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Abstract

To date, very little has been published on the organic geochemical and petrological aspects of the Bara
formation coals, Southern Indus Basin, Pakistan. To address this, fresh unweathered coal samples
were collected from seven different coal mines of the Lakhra coal field and were subsequently analysed
and evaluated in detail. Numerous characteristics were assessed i.e. thermal maturity (coal rank),
petroleum generation potential, type of organic matter and paleo-depositional environment. Evaluation
techniques include proximate analysis, bitumen (soluble organic matter) extraction, fractionation of
hydrocarbon yield using liquid column chromatography, Rock Eval, pyrolysis-GC (Py-GC), GC-MS,
huminite/vitrinite reflectance and maceral analysis. Based on proximate analysis, the samples are
classified as lignite to subbituminous C based on the ASTM standard. This low rank is supported by
extracted bitumen and Rock Eval data. Although immature, these Lakhra coals show to possess
excellent hydrocarbon generation potential. The distributions of n-alkanes, isoprenoid, hopane and
sterane biomarkers further corroborate that these coals are thermally immature for hydrocarbon
generation. The probable paleodepositional environment interpreted based on biomarkers and maceral
analysis data suggests a waterlogged swamp in a lower delta plain setting that experienced frequent
marine influence as indicated by the sub-oxic condition of deposition.

Keywords: Bara Formation Coal; Organic geochemistry; Coal petrology, Thermal maturity; Kerogen type II/III;
Paleo-depositional setting,; Biomarkers.

1. Introduction

Coal resources has always been in consideration for transport, industry utilization and for
other miscellaneous purposes [1-31, Moreover, due to its organic rich nature its thoroughly
been studied for hydrocarbon potential purposes [4-71 and proven that it can be a possible
source rock in petroleum system. Thus, Bara Formation consist of large coal reserves and its
regionally wide spreads [8-11]1 due to limited outcrop exposure on the surface, the samples
has been collected from underground mines operated by Lakhra Coal Development Company
(LCDC) located in small town named Khanote, District Jamshoro and almost 40 km south east
to Hyderabad District, Sindh Pakistan Fig. 1C. Based on [0 investigation coal indicates good per-
meability characterized as subbituminous C to lignite A. Whilst, cleat and fracture investigation
good permeability for CBM storage [12l, To date, limited studies has been recorded which
established detail hydrocarbon source rock profile. Therefore, in this study we have incorporated
organic geochemical and organic petrological analyses in order to assess coal quality, thermal
maturity/rank, hydrocarbon generation potential and the paleo depositional condition of Bara
Formation coal. This integration of methods is commonly performed in such studies as con-
ducted by previous workers [13-161 In this current study, the derived data and parameters
that were gathered include volatile, moisture, ash, carbon, Rock-Eval pyrolysis data and total
organic content (TOC), Kerogen (Py-GC), vitrinite/huminite reflectance (%Ro) and maceral
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analysis. Moreover, bitumen extraction and biomarker data were used as supporting evidence
for assessment of thermal maturity and depositional environment of the analysed Bara For-
mation coals.
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Figure 1. (A) showing location map of the study area, (B) showing structural setting of the southern
Indus Basin (modified after [121), (C) Showing stratigraphic distribution of Lakhra region (modified after
[13]1 and [14]), (D) showing the stratigraphic column of Tertiary sediments of the lower Indus basin within
the study area (modified after [15]),

2. Geological settings

The Indus Basin is divided into three parts: Lower/southern Indus Basin, Middle Indus Basin
and Upper Indus Basin. Lower Indus basin spreads almost 150,000 square miles with 38,000
ft of vertical sequences composed of Jurassic, cretaceous and tertiary sediments [28],

The Lower Indus basin is structurally bounded by Sukkur Rift (Jacobabad-Kandhkot high)
in the north. Indian shield in the east (Nangar Parker) and marginal zone (Indian Plate) in the
west Fig. 1B. The stratigraphic sequence consists of the rocks from Precambrian to recent age
that are mainly dominated by Jurassic, Cretaceous, and Tertiary sediments. In this study, our
focus is on Tertiary formations; from top to bottom are Laki, Sonhari, Lakhra and Bara For-
mation respectively Fig. 1D. The Bara Formation is composed of siliciclastic sediments mainly
of claystone, shale, siltstone and having multiple coal seams [19], The Lakhra Formation rocks
shows similar characteristics to Bara Formation, the only difference is noted is the presence
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of limestone. Thus, it predominantly consists siliciclastic sediments, initiated with sandstone
bed at the base and top part is dominated by limestone often appears as interbedded with
siliciclastic materials [10-11],

Lakhra formation is covered widespread sitting at the top of Bara Formation and uncon-
formably overlies the upper Laki limestone. In some parts, Laki limestone is eroded due to
post-Ranikot erosion [1°1 only leaving place to Manchar Formation sitting at the top of Ranikot
group formations. Nuttall [21] subdivided the [22]"Laki Series" into 2 units, of which the lower
unit, a lateritic claystone, he named the Basal Laki laterite or Sonhari formation, and the upper
unit Laki limestone. In outcrops the "Basal Laki laterite" is a highly ferruginous, dark red,
maroon, dark brown, and yellowish-brown massive claystone containing concretions of iron
oxide, Locally, where the overlying limestone has been stripped off by erosion, the laterite has
a duricrust or hardpan on exposed surfaces. On the surface the "Basal Laki laterite" is a wide-
spread, very conspicuous lithologic unit in the Lakhra area; even partially exposed outcrops
are readily recognizable when viewed in the field from great distances.

No diagnostic fossils have been found in rocks of the "Basal Laki laterite" by which to as-
certain its age. Since the laterite is regarded to be the lowermost unit of the Laki Limestone,
it is considered early Eocene (Ypresian) in age [21-221, The Laki Limestone is equivalent to the
"Laki Series" of Verdenburg [221 who derived the term from the Laki hill range and village in
the western part of the Hyderabad. The formation consists of finely crystalline limestone and
very subordinate amounts of claystone or marl. The limestone is light yellowish-gray, white,
and light gray, stained yellow to brown, and weathers to light gray. It is a nodular, hard,
resistant, massive, and commonly forms cliff. Foraminifera abounds throughout the formation,
but most of the megafauna is present in the middle part. [23-24] considered the "Laki Series"
to be early Lutetian in age. Later work by [21] shows that the "Laki Series" corresponds to the
Ypresian. The youngest rocks in the area are unconsolidated stream, colluvial, and eolian
deposits composed of sandstone, siltstone, claystone, and limestone and sandstone pebble
and cobble beds. The alluvium is as much as 10 feet thick or more in places and is widespread
in the western part. Stream-laid deposits are present in the larger watercourses in the central
and eastern parts [1°],

3. Sample and methods

A total of seven coal samples were collected from the Bara Formation from seven different
coal mines, 2 from block A and 5 from block B of Lakhra coal field, these samples are labeled
as per mined identification. The coal is currently been extracted for industry utilization purpose.

The quality of a Lakhra coal was previously studied using the ASTM (American society of
testing materials) method [19], In this current study, the ASTM analysis was performed on all
of the seven investigated coal samples. The coal quality of these coals was also analyzed using
a thermogravimetric Analyzer (TGA) DTA/DSC TA (Model SDT Q600) on crushed samples to
determine fixed carbon, volatile matter, moisture and ash content.

Rock-Eval 6 together with TOC component were performed on crushed samples for pyrolysis
analysis. The measured parameter includes, TOC (Total organic carbon), Tmax (temperature of
maximum pyrolysis yield), S: (volatile hydrocarbon content, mg HC/g rock), Sz (remaining
Hydrocarbon generating potential) and Ss (carbon dioxide yield, mg CO2/g rock). OI (oxygen
index), PI (production index) and HI (hydrogen index) were calculated as suggested by [241,

Approximately 2g of the crushed powdered samples were extracted using Soxhlet appa-
ratus with (93:7) dichloromethane and methanol (CH3sOH) mixture for 72 hours. The extracted
organic matter (EOM), also referred to as bitumen, were further fractioned into saturated,
aromatic and polar fractions using liquid column chromatography and were developed with
petroleum ether, dichloromethane and methanol respectively. For analysis of biomarker dis-
tributions, gas chromatography (GC) were performed on saturated fractions using an Agilent
6890N series GC. Aliphatic fractions were dissolved in hexane and analyzed in a GC with a HP-
5MS column, and temperate held at 30 min at 300°C. Gas chromatography-mass spectrometry
(GC-MS) analysis was carried on a V 5975B inert MSD mass spectrometer together with gas
chromatograph and an attached ion source (70 eV ionization, 230°C interface temperature,
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100 mA filament emission current). The acquired fingerprints from the GC and GCMS were
interpreted for biomarker identification. Pyrolysis gas chromatography (Py-GC) using Frontier
Lab Pyrolyser and pyrolysis (at 600°C) were applied on crushed samples to identify kerogen
types as described by previous workers [25-261-

Organic petrographic examination including vitrinite reflectance measurement and maceral
microscopy were performed on polished block in order to established thermal maturity and
maceral content. The analysis was carried out at organic petrographic laboratories of the De-
partment of Geology at University of Malaya. The polished block was prepared by mounting
whole rock fragments, using slow setting polyster resin (serfix) mixed with resin hardener and
set to dry. The mounted samples were ground flat on diamond lap, using water as lubricant
and subsequently polished using silicon carbide paper (P800, P2400 and P4000) grades. Sam-
ples were finally polished for highly reflecting surface using finer alumina suspension (1 pm,
0.3 ym and 0.5 pm).

Petrographic analysis was conducted on a LEICA DM6000M microscope and LEICA CTR6000
photometry system equipped with fluorescence illuminators under plane polarized reflected
light. Filter system used for analysis are LP425 suspension filter, BP 340-380 excitation filters
and RKP 400 dichromatic mirror.

Maceral composition has been identified by counting 1000 points under UV (ultraviolet) and
reflected white “light”. Vitrinite/huminite reflectance was measured under oil immersion
(%Ro) by using DISKUS fossil/Maceral software package.

4. Results
4.1. Proximate analysis and coal rank

The results of the proximate analysis performed in this study shown in Table 1 indicate that
the coals are thermally immature based on the fixed carbon contents and volatile matter in
the range of 26.17-47.32 and 35.44-53.07 wt% respectively. The measurement of hu-
minite/vitrinite reflectance (%Ro0) seems to concur with this interpretation, whereby the %Ro
values varies between 0.26 and 0.36%. This is in agreement with values of volatile matter
and fixed carbon contents based on ASTM method which indicates that these coals are of sub-
bituminous C to Lignite rank.

Table 1. TGA results performed in this study and compared to a previous study based on ASTM method

Thermogravimetric analyzer

Analysis ASTM LCDC LCDC LCDC LCDC LCDC LCDC LCDC

A21 A33 B4A B27 B31 B63 B39
Moisture % 28 6.41 8.97 2.62 3.36 2.39 28.74 11.34
Volatile matter % 28 51.05 53.07 45.64 52.06 35.44 39.65 43.48
Ash % 15 0.24 0.13 0.09 0.18 9.60 0.11 0.03
Carbon % 39 37.66 37.18 47.32 40.61 26.17 28.20 32.03

4.2. Bitumen extraction: Extractable organic matter (EOM) data

The results from bitumen extraction process were gathered and tabulated. The amount of
EOM ranges from 10,528 ppm to 27,453 ppm. Generally, if amount of EOM is greater than
5,000 ppm, it is considered as having a very good hydrocarbon generation potential based on
classification by [271), The concentrations of the EOM are shown in Table 2 and Fig. 2b. The
EOM were further fractioned into aliphatic, aromatic and polar compounds Fig. 2a. The recov-
ered aliphatic fractions ranges from 820 to 2,884 ppm with yield of 5.29% to 14.36% for EOM,
while aromatic hydrocarbon recovered ranges from 2,869 ppm to 9,272 ppm with yield of
23.56% to 44.31%. The collected NSO compounds were around 5,291 ppm to 17,323 ppm
with yield of 50.52% to 62.06%. Fractions from bitumen indicates that the NSO compounds
are more dominant then saturated and aromatic, while aromatic hydrocarbons are more dom-
inant compared to saturated hydrocarbon. Previous studies e.g.[21-22:25-26] reported that the
abundance of NSO compounds are more common in coal, whereas the dominance of aromatic
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over saturated hydrocarbon indicates that the samples are gas-prone or having mixed oil and
gas potential.

Table 2. Bitumen extraction and liquid column chromatography data (in ppm)

Coal Sample ID Bitumen Extraction and chromatographic fraction Chromatographic fractions of Bitumen
Field (ppm of whole rock) Extraction (EOM wt %)
EOM SAT ARO NSO HC Sat Aro NSO HC
o LCDC A21 17240 1814 6715 8711 5829 10.52 38.95 50.52 49.47
2 LCDC A33 27453 1454 9272 16727 10726 5.29 33.77 60.92 39.07
© LCDC B4A 14425 819 6393 7213 7212 5.68 44.31 50.00 49.99
S LCDC B27 28115 1529 9263 17323 10765 5.43 32.94 61.61 38.37
© LCDC B31 10528 1005 4232 5291 5237 9.54 40.19 50.25 49.74
< LCDC B63 12167 1748 2867 7552 4615 14.36 23.56 62.06 37.93
5 LCDC B39 22883 2884 6346 13653 9230 12.60 27.73 59.66 40.33
HC = Hydrocarbon fractions (Saturated + Aromatic); NSO = Nitrogen, Sulphur, Oxygen components;
Aro= Aromatic hydrocarbons; Sat = Saturated hydrocarbons;
EOM = Extractable organic matter (Bitumen extraction).
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Figure 2. (a) Histogram of fractions concentration from bitumen extraction data, (b) Histogram indicates
the amount of extracted Hydrocarbon yield and EOM; lines indicate it has excellent generation potential
if exceeds. (c) Hydrocarbon yield versus TOC indicates about quality of the samples (modified after [26])
and (d), TOC versus bitumen (ppm) indicates the generating potential

The combination of saturated hydrocarbon and aromatic hydrocarbons is referred to as
hydrocarbon fraction. The amount of hydrocarbon recovered ranges from 4,615 to 10,726
ppm representing yield of 37% to 49% which indicates that the samples possess excellent
hydrocarbon generation potentials Fig. 2a. The hydrocarbon generating potential data of the
analysed Bara Formation coals were presented in modified plots used by [2°] together with
classification of [271Fig. 2 c & d. The plots show that the studied coal samples possess viable
source rocks potential with predominantly excellent gas and fairly good oil generation capability.
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4.3. Rock Eval 6 and pyrolysis analysis

Rock-Eval pyrolysis and TOC analysis were performed with the purpose to identify the pe-
troleum generation potential, quality and type of organic matter as well as the thermal ma-
turity of the studied samples. As expected for coals, high TOC values were obtained that
ranges from 37.89 to 62.75 wt% and is considered to possess excellent petroleum generation
potential. Meanwhile, the parameter Sz that represents free hydrocarbons generated during
pyrolysis range from 93.52 to 243.84 which is also useful to evaluate the generation potential
of source rocks [25:27-28]1 The parameter S: represents the volatile hydrocarbon ranging from
1.68 - 5.39 which also indicate excellent hydrocarbon generation potential. S3 represents the
amount of carbon dioxide present in samples. It is also useful in interpreting the coal quality.
In addition, Tmax value which represents the temperature at the point where S2 peak is at
maximum is also determined. The Tmax values range from 403-429°C thus indicating organic
matter is thermally immature for hydrocarbon generation. Hydrogen index (HI) and oxygen
index (OI) of the studied samples were calculated and determined to be in the range of 375-
213 mg HC/g TOC and 0-20 mg CO2/g TOC, respectively Table 3. A diagram of Fig. 3 a &b
was based of pyrolysis data, kerogen classification and thermal maturity using the HI versus
Tmax @and HI versus OI data shown that the Lakhra coals are dominated by Type II/III kerogens.
In this respect, all the analyzed samples are generally plotted in the immature organic matter
region of mixed Type II/III kerogens. Moreover, by plotting S2/S3 versus TOC results and S2
versus TOC on classified diagram of Fig. 3 ¢ & d suggest the analysed coals are of mixed oil
and gas-prone characters with excellent remaining hydrocarbon generating potentials.
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Figure 3. (@) Hydrogen versus oxygen index (OI) indicates kerogen quality, (b) Plot of Hydrogen Index
(HI) versus pyrolysis Tmax indicates thermal maturity of the analysed coal samples from Lakhra coal
field (c) Plot of total organic carbon S2/S3 versus (TOC) yields showing hydrocarbon generative potential
and, (d) Pyrolysis S2 versus total organic carbon (TOC) plot showing generative source rock potential
from coal from Lakhra coal field of the studied coals modified after [26],
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Table 3. Results of TOC and Rock Eval pyrolysis analysis with calculated parameters for the Lakhra coal
field samples

Coal Lithol-

field Sample ID ogy Pyrolysis data
TOC S1 S2 Ss3 Tmax  S2/S3 HI 0]} PI
(mg/g) (mg/g) (mg/g)  (°C)
he} LCDC A21 Coal 60.46 3.61 212.30 8 417 26.53 351 14 0.02
2 LCDC A33 Coal 53.23 3.67 199.73 0.24 404 832.2 375 0 0.02
© LCDC B4A Coal 62.75 3.81 159.65 10.36 429 15.41 254 17 0.02
8 LCDC B27 Coal 60.47 5.39 243.84 0.39 410 625.2 403 1 0.02
© LCDC B31 Coal 37.89 3.35 156.12 4.11 407 37.98 412 11 0.02
< LCDC B63 Coal 53.69 3.66 200.11 2.96 404 67.60 373 6 0.02
8 LCDC B39 Coal 43.92 1.68 93.52 8.71 403 10.73 213 20 0.02
TOC: Total Organic Carbon, wt %.; PI: Production Index = S1/(S1 + S2);
Tmax: Temperature at maximum of S2 peak; OI: Oxygen Index= S3 X 100/TOC, mg COz/g TOC;
Hydrogen Index= S2 X 100/TOC, mg HC/g; S3: Carbon dioxide yield, mg Co:z /g rock;

S2: Remaining HC generative potential, mg HC/g rock; Si: Volatile Hydrocarbon (HC) content, mg HC/g rock;
4.4. Kerogen pyrolysis (Py-GC)

In addition to Rock-Eval, pyrolysis-GC was performed to verify the kerogen type, because
many workers believed that the data from Rock-Eval equipment does not always represent
accurate types of hydrocarbon generated from source rocks e.g. [25-26:31-321 However, it is an
additional benefit to have Rock-Eval pyrolysis data as it is commonly used to interpret kerogen
types and to some extent, can differentiate the variation between petroleum composition. This
characteristic gives a straight forward indication about the hydrocarbon which can be gener-
ated from kerogen type during the maturation process [25:33-35],

The Py-GC fingerprints Fig. 4 of the analyzed samples indicate that the studied coal samples
possess mixed oil and gas potential as characterized by the dominance of aromatic compounds
over n-alkene/alkane doublets. The distributions of these doublets, as expected, concur that
the coals are derived from terrestrial sources e.g. [2% 36-39]1 The studied samples show that
the n-alkane/alkene doublets chains extend beyond Cso which indicates that these coals are
aliphatic-rich whilst the abundance of aromatic compounds suggesting a mixed kerogen type
(oil and gas-prone). In addition, three pyrolystate components (m, p-xylene, phenol and n-
octane) were identified Fig. 5 which indicates a mixture of Type II/III [38-39], Based on this
ternary plot, the majority of the analyzed coal samples fall within the Type II/III kerogen. This
is in support of their HI values which ranges from 213 to 403 mgHC/TOC, thus indicates a
mixed oil and gas generating potential.

4.5. GC and GC-MS
4.5.1. Distribution of n-alkanes and isoprenoids

The gas chromatography (GC) and gas chromatography-mass spectrometry (GC-MS) analyses
were performed on the saturated hydrocarbon fraction of the analyzed coal samples Fig. 4. Ion
m/z 85 is used to interpret the distribution of n-alkanes and isoprenoids. Parameters derived
from ion m/z 85, are commonly applied in organic geochemistry to recognize the paleo-dep-
ositional condition and maturity stage of source rock extracts [37.40-431 The calculated param-
eters for the analyzed samples are listed in Table 4. The distribution of n-alkanes and isopre-
noids show a bimodal distribution. This distribution also shows odd majority of the heavier
members (n-C25+) which gave moderate to high CPI values in the range of 1.15-1.41. These
CPI values >1 would be expected as the Lakhra coal is immature and predominantly consist
of terrestrial derived higher plants [43-451, Isoprenoids, in particular pristane, occur in high
relative abundance, with pristane/phytane (Pr/Ph) ratios >1.0 (1.46-2.41) which suggest that
these coals were deposited under suboxic conditions [46-48], Pristane concentrations are gen-
erally lower than the closely eluting n-alkane (n-Ci7) in the analyzed samples see Fig. 5b and
Table 5. Meanwhile Pr/n-C:17 versus Ph/n-Cis plot that represent relationship between the ker-
ogen type and depositional environment suggested that the analyzed samples were deposited
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within a transitional environment, which strongly supports a mixed environment of terrestrial
with marine influence as indicated by the bimodal distribution of n-alkanes described earlier.
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Table 4. Calculated parameters from kerogen pyrolysis (PY-GC)

Percentage %

Sample ID
m,p- xylene phenol n-octane

LCDC A21 30.76 34.61 34.61
LCDC A33 37.31 31.34 31.34
LCDC B4A 26.38 34.35 39.26
LCDC B27 36.22 33.07 30.70
LCDC B31 37.77 24.44 37.77
LCDC B39 33.52 36.99 29.47
LCDC B63 35.10 26.59 38.29

Table 5. Parameters of n-alkane calculated from ion m/z 85 of the studied samples

Sample ID Normal Alkanes and isopronoid ion m/z 85

Pr/Ph Pr/n-Ci7 Ph/n-Cis CPI
LCDC A21 1.62 0.39 0.18 1.08
LCDC A33 1.47 0.21 0.13 1.2
LCDC B4A 2.41 0.44 0.16 1.21
LCDC B27 1.81 0.55 0.29 1.12
LCDC B31 2.15 1.8 0.88 2.38
LCDC B63 1.46 0.16 0.11 1
LCDC B39 1.58 0.27 0.17 1.54
Pr: pristane; Ph: phytane.

CPI: Carbon Preference Index: (2[n-Cz3+n-Czs5+n-Co7+n-Cz9]/[N-Co24+2{N-C24+n-Cze+
n-Cag}+n-Csp]).

4.5.2. Triterpanes (m/z 191)

The distribution of triterpanes are characterized by the m/z 191 ion chromatogram Fig. 4
of saturated hydrocarbon fraction. Labelled peaks are as listed in Table 9, and derived parameters
are in Table 6. In m/z 191 mass chromatograms, the distribution shows that the Lakhra coal
samples are abundant in triterpanes. High abundance of C29 hopanes are generally observed
in all studied samples. Among the hopane homologs, the dominancy of C3:1 and the presence
of low abundance of homohopane Cs:z is the indication of sub-oxic environment, which is also
supported by the absence of Css in the homohopanes series [49-501,
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Table 6. Parameters of triterpanes and terpanes calculated from m/z 191 fingerprints of the studied
samples

Triterpanes and terpanes (m/z191)
Cs2 homohopane

Sample ID Ts/(Ts+tm) Tm/Ts 0OI/C30 (225+22R)
LCDC A21 0.04 21.5 0.03 0.33
LCDC A33 0.12 7.33 0.05 0.4
LCDC B4A 0.03 29.5 - 0.2
LCDC B27 0.02 35 0.03 0.3
LCDC B31 0.05 18.5 0.03 0.33
LCDC B63 0.11 8 0.05 0.41
LCDC B39 0.07 12.33 0.10 0.47
Ts: (C27 18a (H)-22,29,30-trisnorneohopane),; Tm: (C27 17a (H)-22,29,30-trisnorhopane);.

0OI/C30: oleanane/C30 hopane

The Tm (C27 17 a(H)-22,29,30-trisnorhopane) is dominated over Ts (C27 18a(H)-22,29,30-
trisnorneohopane) with Tm/Ts ratio ranging from 8-29 which suggest dominant presence of
higher plants [15]1, Ts/(Ts+Tm) for the studied samples ranges from 0.032 to 0.12. Ts/(Ts+Tm)
is generally a ratio to identify maturity but [52] noted that Ts/(Ts+Tm) it is not always sensitive
for quantitative measurement. In the studied samples oleanane is present Fig. 6a which is a strong
indicator of occurrence of terrestrial angiosperm plant input in coals of late Cretaceous or younger
age [531 The presence of oleanane indicates that the organic matter were effected by marine
influence [361, Moreover for the calculated ratio of C32 22S/(22R + 22S), according to [54], if
C32 225/(22S + 22R) homohopane ratio is within <0.3 to 0.5 and with equilibrium of C29 20S/
(20S + 20R) sterane ranges within 0.1 to 0.3 these are considered as thermally immature [551,

4.5.3. Steranes and diasterane (m/z 217)

The distribution of steranes and the diasteranes (Cz7, C2s and Cz9) are characterized by the
m/z 217 ion chromatograms Fig. 6. Peak labels are listed as in Table 9 and the derived pa-
rameters are listed in Table 7. In the m/z 217 mass chromatogram, the regular steranes are
dominated by Cz9 isomers which affirmed that the organic matter input are terrestrially-de-
rived which is closely related to vascular plants [55-571, The percentage of Cz7, Czs, and Cao
steranes of the samples are in the range of 4.9 to 17.2, 15.6 to 60.0, and 32 to 72.1 respec-
tively. The sterane abundance are in the following order: C29 > C2s > Cz27 and the values are
plotted on a ternary diagram of Fig. 7b which indicate the coals, as expected, are derived from
higher plants of terrestrial origin. Moreover, this is also supported by the plot of
pristane/phytane versus C29/C27 plot Fig. 7c as was previously reported by [37,59-61] indi-
cating the type of organic matter is derived from land pants. The plots of C29 20S/(20S+20R)
and C29 BB/(BB + aa) Fig. 17a and Tm/Ts versus Cz9 20S/(20S+20R) Fig. 7a and 9d indicate
thermal maturity which is strongly in agreement with other results that support thermal im-
maturity of the analyzed samples.

Table 7. Parameters of steranes calculated from ion m/z 217

Regular steranes

Sample Id Cy920S Cao BB Ca9 Cy7 C7% Ci8% Ca9%
/(20S+20R) /(BB +aa) /Co7 /Cao
LCDC A21 0.08 0.33 5.75 0.1 125 156 71.8
LCDC A33 0.2 0.30 3.2 0.3 17.2 27.5 55.1
LCDC B4A 0.06 0.25 4.7 0.2 14.7 16.1 69.1
LCDC B27 0.10 0.41 14.6 0.06 4.9 229 72.1
LCDCB31 0.11 0.26 3.7 0.2 16 24 60
LCDC B63 0.2 0.45 3.3 0.3 12 48 40
LCDC B39 0.15 0.29 4 0.25 8 60 32
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cross plot showing low maturity of the studied samples (modified after Peters et al., 2005 [50]). (b) the
ternary plot representing the dominancy of terrestrial drive organic matter deposits based on steranes
distribution (after [521) and (c), Pristane/Phytane versus C29 / C27 indicates the type of organic matter

(after [381),
4.6. Organic petrographic analysis
4.6.1. Huminite reflectance
The reflectance measurements of huminite (ulminite and detrohuminite) are given in Table 8.

The measured mean random reflectance of these studied coals varied from 0.26 to 0.32%,
indicating the immature nature of the analyzed samples.

4.6.2. Maceral composition

The maceral content of the analyzed coals is presented in Table 8 and examples of macerals
present in the studied samples are as shown in Fig. 8. The coal samples are classified as humic
coal Fig. 9a and dominated by huminite (82- 92%) with moderate amount of liptinite (5 -
14%), and low amount of inertinite (3 - 4%). TPI and GI values were calculated to indicate
depositional environment and plotted on a diagram Fig. 9b that was modified after [62],
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Table 8. Huminite reflectance and maceral composition of the analysed Lakhra coals

Sample R0% Huminite % Liptinite % Inertinite %

1D TX U Dh Txu Total Sp Cu Rs Ld Total df Sfu idt Fg Total TPI GI
LCDCA21 0.27 0 40 46 0 86 3 2 4 1 10 1 2 o0 1 4 091 21
LCDCA33 028 0 26 56 O 82 4 3 4 3 14 1 1 1 1 4 047 205
LCDCB4A 032 1 33 57 0 92 2 1 2 0 5 1 2 0 0 3 0.59 306
LCDCB27 0.29 0 52 33 1 86 0 3 4 3 10 1 2 0 1 4 015 215
LCDCB31 031 0 45 36 2 83 5 4 3 0 12 2 2 0 1 5 125 16.6
LCDCB39 0.26 1 37 49 0 87 1 3 3 1 8 1 2 1 1 5 076 17.4
LCDCB63 0.32 11 3 72 2 88 3 2 4 0 9 1 1 0 1 3 019 29.3
Total avg 559 185 34 50 071 8 3 3 4 1 10 1 2 1 1 4 061 224

%

R%: Huminite;

Huminite — Tx: textininte; U: ulminite; Dh: Detrohuminite; Txu: textoulminite;

Liptinite — Sp: Sporinite; Cu; Cutinite; Rs: Resinite; Ld: Liptodetrinite;

Inertinite - df: degradofusinite; Sfu: semifusinite; idt: inertodetrinite; Fg: funginite;

TPI: tissue preservation index; = (telohuminite+semifusinite)/(detrohuminite + macrinite + inertodetrinite);
GI: Gelification index,; = huminite/inertinite.

a) Huminite group:

Huminite group is the most abundant macerals in the studied coals and ranging from 82 -
92% Table 8. The most abundant maceral being ulminite and detrohuminite. In huminite
group, generally ulminite/textinite are known as telohuminite. Meanwhile in the studied coal
samples telohuminite and detrohuminite were dominant in huminite group, which indicated
the degree of degradation and decomposition of the original peat material [63], Detrohuminite
ranges from 33 to 72% with average around 50% whilst ulminite ranges from 3 to 72%.
Textinite occurrence is low in 2 samples (LCDC B4A and LCDC B39) but rather common in
sample LCDC B63, whilst it is not present in other samples Table 8.

b) Liptinite group:

The analyzed samples contain significant amount of terrestrial derived liptinite macerals
that range from 5 to 14 % with an average of 10% Table 8. The liptinite macerals were
identified by their nature of fluorescence in ultraviolet (UV) light. The common liptinite mac-
erals in these coals are sporinite, cutinite, resinite, and liptodetrinite. Resinite is most common
and shows yellowish-green fluorescence under UV light Fig. 8a. In reflected “white” light resin-
ite appears as dark gray granular bodies and sometimes it occurs as cell filling in ulminite Fig
8b. Sporinite also shows yellowish-green fluorescence under UV light excitation and is com-
monly associated with cutinite which fluoresces less intense Fig. 8a. This intense green fluo-
rescence collaborates with the low huminite reflectance data, therefore in support of the ther-
mally immature nature of these organic matters.

c) Inertinite group:

The analysed coal samples from Lakhra coal field also contain inertinite macerals, although
low in relative abundance (3 to 5%; Table 8). Identified inertinite macerals include degrade-
fusinite, semifusinite, inertodetrinite and funginite Fig. 8c. Macrinite was also present but rare
in occurrence (<1% in the studied coals). The presence of funginite suggests some influence
of degradation during deposition of the plant materials that eventually formed these coals.

5. Discussion
5.1. Quality of organic matter

In this study, the type of organic matter was interpreted based on parameters that were
obtained by means of organic geochemical and petrological methods. The main parameter
used is HI index. According to 271, HI of between 200 to 350 is considered as Type II/III
kerogen. The studied coals average HI value is 340, thus they can be considered as Type II/III
kerogen. This is interpreted based on the HI versus Tmax and HI versus OI plots Fig. 3 a & b,
which indicates that the organic matter within the studied sample is predominantly of Type
II/III Kerogen. This is also in agreement with the results of pyrolysis-GC analyses as shown
in the ternary diagram of Fig. 7b, which indicate that the analyzed coal samples are of a
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mixture of Type II and III kerogens. The plot of Pr/n-Ci7 versus Ph/n-Cis Fig. 5b that was
modified by [46] also indicates that the organic matter is of Type II/III kerogen that was de-
posited in a terrigenous depositional setting.

5.2. Hydrocarbon generation potential

To interpret the hydrocarbon generation potential, the classification by [551 is adopted here.
The results obtained from the extracted bitumen, and yielded hydrocarbons Table 2 and Fig.
2a show that the coals have excellent generation potential, and this also agrees with the Rock
-Eval parameters. The average TOC values for the Lakhra coals is 53 wt%, the average for S>
is 180.75 and average for S1 is 3.59 mgHC/g of rock whereby the values of these parameters
indicate that the analyzed coals possess excellent hydrocarbon generation potentials. The plot
of Fig. 3 ¢ & d further corroborated that the studied coals have excellent hydrocarbon gener-
ation potential, and that they can generate significantly more gas with minor oil upon matu-
ration.

5.3. Thermal maturity

The thermal maturity of the Lakhra coal field samples was assessed based on parameters
obtained from huminite reflectance, proximate analysis, pyrolysis data and biomarker ratios.

Huminite reflectance (%Ro) of these Lakhra samples range from 0.26% to 0.32% Table 8
indicating that the coalification degree of the analyzed Lakhra coals is of lignite to sub-bitu-
minous C rank.

The results of the proximate geochemical analysis that was carried were compared to the
classification based on the ASTM [10], The volatile matter and fixed carbon content gave higher
values, which ranges from 35.44-53.07 and 26.17-47.32 Table 1. These results of the proxi-
mate analysis is in agreement with huminite reflectance of these coals i.e. lignite or transi-
tional to sub-bituminous C coal according to ASTM classification by [64],

Production Index (S1/S1+S2) values of the analysed coal samples are 0.02 Table 3. Values
of the production index that are less than 0.1 and Tmax values less than 435°C both indicate
thermally immature organic matter [65]1, Tyax values of the Lakhra coals are in the range of
403-429°C, thus they are all immature. To further illustrate the maturity and kerogen type of
the organic matter, an HI-Tmax diagram was plotted Fig. 3a which displayed a distribution of
mixed Type III and Type II/III kerogen that falls within immature zone. Tmax values are known
to vary with maturity and kerogen type of organic matter [661, although in this case no distinct
variation in maturity been displayed.

In immature coals, the dominance of long-chain n-alkanes compared with short-chain n-
alkanes, are attributed to terrestrial plants in higher altitudes [63-641, The CPI values calculated
from the analyzed Lakhra coal samples range from 1 to 2.38, with most values being signifi-
cantly greater than 1 thus also indicate the coals are immature Table 5. Based on GC-MS
fingerprints of these Lakhra coal samples, the biomarker parameters lend further support to
the immature nature of the analyzed coals. As a consequence of temperature and time of
thermal reactions, some biomarkers were transformed. For example, Ts (18a(H)- 22,29,30-
Trisnorneohopane) is known to be more stable than Tm (17a(H)-22,29,30-Trisnorhopane)
thus, the Ts/(Ts+Tm) ratio has been used as an indicator for maturity [62:651, The Ts/(Ts+Tm)
ratio calculated in this study ranges from 0.003 to 0.12, which further implies immature nature
of the organic matter. The ratio of 225/(225+22R) for Cs2 are between 0.2 - 0.47 Table 8,
also suggesting that the analyzed samples are immature. Based on the m/z 217 mass frag-
mentogram, the 20S/(20S+20R) sterane and BB/ (BB+ aa) sterane ratios were determined to
be 0.06 to 0.2 and 0.25 to 0.45 respectively. According to [54], if the value of 20S/(20S+20R)
is equilibrium with values of BB/(BR+ aa) which is in between the range of 0.005 - 0.2 to 0.2
- 4.5, it represents immaturity Fig 5b, 9d, thus in agreement with other maturity parameters.

5.4. Paleodepositional environment

The depositional environment during the deposition of the peat-forming communities that
subsequently formed the Bara Formation coals appears to be in an oxic to sub-oxic condition.
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This is as illustrated in the Pr/nCi7 versus Ph/nCis plot of Fig. 5b, which indicates a transitional
environment and that the organic matter was mainly derived from terrigenous source domi-
nated by Type II/III kerogen. CPI values also suggest that the analysed coals were deposited
under oxic-suboxic condition and is further supported by the bimodal distribution of n-alkanes
as well as by relatively low Pr/Ph ratios (1.46-2.41).

Moreover, high Tm/Ts ratio of the coals are also indicative of oxic-suboxic depositional
condition [38 56, 66-671 gch as in environments within a lower delta plain or paralic settings.
The presence of marine influence as indicated by the occurrence of oleanane, is an important
factor in the preservation of organic matter, and thus supports a deposition within a terrestrial
environment under suboxic conditions [43 491, Marine influence has been reported to be able
to help preserve the oil potential of coaly source rocks [731, It is most probable that marine
influence may have contributed to the reasonably well-preserved nature of these Bara For-
mation coals and thus capable of yielding an excellent amount of extractable organic matter
(EOM).

The high abundance of C2s steranes also indicates dominant of terrestrially-derived organic
matter that are possibly related to vascular plants [35-571, The concentration of Cz7, Czs, and
C29 steranes as illustrated in a ternary diagram of Fig. 7b, again, as expected, provided further
support that the coals were derived from higher plants of terrestrial origin.

As was revealed in the petrographic analysis, the high amount of huminite macerals with
the dominance of detrohuminite Table 8, indicates a suboxic depositional condition in peat
forming mires and deposition in a waterlogged condition of a wet forest environment [74],
According to [75], detrohuminte is considered to be derived from herbaceous plants and cellu-
lose rich wood, and from poorly preserved big woody plants.

The paleoenvironment of the coal-forming peat has also interpreted using petrographic
facies based on Gelification index (GI) and tissue preservation index (TPI) as shown in Fig. 9b
which in support, also indicates a deposition within a lower delta plain setting.

Table 9. Ion m/z 191 and ion m/z 217 identified peaks and abbreviation

Peak No. Compound Abbreviation
Ion m/z 191

Ts 18a (H),22,29,30-trisnorneohopane Ts

Tm 17a (H),22,29,30-trisnorhopane Tm

29 17a,21B (H)-norhopane C29 hop

Oleanane 1817a (H)-oleanane Oleanane

31S 17a,21B (H)-homohopane (22S) C31 (229)

31R 17a,21B (H)-homohopane (22R) C31 (22R)

32S 17a,21B (H)-homohopane (22S) C32 (229)

32S 17a,21B (H)-homohopane (22R) C32 (22R)

33S 17a,21B (H)-homohopane (22S) C33 (229)

33R 17a,21B (H)-homohopane (22R) C33 (22R)
Ion m/z 217

b 13B,17a (H)-diasteranes20R Diasteranes

e 5a,14a (H), 17a (H)-steranes 20S aaa20s

f 5a,14B (H), 178 (H)-steranes 20R app20R

g 5a,14B (H), 178 (H)-steranes 20S aBp20s

h 5a,14a (H), 17a (H)-steranes 20R aaa20R

6. Conclusions

Organic petrological and geochemical analyses were performed on Lakhra coals of the Bara
Formation. Coal rank and petroleum generation potential as well as paleoenvironment were
determined and can be concluded as follows:

1. Based on parameters of Rock Eval, kerogen type (Py-GC) & GC-MS it is suggested that the
kerogen of these Lakhra coals is of Type II/III. It can also be concluded that the samples
are capable of generating significantly more gas and some oil during maturation process.
This assumption is also supported by maceral composition as the coals are dominated by
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huminite, with low to moderate amount of liptinite. Bitumen extraction (EOM and HC yields)
data evaluated in relation to TOC content also indicate the analyzed Lakhra coals to possess
fairly good-excellent hydrocarbon generation potential.

2. The thermal maturity assessment based on proximate and huminite reflectance analyses
suggest that the Lakhra coals are thermally immature for hydrocarbon generation being of
lignite to sub-bituminous C rank. In addition, the pyrolysis Tmax data and hydrocarbon ex-
traction yields are also in agreement that supports the immature nature of these coals.

3. The paleoenvironmental setting was interpreted as within a lower delta plain that encour-
aged higher land-plant growth within wet peat swamps while the occurrence of oleanane
suggests a presence of marine influence and further support deposition under predomi-
nantly sub-oxic conditions. The marine influence may have enhanced the apparent oil-
prone nature of these predominantly gas-prone Bara Formation coals.
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