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A systematic approach has been carried out to delineate the coal seam zones from the Ib river coalfield,
Odisha and the Mand-Raigarh coalfield, Chhattisgarh for the conversion of coal to oil as well as to
establish the peat-forming environment of the mire and determine the depositional facies analysis of the
coal seams. Zone R-I of Raniganj formation and Belpahar, Parkhani and Lajkura of Barakar formation
from the Ib river coalfield and Seam nos. VII, VI, III and I of the Barakar formation from the Mand-
Raigarh coalfield are identified based on their high percentage of liptinite and reactive content as well
as their suitable maturity (mostly sub-bituminous rank) as potential for coal-to-oil conversion. The
palaeo-depositional environment for peat formation has been constructed using the tissue preservation
index and gelification index following coal facies analysis which shows that the peat formation in the Ib
river coalfield took place under limnic to limno-telmatic conditions with prolonged wetness in the mire,
whereas in the Mand-Raigarh coalfield, peat evolved under a clastic to an open marsh limnic environment
with intermittent wet and dry spells. The microlithotype composition indicates that both the coalfields
evolved under lower to upper deltaic settings.

Keywords. Coal liquefaction; Ib river coalfield; Mand-Raigarh coalfield; Mahanadi valley.

1. Introduction generated from liptinites and perhydrous vitrinites,
and this is the main reason that low rank coals
(0.4-1.3% Ro) are suitable for hydrogenation. Coal

as a source rock for oil has become a mod-

The organic carbon content in petroleum source
rock may be less than 1%. Coals, on the other

hand, contain high content of organic matter and
may act as source rocks for not only gas but
also for oil as well (Thomas 1982; Durand and
Parratte 1983; Littke et al. 1990; Levine 1993).
As Type II kerogen in oil, the bituminite in
coal is commonly very important for its high
oil-rich characteristics (Tissott and Welte 1984).
During bituminisation, petroleum substances are

ern concept since Brooks and Smith (1967) first
detected petroleum-like substances in Australian
coals. Since then, pyrolysis studies, mainly Rock-
Eval pyrolysis, revealed that coals have a poten-
tial for petroleum formation (Durand and Oudin
1979; Durand and Parratte 1983; Teichmuller and
Durand 1983; Singh 2013, 2016a; Singh et al.
2016b, 2017a,b).
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Compositional make-up and rank of a coal has
got tremendous significance in determining the
quality of coal and suitability for specific applica-
tions (Teichmuller and Durand 1983; Singh 2012).
Coal liquefaction is the procedure adapted in the
Indian scenario in the recent past to produce syn-
thetic fuel as a substitute for crude oil. Low rank
coals having high hydrogen content (liptinite con-
tent >15%) with the desired H/C ratio >0.9 (Fleet
and Scott 1994) and higher proportions of reactive
components (>75%) such as vitrinite and liptinite
are considered to be suitable for the conversion of
coal to liquid.

2. Geological setup of the area

The Mahanadi master basin is a riftogenic
Gondwana basin which follows a regional NW-SE
trend and is considered as a major coal-bearing sed-
imentary basin of India. The master basin mainly
comprises Korba, Hasdo-Arand and Mand-Raigarh
coalfields of Chhattisgarh and the south-eastern
part of the basin is known as the Ib river coal-
field and Talchir coalfield of Odisha (figure 1).
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In the Ib river coalfield, the Gondwana sediments
to the north and the central part of the coalfield
are flanked by older metamorphics of the Gang-
pur group while in the southern part (bounded by
the southern fault boundary), the Gondwana strata
rest unconformably over the metamorphic base-
ment of the Chhattisgarh group (Chaudhuri 1983).
Two to four coal seam zones (from R-IV to R-I in
descending order) occur in the Raniganj formation
in different parts of the basins and the Barakar for-
mation hosts five regional coal seam zones (namely,
Belpahar, Parkhani, Lajkura, Rampur and Ib from
top to bottom).

In the Mand-Raigarh coalfield, a thick pile of
sedimentary rocks of late carboniferous to early to
middle Triassic age hosts huge repository of Per-
mian coal in a linear fashion trending the NW-SE
in these tracts (Raja Rao 1983) and regionally 15
(seam no. I-XV) coal seams were delineated within
the Barakar formation with varying thickness.

3. Methodology and sampling

For petrological studies, samples were selected from
borehole sections. Depending on the compactness
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Figure 1. Geological map of the study area (modified after Raja Rao 1983).
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of the sample, blocks or pellets were processed.
The surface across the bedding plane is polished
for block samples and for pellets, the representative
coal samples were ground and polished following
Indian Standards and International Standards ISO
7404/2-1985(E). A petrographic study of the pol-
ished samples was carried out under reflected light
fluorescence microscope (model Leica DMRXP)
with photometer PMT III attached with software
MSP-200 and image work station with LAS (Leica
Application Suite) software, following ISO 7404-3;
1994 (E) and 7404-5: 1994 (E). For the identifica-
tion of different macerals, International Committee
for Coal and Organic Petrology — ICCP system
1994 (ICCP 1998, 2001; Pickel et al. 2017) nomen-
clature was followed.

4. Results and discussion

4.1 Rank of coal

Rank or maturity of coal seams was determined by

measuring vitrinite reflectance (Romean%) (table 1).

In the Ib river coalfield, the samples studied show
vitrinite reflectance (VR0,.q, %) varying from 0.30%
to 0.53% with increasing depth from 53.40 to
706.50 m. Whereas the Mand-Raigarh coalfield
shows vitrinite reflectance (VR0,4,%) ranging from
0.35% to 0.57%. Rank-wise coal can be categorised
under sub-bituminous to high-volatile bituminous
C type (ASTM 1963) in both the coalfields. The
similarities in the vitrinite reflectance value within
the coal suggest the seams are formed from the
same kind of source material and similar diagenesis
levels within the coalification process. The gradual
increase of the rank with respect to the depth of
deposition also suggests that the coal seams were
formed within uninterrupted vitrinitisation follow-
ing a normal coalification path without any exter-
nal heat influence. Based on vitrinite reflectance
measurements, the samples with VRo% less than
0.45% lie within the zone of early stage of oil gener-
ation, whereas the reflectance values of 0.5-0.57%
indicate the beginning of commercial oil generation
from coal within the diagenesis stage (Hunt 1996).

4.2 Macerals and mineral matters

Detailed petrographic data comprising maceral and
mineral matter percentages as well as microlitho-
type percentage of all the samples are given in
tables 1 and 2. The maceral and microlithotype
are used as palaeco-environmental indicators for
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the interpretation of coal facies and depositional
environment.

4.2.1 Macerals

1b river coalfield: In Raniganj formation, R-ITI and
R-I zones were studied which exhibit high percent-
age in the vitrinite (38.53-53.92%) group of mac-
erals with a consistently higher liptinite content
(12.92-27.45%). An inertinite group of macerals is
present in moderate to high levels with varying con-
tent of mineral matters (figure 2). Moreover, the
vitrinite reflectance value (VRomean %) ranging
from 0.31% to 0.40% categorise the coal under the
sub-bituminous type (table 1).

In the Barakar formation, samples were collected
from Belpahar, Parkhani, Lajkura and Rampur
(from top to bottom) seam zones. The detailed
maceral studies of the samples show moderate to
high vitrinite content (12.48-67.60%) as well as
moderate to high liptinite content (12.43-35.92%)
except for a few samples, with less content. The
inertinite group of macerals occurs in a low to mod-
erate level (5.63-38.57%) (figure 2). Mineral matter
occurs in a low to moderate concentration except
for a few samples. The vitrinite reflectance value
(VRomean %) ranges from 0.30% to 0.53% cat-
egorising the coal under sub-bituminous to high
volatile bituminous C type (table 1).

Mand-Raigarh coalfield: The samples were collected
from regional coal seam Nos. IX, VII, VI, IV, III, II
and I (from top to bottom) of Barakar formation.
Detailed maceral studies of the samples show a
moderate to high vitrinite content (11.14-72.39%)
as well as a low to moderate percentage of lipti-
nite (2.68-11.73%) except for a few samples, which
show higher value (12.46-25.92%). The inertinite
group is observed in a moderate to high (5.87—
55.95%) concentration (figure 2). Mineral matter
is mainly present in a low to moderate level except
for a few samples with higher values. The vitri-
nite reflectance value (VRomean %) ranges from
0.35% to 0.57% categorising the coal under sub-
bituminous to high volatile bituminous C type
(table 1).

Vitrinite group of macerals: Detailed maceral
studies reveal that most of the coal samples are
rich in vitrinite content (figure 2) and the overall
content varies from 11.15% to 72.39% (table 1).
Total vitrinite present in the coal acts as reac-
tive maceral taking part in the process of coal
liquefaction along with liptinite. The high degree
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Figure 2. Ternary diagram showing the maceral composition of coal samples from the Ib river and Mand-Raigarh coalfields.

of preservation of decayed plant material during
vitrinisation resulted in the formation of
homogenised vitrinite layers within the studied
samples. The collotelinite (figures 3c and 5b)
occurs as thick bands and varies from 0.57%
to 51.16%. Collodetrinite (figures 3a, e and 4c)
varies from 1.14% to 23.73% and the total con-
tent of vitrodetrinite (figure 4e) present in the coal
samples varies from 2.01% to 41.98%. Corpogelin-
ite (0.08-10.83%) is present as discrete or an in
situ excretion of vitrinite macerals as oval bod-
ies to isolated grains or in the form of clusters
(figure 3e).

Liptinite group of macerals: Liptinite group of
macerals are given importance not only due to
their specific origin, peculiar characteristics in mor-
phologies and also because of their high aliphatic
nature as well as high in H/C ratios compared to
the other maceral groups (Stach et al. 1982). The
total liptinite content in the studied samples varies
from 2.68% to 35.92%. Moderate to high content
of liptinite in most of the samples is considered
as an important factor in determining the reactive
maceral content of the studied coal samples. In the
sporinite subgroup, microsporinites (figures 3b, 4a
and 5f) are the major constituents followed by a
few megasporinites (figure 5¢) with the overall con-
tent of sporinites varying from 2.62% to 34.70%.
Sporinites (micro and megasporinites) show wide
range of shapes and reflectance features. The occur-
rence of sporangium is very rare; however, thick
sporangium bodies (0.05-1.42%) are observed in

a few samples (figures 4b and 5d). Cutinites are
identified in the coal samples from its distinguished
fluorescence colour, morphology and shape (fig-
ures 3f and 5f). Cutinites are varying from 0.06%
to 1.27%. Resinites are observed in the coal sam-
ples occupied within the cell cavity of fusinites
(figure 4d) or occur as isolated small spherical or
oval bodies (figure 4a) and elongated thick bands
(figures 3b and 5e). The percentage of resinite
present in the coal samples varies from 0.06%
to 3.44%.

Inertinite group of macerals: The inertinite group
of macerals exhibits a higher degree of aromati-
sation and condensation with higher carbon and
lower oxygen and hydrogen content compared
to vitrinite (Van Krevelen 1961). The maceral
content in the samples ranges from 5.62% to
55.95%. The macerals belonging to the inerti-
nite group are fusinite, semifusinite, inertodetri-
nite and vitrodetrinite. Fusinite is identified by
its high reflectance values and well-preserved cell
structure or by bogen structure (figures 3a, c,
d, 4c and ba, b). Fusinite content ranges from
0.16% to 35.32%, which occurs in thin layers
in most of the samples. The cell cavities are
filled up either by mineral matter (figure 5a) or
by resinites (figure 4d). Due to plastic deforma-
tion, folding in the fusinite band (figure 3d) is
also observed. Remnants of woody tissues are
observed in a few samples (figures 3a and 4c).
Semifusinite is characterised by partially preserved
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Figure 3. Photomicrographs of macerals and their association observed in coal polished section under oil immersion: (a)
wood tissues (fusinite) within the clarodurite matrix; (b) resinite bands associated with microsporinites; (¢) sharp contrast
between fusinite (bogen structure) with collotelinite band; (d) microfolding in the fusinite band, cell walls are stretched on
a folded band; and (e and f) densely packed leaf cuticles associated with collodetrinite bands (bottom left: section under
normal incident light, right: same frame under the fluorescence mode of light).

cell structures (figure 5a) due to the incomplete
fusinitisation having intermediate reflectance value
between fusinite and telinite (ICCP 2001). Semi-
fusinite in studied samples varies from 0.52% to
20.65%. Inertodetrinites are fusinitised detrital
plant fragments formed due to the redeposition
of fragmented fusinite during the transportation
or disintegration of fusinite under dry conditions
of deposition of peat (figures 3a, e and 4e). Iner-
todetrinite varies from 2.04% to 29.40%. Funginite

and secretinites (0.05-1.58%) occur in a small
concentration (figure 4e).

4.3 Mineral matters

The inorganic constituents of coal occur in the
form of mineral inclusions. In coal facies analysis,
the mineral matter content indicates the periodic
inundation of peat from a clastic marsh deposi-
tional environment. The minerals mainly observed
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Figure 4. Photomicrographs of macerals, microlithotypes and mineral matters observed in the coal polished section under oil
immersion: (a) funginite with resinous filling present within the clarodurite matrix, (b) thick sporangia body (liptite matrix),
(c and d) wood tissue within a clarodurite matrix (resinite filling within the cell lumens observed under the fluorescence
mode), (e) large secretinite body and (f) siderite nodule associated with pyrite.

are silicates, clay minerals, pyrites and siderites.
Most of the minerals present within the coal seams
are mostly of epigenetic origin formed as a result
of chemical precipitation (Diessel 1992) during or
after the last stage of diagenesis and these occur
within the cell lumens/cleats or fractures within
the coal or as a replacement within the existing
mineral (figures 4f and 5a). The studied coal sam-
ples are characterised by a moderate amount of
mineral matter, barring a few samples with high
content. The total content of mineral matter in the
coal samples varies from 5.78% to 43.62%.

4.4 Microlithotype analysis

The coal samples from the Ib river coalfield reveal
maximum association of trimacerites represented
by duroclarite and clarodurite. The bimaceral
group is dominated by the clarite group fol-
lowed by the durite association. Monomacerals
are mainly represented by vitrite and inertite.
Liptite was also noted (figure 4b), associated with
large sporangia bodies. Microlithotype analysis
of coal samples from the Mand-Raigarh coalfield
reveals an association of monomaceral dominant
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Figure 5. Photomicrographs of macerals and microlithotypes observed in coal polished section under oil immersion: (a)
fusinite band with pyrite cell fillings; (b) bandings of fusinite (with a bogen structure) and collotelinite; (c) megaspore
and microspore within the clarodurite matrix; (d) thick sporangia body associated with the microspore; (e) resinite bands
associated with the microspore and (f) cutinites and microsporinites within the clarodurite matrix.

characterised by vitrite and inertite. Trimacerites
are represented by duroclarite and clarodurite asso-
ciations while bimaceral groups are represented by
clarite and durite.

The carbominerites in all the studied samples
were mainly represented by carbosilicates and
carbargillite followed by carbopyrite (figures 4f
and 5a) and carbankerite (figure 4f). The quanti-
tative details of microlithotype occurrences of coal
samples of the Ib river and Mand-Raigarh coalfields
are given in table 2.

4.5 Coal facies analysis and depositional milieu

Reconstruction of the depositional environment
can be approached by coal facies analysis from the
maceral ratios depicting the nature of vegetation
and geochemical conditions prevalent during the
peat formation. Different maceral ratios are used as
palaeo-depositional indicators in interpreting the
coal facies. Diessel (1986, 1992) developed two coal
facies indices, namely, tissue preservation index
(TPI) and gelification index (GI). GI contrasts geli-
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fied with fusinitised macerals while TPI emphasises
on the degree of tissue preservation versus destruc-
tion. Furthermore, TPI is also used as an indicator
of the degree of humification suffered by the precur-
sor whereas GI relates to the measure of humidity
in the coal swamp and indicates relative dryness or
wetness of the coal-forming moor. The two indices
are further modified by Lamberson et al. (1991),
and defined as

- Vitrinite + Macrinite
~ TInertinite — Macrinite

GI

J. Earth Syst. Sci. (2019) 128:165

vitrinite within the sample characterised by the
deposition of coal seams in a limited clastic marsh
settings under a slow subsidence condition, enhanc-
ing the microbacterial degradation of the peat.
Coal samples that show high TPI and GI values
suggest a telmatic condition of the mire under
an anoxic environment of coal formation under
a wet forest swamp condition and rapid burial
of the peat. Coal samples that fall within low
TPI and low GI values indicate the destruction
of woody material due to extensive humification
and mineralisation formed within a slowly sub-

Telinite + Collotelinite + Semifusinite + Fusinite

TPI

The TPI represents the effect of the input of
woody material and its final preservation whereas
GI reflects the height of the water table dur-
ing peat accumulation. From the projection of
petrographic data of the Ib river and Mand-
Raigarh coalfields (figure 6), most of the samples
fall within high GI and low TPI coal facies.
This suggests that the depositional environment
of coal formation is in limnic to limno-telmatic
settings and the wet condition of the mire with
low tree density (Casareo et al. 1996). This is
supported by the high percentage of unstructured
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siding relatively dry forest swamp settings. This
is supported by the high percentage of inertinite
macerals, mainly inertodetrinites and stable lipti-
nite macerals.

The induction of various mineral matters and
the percentage of these in the coal seams dur-
ing the accumulation and preservation of peat
influence the characteristics of coal to a great
extent. A facies model has been used including min-
eral matter concentration along with other mac-
eral composition (modified after Singh and Singh
1996) to understand the various conditions of peat
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Figure 6. Diagram of TPI versus GI showing a palaeco-depositional environment of coal formation in the Ib river and Mand-

Raigarh coalfields (modified after Diessel 1986).
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Figure 7. Depositional condition of coal formation in the Ib river and Mand-Raigarh

coalfields (modified from Singh and

Singh 1996).

formation in the Ib and Mand-Raigarh coalfields.
In the Ib river coalfield, most of the coal seams
evolved under an alternate oxic to anoxic moor to
wet condition due to intermittent to high flood-
ing in the palaeomire, while the coal seams of the
Mand-Raigarh coalfield have been evolved under a
fluctuating alternate oxic and anoxic condition to
oxic conditions with a sudden high flooding of the
mire (Naik et al. 2016) (figure 7).

The depositional milieu from microlithotype
assemblages are studied for the interpretation of
coal facies variation, which are recalculated on
shale and mineral matter free basis. The lithotype
assemblages represent different types of deposi-
tional environment from forest swamps to dry
herbaceous/shrubby marshes. Compositional dif-
ferences between lithotypes are due to vegetational
characteristics as well as differences between the
accumulation and deposition of peat communities.
Lateral and vertical variations in lithotypes are
controlled by ground water levels (sea-level changes
and climatic conditions) and proximity to active
fluvial systems (Diessel 1992) (figure 8).

The depositional milieu for peat formation in
the Ib river and Mand-Raigarh coalfields of the
Mahanadi valley coalfields are interpreted from
microlithotype assemblages following Smyth (1984).
The distribution plots of the two coalfields show a
similar pattern of depositional milieu and indicate
that the deposition was mainly under the lower
and upper deltaic plain environmental setup, with
a few scattered data embracing brackish deposi-
tional settings (figure 8). The deltaic environment
of coal deposition indicates that these coals have
fine to medium bandwidth and shows considerable
degree of mixing by the maceral groups with a high
concentration of trimacerite microlithotype. The
lower delta plain is less affected by fluvial actions
and sedimentation pattern but it is controlled by
physical characteristics like water salinity, basin
slope, energy regime, depth, sea level fluctuations
and rate of subsidence with tectonic activities of
the basins (Diessel 1992). These are the factors
important for detrital matter influx to the seam
during humification being close to the active centre
of sedimentation and thus inhibit gelification. The
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Figure 8. Ternary diagram showing the depositional milieu of peat formation from microlithotypes for the Ib river and

Mand-Raigarh coalfields (modified after Smyth 1984).

upper delta plain setting is more fluvial, dominated
and characterised by a fresh ground water con-
dition with no marine influence (Fielding 1985)
and the biochemical coalification was thus influ-
enced by elevated (neutral to just alkaline) pH.
Thus, an alkaline environment favoured the growth
of bacteria, prompted decomposition and led to
higher gelification (Teichmuller and Teichmuller
1982; Mc Cabe 1994).

5. Conclusions

A few coal seams from the Ib river and
Mand-Raigarh coalfields are delineated by high vit-
rinite (up to 72.39%), liptinite (up to 35.24%) and
reactive maceral content (up to 79.95%). The rank
studies reveal that the coal can be categorised
under sub-bituminous to high volatile bituminous
C type (0.30-0.57%). The coal facies analysis indi-
cates that the deposition of coal mostly under
limnic to limno-telmatic conditions with low GI
and high TPI, whereas some samples indicate low
GI and low TPI values favouring the deposition
of peat under open marsh settings results in the
development of inertinite rich coal. However, a few
coals show high GI and high TPI values, indicating

telmatic settings under a wet forest swamp
condition, resulting in the formation of vitrinite
rich coal. The microlithotype composition of the
coals suggests lower to upper deltaic conditions of
the peat-forming milieu whereas some of the coal
seams to indicate brackish water influx within the
coal-forming swamp.

Coal as a potential source rock for oil generation
is related to the depositional conditions of the coal-
forming precursors and variations in the coal facies
which affects the hydrogen content in vitrinite-rich
coal. R-I zones of Raniganj formation, Belpahar,
Parkhani and Lajkura of Barakar formation from
the Ib river coalfield and seam nos. VII, IV, III and
I of the Barakar formation from the Mand-Raigarh
coalfield are identified as suitable for coal liquef-
action based on the results obtained from maceral,
microlithotype studies and vitrinite reflectance
values which correspond to immature to early
mature stage of oil generation within the diagenesis
stage.
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