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Abstract: Shale, an abundant organic-rich sedimentary rock of extremely low porosity, is of lately being realized as a
significant energy source, owing to the possibility of huge amount of natural gas which may be stored in it. Instigated by
the enormous production of natural gas from the shale formations of Barnett, Marcellus and several other plays in USA,
the Indian sedimentary basins are being looked assertively for their shale gas prospects. The petroliferous Cambay basin
in western India with interbedded carbonaceous shales in its thick Tertiary sequence forms a potential prospect for the
shale gas. Fine grained, clastic and organic-rich Cambay, Tarapur and other Tertiary shales have sourced the oil and gas
for the basin.

The quality, quantity and type of organic matter play an important role in the generation of gas in shale horizons.
Rock-Eval pyrolysis is one of the most basic organic geochemical methods to study these parameters. In the present
study, the interbedded shale formations within the middle Eocene lignite sequences, referred to as Cambay Formation,
(Nagori et al., 2013), of the Tadkeshwar and Rajpardi mines in Surat and Bharuch districts, respectively, have been
sampled to study the organic matter properties using Rock-Eval pyrolysis. The sedimentary sequences exposed in the
mines show the shales to be high in Total Organic Carbon (TOC) content, ranging between 0.2% to 47.3%. The S1 (free
hydrocarbons) and S2 (hydrocarbons from cracking of kerogen) values range between 0.04 to 7.12 and 0.08 to 190.11
mg HC/g rock, respectively. The T_ (temperature at highest yield of S2) varies between 342°C to 450°C, and the
hydrogen index (HI) ranges between 32 to 754 mg HC/ g TOC. The variation of HI vs. T suggests an immature to
mature stage for the hydrocarbons. The organic matter in shales is characterized by Type I/ III kerogen, suitable for the

generation of gas.
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INTRODUCTION

Shale gas is emerging rapidly as a promising
unconventional energy source globally. Shale, which is a
fine grained clastic sedimentary rock, can be a potential
source-cum-reservoir rock for natural gas, depending on
richness and thermal maturity of its organic matter (Curtis,
2002; Boyer et al., 2006; Horsfield and Schulz, 2012). The
hydrocarbon gases generated in the organic rich shales
remain trapped in the micro-pores and micro-fractures or in
the thin layers by the virtue of the low matrix permeability
of these rocks (Ross and Bustin, 2008; Milliken et al., 2013).
Sufficient heat, pressure and geological time lead to the
conversion of organic matters into kerogen, which, in turn
under specific conditions of deep burial temperature, cracks
to produce hydrocarbons. In general, for any shale gas
system, the environmental conditions support biologic
activities producing large quantities of organic matter, the

depositional conditions concentrate the organic matter and
post-depositional conditions permit its preservation and
maturation to gaseous hydrocarbon (McCarthy etal., 2011).
The storage conditions are governed by the micropores/
micro-fractures and the sorption surfaces of kerogen and
clay minerals of the shales (Curtis, 2002; Ross and Bustin,
2008). Low permeable shales require extensive fractures
(natural or induced) to produce commercial quantities of
gas. With advancement in techniques such as hydro-
fracturing in conjunction with horizontal drilling, massive
production of shale gas is being carried out in the United
States since past decade (EIA, 2013, USGS, 2012).

In India, the shale gas exploration is in its early stage.
Potential sedimentary basins are being identified and the
relevant geochemical, geological and geophysical data is
being generated where required and/or assimilated from
conventional exploratory studies for prioritizing the zones
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towards location of sweet spots where it would be most
beneficial to drill. One amongst such potential areas is the
Cambay basin in the western India, which is a petroleum
rich province due to the presence of a favourable
combination of organic-rich source sediments, reservoir
rocks, regional seals and traps. The Cambay shale is the
main source rock in the basin with some contribution of
oil from Kalol and Tarapur Formations and their equivalents
in the Broach-Jambusar block (Chowdhary, 2004). Having
been explored largely for the conventional oil and gas
prospect, these organic-rich shales are now being revisited
for their gas generation potential. About 20 tcf (trillion cubic
feet) technically recoverable shale gas has been estimated
from the Cambay basin (DGH, 2013; USGS, 2012).
However, these estimates reflect considerable geologic
uncertainty in assessment and rigorous geochemical,
petrological and petrophysical data are needed in defining
the gas producing zones and their response to the fracturing
techniques.

Geochemical parameters, such as organic richness,
kerogen types and thermal maturity are prime requisites in
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shale gas exploration as these attributes control the gas
generation in shales (Jarvie et al., 2007). Rock Eval Pyrolysis
has become one of the most important and basic technique
to evaluate the hydrocarbon generating capacity of the source
rocks. In the present study, preliminary investigation on the
geochemical properties of organic matter of the shales from
the Cambay basin has been carried out using the pyrolysis
technique. The shale samples have been collected from the
open cast mines, namely Tadkeshwar and Rajpardi in Surat,
Bharuch districts, respectively (Fig.1). The fossil biotas
recovered from the sedimentary sequences exposed in these
mines suggest an analogy of Cambay shales for these shale
horizons (Singh et al., 2012 a; 2012b; Sahni et al., 2006;
Nagori et al., 2013). Cambay shale is an established prolific
hydrocarbon source rock in the basin. The objective of the
present study is to characterize the organic matter present
in the shales in terms of its TOC content, thermal maturity
and kerogen type using Rock-Eval pyrolysis. The
geochemical parameters studied here provide basic
information on the qualitative and quantitative aspects of
the organic matter in shales and are interpreted in the light

Mines

Lignite

=3
&+ -
o
o~ -
-
L2, ”
‘o
Py
R
\ s
’
.
W ,
=
o
o J
T
~

74°0°
Location Map
=
Lo
o™
o
\f[] Study Area
-
-
'
ot 2 e S\
o = \f“pll river —) R
- ’ ; 2
Legend B
’ ~
| Geoloy @ rajparai
’ [ Alkali Basalt Flow ® -
A e O e
- Babuguru Formation
- Bagh Formation _—
/ I:l Champaner Group
4 - Godhragranite
& - Granophyre
/
7 - Jhagadia Formation
’ - Kand Formation ;c
4 B 1 ameta Formation kx
== &N
7 - |: Rann Deposit
= -
- Salod Formation
- Tadkeshwar Formation
|:| Vagadkhol Formation
T T
73°30 74°0"

Fig.1. Geological map of South Cambay basin showing the location of sampled lignite mines (after Singh et al., 2012a)
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of basin geology to assess the gas generation potential of
these shales.

GEOLOGIC SETTING AND STRATIGRAPHY

The Cambay basin is a narrow elongated (NNW-SSE)
intracratonic rift basin in the northern part of western
passive margin of India. It extends northward from the Gulf
of Cambay in the south Gujarat to Jaisalmer-Mari ridge in
the central Rajasthan (Kundu et al., 1997; Mathur et al.,
1968; Biswas, 1982). The Saurashtra craton lies to its West,
Aravalli to the north east and Deccan province to the
southeast. Cenozoic outcrops are rare and occur only on the
fringes of the basin. The basin is covered entirely by Gujarat
alluvium in the south and sands of Rajasthan desert in the
north. The Narmada and Barmer depression respectively
are the southern and northernmost sectors (Kundu et al.,
1997; Mathur et al., 1968).

The basin came into existence during late Mesozoic era
with the development of major tensional faults following
widespread extrusion of Deccan trap basalt (Biswas, 1982,
1987). The volcanics of the Deccan traps form the basement
of the Tertiary and Quaternary sediments in the basin. The
sediments have a thickness of over 5,000 m in the deepest
part of the basin (Jambusar-Broach area). The sequence
comprises of greywackes, dark grey to black grey shales,
coal cyclothems, silts, fine to medium grained sands and

grey reddish-brown clays (Biswas, 1987). The whole basin
is longitudinally dissected into five major tectonic blocks
by transverse basement faults within the Deccan traps, which
continue to some extent into the overlying sediments. These
are Sanchor-Patan, Mehsana-Ahmedabad, Tarapur-Cambay,
Broach-Jambusar and Narmada-Tapti blocks from north to
south (Biswas, 1982, 1987). These blocks are characterized
by different fold and fault trends and basement depth. The
manifestations of the major tectonic trends is evident from
their parallelism to the Satpura trend between the Narmada
and Tapti rivers and to the Dharwar trends in the northern
and central part of the basin (Raju et al., 2013). The available
data on the major tectonic lineaments, expressed as faults,
flexures and dykes on the surface, are represented as fault
zones in the Cambay basin (on land and offshore), and as
structural features in the associated Tertiary sediments of
the Cambay basin, shows two major tectonic lineaments
with NNW-SSE trend, probably related to the Dharwar
orogenic belt and ENE-WSW trend, probably related to the
Satpura orogenic belt, extending into the Cambay basin.
These two major trends are manifested both on the surface
and in the sub-surface (Raju et al., 2013), due to which the
pattern of sedimentation is controlled by the block pattern
to a certain extent.

Stratigraphically the basin is divided into eleven
Formations with Deccan Trap as the basement (Table 1).
The depositional floor is characterized by narrow linear horst

Table 1. Stratigraphic succession of the Cambay basin (after Agarwal, 1986)

Age Formation and Thickness Lithology
Quaternary Holocene Narmada Fm. Sandstone, silt,clay and gravels
——————————————————————————— Unconformity - - - - - - B
Tertiary Lower Pliocene Jhagadia Fm.(200m) Sandstone, gritstone, conglomerate,
breccia, clay, silt
———————————————— Unconformity - - - - - - B
Miocene Kand Fm. (200-400m) Conglomerate, fossil, limestone,
calcareous sandstone and gravelly clay
———————————————————————————— Unconformity - - - ------
Babaguru Fm. (200-300m) Conglomerate, sandstone, clays
cherry red and highly ferruginous
---------------- Unconformity - - - - - - B e
Oligocene Tadkeshwar Fm. (125 -346m)
———————————————— Unconformity - - - - - - B
Eocene Ankleshwar Fm. (603m)
---------------------------- Unconformity - - - ------
Cambay shale (+1500m) Grey to dark grey thinly bedded shales
———————————————— Unconformity - - - - - - B
Paleocene Vagadkhol Fm. (+50m) Conglomerate, grit, sandstone,
variegated clays and siltstone
---------------- Unconformity - - - - - - B e
Cretaceous Deccan Trap Basalt, trachyte etc.
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and graben (Bhandari and Chowdhary, 1975). The older
Olpad Formation overlies the Deccan trap with an erosional
unconformity. The sedimentation took place in fluviatile to
shallow water environment under oxidizing conditions
(Chandra and Chowdhary, 1969). The Olpad Formation is
overlain unconformably by Cambay Shale Formation which
was deposited under deep marine, highly reducing condition.
The Kadi Formation, which is present only in Ahmedabad-
Mehsana block, is an intervening non-marine clastic wedge
with a thickness of 300 m within the Cambay shale (Bhandari
and Chowdhary, 1975). The sedimentation took place in a
deltaic environment. The Cambay shale is conformably
overlain by Kalol Formation of middle Eocene, which got
deposited in alternating regressive and transgressive marine
settings. The marine Tarapur Shale Formation conformably
overlies the Kalol Formation. The Tarapur Shale Formation
is unconformably overlain by Babaguru Formation of upper
Miocene age. It got deposited in fluviatile to shallow water
environment under mildly oxidizing conditions (Chowdhary,
2004). The Kand Formation of Middle Miocene lies
conformably over Babaguru Formation. The depositional
environment is shallow marine.

The Kand Formation is conformably overlain by
Jhagadia Formation of upper Miocene (Chowdhary, 2004).
It is unconformably overlain by Broach Formation of
Pliocene age deposited under shallow marine oxidizing
environment. The Jambusar Formation conformably overlies
the Jhagadia Formation and was deposited under regressive
shallow marine to fluviatile conditions (Bhandari and
Chowdhary, 1975). The Gujarat alluvium of Holocene age
forms a cover of the Tertiary and Quaternary sediments and
is having a gradational relationship with the underlying
Jambusar Formation (Chowdhary, 2004).

Petroleum Geology

Four source rock units have been defined in the
petroliferous Cambay basin. These are the Tarapur shale
and its coeval units of upper Eocene-Oligocene age; Kalol
Formation and its coeval units of middle Eocene age;
Cambay shale of lower Eocene age; and Olpad Formation
(volcanic conglomerate, shale and claystone) of Paleocene
(Yalcin et al., 1988; Chowdhary, 2004). The reservoir rock
constitutes the sand size basalt fragments within the Olpad
Formation (DGH, 2013). Localized sandstone reservoirs
within the Cambay shale as in the Unawa, Linch, Mandhali,
Mehsana, Sobhasan fields are also present. The lithological
heterogeneity and associated unconformity in Olpad
Formation facilitated entrapment of hydrocarbons.
Transgressive shales within deltaic sequences provided a
good cap rock. The peak of oil generation and migration is

understood to have taken place during early to middle
Miocene (DGH, 2013).

Study Area

The study area forms part of the Tadkeshwar and
Rajpardi lignite mines of Surat and Bharuch districts,
respectively, in the southern part of Cambay basin. Sub-
surface lignite bearing sequences are exposed in these
open cast mines. The Rajpardi lignite deposits are associated
with two major litho units: Babaguru Formation which is
underlain by Tadkeshwar Formation, followed by
Nummulitic Formation. The Tadkeshwar Formation begins
with grey clay-bed which is overlain by the carbonaceous
clay-bed, which, in turn, is conformably overlain by a five-
meter-thick lignite seam, a marker bed (Singh, 2012). Based
on relative stratigraphic position, depositional environment
and occurrence of paleo-fauna of the lignite sequences, it
has been considered analogous to the Cambay Formation
((Singh et al., 2012; 2012 b; Sahni et al., 2006; Nagori et
al.,2013; Rust et al., 2010). The predominance of mud rich
sediments together with lignites and siderites in the
Tadkeshwar and Rajpardi mines suggest deposition in
low energy near shore coastal setting (Rust et al., 2010).
Well preserved, consolidated shales were collected after
removing the weathered part in the exposed horizons.

MATERIALS AND METHOD

Programmed pyrolysis was carried out on seventeen
shales collected from open cast lignite mines of Tadkeshwar
and Rajpardi, Gujarat, using the Rock Eval 6 pyrolyzer
(RE6, Turbo version). After obtaining a stable signal of
all the detectors, the instrument was calibrated in
standard mode using the French Institute of Petroleum
standard, IFP 160000, (T =416°C;S2=12.43). The shale
samples were powdered homogenously (<63 m) and
weighed in pre-oxidized crucibles depending upon the
organic matter content (~50-70 mg of the shale; and 8-15
mg of coaly shale). The shale samples were run under
analysis mode using the bulk rock method and basic cycle
of Rock Eval 6.

Rock Eval 6 Pyrolysis

Rock Eval pyrolysis is used to estimate the petroleum
potential of rock samples by open laboratory cracking of
organic matter according to a programmed temperature
pattern in the Rock Eval 6 pyrolyzer. Released hydro-
carbons are monitored by a FID (Flame Ionization Detector),
forming the so-called peaks S1 (thermo-vaporized free
hydro-carbons) and S2 (hydrocarbons from cracking

JOUR.GEOL.SOC.INDIA, VOL.85, JUNE 2015



PYROLYSIS RESULTS OF SHALES FROM THE SOUTH CAMBAY BASIN, INDIA

of organic matter). The CO and CO, released during
pyrolysis can be monitored in real time by an infra red
cell. This complementary stage allows determination of
total organic carbon and mineral carbon content of the
samples.

The basic cycle of analysis consists of two steps. Firstly,
the pyrolysis is carried in pyrolysis oven. The oven is
programmed with an initial temperature of 300°C, which
increases to 650°C at the rate of 25°C per minute. The
samples are pyrolysed in an inert atmosphere of nitrogen.
The free hydrocarbons evolved at lower temperature of
300°C are detected by the FID, resulting in the formation of
S1 peak. This is followed by the hydrocarbon evolution
through cracking of kerogen, which results in S2 peak.
Thus, S1 and S2 represent milligrams of free and kerogen
cracked hydrocarbons in one gram of rock sample (mgHC/
gRock). The S3 peak corresponds to CO, formed from
thermal cracking of kerogen during pyrolysis and is
expressed in milligrams per gram of rock.

Following pyrolysis, residual carbon is oxidized in an
oxidation oven. The oxidation oven is programmed with an
initial temperature of 300°C, which increases to 850°C at
the rate of 20°C per minute. The resulting S4 peak comprises
of carbon dioxide and carbon monoxide components
defined by S4CO, and S4CO peaks during oxidation. A
separate CO, peak designated as S5 reflects decomposed
carbon dioxide from carbonate minerals in the sample.
T, .. which is the thermal maturity indicator, corresponds
to temperature at the highest yield of S2 hydrocarbons, is
recorded during the pyrolysis. Total Organic Carbon (TOC)
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is calculated by Rock Eval through the addition of the
obtained values of pyrolised carbon and residual carbon.
The relationship between these components forms the basis
for various indices used for interpretation of rock
characteristics. The hydrogen index, (HI) is defined by 100
x §2/TOC. The oxygen index, (OI) is defined as 100 x S3/
TOC. These indices help in tracking kerogen types and
maturation (User’s guide, Rock Eval 6; McCarthy et al.,
2011).

RESULTS

The results of important parameters obtained by the
pyrolysis of shales from Cambay basin using Rock Eval are
given in Table 2. Representative pyrolysis and oxidation
curves for one of the samples, TG-07, is shown in Fig.2. In
general, the shales from Rajpardi area show a high TOC
content along with other Rock Eval parameters compared
to that of Tadkeshwar (Table 2). The TOC content from
Rajapardi shales ranges between 9.35- 26.03%. The
Slvalues range between 3.29-7.12 mgHC/grock and are
characteristic of all the sample (Table 2). The S2 values
show an elevated range between 60.6 - 190.11 mgHC/grock.
The T, _, ranges between 429-435°C. The Hl is high ranging
in values between 648-754 mgHC/gTOC, whereas OI for
all studied samples is near to 15. The mineral carbon content
is <0.5 %. For the Tadkeshwar shales, the TOC varies
between 0.19 to 47.39 %. The S1 values are between 0.05
to 3.58 mgHC/grock and the S2 values range between 0.14
to 78.84 mgHC/grock. The T __ varies between 342 to
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Fig.2. RE pyrolysis and oxidation curves for the shale sample (TG-07) from the Tadkeshwar lignite mines, Cambay basin
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Table 2. Rock Eval Pyrolysis data of shales from the Cambay basin

Sample S1 S2  Tmax S3  TOC HI Ol MINC
(mgHC/ (mgHC/ °C mgCo,/ (%) mgHC/ mgCO,/ (%)
gRock gRock g Rock gTOC gTOC
Tadkeshwar
TG-01 3.58 5842 420 8 2427 241 33 0.7
TG-02 0.12 175 434 2.04  3.19 55 64 0.41
TG-03 0.13 1.2 428 1.5 234 51 64 0.23
TG-04 0.09 1.57 425 243 4.69 33 52 0.22
TG-05 0.05 0.08 394 0.55  0.18 44 306 0.46
TG-06 0.18 435 432 3.07 721 60 43 0.3
TG-07 0.07 0.14 378 0.57 032 44 178 0.08
TG-08 0.04 0.17 342 083  0.19 89 437 0.93
TG-09 0.06 1.28 431 035  0.59 217 59 0.07
TG-10 0.07 0.18 450 1.62 021 86 771 0.79
TG-11 3.12 78.84 414 16.03 47.39 166 34 1.22
TG-12 2.82 68.42 415 1434 4228 162 34 1.13
Rajpadri
RJ-01 7.12 190.11 435 3.69 2521 754 15 0.35
RJ-02 6.62 184.6 429 3.79  26.03 709 15 0.36
RJ-03 3.29 60.6 432 .51 935 648 16 0.19
RJ-04 4.04 102.61 432 2.08 14.42 712 14 0.25
RJ-05 494 106.76 430 2.15 14.73 725 15 0.23

450°C, whereas the HI values vary between 33 to 241 mgHC/
gTOC.

DISCUSSION

In a shale gas play, high gas content is controlled by the
amount and maturity of the organic matter. The total organic
carbon content and pyrolysis parameters help in the
evaluation of the sedimentary organic matter. A TOC content
(Wt %) <0.50 is considered poor; 0.50 - 1.0 as fair; 1.0-2.0
as good and that > 2.0 as excellent for the source rocks
(Hunt, 1996). The shales from Rajpardi show a TOC >9 %,
whereas those from Tadkeshwar vary widely (Table 2). Three
shales from Tadkeshewar area have very high TOC content
(>58%). These shales are coaly in texture and can possibly
have the contribution from adjacent lignite sequences. Rest
of the shales (n = 9) from the area have relatively lower
TOC (0.18 - 3.19%). A P-test performed on the two groups
of coaly shale and carbonaceous shale indicates a p-value
0f0.004 and 0.021, respectively. Both the p-values obtained
are significant and below the level of specified significance
of 0.1%, indicating the relationship between the S1 and S2
values. This is also supported by the correlation coefficients
() of the carbonaceous shales (r*_0.8). The correlation
analysis in coaly shales is constrained by less number of
observations (n=3). Similarly, P-test (p-value=0.004) and
correlation analysis (0.9) performed on S1 and S2 values of
Rajpardi shales indicate similar source organic input for the
generation of the hydrocarbons (Fig.3). These values also
vary linearly with the TOC content of the organic matter
(Fig.4). With an increase of organic matter, the produced
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Fig.3. Correlation of S1 and S2 hydrocarbons released from
pyrolysis of the shales from the (A) Tadkeshwar lignite
mine, Surat, and (B) Rajpardi lignite mine, Bharuch,
respectively, Cambay basin.

hydrocarbons are also increasing. These characteristics are
observed in the organic matter derived from good/potential
source rocks. These observations also indicate that there is
minimal surficial contamination of the organic matter in
shales, which if happened, would have resulted in scattered
and poorly correlated hydrocarbon variables and TOC
contents.The quality and maturation state of kerogen is
based on the hydrogen and oxygen indices (HI/OI values)
generated by the RE pyrolysis. HI is a measure of the
hydrogen richness of the source rock, and is used to estimate
the thermal maturity and petroleum generative potential of
the rock (Tissot and Welte, 1978). OI measures the oxygen
richness of a source rock and can be used in conjunction
with the hydrogen index to estimate the quality and thermal
maturity of source rocks. Organic rich shales deposited in
reducing anoxic marine environments have high HI and quite
low OI values (Tissot and Welte, 1978). The shales from
Rajpardi area show high HI values and low OI values, where
as those from Tadkeshwar show moderate HI and a low OI
values. An inverse correlation is observed between the
hydrogen and oxygen indices with each other and that with
the TOC content (Fig.5). The hydrogen and oxygen indices
are characteristics of kerogen type and generally bear inverse
correlation with each other. These indices indicate the oil
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Fig.4. Correlation of S1 and S2 hydrocarbons with the TOC (%)
of the shales from (A) Tadkeshwar lignite mine, Surat, and
(B) Rajpardi lignite Mine, Bharuch, respectively, Cambay
basin

and gas generation ability of the kerogen. The HI value <
50 mg HC/ g TOC, suggests no oil and gas generation from
the kerogen where as HI >600 mg HC/ g TOC suggests oil
prone kerogen (Peters and Cassa, 1994). These indices
indicate the source organic input and the environment of
deposition, which is essentially reducing, characterized by
low oxygenation conditions (suboxic/anoxic) resulting in
preservation of organic matter in shales. The high HI and
low OI values indicate a favourable depositional condition
of Cambay shales in a reducing, hydrogen rich and low
oxygenic environment.

The kerogens have been classified as Type I, 11, III and
IV based on their Carbon (C), hydrogen (H) and oxygen
(O) contents (Van Krevelen, 1961; Hunt, 1996; Tissot and
Welte, 1978). Type I and II generate most of the world’s oil.
Type 1 is generated predominantly in marine environments
and is derived from algal lipids or from organism that are
enriched in lipids by microbial activity. It contains several
aliphatic chains and the H/C ratio is originally high (H/C
>1.5) (Tissot and Welte, 1978; Peters et al., 2005). Type-I1
kerogen also contains aliphatic chains, but have more
aromatic and naphthenic rings. The HC range and the oil
and gas potential in Type-II kerogen are lower (H/C=1.2 to
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basin.

1.5) than observed in type-I kerogen. Type-III kerogen
with low H/C range (H/C= 0.7 to 1.0) generates primarily
gas, condensates and some waxes and contains mostly
condensed poly-aromatics and oxygenated functional
groups, with minor aliphatic chains. The organic matter is
mostly derived from terrestrial higher plants. Type IV
kerogen generates only small amount of methane and CO,.
A modified van Krevelen diagram (van Krevelen, 1961;
Tissot and Welte, 1984) is used to evaluate the quality and
maturation state of kerogen based on HI/OI in combination
with T __ values.

The HI value < 50 mg HC/ g TOC suggests Type-IV
kerogen (No oil and gas), ranging between 50-200 mg HC/
g TOC suggests Type-III kerogen (Gas), 200-300 mg HC/ g
TOC suggests Type- II/III kerogen ( Mixed oil and gas),
300-600 mg HC/ g TOC suggests Type- II kerogen (Oil)
and >600 mg HC/ g TOC suggests Type-I kerogen (Oil)
(Peters and Cassa, 1994). The HI vs OI plot of the shales
associated with the lignite mines from Tadkeshwar shows
that the organic matter is characterized by Type III kerogen
(Figure 6). The HI vs T, _values also indicate the presence
of Type Il kerogen, (Fig.7). These shales show an immature
phase for the generation of hydrocarbons. With a high TOC
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Hydrogen Index (mg HC/g TOC)
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Fig.6. The HI vs OI plot for the shales from the Tadkeshwar lignite
mine, Cambay basin.

characterized by Type III kerogen, these shales can be a
potential source for the generation of gas at greater depths
of burial. Couple of Shales from Tadkeshwar, (TG-05, 07,
08, 09, 10) show high oxygen index (>100 mgHC/gTOC).
These samples are also characterized by low TOC values
and are possibly contaminated by processes of weathering
and oxidation. The shale from the Rajpardi area show very
high HI values (>600 mg HC/gTOC). The HI vs. T __

X
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suggests that the organic matter is characterized by Type II
kerogen, which has the potential for oil and gas. The samples
show an immature to mature stage for the hydrocarbon
generation.

The Tadkeshwar lignites of Cambay basin belong to
early Eocene age. The data generated on nature,
composition, origin, maturation and mineral matter contents
of the organic deposits, through petrological investigations,
show that these lignites are rich in huminite macerals
followed by liptinite and inertinite with moderate to high
proportions of associated mineral matter (Singh et al., 2012a;
2012 b). Petrographical studies on Rajpardi lignites suggest
that these are enriched in huminite and are low in liptinite
and inertinite (Singh et al., 2012) Their elevated hydrogen
content, in relation to carbon, has probably made them
perhydrous in nature and oil prone (Singh, 2012). This is
also corroborated by the Rock Eval pyrolysis of the
interbedded shale horizons where the organic matter is
characterized by the presence of type II/III kerogen
suggesting the oil/gas prone nature of these shales.

In the Cambay basin, each of the five blocks has multiple
source rocks of different lithologic compositions at various
maturity levels (Chowdhary, 2004). A direct correlation has
been observed between the organic matter richness, its
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Fig.7. Hl versus T, _Fig plot for the shales from (A) Tadkeshwar lignite mine, Surat, and (B) Rajpardi lignite mine, Bharuch, respectively,

Cambay basin.
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quality and the thickness of the source sequences. Central
and axial parts of the depositional centers have best quality
and greatest quantity of source rock (Yalcin et al., 1988,
Chowdhary, 2004) The Cambay shale and its stratigraphic
equivalents are the predominant source rock for the entire
Cambay basin. Distribution of organic matter in interbedded
shale sequences of Tadkeshwar and Rajpardi in South
Cambay corroborate these observations.

CONCLUSION

The pyrolysis results of the interbedded shales from
Tadkeshwar Formation exposed in the open cast mines of
Rajpardi and Tadkeshwar in Surat and Bharuch districts of
Gujarat are encouraging. The TOC content is quite high

and an immature to mature stage is inferred from the
HI vs T . data of these shales. The organic matter is
characterized by Type II and III kerogen, which is suitable
for the generation of gas. The lateral and vertical extents of
these shale horizons along with petrological and petro-
physical details in integration with the organic geochemical
attributes of the shales on sub-surface core samples shall
help further in precise delineation of gas prone horizons.

Acknowledgements: The authors acknowledge Oil
Industry Development Board, New Delhi for providing
financial aid in setting up of the laboratory. Gujarat Mineral
Development Corporation is acknowledged for allowing the
field visits to the lignite mines. The Director, NGRI is
acknowledged for permitting the publication of this work.

References

Agrawal, C.G. (1986) Structure and tectonics of exposed rocks
between Narmada and Kim rivers in South Gujarat. Jour. Geol.
Soc. India, v.27, pp.531-542.

BANERJEE, A., PaHARI, S., JHA, M., SINHA, ALK, JAINA.K., KUMAR,
N., THomas, N.J., Misra, K.N. and CHANDRA, K. (2002) The
effective source rocks in the Cambay basin, India. AAPG Bull.,
v.86, no.3, pp.433-456.

Banerjee, A., Rao, K.L.N. (1993) Geochemical evaluation of part
of the Cambay Basin, India. AAPG Bull., v.77(1), pp.29-48.

BEHAR, F., BEAuMONT, V. PENTEADO, H L. and DE B. (2001) Rock-
Eval 6 Technology: Performances and Developments Oil &
Gas Science and Technology — Rev. IFP, v.56 (2), pp.111-134.

Buanpary, L.L. and CHouDHARY, L.R. (1975) Stratigraphic Analysis
of Kadi and Kalol Formations, Cambay Basin, India. AAPG
Bull., v.59, pp. 856-871.

Biswas, S.K. (1982) Rift basins in western margin of India and
their hydrocarbon prospects with special reference to Kutch
basin. AAPG Bull., v. 66, pp.1497-1513.

Biswas, S.K. (1987) Regional tectonic framework, structure, and
evolution of the western margin basins of India.
Tectonophysics, v.137, pp.307-327.

Bovegr, C., Keiscunick, J. and Lewis, R.E. (2006) Producing gas
form its source. Oil field Rev., v.36, pp.49.

CHanDRrA, P.K. and CHowDHARY, L.R. (1969) Stratigraphy of
Cambay Basin. Bull. Oil Nat. Gas Comm. v.6(2), pp.37-50.

CHowpHARY, L.R. (1975) Reversal of Basement-Block Motions in
Cambay Basin, India, and its Importance in Petroleum
Exploration. AAPG Bull., v.59(1), pp.85-96.

CHOWDHARY, L.R. (2004) Petroleum Geology of the Cambay Basin,
Gujarat India. Indian Petroleum Publisher, Dehradun, pp.74-
111.

Curtis, J.B. (2002) Fractured shale-gas systems. AAPG Bull., v.86,
pp.1921-1938.

DGH (2012) Directorate General of Hydrocarbons, India.
Retrieved from www.dghindia.org.

EIA (2013) United States Energy Information Administartion,

JOUR.GEOL.SOC.INDIA, VOL.85, JUNE 2015

Retreived form http://www.eia.gov/energy in_brief/article/
about shale gas.cfm

EspiTaLig, J., Marquis, F. and Sace, L. (1987) Organic
geochemistry of the Paris Basin. /n: J. Brooks and K. Glennie
(Eds.), Petroleum Geology of North West Europe, Graham
and Totman, London, pp.71-86.

Hunt, J.M. (1996) Petroleum Geology and Geochemistry, W. H..
Freeman and Company, San Francisco, 617p.

HorsrieLp, B. and Schurz, H.M. (2012) Marine and Petroleum
Geology, v.31 (1), pp.1-136

Jarvie, D.M., Hie, D.J., RuBLE, T.E. and PoLLAsTRO, R.M. (2007).
Unconventional shale-gas systems: The Mississippian Barnett
Shale of north-central Texas as one model for thermogenic
shale-gas assessment. AAPG Bull., v.91(4),pp.475-499.

KrerT, T.R., ScheEnk, C.J., WanNDREY, C.J., BROWNFIELD, M.,
CHARPENTIER, R.R., Cook, T., GAuTIER, D.L. and PoLLASTRO,
R.M. (2012) Assessment of potential shale gas resources of
the Bombay, Cauvery, and Krishna—Godavari Provinces, India,
2011: USGS Fact Sheet 2011-3131, 2p.

KREVELEN, D.W. (1961) Coal: typology-chemistry-physics-
constitution: Elsevier Science, Amsterdam, 514p.

Kunbu, J., Prasap, B. and PrakasH, A. (1997) Structural
Framework and Distribution of Synrift Depocentres in
Cambay Rift Basin, Western India. AAPG Bull., v.81(1),
pp-1392-1393.

LaFARGUE, E., Marquis, F. and Pillot, D. (1988) Rock-Eval 6
Applications. /n: Hydrocarbon Exploration, Production, and
Soil Contamination Studies, 53, 4, Juillet-Aott 1998, IFP.

MatHUR, L.P., Rao, K.L.N. and CHAUBE, A.N. (1968) Tectonic
framework of Cambay Basin, India. ONGC Bull,, v.5, pp.7-
28.

MiLLikEN, K.L., Rupnicki, M., AwwiLLER, D.N. and Zuang, T.
(2013) Organic matter—hosted pore system, Marcellus
Formation (Devonian), Pennsylvania. AAPG Bull., v.97( 2)
pp. 177-200.

Mccarthy, K., NiIEMANN, M., PaLmowski, D., PETers K. and



656 SNIGDHARANI MISHRA AND OTHERS

StankiEwicz, A. (2011) Basic Petroleum Geochemistry for
Source Rock Evaluation. /n: Oilfield Review, v.23(2) pp.32-
43.

MisHRA, S. and PateL, B.K. (2011) Gas Shale potential of Cambay
Formation, Cambay Basin, India The 2" South Asian
Geoscience Conference and Exhibition, GEOIndia 2011, 12-
14% Jan, 2011, Greater Noida, New Delhi, India.

Mounan, M. (1995) Cambay basin-a promise of oil and gas
potential. Jour. Paleonto.Soc. India, v.40, pp.41-47.

Nagori. M.L., Knosra S.C. and JakHar, S.R. (2013) Middle
Eocene Ostracoda from the Tadkeshwar Lignite Mine, Cambay
Basin, Gujarat. Jour. Geol. Soc. India, v.81, pp.514-520.

PeTERS, K.E. and Cassa, M.R. (1994) Applied Source Rock
Geochemistry. In Magoon, L. B, and W. G. Dow, (Eds.) The
petroleum system from source to trap. AAPG Memoirs 60,
pp93-120.

Raju, A.T.R., CHAUBE, A.N. and CHOUDHARY, L.R. (1971). Deccan
Trap and geologica framework of Cambay basin. Bull.
Volcanol., v.35(3), pp.521-528.

Ross, D.J.K., And Bustin, R.M. (2007) Shale gas potential of the
Lower Jurassic Gordondale Member, northeastern British
Columbia, Canada. Can. Petrol. Geol. Bull., v55, pp.51-75.

Ross, D.J.K. and BusTiN, R.M. (2008) Characterizing the shale
gas resource potential of Devonian—Mississippian strata in the
Western Canada sedimentary basin: Application of an
integrated formation evaluation AAPG Bull., v.92, pp.187-
125.

RusT, JEs., SINGH, H., Rana, R.S., Mccann, T., SINGH, L., ANDERSON,
K., SARKAR, N., NasciMBENE, P.C., STEBNER, F., THoMas, J.C.,
KRrRAEMER, M.S., WiLLiams, C.J., ENGEL, M.S., Sauni, A. and
GrimaLDI D. (2010) Biogeographic and evolutionary
implications of a diverse paleobiota in amber from the early
Eocene of India. Proc. Nat. Acad. Sci. USA, v.107, no.43,
pp-18360-18365.

Sanni, A., Saraswarti, P.K., Rana, R.S., Kumar, K., SingH, H.,
ArmMoHaMMADIAN, H., Sanni, N., Rosg, K.D., SiNgH, L., and
Swmith, T. (2006) Temporal Constraints and Depositional
Palacoenvironments of the Vastan Lignite Sequence, Gujarat:
Analogy for the Cambay Shale Hydrocarbon Source Rock.
Indian Jour. Petrol. Geol., v.15(1), pp.1-20.

SinGH, P.K. (2012) Petrological and Geochemical Considerations
to Predict Oil Potential of Rajpardi and Vastan Lignite Deposits
of Gujarat, Western India. Jour. Geol. Soc. India, v.80, pp.759-
770.

SINGH, A., THAKUR, O.P. and SGH, B.D. (2012a). Petrographic
and Depositional Characteristics of Tadkeshwar Lignite
Deposits (Cambay Basin), Gujarat. Jour. Geol. Soc. India, v.80,
pp-329-340.

Sivgh P.K., SN, M.P., SinGH, A.K., Nalk A.S., SingH, V.K. and
RaJak, (2012b) Petrological and geochemical investigations
of Rajpardi lignite deposit, Gujarat, India. Energy Exploration
& Exploitation, v.30(1), pp.131-152.

Tissot, B.P. and WEeLTE, D.H (1978). Petroleum Formation and
Occurance A new approach for oil and gas exploration Springer
Verlag, 529p.

Tissor, B. and WELTE, D.H. (1984) Petroleum Formation and
Occurrence. 2" ed. Heidelberg: Springer Verlag, 679p.

USGS (2012) United States Geological Survey. Retrieved from
http://pubs.usgs.gov/fs/2011/3131/pdf/fs2011-3131.pdf

VaN KreveLiN, D.W. (1961) Coal: Typology-Chemistry-Physics-
Constitution. Amsterdam: Elsevier Science, 514p.

YarciN, M.N., WELTE, D.H., Misra, K.N., MANDAL, S. K., BALAN,
K.C., MenroTrRA K.L., LoHAR B.L., KuMAR, S. P. and Misra,
H.S. (1987) 3-D computer aided basin modelling of Cambay
Basin, India—a case history of hydrocarbon generation. In:
R.K. Kumar et al. (Eds.), Petroleum geochemistry and
exploration in the Afro-Asian region, Balkema, Rotterdam,
pp-417-450.

(Received: 28 June 2013, Revised form accepted: 29 January 2014)

JOUR.GEOL.SOC.INDIA, VOL.85, JUNE 2015




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 215
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.04651
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 215
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.04651
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




