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Abstract In the present investigation, Bhavnagar lignites of the Saurashtra basin (Gujarat) have been studied to assess

their hydrocarbon generating potential. The samples of upper as well as lower lignite seams have been studied through

microscopy and subjected to various chemical analyses viz. proximate analysis, ultimate analysis and Rock-Eval Pyrolysis.

These lignites have high moisture and low to moderate ash yield but are characterized by high volatile matter. Petro-

graphically they comprise predominantly of huminite group maceral while liptinite and inertinite groups occur in sub-

ordinated amount. Huminite is chiefly composed of detrohuminite and telohuminite. The Tmax (av. 416.23 °C) and huminite

reflectivity (0.28%–0.30%) indicate a low degree of maturity for these lignites which is also substantiated by the Tmax

versus hydrogen index plot. The organic matter is subjugated by kerogen Type-III with a potential to expel hydrocarbon on

liquefaction. Study further reveals that the fixed hydrocarbon is several folds higher than the free hydrocarbons. Being high

in reactive maceral content, a high ‘conversion’ and good ‘oil yield’ values for these lignites were observed. Thus, the

empirically derived values match well with those obtained through the experimental values of Rock-Eval Pyrolysis and

validate their hydrocarbon generating potential.
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1 Introduction

Gujarat is rich in lignite resources which occur in Cambay,

Kachchh and Saurashtra basins and are of Eocene age.

Gujarat lignites have been studied by Sahni et al. (2006),

Samant (2000), Singh (2012), Singh and Singh (2005),

Singh et al. (2010a, b, 2012a, b, 2016a, 2017a, b, c), and

Thakur et al. (2010). Sahni et al. (2006) have discussed that

these lignite deposits have been formed on the Plate margin

of India as a result of the withdrawal of the Neotethys in

Pakistan, western India, northern India and north-eastern

India. It is believed that during the Late Paleocene-Middle

Eocene period a warmer period prevailed causing an

increase in the deep sea water temperature by 6 °C. It
started as the Paleocene Eocene Thermal Maximum

(PETM) and subsequently there was an Early Eocene

Climatic Optimum (EECO) resulting into faunal and floral

changes in several parts of the world (Kennet and Stott

1991; Koch et al. 1992; Katz et al. 1999; Schmitz et al.

2001). The productivity of organic matter increased mul-

tifold which eventually formed lignite/coal deposits in the

western margin of India. It also continued even in Pakistan.

Though, petro-chemical and petro-thermal studies of

Indian Tertiary coals have been attempted on few samples

(Sharma et al. 2016; Baruah et al. 2013), meagre data is

available on the hydrocarbon evaluation of the Tertiary

coal and lignite resources of the country. The present

investigation entails the results of various analyses carried
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out on the Bhavnagar lignites of the Saurashtra basin. Both,

petrographic as well as chemical data have been used to

evaluate the hydrocarbon potential of these lignites. Fur-

ther, the experimental data has been compared and corre-

lated with the empirically drawn values to cross examine

the potential. The study would be a new insight for the

future research.

2 Geological setting

The Arabian Sea bounds the Saurashtra peninsula from all

the sides except north-eastern side. This basin preserves the

sedimentary records from Juro-Cretaceous to recent age

and the peninsular block is actually a faulted cratonic horst

which is surrounded by rift grabens (Biswas 1982). This

includes the western Cambay basin border fault, the

Kachchh rift fault, the Narmada rift extension and west

coast fault. Several small faults also occur in the area and

the entire Tertiary sediments are affected by folding and

faulting owing to the block movement along the major

faults. Cone-and-crater type physiography prevails in the

Saurashtra peninsula having a prominent central highland.

Formation of varied rock types from a single lava mass as a

result of magmatic differentiation makes it geologically

interesting which cover nearly two-third of the area of the

peninsula. This forms the basement for the deposition of

Tertiary sediments. The fringes of the Saurashtra peninsula

are covered by the marine Tertiary rocks. The sedimenta-

tion is marked by several unconformities. The lignite

bearing sequence occurs in Khadsaliya Clay Formation

which comprises greenish-grey clay formation of Eocene

age and occurs at a depth of 22–195 m. There are two sub-

surface horizons which are referred to as, top lignite

horizon, and bottom lignite horizon. The top horizon is

0.1–13 m thick and continues throughout the area but the

bottom is 0.2–4 m thick and discontinuous in nature. This

basin is estimated to have a total lignite reserve of 107.5

million tonnes. The general stratigraphic succession of the

area is provided in Table 1 while a geological map of

Saurashtra basin is shown in Fig. 1.

3 Method of study

Lignite samples were collected following the pillar sam-

pling method of Schopf (1960) from lower as well as upper

seams from the Surkha lignite mine (Bhavnagar) in

Saurashtra basin, Gujarat (Fig. 1). The samples represent

full seam thickness which could be reconstructed in the

laboratory. On the basis of similar megascopic characters,

the lignite samples were clubbed together forming com-

posite bands. In the present investigation, each composite

band has been treated as one sample and assigned a sample

number. The samples were crushed, reduced in quantity

through quartering and coning, and subjected to various

analyses. The polished mounts were prepared for petrog-

raphy using − 18 mesh size coal particles while − 70 mesh

size powders was used for proximate and other chemical

analyses. Maceral analysis was performed using a Leitz

Orthoplan-Pol Microscope equipped with Wild Photoau-

tomat MPS-45 in the ‘Coal and Organic Petrology Labo-

ratory’, Department of Geology, Banaras Hindu

University. White light was sourced from a 12 V/100 W

halogen lamp while fluoroscopy was performed using

Ploemopak with filter block I 2/3 having blue excitation

filters (BP450-490), dinomatic mirror (RKP510) and sup-

pression filter (LP520). The methodology described by

Taylor et al. (1998) was adopted. Huminite macerals were

termed and described as per ICCP-1994 (Sykorova et al.

2005), while the description provided by the ICCP (2001)

was followed for inertinite macerals. The huminite reflec-

tance measurement was conducted at National Metallur-

gical Laboratory, Jamshedpur following ISO 7404-5:2009.

Table 1 General stratigraphic succession in the Saurashtra basin,

Gujarat (after Srivastava 1963)

Formations Lithology Age

Recent deposits Soil and Alluvium Coastal

dunes and beach sands

Unconformity

Recent and

sub-recent

Lakhanka Formation

(Agate

Conglomerate

formation)

Agate bearing

conglomerates

ferrugenous sandstones

and loose sand

Unconformity

Pleistocene

to sub-

recent

Piram beds Fossiliferous conglomerates

Grits and sandy clays

Unconformity

Uppermost

miocene

to

pliocene

Gaj formation Variegated shales with

gypsum veinlets, sand

stones, amrls and

conglomerates

Unconformity

Lower

miocene

KhadsaliyaClays

Supratrapean

Grey to greenish grey clays

sandstone, lignite with or

without siderite nodules

Unconformity

Laterite, lithomarge,

bentonite

Unconformity

Eocene

lower

eocene

Deccan Trap Plutonic masses and dykes

intrusive in the trap flows

Unconformity

Cretaceous

to eocene
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4 Results

4.1 Chemical attributes

Chemical constituents of Bhavnagar lignite are furnished in

Table 2. Proximate analysis reveals that the upper lignite

seam has[ 21% moisture,[ 10% ash yield and[ 57%

volatile matter (daf basis) while the lower lignite seam is

characterized by[29% moisture, 8% ash yield and[66%

volatile matter (daf basis). Moreover, these lignite seams

contain[70% elemental carbon and their sulphur content

is moderately high ([ 2% in some samples).

Fig. 1 Geological map of Saurashtra basin (redrawn after GSI 2012) and location of lignite mines
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4.2 Petrographic constituents

Detailed petrographic characteristics have been discussed

by Singh et al. (2017a) and the constituents are provided in

Table 2. In upper lignite seam, huminite (80.8%–90.8%;

av. 85.4% mmf basis) comprises mainly of detrohuminite

(av. 37.9% densinite, and av. 21.9% attrinite on mmf basis)

followed by telohuminite (av 10.7% ulminite-A and 7.8%

ulminite-B on mmf basis). Liptinites (av. 9.3% mmf basis)

and inertinites (av. 5.3% mmf basis) occur in relatively low

amount. A moderate quantity of mineral matter (av. 19.7%)

occurs in this seam. Similarly in lower lignite seam,

huminite (av. 76.4% mmf basis) is the dominant maceral

group which is largely contributed by detrohuminite. This

is represented mostly by densinite (av. 24.1% mmf basis)

and attrinite (av. 20.7% mmf basis) while Telohuminite is

primarily represented by ulminite-B (av. 16.9% mmf basis)

and ulminite-A (av. 8.7% mmf basis). Macerals of the

liptinite (av. 13.7% mmf basis) and inertinite (av. 9.9%

mmf basis) groups occur in subordinated amount while the

mineral matter content is moderate (av. 19.7%).

4.3 Rock-Eval pyrolysis

Rock-Eval analysis of the investigated samples is furnished

in Table 3 while the interpretative guidelines of Rock-Eval

data are provided in Table 4. The total organic carbon

(TOC), in the lignites of Saurashtra basin, ranges from

38.41% to 41.91% (av. 40.16%), while Tmax value ranges

from 414.13 to 418.33 °C (av. 416.23 °C). The value of S1
peak (free hydrocarbons) ranges from 2.83 to 3.35 mg HC/

g (av. 3.09 mg HC/g). Similarly, S2 peak (fixed hydrocar-

bons) ranges from 81.63 to 100.24 mg HC/g (av. 90.94 mg

HC/g), and S3 peak (carbon dioxide) ranges from 20.42 to

Table 2 Petrographic and chemical constituents of the lignites of Saurashtra basin, Gujarat

S. no. Humi Lipt Inert Mineral

Matter

VRr Ash

(%)

Dry ash free Dry ash free Sdry

Volatile

Matter

Fixed

Carbon

C H N O

Bhavnagar upper seam

Top BH10 68.1 (83.8) 8.6 (10.5) 4.6 (5.6) 18.7 0.27 10.07 59.19 40.81 62.44 5.15 0.78 29.48 1.89

BH9 76.8 (87.5) 6.6 (7.5) 4.4 (5.0) 12.2 10.33 62.36 37.64

BH8 66.7 (81.9) 7.8 (9.6) 7 (8.6) 18.6 10.15 60.59 39.41

BH7 64.7 (83.5) 10 (12.9) 2.8 (3.6) 22.6 10.57 59.57 40.43

BH6 67.9 (87.2) 7.2 (9.2) 2.8 (3.6) 22.2 9.79 53.97 46.03

BH5 69 (83.9) 7.8 (9.5) 5.4 (6.6) 17.8 0.31 9.52 60.69 39.31 82.99 5.49 0.97 8.77 1.57

BH4 71 (90.8) 4.8 (6.1) 2.4 (3.1) 21.8 8.43 48.94 51.06

BH3 69.3 (89.9) 4.6 (5.9) 3.2 (4.1) 22.9 10.05 49.63 50.4

BH2 66.1 (84.2) 7.2 (9.2) 5.2 (6.6) 21.6 10.08 59.26 40.74

Bottom

BH1

65.7 (80.8) 10.4 (12.8) 5.2 (6.4) 18.8 0.26 14.59 58.12 41.78 73.34 3.41 1.06 19.51 2.16

Mean 68.5 (85.4) 7.5 (9.3) 4.3 (5.3) 19.7 0.28 10.36 57.23 42.76 72.92 4.68 0.94 19.25 1.87

Bhavnagar lower seam

Top

BHL9

65.5 (80) 11.8 (14.4) 4.6 (5.6) 18.2 0.29 10.34 68.19 31.81 68.14 4.87 1.07 23.28 2.27

BHL8 61.2 (74.8) 14.8 (18.1) 5.8 (7.1) 18.2 6.63 74.25 25.75

BHL7 56.6 (75.5) 10.2 (13.6) 8.2 (10.9) 25 7.86 65.81 34.19

BHL6 48.4 (57.1) 15.2 (17.9) 21.2 (25) 15.2 8.51 64.06 35.94

BHL5 60.2 (76.8) 8.2 (10.5) 10 (12.8) 21.6 0.30 7.79 64.14 35.86

BHL4 77 (85.6) 8 (8.8) 5 (5.5) 10 8.4 59.75 40.25

BHL3 56.4 (78.6) 10.6 (14.8) 4.8 (6.7) 28.2 5.86 62.17 37.83

BHL2 66.8 (79) 10.2 (12.1) 7.6 (9) 15.4 10.37 73.43 26.57

Bottom

BHL1

60.3 (80.5) 10 (13.3) 4.6 (6.1) 25.1 0.32 8.02 70.19 29.81 72.69 6.05 1.09 18.38 1.61

Mean 61.4 (76.4) 11 (13.7) 8.0 (9.9) 19.7 0.30 8.2 66.89 33.11 70.41 5.46 1.08 20.83 1.94

Values in parenthesis are recalculated on m.m.f. basis. Humi-Huminite; Lipti-Liptinite; Inerti- inertinite
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20.86 mg CO2/g (av. 20.64 mg CO2/g). The Hydrogen

Index (HI) ranges from 187.88 to 254.33 (av. 221.10),

while the Oxygen Index (OI) ranges from 49.13 to 54.67

(av. 51.90), and the Production Index (PI) ranges from 0.02

to 0.03 (av. 0.03). The mineral carbon (TIC) varies from

1.50% to 2.39% (av. 1.95%).

5 Discussion

The upper lignite seam megascopically comprises of

unstratified brown bands while the lower seam has alter-

nately stratified and unstratified brown bands. Resin pat-

ches are visibly seen in the lignite samples. Huminite group

macerals predominantly occur in these lignites of

Saurashtra basin while liptinite and inertinite group mac-

erals occur in subordinated amounts. While the cell lumens

of textinite are filled with argillaceous minerals and occa-

sionally with gelinite or corpohuminite, ulminite is

homogeneous but several patches show cracks and frac-

tures developed in it. Clustered corpohuminites are fre-

quently associated with ulminite and are occasionally

oxidized. Resinite, sporinite and cutinite are common lip-

tinite macerals in these lignites. Suberinite showing

developed cortex cells and massive bituminite grains are

also observed. Funginite is the common inertinite maceral

in these lignites and occur as single chambered as well as

multichambered oval bodies. Characteristic macerals of the

Saurashtra basin are shown in Fig. 2.

Table 3 Rock-Eval data of the lignite samples of Saurashtra basin, Gujarat

S. No. Sample

No.

T max (°C) S1 (mg

HC/g)

S2 (mg

HC/g)

S3 (mg

CO2/g)

PI S2/S3 P.C. TOC (100 9

g C/g)

HI (mg HC/g

TOC)

OI (mg CO2/

g TOC)

MINC

(%)

1 BH10 410.00 4.26 78.43 21.10 0.05 82.69 6.86 44.47 176.00 47.00 1.56

2 BH9 409.00 0.71 59.28 21.70 0.01 59.99 4.98 42.78 139.00 51.00 1.52

3 BH8 415.00 0.19 53.15 19.77 0.00 53.34 4.43 38.12 139.00 52.00 1.35

4 BH7 412.00 8.08 119.85 23.83 0.06 127.93 10.62 45.25 265.00 53.00 1.99

5 BH5 418.00 11.05 207.12 15.37 0.05 218.17 18.11 47.28 438.00 33.00 1.30

6 BH4 415.00 0.00 34.66 22.46 0.00 34.66 2.88 40.56 85.00 55.00 1.57

7 BH3 417.00 0.00 28.16 21.01 0.00 28.16 2.34 38.05 74.00 55.00 1.35

8 BH1 417.00 2.51 72.38 18.12 0.03 74.89 6.22 38.78 187.00 47.00 1.37

Mean 414.13 3.35 81.63 20.42 0.03 84.98 7.05 41.91 187.88 49.13 1.50

9 BHL9 417.00 1.78 69.61 22.09 0.02 71.39 5.93 36.03 193.00 61.00 2.40

10 BHL5 418.00 1.12 65.93 21.46 0.02 67.05 5.57 37.20 177.00 58.00 2.64

11 BHL1 420.00 5.58 165.19 19.02 0.03 170.77 14.17 42.00 393.00 45.00 2.14

Mean 418.33 2.83 100.24 20.86 0.02 103.07 8.55 38.41 254.33 54.67 2.39

BH Bhavnagar upper lignite seam; BHL Bhavnagar lower seam

Table 4 Interpretative guidelines of Rock-Eval pyrolysis obtained through geochemical parameters (based on Peters 1986)

Properties revealed Quality TOC % S1 (mg HC/g rock) S2 (mg HC/g rock)

Source rock generative potential Poor 0–0.5 0.5 0–0.5

Fair 0.5–1.0 0.5–1.0 2.5–5.0

Good 1–2 1–2 5–10

Very good [ 2 [ 2 [ 10

Type of hydrocarbon generated Type HI (mg HC/Org) S2/S3

Gas 0–150 0–3

Gas + Oil 150–300 3–5

Oil [ 300 [ 5

Level of thermal maturation Maturation PI = S1/(S1 + S2) T max °C Ro %

Top oil window (Birth line) − 0.1 435–445 0.6

Bottom oil window (dead line) − 0.4 470 1.4
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Fig. 2 Characteristic photomicrographs in lignites of Saurashtra basin: a cutuinite (Cu) and sporinite; b resinite (R) grains; c suberinite (Su);

d textinite (T) with oxidation craks; e phlopaphinite (Ph) and pyrite (Py); f fungnite (F) and pyrite (Py)
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5.1 Maturity of lignites of Saurashtra basin
and their hydrocarbon potential

Since lignite is being considered as a source rock for oil

generation in the present investigation it is important to

understand its rank and maturity separately. While the

former provides information about the degree of coalifi-

cation, the latter would help in knowing the degree to

which the oil potential of these lignites has lessened with

increasing thermal stress. The Eocene lignites of Saurashtra

have 0.28%–0.30% VRr which put them as ‘low rank C’

coals (ISO 2005). Huminite reflectance maintains an

ascending trend with carbon (daf) content (r = 0.295)

while VRmax has a decreasing trend (r = − 0.47) with

volatile matter (daf). A similar trend was also reported in

the Indonesian coals by Amijaya and Littke (Amijaya and

Littke 2005).

Though insignificant in number yet many oil basins of

the world are associated with coal bearing sequences

(Powell and Boreham 1994). Kutei basin of Indonesia and

the Gibbsland basin of Australia (Macgregar 1994) may be

listed as examples of such sequences. Thomas (2002) has

discussed that 80% of Australian oil and 10%–30% of

south-east Asian oil is sourced from the coal bearing

sequences. Thick Tertiary deposits occur in the northern

part of the German gas province where the coal bearing

source rocks have generated huge quantity of gas which is

preserved in the reservoirs (Teichmüller et al. 1984).

Moreover, coal bearing Carboniferous is the main gas

source rock for the deeper reservoirs in the region between

Wales and Ruhr Basin (Teichmüller et al. 1984 as dis-

cussed in Taylor et al. 1998). Significance of oil explo-

ration lies in the proper evaluation of hydrocarbon potential

(Dow 1974) because a good hydrocarbon reserve only

forms when there are good source rock, favourable depo-

sitional and tectonic structure, and proper thermal matu-

ration (Otis and Schneidermann 1997). Wilkins and George

(2002) have made comprehensive review and discussed the

potential of coal to generate oil. Coal properties required

for the liquefaction of coal have been discussed by Cud-

more (1977) and accordingly the characteristics of the

investigated lignites are provided in Table 5. While

working on Danish Central Graben coals, Petersen et al.

(1996, 1998) demonstrated that a maximum average con-

tent of free and fixed hydrocarbons (S1 + S2) and HI values

are found in the coals seams associated with a rapid sea

level rise. Further, Noble et al. (1991) and Mukhopadhyay

et al. (1991) observed that the coals formed in the delta

plain are oil prone in nature. A similar situation holds good

for the lignites of Saurashtra basin. Singh et al.

(2016a, 2017a, b) have shown that the lignite deposits of

Gujarat (Cambay, Kachchh and Saurashtra basins) and

Rajasthan (Bikaner-Nagaur and Barmer basins) evolved

under coastal marshy setting with intermittent fluvial

activities giving rise to a supratidal flood plain. Moreover,

a eustatic rise of 70–140 m in the sea level during the Early

Paleogene period, as compared to the present sea level, is

suggested by Haq et al. (1987). This is indicated by global

transgressions that occurred during 58.5–52.8 Ma.

Inception of Rock-Eval technique has opened a new

window for the oil industries especially for characterizing

the source rocks because it provides a rapid alternative

method for determination of HC/OC indices. The cross plot

(Fig. 3) between Tmax and hydrogen index (HI) shows

immaturity and terrestrial origin of the investigated lig-

nites. The organic matter is chiefly characterized by kero-

gen Type-III with only a little amount of kerogen Type-II.

This fact is also supported by the plot between HI and OI

(Fig. 4) wherein the values fall between kerogen Type-III

and Type-II. Generally, kerogen type III dominantly con-

tains aromatic structures, heteroatomic ketones, and car-

boxylic acid groups and has a low proportion of aliphatic

and alicyclic compounds. Type III kerogen is high gas

prone as compared to types I and II. On the other hand,

type II kerogen is characterized by high lipid content and is

considered as an important constituent of source rock

(Suárez-Ruiz and Crelling 2008). It contains a mixed

proportion of aliphatic and aromatic structures and is oil-

prone in nature. Petersen (2005, 2006) demonstrated the

potential of humic coals (kerogen Type-III) to expel

hydrocarbon and similar studies were also carried out by

Singh (2012) for Vastan and Rajpardi lignites (India), by

Singh et al. (2013) for the East Kalimantan coals of

Indonesia, by Raju and Mathur (2013) and by Singh et al.

(2016b) for the Bikaner-Nagaur lignite basin (Rajasthan),

and by Singh et al. (2016c) for the Cambay lignite basin

(Gujarat). The cross plot, between H/C and O/C atomic

ratios (Fig. 5) shows that the samples fall in the lignite and

sub-bituminous range and have kerogen Type-III except

one sample which is in the bituminous zone. This could be

Table 5 Coal characteristics of the investigated area indicating its

suitability for hydrogenation

S.

no.

Properties of coal required for

hydrogenation (after Cudmore 1977)

Characteristic

of bhavnagar

lignite

Upper Lower

1 Vitrinite reflectance (VRr) \ 0.8 0.28 0.30

2 H/C atomic ratio [ 0.75% 0.78 0.93

3 Vitrinite + liptinite content [ 60% 94.70 90.10

4 Volatile matter (daf) [ 35% 57.23 66.89

5 Concentration of

heteroatoms

Relatively

low

Low Low

nd not determined

316 P. K. Singh et al.

123



due to localized effect leading to relatively enhanced

coalification. This situation is also seen in the Seyler’s

diagram (Fig. 6). The hydrogen and carbon composition in

Seyler’s diagram indicates that the lignite samples of the

Saurashtra basin are spread up in sub-hydrous to perhy-

drous range. The cross plot between huminite reflectance

and hydrogen index (Fig. 7) shows that the lignite is mainly

oil-prone in nature. The Rock-Eval data shows that the free

hydrocarbon (S1), distilled out of the samples at an initial

heating of 300 °C, varies from 2.83 to 3.35 mg HC/g in the

lignites of Saurashtra basin. This makes the Saurashtra

lignite a good source rock considering 1 mg HC/g as cut-

off value. The fixed hydrocarbons (S2 values) are many

fold higher than the free hydrocarbons in the seams of

Saurashtra basin. Considering 5 as cut-off value for S2, it is

a good source rock for hydrocarbon generation while the

trapped carbon-dioxide (S3) is proportional with the oxy-

gen present in these lignites. Here, S1 maintains a strong

sympathetic linear relationship with S2 and complement

each other (r = 0.926). With increasing content of free

hydrocarbon, there is concomitant increase in the fixed

hydrocarbon which is released during the thermal cracking

of samples between 300 and 650 °C which also indicates a

good hydrocarbon potential. The analysis reveals that the

Fig. 3 Distribution of Tmax (°C) and hydrogen index (HI) of the

analysed lignite samples of Saurashtra basin (adopted after Koever-

don et al. 2011) Fig. 4 Cross plot between hydrogen index (HI) and oxygen index

(OI)

Fig. 5 Cross plot between H/C and O/C atomic ratio (after Cornelius

1978)
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Hydrogen Index is several folds higher than the Oxygen

Index (Table 3). The ternary plot, which is based purely on

the maceral composition of these lignites, also favours the

generation of lighter hydrocarbons (Fig. 8) and the plot

between TOC and S2 (Fig. 9) indicates that these lignites

can act as an excellent source for the hydrocarbon gener-

ation which is supported by a positive linear correlation

(r = 0.680) between them.

Jin and Shi (1997) have used the amount of reactive

macerals (RM, which is total of huminite plus liptinite) in

various kinds of coal and studied their ‘conversion’ and ‘oil

yield’. They have used the following empirical formulae:

Conversion %ð Þ ¼ 0:2RM þ 76:6

Oil yield %ð Þ ¼ 0:22RM þ 44:8

The reactivity of coal for its liquefaction is also studied by

Guyot (1978). He used ‘petrofactor’ and defined it as:

RF = 1000 Rmax/RM where Rmax is the maximum

Fig. 7 Cross plot between vitrinite (Huminite) reflectance (HRr) and

hydrogen index (HI)of Saurashtra basin lignites. (adopted after

Petersen 2005). Coals with HI value\150 mg TOC are considered as

gas-prone as shown in the shaded line. HI increases towards a

maximum at around 0.7 Ro % (as represented by the HI max line)

before decreasing significantly after oil window maturity is reached

Fig. 6 Carbon and hydrogen content of investigated lignite shown in

the simplified Seyler’s chart. The ‘bright coal band’ is indicated by

(after Cornelius 1978)

Fig. 9 Cross plot between total organic carbon (TOC) and fixed

hydrocarbon potential (S2) of the analysed samples of saurashtra

basin (Modified after Peters and Cassa 1994; Dembicki 2009)

Fig. 8 Ternary diagram based on maceral composition indicating the

hydrocarbon potential of lignite’s of Saurashtra basin (after Tissot and

Welte 1984)
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reflectance of vitrinite. The lignites of Saurashtra basin are

very high in reactive maceral content which plays a sig-

nificant role in hydrogenation or liquefaction of coal/lig-

nite. The reactive macerals in the upper seam vary from

91.5% to 96.9% while from 75.0% to 94.4% in lower seam

(Table 6). The ‘conversion’ and ‘oil yield’ of the lignites of

Saurashtra basin have been calculated (Table 6) using

empirically derived equations of Guyot (1978) and Jin and

Shi (1997).

A strong positive linear correlation between conversion

and huminite (r = 0.916) indicates of the significance of

this maceral in liquefaction. The role of petrofactor has

also been observed in liquefaction of Gujarat lignites.

Petrofactor holds a relation with conversion (r = − 0.419)

and with oil yield (r = − 0.419) whereas it maintains a

positive linear correlation with carbon (r = 0.73). The

conversion values of these lignites are high (94.63%–

95.53%) and the oil yield (64.63%–65.63%) is also sig-

nificant (Table 6). The empirically derived values are

validated by the Rock-Eval data and reveal a high hydro-

carbon generating potential of these lignite resources. A

strong sympathetic correlation (r = 0.999) exists between

conversion and oil yield which complements each other.

Thus, the maceral composition of the lignites of the

Saurashtra basin and their maturity indicate that they may

be potentially utilized through liquefaction. Nevertheless, a

pilot scale study is recommended before taking any

strategic decision in future.

6 Conclusions

Based on the present investigation, following conclusions

are drawn:

1. Saurashtra lignites are characterized by high moisture,

low to moderate ash yield and high volatile matter.

Huminite is the predominantly occurring maceral

group whilst liptinite and inertinite groups subordinate

the list. Huminite is mainly represented by detro-

huminite followed by telohuminite.

2. These lignites have moderately high TOC (av. 40.16%)

and their maturity is low which is reflected by its Tmax

Table 6 Values of conversion, oil yield and petrofactor calculated for the lignites of Saurashtra basin, Gujarat using empirical formula

S. no. Humi (mmf) Lipti (mmf) RM Rmax Conversion % Oil yield % Petrofactor (RF)

Conversion-1 Conversion-2

Bhavnagar upper seam

BH10 83.8 10.5 94.3 0.41 95.35 95.46 65.55 4.35

BH9 87.5 7.5 95 95.6 65.7

BH8 81.9 9.6 91.5 94.9 64.93

BH7 83.5 12.9 96.4 95.88 66.01

BH6 87.2 9.2 96.4 95.88 66.01

BH5 83.9 9.5 93.4 0.47 94.77 95.28 65.35 5.03

BH4 90.8 6.1 96.9 95.98 66.12

BH3 89.9 5.9 95.8 95.76 65.88

BH2 84.2 9.2 93.4 95.28 65.35

BH1 80.8 12.8 93.6 0.42 95.23 95.32 65.39 4.49

Mean 85.35 9.32 94.67 0.43 95.16 95.53 65.63 4.58

Bhavnagar seam lower

BHL9 80 14.4 94.4 0.36 95.82 95.48 65.57 3.79

BHL8 74.8 18.1 92.9 95.18 65.24

BHL7 75.5 13.6 89.1 94.42 64.4

BHL6 57.1 17.9 75 91.6 61.3

BHL5 76.8 10.5 87.3 0.42 94.98 94.06 64.01 4.79

BHL4 85.6 8.8 94.4 95.48 65.57

BHL3 78.6 14.8 93.4 95.28 65.35

BHL2 79 12.1 91.1 94.82 64.84

BHL1 80.5 13.3 93.8 0.44 95.06 95.36 65.44 4.69

Mean 76.43 13.72 90.16 0.41 95.22 94.63 64.63 4.5

Conversion-1 = 99–0.84 RF (Jin and Shi 1997); Conversion-2 = 0.2 RM + 76.6 (Guyot 1978); Oil yield % = 0.22 RM + 44.8, Petrofactor

(RF) = 1000 Rmax/RM
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(av. 416.23 °C) and huminite reflectivity (0.28%–

0.30%). The organic matter is dominated by kerogen

Type-III with a little amount of kerogen Type-II. The

oil-prone nature is revealed by the cross plot between

vitrinite reflectance and hydrogen index. Fixed hydro-

carbon is many folds higher than free hydrocarbons.

3. These lignites are high in reactive maceral content

(90.16%–94.67%). A high ‘conversion’ and ‘oil yield’

values of the lignites were empirically observed which

also validate the Rock-Eval data.
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