as clastic mineral content. Since the
clastic minerals relate directly to the water cover in the
basin, it provides a better understanding related to the
fluctuations of the water cover in the basin. The data plots
of Cambay lignites on this model (Fig. 8) indicate their
origin in wet moor with moderate to high flooding where
the tissue preservation was moderate. The results obtained
through the petrography-based ternary models compare
well with the ones shown by GI, TPI, GWI and VI indices.
The presence of framboidal pyrite indicates increasing
activity of sulfate-reducing bacteria in the carbonate and
sulphate rich waters of the basin at the time of peat for-
mation (Kuder et al. 1998; Teichmiiller et al. 1998a).
Bacterial activity is the source of energy for such chemical
reduction from sulphate to sulfides (Neavel 1966). Under
these situations adsorption of iron is seen on clays and
pyrite is found adjacent to clay zones (Cabrera et al. 1995).
Presence of clay rich layers in the lignites of Cambay basin
is confirmed by the X-ray diffraction study showing marine
influence in this basin where the pyrite framboids formed
through bacterial activity. The petrography based facies
models used in the present investigation for the recon-
struction of the paeoenvironment of Cambay basin points
to a coastal marshy setting for the evolution of these
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Fig. 7 Vertical variation of GI, TPI, GWI and Vi with depth in the lignites seams of Cambay Basin

lignites. This environmental condition prevailed during  and green shales in the basin. The marshy coal plain to bay
transgressive phase, but there were intermittent fluvial  model of Prasad et al. (2013) supports the view and also
activities giving rise to supratidal flood plain as indicated  explain the cyclicity of various lithofacies. While dis-
by the presence of associated carbonaceous shales, shales  cussing the depositional paleoenvironment of Vastan
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A - Telohuminite + gelohuminite + sporinite +
cutinite + resinite + suberinite

B - Fusinite + semifusinite + macrinites as
groundmass + secretinite + funginite
C - Clastic mineral matter + detrohuminite +
inertodetrinite + liptodetrinite + discrete macrinite
+ alginite
D - Wet moor having moderate flooding with
moderate to good tissue preservation
E - Oxic (dry) moor with increased tissue
preservation
F - Wet moor with high flooding and low to
moderate tissue preservation
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Fig. 8 Peat forming environment of lignites of Cambay Basin, Gujarat, based on macerals and mineral matter (after Singh et al. 2012a)

lignite sequence, Sahni et al. (2006) have also shown that
there was a large supply of fresh water into the bay.
According to Singh et al. (2016b), a similar depositional
setting also existed during the formation of the nearly
located lignite deposits of Rajasthan. Further, based on
petrographic facies models, their study point out that the
Barmer lignites of Rajasthan evolved under wet forest
swamp to clastic marsh having telmatic to limno-telmatic
condition; there prevailed a moderate rate of subsidence
and a very slow fall in ground water table. This also holds
well in case of Cambay basin lignites. Further, Vastan
lignites and the associated sediments (Cambay Basin) have
yielded rich pollen assemblage (Samant and Tapaswi
2000, 2001). Marine ostracods are reported by Bhandari
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et al. (2005) and marine fish remains and mammalian
fossils by Nolf et al. (2006), and Rana et al. (2005a, b, c).
Such environment is possible as a result of sea water influx
into the peat swamp owing to eustatic rise which has been
evidenced by the views of Haq et al. (1987), Hardenbol
et al. (1998), Sluijis et al. (2008), and Prasad et al. (2013).

5 Conclusions

(1) The Cambay basin of Gujarat comprises of three lig-
nite fields which include Vastan, Rajpardi and Tad-
keshwar. Organic petrographic study reveal that all
the lignite samples of the Cambay basin consist
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dominantly of huminite maceral group (71.6%—
86.3%, mean 77.92% on mmf basis) which is followed
by liptinite (10.1%-19.3%, mean 14.8% on mmf
basis) and inertinite (3.6%-11.0%, mean 7.4% on
mmf basis) maceral groups. The mineral matter is low
to moderate in content (9.0%-20.0%, mean 11.8%).

(2) The lignites of Cambay basin have high GI and low
TPI values indicative of a continuous wet condition
in the basin and a relatively slow rate of subsidence
during the decay of organic matter. Few sections in
Tadkeshwar seam suffered relatively drier spells as
revealed by moderately high content of inertinite
macerals as indicated by the occurrence of funginite
which normally thrives in the upper oxygenated
peatigenic layer and indicates prevalence of oxic
conditions during plant deposition. GI value >10
indicates a forest permanently flooded and pro-
nounced degree of degradation which happened on
several occasions during the formation of seams in
Tadkeshwar, Rajpardi and Vastan seams of the
Cambay basin. The petrography based facies models
indicate the prevalence of such environmental con-
dition during transgressive phase. However, there
existed intermittent fluvial activities giving rise to
supratidal flood plain which are reflected in the form
of associated carbonaceous shales in the basin.
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