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ABSTRACT: Organic geochemical (TOC, pyrolysis, biomarker) and petrographic (maceral
analysis) investigations together with organic carbon isotope studies were carried out to
characterize in detail the depositional environment, determine the organic matter type, and
assess the hydrocarbon production potential of three coal seams (KP1-upper, KM3-middle,
and KM2-lower) in the Soma (Manisa, Western Anatolia) coal field in Turkey. The total
organic carbon value of the upper coal seam ranged between 11.7 and 55.75%, the middle coal
seam between 20.12 and 62.86%, and the lower coal seam between 50.03 and 65.71%. Coals
in all three seams are characterized by low hydrogen index (HI) values (<151 mg HC/g
TOC), low bitumen index (BI) (<19 g HC/g TOC), and quality index (QI) between 23 and
156 mg HC/g TOC. According to Rock-Eval pyrolysis data, the organic matter type of the
coals is type III kerogen. Huminite reflectance, Tmax, and biomarker data (225/225+22R
(Cy,) sterane, ff3/(aa + Bf3) (C,y) sterane, and MPI-1) indicate that the organic matter is not
thermally mature and that the Soma-Manisa coal has reached the sub-bituminous rank. Rock-
Eval data shows that coal is gas-prone and has not reached the maturity threshold required for
initial gas production. The dominant maceral group is huminite while liptinite and inertinite macerals have been found in minor
amounts. Groundwater index (GWI), vegetation index (VI), tissue preservation index (TPI), and gelification index (GI) parameters
indicate a transition from limnic-limno-telmatic to limno-telmatic-telmatic environment from the upper seam to the lower seam. N-
Alkane distributions show that paleoclimatic conditions have changed from KP1 to KM2. The higher abundance of pristane
compared to phytane and low C;5/C;;—Cj35 homohopane index values demonstrate that the coals were deposited in a suboxic—oxic
environment. The predominance of n-alkanes with generally high carbon number, relative variable abundances of C,,—C,3—C,
steranes, 0°°C values, C/N ratios, and very low gammacerane index indicate a terrestrial ecosystem with nonmarine influence,
although algae and microorganisms also contributed to the biomass.
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1. INTRODUCTION geochemical evaluation in the KM2 seam by Yasar'® and
Karadirek and Ozcelik,'” and in the KP1 and KM3 seams, mainly
in the KM2 seam by Oskay et al.'®

Nowadays, it has become important to reassess the vegetation
community and paleoenvironmental—paleoclimatic conditions
in peatlands through extensive research with biomarker analysis
from extractable organic matter (EOM) extracted from
coals."”™* Since the coal formation process can be influenced
by many natural factors,”” it should be supported by other data
in addition to organic geochemical parameters. Reconstruction
of paleoclimate based on n-alkane distributions has been widely
applied in peat deposits.”””’ However, these studies were

Coal has the second largest share after oil in the distribution of
the world’s primary energy supply by sources." Lignite
constitutes 93% of Turkey’s total coal reserves.” Moreover,
lignite is of economic importance, as it represents the main
source of electricity generation. As a result of favorable peat
formation conditions, lignite basins with large coal reserves
(such as Karapinar-Konya, Alpu-Eskigehir, Elbistan-Kahraman-
marag, Silivri-stanbul, Soma-Manisa, and Dinar-Afyonkarahisar)
were formed during the Neogene in Turkey.

The first studies on the Soma-Manisa coal basin were
conducted by Brinkmann et al,,” Nebert,* and Cetin’ on the
structural geology and lithostratigraphy of the region. After the
identification of three coal seams of Neogene age in the basin, Received: September 3, 2023
namely, upper (KP1), middle (KM3), and lower (KM2), studies Revised:  November 19, 2023
were carried out to determine the composition, distribution, and Accepted:  November 23, 2023
depositional conditions of the coals by examining mainly the Published: December S, 2023
organic petrography and mineralogical and chemical composi-
tions of the coal in different seams.’™'® There is a limited organic
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Figure 1. (a) Geological map of Soma-Manisa. (b) Stratigraphic column of Soma-Manisa. (adapted with permission from ref 17. Copyright 2019
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limited to lignite deposits.”"””® Mathews et al.”' determined the
paleoclimatic characteristics of the Early Paleogene Barsingsar
lignite-bearing Sequence of Rajasthan based on stable carbon
isotope data along with biomarker distributions. This study aims
to evaluate and compare the organic matter sources and
depositional environment characteristics of the upper, middle,
and lower coal seams in the Soma-Manisa coal basin in detail and
to estimate the hydrocarbon potential in these three seams.
Extensive organic geochemical, stable carbon isotope, and
maceral distribution analyses were performed to achieve this
objective.

2. GEOLOGICAL BACKGROUND

The Soma basin is one of the basins formed in the NE-SW-
trending and fault-bounded depressions in Western Anatolia
following the collision of the Sakarya Zone and the Anatolian
Block between the Early Miocene and the Early Pliocene. After
the Pliocene, due to regional uplift, tensional stresses that led to
the formation of approximately E—W-trending grabens were
effective in all Western Anatolia. Basaltic volcanism, which was
active in the region in the late Pliocene/early Quaternary,
developed in connection with this graben formation.””” The
study area within the Soma coal basin is located approximately

15 km southwest of Soma-Manisa (Figure 1a). Therefore, coal
formations in the Soma region developed both under the
influence of the extensional tectonic regime and due to volcanic
activities.”’* Mesozoic-aged graywacke and shale rocks and
recrystallized limestones are the basement rocks of the region
(Figure 1b). Miocene sediments (Soma and Denis Formations)
are discordant on these basement rocks. Lower-Middle Miocene
and Upper Miocene sediments indicate two separate sedi-
mentary depositional phases that are erosionally separated from
each other. Three different coal seams, lower—middle—upper
coal seams, were identified within the Miocene sequences.” "
The Soma Formation begins with conglomerates, sandstones,
and mudstones at the top and is overlaid by a lower coal seam.
The sequence continues with marl deposits toward the top, and
limestones overlie the marl levels with increasing carbonate
content. The middle coal seam overlying the limestones
represents the highest level of the Soma Formation. Sandstone,
siltstone, and claystone deposits of the Denis Formation cover
this coal seam with an erosional contact. Above these deposits,
the Upper coal seam was deposited and overlaid by tuff-marn
succession.

The deposits continue with conglomerate, sandstone, and
claystone succession toward the top and end with limestone-tuff
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Table 1. Result of Rock-Eval Pyrolysis and the Calculated Parameters”

well no. seam depth/sample ID lithology TOC
[m] [wt %]
S$332 KP1 412.4 carb. shale 11.7
KP1 417 coal 51.2
KP1 419.4 carb. shale 27.0
KM3 512.3 carb. shale 20.1
KMm2 625.6 coal 47.8
$338 KP1 518 coal 43.1
KP1 5189 coal 34.5
KP1 522.9 coal 55.8
KP1 524.3 carb. shale 12.3
KM3 603.7 coal 62.9
KM3 605.2 coal 47.0
KM3 608.4 coal 37.1
KM3 610 coal 57.5
S340 KP1 679 coal 313
KM2 847.5 coal 50.4
KM2 852.5 coal 61.7
KM2 855 coal 44.2
KM2 858.5 coal 65.7
S341 KP1 558 carb. shale 13.2
KM2 724.4 coal 60.0
KM2 730.8 coal 60.4
S344A KM2 770.4 coal 59.6
KM2 784.3 coal 60.8
S349B KMm2 783 coal 50.0

3 S, HI BI QI 5 PI
[mg HC/g rock] [mg HC/g TOC] [°C]

0.5 S.1 44 S 48 402 0.10
1.6 49.8 97 3 100 407 0.03
1.1 18.7 70 4 74 417 0.05
0.9 8.6 43 S 48 415 0.10
1.0 52.5 110 2 112 424 0.02
1.8 33.3 77 4 81 415 0.05
1.6 52.2 151 S 156 417 0.03
1.8 61.2 110 3 113 406 0.03
2.4 6.6 79 19 73 416 0.26
1.8 77.7 124 3 126 420 0.02
0.5 46.2 98 1 99 436 0.01
1.1 52.0 140 3 143 434 0.02
1.2 71.6 128 2 127 430 0.02
1.2 36.9 118 4 122 434 0.03
1.6 70.9 141 3 144 423 0.02
1.6 30.0 49 3 S1 420 0.05
1.7 19.6 44 4 48 418 0.08
3.5 52.1 79 S 85 408 0.06
1.1 1.9 15 8 23 439 0.36
1.6 38.5 64 3 67 428 0.04
2.4 46.57 77 4 81 402 0.05
2.6 76.04 109 4 132 420 0.03
1.0 77.55 128 2 129 416 0.01
2.9 41.57 83 6 89 425 0.06

“TOC—total organic carbon, S;—free hydrocarbons, S,—hydrocarbons generated during pyrolysis, Tmax—maximum temperature, HI—
hydrogen index; HI = (S,/TOC) X 100, Bl—bitumen index; BI = (S,;/TOC) X 100, Ql—quality index; QI = (S, + S,/TOC) X 100, PI—

production index; PI—S,/(S; + S,), carb. shale— carbonaceous shale.

succession and andesite, basalt, agglomerate, and tuff overlying
them with angular unconformity (Figure 1b). These units are
overburdened by Quaternary-aged alluvium and talus.”**’

3. MATERIALS AND METHODS

Core samples were taken from six drillholes (S332, S338, $340,
S341, S344A, and S349B) from different sections of the upper,
middle, and lower coal seams (Figure 1a,b). Coals were analyzed
by total organic carbon (TOC) and pyrolysis analysis to
determine their oil/gas potential prior to complex and detailed
chemical analysis. TOC-pyrolysis analysis of 24 rock samples
collected from Miocene coals from six drillholes of the Soma-
Manisa coal field was performed on a Rock-Eval 6 instrument
using the IFP (Institut Francais du Petrolé) standard, and the
results were interpreted according to Espitalie et al,,”” Peters,””
and Lafargue et al.** Seven samples were selected for advanced
organic geochemical analyses such as bitumen extraction, thin
layer column chromatography, gas chromatography (GC), and
Gas chromatography—mass spectrometry (GC-MS). Stable
carbon isotope (6"3C) analyses were also performed on these
7 samples. Thin layer chromatography (Iotrascan) was used to
determine the samples’ saturated, aromatic, polar components,
and asphaltene ratios. In this analysis, the MKS (TLC/FID) thin
layer chromatography device “North Sea Oil” standard was used.
The extraction process was carried out at ASE 300 with
dichloromethane (CH,Cl) for about 40 h. asphaltene
components were removed and separated by column
chromatography using a silica—alumina column. At the end of
extraction, Agilent 6850 whole-extract GC analysis of saturated
hydrocarbon compositions was performed using the ASTM D
5307-97 standard. Agilent 7890A4/5975C GC-MS was used to
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determine the compositional characteristics of the saturated and
aromatic compounds sterane (m/z217) and terpane (m/z 191),
monoaromatic (m/z 253), and triaromatic (m/z 231) steroids.
Dibenzothiophene, methyldibenzothiophenes, phenanthrene,
and methylphenanthrenes were determined from m/z 184,
198, 178, and 192 chromatograms, respectively. Carbon isotope
analysis was performed on GV Instruments Isoprime EA-IRMS
using the standard 6"Cy_ppg = —26.43 %o. The results were
evaluated according to %o (PDB). Huminite reflectance (%, Ro)
measurements were made on 23 selected samples, and the
maceral distributions were determined. For Ro measurements
and maceral analysis, coal samples were ground to a particle size
of 1 mm, placed in epoxy resin, and polished. Maceral
identification was performed by counting at least 500 points
with a Leitz MPV-SP microscope and in accordance with the
terminology developed by the International Committee for Coal
and Organic Petrology (ICCP) for low-rank coals.”> Huminite
reflectance (Ro, %) was measured according to Taylor et al.*¢
(Roil % 0.589), and the results were interpreted in “MPGeor”
software. Carbon (C), hydrogen (H), oxygen (O), nitrogen
(N), and sulfur (S) contents were analyzed on 23 samples.
These analyses were performed according to ASTM (D2013/
D2013M, D4239, and D5373) and measured with a LECO
analyzer.

Rock-Eval pyrolysis, determination of biomarker distribu-
tions, and stable C isotope analysis were carried out at Turkish
Petroleum R&D Laboratories; organic petrographic analyses
and C, H, O, N, and S elemental analyses were carried out at the
MAT Department laboratory of the General Directorate of
Mineral Research and Exploration.

https://doi.org/10.1021/acsomega.3c06635
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Figure 2. Hydrocarbon generation potential assessment. (a) Plot of HI-Tmax, (b) plot of HI-Ro, (c) plot of BI-Tmax, (d) plot of BI-Ro, (e) plot of QI-

Tmax, (f) plot of QI-Ro for Soma-Manisa samples. (adapted with permission from ref 37. Copyright 2023 AC

32,37,38
S.} 1375 )

4. RESULTS

4.1.TOC and Rock-Eval Parameters. TOC and Rock-Eval
pyrolysis results of coal and carbonaceous shale samples of
Miocene-aged Denis (KP1 seam) and Soma (KM3 and KM2
seams) Formations are presented in Table 1. The TOC contents
of the analyzed samples range from 11.7 to 55.75 wt % in KP1,
20.12—62.86 wt % in KM3, and 50.03—65.71 wt % in KM2.
Tmax values are in the range of 402—439 °C in KP1, 415—436
°C in KM3, and 402—428 °C in KM2. Hydrogen index (HI)
values in all three seams, except for sample KP1-518.9, show
low values and range between 15 and 151 mg HC/g TOC in the
KP1 seam, 43 and140 mg HC/g TOC in the KM3 seam, and 44
and141 mg HC/g TOC in the KM2 seam. The HI-Tmax graphs
(Figure 2a) also show that the samples reflect values lower than
150 mg HC/g TOC. Quality index (QI) and bitumen index (BI)
were calculated for coals and carbonaceous shales (Table 1). BI
values ranged from 4 to 19 mg HC/g TOC and 3 to S mg HC/g
TOC for carbonaceous shale and coal samples in the KP1 seam,
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from 1 to S mg HC/g TOC in the KM3 seam, and from 2 to 8 in
the KM2 seam (Figure 2c,d). The QI ranged from 23 to 74 in
carbonaceous shale samples in the KP1 seam, 81—156 in coal
samples, 48 to 143 in the KM3 seam, and 48—144 in the KM2
seam (Table 1; Figure 2e,f).

4.2. Molecular Composition of Hydrocarbon.
4.2.1. Bulk Geochemical, Isoprenoids, and n-Alkanes. The
amount of EOM varies between 2213 and 3870 ppm, 1626 and
1644 ppm, and 3745 and 9377 ppm in the samples from the
KP1, KM3, and KM2 seams, respectively (Table 2). Polar
(resin) components predominate in the EOMs of samples from
KP1, KM3, and KM2 seams, ranging from 86.51 to 89.48 wt %,
74.41-77.73 wt %, and 71.78—95.43 wt %, respectively. Besides
the dominance of polar components, saturated and aromatic
components exhibited close percentage distribution. Saturated
and aromatic hydrocarbon contents ranged between 7.92 and
8.22 wt %, 2.30 and 5.56 wt % in the KP1 seam; 9.66 and 17.51

https://doi.org/10.1021/acsomega.3c06635
ACS Omega 2023, 8, 47974—47990
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Table 2. Extractable Organic Matter (ppm), Percentage of Extract Fractions, and Parameters Calculated from GC for Coal

Samples”

sample no.
parameters $332 (KP1) $332 (KM3) $332 (KM2) $338 (KP1) $338 (KM3) $340 (KP1) S340 (KM2)

EOM (ppm) 2213 1626 3745 3870 1644 2217 9377
bitum/TOC 0.04 0.08 0.12 0.07 0.03 0.07 0.15
polar (resin (%) + asphaltene (%)) 86.77 77.73 95.43 86.51 74.41 89.48 71.78
saturated hydrocarbons (%) 7.92 9.66 3.52 7.93 17.51 8.22 6.22
aromatic hydrocarbons (%) 531 12.61 1.0§ 5.56 8.08 2.30 22.00
Pr/Ph 321 221 2.14 1.95 5.05 4.67 2.05
Pr/n-C,; 1.93 1.40 0.32 1.03 242 1.62 2.05
Ph/n-Cg 0.66 0.96 0.27 0.62 0.46 0.37 243
CPliy 34 427 4.08 3.27 6.22 4.16 4.04 2.92
OEP® 2.73 241 1.55 2.95 1.58 1.97 1.94
short-chain n-alkanes (1-Cy5_;) (%) 8.66 11.41 13.23 7.53 7.11 7.95 18.30
middle-chain n-alkanes (1-C,;-55) (%) 2295 28.97 43.89 24.81 35.66 28.60 2691
long-chain n-alkanes (n-Cy;-3;) (%) 63.56 50.67 30.63 62.79 50.17 56.62 36.82
n-Cy,/ n-Cy; 0.10 0.24 0.41 0.13 0.08 0.12 0.56
n-C,,/n-Cy, (Clwood/Qgrass)41 0.86 0.85 0.74 1.60 0.58 0.92 0.81
TAR" 11.90 6.31 2.99 14.60 9.88 10.13 2.40
Paq® 0.28 0.38 0.64 0.33 0.42 0.37 0.45
Pwax" 0.78 0.69 0.46 0.76 0.66 0.72 0.64
AcL™ 29.50 29.57 29.86 28.89 30.23 30.06 29.74
waxiness index 8.82 5.47 4.79 10.07 9.78 9.18 2.25

4CPI = 1/2 [(Cys+CpytCogtC31+C33/ Cout Cogt CogtCig+Csy) + (Cps+CortCogtCy1+Cs3/ Cogt Cogt C30+Csp+Csy)] (Bray and Evans®); OEP =
(Cy1#+6Cy3+Cy5)/(4Cyy+4Cyy); TAR = (Cyy+Cio+Cyy)/(Cis+C17#+Cro); Paq = (Cys+Cis)/(CoatCastCiotCyy); Pwax = (CptCootCyy)/
(Cy3+Cyg+CpytCygtCyqy); ACL = (27 X Cyt29 X Cyot31 X Cy433 X Ci3)/(CyytCygt+Cq+Cy3); waxiness index = (Z(n-Cy—n-Cy;)/Z(n-

Cls_”'czo)-

wt %, 8.08 and 12.61 wt % in the KM3 seam; and 3.52 and 6.22
wt %, 1.05 and 22.00 wt % in the KM2 seam, respectively.

The relative abundances of n-alkanes in the analyzed samples
are listed in Table 2. The identified n-alkane compositions of the
coals belonging to the KP1, KM3, and KM2 seams in the Soma
basin range from n-Cy, to n-Cy¢ (Figure 3). The studied coal
samples are characterized by a high abundance of long-chain (n-
C,,_35) n-alkanes and a variable proportion of medium-chain (#-
Cy1-ps) and short-chain (n-Cis_;5) n-alkanes. The predom-
inance of significant n-alkanes longer than C,; and the
distributions accompanied by n-C,; alkane peaks indicate
occasional mixing of organic matter sources. It also exhibits a
unimodal distribution toward long-chain n-alkanes. Diffrac-
tomes of Soma coals show the presence of a small unresolved
complex mixture (UCM) indicating bacterial activity. The Pr/
Ph ratio presented high (>1) values. The carbon preference
index (CPI) was high in all samples, ranging from 4.04 to 6.22
(avg. 4.84) in KP1, 4.08 and 4.16 (avg. 4.12) in KM3, and 2.92
and 3.27 (avg. 3.1) in KM2 (Table 2).

4.2.2. Terpanes and Steranes. The terpane distribution of
Soma-Manisa coal samples (m/z 191) is characterized by the
relative dominance of Cyy17a, 21 (H)-hopane, C;, tricyclic
terpane, and C,y 17, 218 (H)-30-norhopane and homomor-
etane (Figure 4). As shown in Table 3, the Ts/Tm ratio is
extremely low in the study area, ranging between 0.03 and 0.20.
The 225/(225+22R) (Cs,) homohopane isomerization ratios of
the analyzed samples are in the range 0.08—0.21 and have not
reached equilibrium. In all samples, C;; homohopane is more
dominant than C;, homohopane and the C;;/C; —Cj;
homohopane ratio presented very low values. In addition, the
gammacerane index (G/Cy, H),” which provides information
on the salinity level of the depositional environment, is
extremely low (<0.14) in all source rock extracts (Table 3).
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In the m/z 217 saturated hydrocarbon fragmantogram
represented by the GC-MS chromatogram of the studied
samples, the dominance of regular steranes over diastereoster-
anes as well as the dominance of C,y and C,g steranes shows
variations (Figure 4 and Table 3). The 8/(ff+ac) sterane
ratio increases as the depth increases from the upper seam
(KP1) to the lower seam (KM2) (Table 3).

4.2.3. Aromatic Hydrocarbons and Polar Compounds. The
distributions of monoaromatic (MA) and triaromatic (TA)
steroids among aromatic hydrocarbons were obtained from
mass chromatograms at m/z 253 and m/z 231, respectively; the
distributions of phenanthrenes and dibenzothiophenes among
polycyclic aromatic hydrocarbons and their alkyl derivatives
were obtained from mass chromatograms at m/z 178, 192 and
m/z 184, 198, respectively (Figure S). The C,,—C,3—C,y MA
steroid distribution in all samples of Soma-Manisa coals was
determined as C, > C,g > Cy, (Table 4). The C,o/(Cyo+Cyg)
MA steroid ratio gave an average value of 0.8 in the coals of the
studied seams. The Dia/(Dia+R) MA ratio was determined in
the range of 0.50—0.79 (Table 4). The MA(I)/MA(I+II) ratio
was calculated as <0.1 in the KP1, KM3, and KM2 seams. The
parameters calculated from phenanthrene (P) and methylphe-
nanthrene (MP) distributions in coal samples are given in Table
4. Phenanthrene is more dominant than methylphenanthrene
(Figure Sc). Methylphenanthrene index-1* (MPI-1*) values are
in the range of 0.58—0.85. In addition, the order MPR-9 > MPR-
2 > MPR-1 > MPR-3 is generally dominant in the samples.
Methyldibenzothiophene ratio (MDR and MDR') values are
found at similar abundances in coal samples (Table 4). Low
dibenzothiophene (DBT) concentrations (S338—605.20;
except for KM3) have been detected in samples from KPI,
KM3, and KM2 seams. DBT/P ratios of these coal samples
range between 0.29 and 1.02 (Table 4).
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Figure 3. n-Alkane and isoprenoid distribution of (a) KM2, (b) KM3, and (c) KP1 samples.
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Figure 4. Representative saturated hydrocarbon m/z 191 and m/z 217
chromatograms showing terpane and sterane distributions in the coals.
Abbreviations: TT = tricyclic terpane; Ts = 18a(H)-trisnorneohopane;
H = hopane; Gam. = gammacerane; Tm = 17a(H)-trisnorhopane; C,y
H = 30-norhopane; C3,H = 17a(H). 21(H)-hopane; C,; to C,9 = Cy,
to C,g regular steranes.

4.3. Stable C Isotope and Elemental Compositions.
The stable carbon isotope (§*C, %o (VPDB)) results of Denis
(KP1 seam) and Soma (KM3 and KM?2 seams) Formation coals
are shown in Table 5. The §"*C values of the KP1 seam ranged
between —27.48 and —27.25%0 (avg. —27.39%o), the 5"C
values of the KM3 seam ranged between —27.52 and —25.68%o
(avg. —26.6%o0), and the §*C value of the KM2 seam was
—24.97%o. In addition, the saturated hydrocarbon (§'*Cg,, ) and
aromatic hydrocarbon (§°C,,,) fractions of bitumen extracts
are listed in Table S. In the KP1, KM3, and KM2 seams, the

average 6"°Cg,, values are —28.74, —27.84, and —26.41%o while
the average 6"°C,,, values are —27.76, —27.53, and —25.87%o,
respectively. In all seams, the chief distribution was determined
as 63C,,, > 6"°Cg,,

Table S lists the results of the elemental analysis of the
analyzed coal samples. The total sulfur contents of the coal
samples on a dry basis were determined to be 2.54—8.33% (avg.
5.83%), 0.54—12.35% (avg. 4.68%), and 0.14—4.14% (avg.
2.54%) in the KP1, KM3, and KM2 seams, respectively. C
(10.16—50.51%), H (1.40—3.45%), N (0.29—1.06%), and O
(36.65—85.61%) on a dry basis in the KP1 seam; C (15.78—
47.04%), H (0.82-3.37%), N (0.24—1. 31), and O (35.93—
82.62%) on a dry basis in the KM3 seam; and C (18.25—
71.01%), H (1.24—4.72%), N (0.27—1.33%), and O (22.42—
80.1%) on a dry basis in the KM2 seam show a wide distribution.
The H/C and O/C ratios of the coals in the Denig and Soma
Formations were also calculated (Table S). In the KP1 seam in
the Denis Formation, H/C ratios are between 0.07 and 0.14
(avg. 0.09) and O/C ratios are between 0.73 and 8.43 (avg.
3.05). In the KM3 seam in the Soma Formation, H/C ratios
range between 0.05 and 0.08 (avg. 0.07) and O/C ratios range
between 0.76 and 5.24 (avg. 2.10); in the KM2 seam, H/C ratios
range between 0.06 and 0.08 (avg. 0.07) and O/C ratios range
between 0.32 and 4.39 (avg. 1.18). The H/C ratios of the coals
in the KP1 seam are higher than the H/C ratios of the coals in
the KM3 and KM2 seams. The C/N ratios of the samples ranged
between 31.90 and 55.96 (avg. 44.19) in the KP1 seam, 35.91—
65.75 (avg. 46.98) in the KM3 seam, and 43.19—161.39 (avg.
82.66) in the KM2 seam and presented high values (>10).

4.4. Maceral Distributions. Organic petrographic obser-
vations indicate higher amounts of huminite/vitrinite compared
to liptinite and inertinite macerals in each of the three seams in
the Soma-Manisa basin. The average huminite macerals are
53.78, 54.75, and 67.89% in coal samples from the KP1, KM3,
and KM2 seams, respectively. Organic petrographic studies
revealed abundance of texinite, ulminite, atrinite, densinite,
corpohuminite, and gelinite (huminite group macerals) and
lower amounts of sporinite, cutinite, and resinite (liptinite group
macerals) and fusinite, funginite, macrinite, and inertodetrinite
(inertinite group macerals) (Table 6 and Figure 6). In the KP1,
KM3, and KM2 seams, the Gelification Index (GI) calculated
from maceral compositions ranged between 1.3 and 3.6,
between 1.1 and 1.5, and between 1.3 and 2.5; the Tissue
Preservation Index (TPI) ranged between 0.5 and 1.2, between
0.5 and 0.6, and between 0.8 and 2. 8; the Groundwater Index
(GWI) ranged between 1.1 and 4.1, between 1.2 and 2.5, and
between 0.5 and 2; and the Vegetation Index (VI) ranged
between 0.6 and 2.1, between 0.5 and 0.8, and between 0.9 and
4.5, respectively (Table 6).

5. DISCUSSION

5.1. Type, Origin of Organic Matter, and Depositional
Environments. According to TOC (wt %) values, the studied
samples, which have excellent source rock potential, contain
type III kerogen. Considering the HI-Tmax diagram*”*® and
effective HI values in the HI-Ro diagre1r11,38’51’52 coals of the KP1,
KM3, and KM2 seams have gas-prone potential (Table 1 and
Figure 2a,b). Low Production Index (PI) (<0.10), BI (<8), and
QI (<144) values and HI-Ro, BI-Ro, BI-Tmax, QI-Ro, and QI-
Tmax diagrams support that the three seams are essentially gas-
prone (Table 1 and Figure 2c—f).

Nitrogen values range from 0.29 to 1.06 wt % in the KP1 seam,
0.24 to 1.31 wt % in the KM3 seam, and 0.27 to 1.33 wt % in the

https://doi.org/10.1021/acsomega.3c06635
ACS Omega 2023, 8, 47974—47990


https://pubs.acs.org/doi/10.1021/acsomega.3c06635?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06635?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06635?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06635?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06635?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 3. Parameters Calculated from Saturated Biomarker Distributions (m/z 191 and m/z 217 Mass Chromatograms) for Soma-

Manisa Coals

$332 (KP1) $332 (KM3) $332 (KM2) $338 (KP1) $338 (KM3) $340 (KP1) $340 (KM2)

Terpanes

Cy9/C3o hopane 0.49 0.56 0.98 0.58 0.98 0.67
Ts/Tm 0.13 0.12 0.04 0.20 0.03 0.06
Ts/(Ts + Tm) 0.11 0.11 0.04 0.17 0.03 0.06
moretane/hopane 0.51 0.45 0.54 0.55 0.48 0.52 0.42
Cy3 TT/(Cys TT + Cyp H) 0.08 0.16 0.02 0.12 0.06 0.07
C;5/(C5; — Cy5) homohopane 0.03 0 0.02 0.04 0.02 0
228/(228+22R) (Cs,) 0.12 0.19 026 0.08 0.12 0.09 021
Gam/Cy;H 0.12 0.08 0.11 0.14 0.10 0.05
Steranes

diasterane/sterane 2.88 1.79 0.90 0.61 1.29 0.28 5.21
C,, sterane (%) 6.05 10.04 12.17 5.81 9.61 18.37 6.76
C,s sterane (%) $8.12 4723 31.54 34.26 5248 30.05 3721
C, sterane (%) 35.83 4273 59.93 3791 S1.58 56.03
iso-sterane (%) 7.41 14.68 15.64 2591 13.65 24.50 20.74
n-sterane (%) 4.77 14.37 18.30 40.92 11.14 44.71 38.73
dia-sterane (%) 87.82 70.95 66.06 33.18 75.21 30.79 40.53
BB/ (Bp+aa) 036 0.42 0.44 035 0.40 0.38 0.38
sterane/17aH 0.20 0.12 0.09 0.04 0.28 0.02 0.08

KM2 seam, averaging 0.66, 0.83, and 0.71 wt %, respectively.
The TOC/N ratio is widely used to distinguish between vascular
plants and planktonic/algal material.>>** TOC/N ratios are
greater than 15 for vascular plants, between 4 and 10 for aquatic
plants, and between 6 and 9 for planktonic/algal material.”” The
nitrogen content of organic matter in terrestrial vegetation and
surrounding marsh sediment is generally low.”””* TOC/N
ratios are >1S§ in the samples from three seams. Similarly, C/N
ratios are also high, indicating high terrestrial vegetation.55
Stable carbon isotopic (§'*C) values are an important tool used
to determine the origin and differentiation of organic matter
between different depositional environments, either marine or
terrestrial. " ~>” The 6'°C values of the samples of the KP1,
KM3, and KM2 seam were between —24.97 and —27.52%o
(Table 5), indicating that they are compatible with the material
between the terrestrial C; type vegetation and the coal seen in
Figure 7a. When C/N and 5"C are evaluated together (Figure
7b), it can be concluded that Soma-Manisa coals have the same
origin and originated from a terrestrial source.”’

Polars and asphaltenes (between 71.78 and 89.48%)
constituted the majority of the soluble organic matter in
Soma-Manisa coals (Table 2). This indicates the input of
terrestrial plants and low maturity.**

Short-chain n-alkanes are common in algae/microorgan-
isms.”” N-C,¢ n-C,,, and n-C, alkanes are abundant in the
samples of the KP1 seam; n-C;, and n-Cy are abundant in the
samples of the KM3 and KM2 seams (Figure 3). The samples of
the upper seam (KP1) have a much higher n-C,4 peak than other
short-chain homologues. The presence of a small amount of
UCM in the area of short-chain n-alkanes in the diffractome
indicates bacterial activity.64_66 The n-C,, and n-C,5 homo-
logues of medium-chain alkanes are relatively enriched. The
abundances of C,; and C,; n-alkanes originate from
Sphagnum®~"° and/or aquatic macrophytes (macroscopic
algae) in swamp environments.*”*®”" The Paq and Pwax
parameters, which are used especially for coals, can be calculated
to obtain information about the plant species in the environment
from which the organic matter derived and thus about the
paleoclimatic conditions of the environment.*' The Paq ratio is

used to estimate the ratio of submerged or aquatic plants to
terrestrial and emergent plant input.” The n-alkanes C,; and
C,s are common in submerged and floating plants, while C,y and
C;, are typically common in terrestrial plants. Paq <0.1 reflects
terrestrial plant input, Paq values in the range 0.1—0.4 reflect
emergent plant, and Paq values in the range 0.4—1 reflect
submerged/floating plants (macrophytes, aquatic land (peat)
mosses, aquatic ferns, seed plants). Paq values were calculated as
0.28—0.37 (avg 0.33) in samples from the KP1 seam, 0.38—0.42
(avg 0.40) in samples from the KM3 seam, and 0.45 and 0.64
(avg 0.55) in samples from the KM2 seam (Table 2). The Paq
values of KP1 and KM3 seams indicate a submerged plant input,
whereas the Paq value of the KM2 seam indicates a submerged/
floating plant input. The Pwax value reflects the relative ratio of
waxy hydrocarbons derived from floating plants and terrestrial
plants to total hydrocarbons.* A Pwax value >0.7 indicates dry
climate conditions, while <0.7 indicates humid climate
conditions. In the KP1, KM3, and KM2 seams, Pwax values
are between 0.72 and 0.78, between 0.66 and 0.69, and between
0.46 and 0.64, respectively. As the depth increased, there was a
transition from dry to humid climate.

Long-chain n-alkanes, dominated by n-C,, and n-C,4 alkanes,
are characteristic of waxy woody plants.”"”* The distributions of
n-C,o and n-C;; alkane abundances are similar due to
epicuticular waxes in both terrestrial and emergent
plants.43’68’72’73 For this reason, long-chain n-alkanes, in which
odd-numbered carbon predominates over even-numbered
carbon (such as n-C,, or n-C,y and #n-Cy;) in the studied coal
samples, indicate an important contribution of aquatic
emergent/terrestrial plant input.

The high CPI values observed in the samples from seams KP1,
KM3, and KM2 (Table 2) indicate terrestrial plants and a low
degree of maturity due to the long-chain n-alkane content of the
coals.”"*

The average chain length (ACL) index shows the
concentration-weighted ACL of C,,—C;; n-alkanes and can
indicate local temperature variation” as well as different
vegetation types.””’®”” Plants in cold/dry areas have higher
values than in warm/humid areas.** In other words, a high ACL
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Figure S. (a) m/z 231 mass fragmentograms, (b) m/z 253 mass fragmentograms, (c) m/z 178 + 192 mass fragmentograms, and (d) m/z 184 + 198
mass fragmentograms of aromatic hydrocarbons for Soma-Manisa coal samples. P—phenanthrene, MP—methylphenanthrene, DBT—

dibenzothiophene, MDBT—methyldibenzothiophene.

index value indicates dry and cold climatic conditions with
vascularized plants. It was determined as 28.89—30.06 in the
samples taken from the KP1 seam, 29.57—30.23 in the samples
taken from the KM3 seam, and 29.74—29.86 in the samples
taken from the KM2 seam. The decrease/change in the ACL
index with some fluctuation from the lower to the upper seam
indicates that the organic matter has changed from humid and
rainy climatic conditions to moderately humid climatic
conditions and may be derived from vascular plants.

Pr/Ph ratios are used to describe oxic/anoxic depositional
conditions.”””*~* In general, low Pr/Ph ratios (<1) indicate
anoxic conditions for the accumulation of organic matter from
land plants, while high Pr/Ph ratios (>3) indicate oxic
conditions and Pr/Ph ratios between 1 and 3 indicate suboxic

conditions.”*”® The Pr/Ph ratio in the coal samples examined

presented high (>1) values. A high Pr/Ph ratio indicates
suboxic—oxic conditions in the depositional environment and
the contribution of vascular plants. This ratio usually gives values
greater than 1 due to the high TOC content in coals' ”*'~*" and
indicates the input of oxidized terrestrial plant material to
swamps.”* These values are supported by the Pr/nC,,—Ph/nC
diagram (Figure 8).

In the nC,,/nCj; ratio of the lower, middle, and upper coal
seams (0.41—0.56 for KM2, 0.08—0.24 for KM3, and 0.10—0.13
for KP1), the analyzed samples contain organic matter
originating from terrestrial plants as nCs; n-alkanes are more
dominant™* (Table 2). Another parameter used to determine the
type of organic matter of terrestrial origin is the Waxiness index.
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Table 4. Parameters Calculated from Aromatic Biomarker Distributions (m/z 231, 253, 178, 192, 187, and 198 mass

chromatograms) for Soma-Manisa Coal Units”

$332 (KP1) $332 (KM3) $332 (KM2)
Steroid
TA(I)/TA(I + 1I) 0.20 0.08 0.07
MA(T)/MA(T + II) 0.05 0.04 0.02
C,, MA steroid (%) 8.11 3.21 2.60
C,5 MA steroid (%) 30.21 22.65 24.61
C,o MA steroid (%) 61.68 74.14 7278
Dia/(Dia + R) MA 073 0.79 0.76
Cp0/(Cag + Cpo) MA 0.7 0.8 0.7
Phenantrane
MPR 1.50 0.69 0.67
MPR-1 0.32 0.72 0.33
MPR-2 0.48 0.50 0.22
MPR-3 0.24 0.42 0.35
MPR-9 0.61 0.74 0.44
MPI-1 0.56 0.56 0.49
MPI-1%* 0.78 0.63 0.75
Dibenzothiophene
MDR 0.49 0.53 nd
DBT/P 0.95 0.29 0.56

$338 (KP1) $338 (KM3) S340 (KP1) $340 (KM2)

0.15 0.28 0.22 0.12
0.05 0.09 0.06 0.03
8.75 8.78 8.57 1.11

18.85 23.27 20.23 22.76

72.40 67.96 71.19 76.13
0.54 0.76 0.72 0.50
0.8 0.7 0.8 0.8
1.06 1.33 1.30 0.47
0.35 0.20 0.25 0.93
0.38 0.27 0.33 0.44
0.28 0.18 0.21 0.38
0.41 0.43 0.41 0.49
0.56 0.40 0.48 0.51
0.85 0.70 0.80 0.58
0.49 0.56 0.46 0.62
0.42 1.02 0.53 0.70

ATA(L)/TA + I1) = (Cyo + Cy1)/(Cy + Cyy + Cys + Cyy + Cyg); MA(D)/MA (I + II) = (Cy; + Cyy)/(Cyy + Cyy + Cyy + Cyg + Cyo); MPI-1 =
1.5%(2-MP + 3-MP)/(P + 9-MP + 1-MP); MPI-1¥= (2-MP + 3-MP)/(1-MP + 9-MP); MDR= 4-MDBT/1-MDBT; nd: not detected.

Table 5. '*C (%o) Stable Isotope and and H, C, N, O, and S Elemental (%, Dry Basis) Contents of the Analyzed Samples

depth
(m)
sample
well no.  seam D C H (6] N S H/C
$332 KP1 412.4 13.44 1.56 80.07 0.37 4.56 0.12
KP1 417 39.04 292 48.95 0.81 8.28 0.07
KP1 419.4 15.31 1.74 78.63 0.48 3.84 0.11
KM3 5123 15.78 0.82 82.62 0.24 0.54 0.0S
KM2 625.6
S$338 KP1 518 35.97 2.79 52.56 0.7 7.98 0.08
KP1 518.9 38.05 2.63 52.64 0.68 6 0.07
KP1 522.9 38.63 291 49.88 0.78 7.8 0.08
KP1 524.3 10.16 1.4 85.61 0.29 2.54 0.14
KM3 603.7 47.04 3.37 3593 131 12.35 0.07
KM3 605.2 29.21 2.46 64.45 0.72 3.16 0.08
KM3 608.4 44.98 3.23 47.22 1 3.57 0.07
KM3 610 41 2.52 51.84 0.86 3.78 0.06
$340 KP1 679 32.96 2.19 60.96 0.79 3.1 0.07
KM2 847.5 62.37 4.29 28.36 1.33 3.65 0.07
KM2 852.5 48.49 3.16 44.37 0.65 3.33 0.07
KM2 855 71.01 4.72 22.42 0.44 1.41 0.07
KM2 858.5 42.46 2.96 50.87 0.44 3.27 0.07
S344A KM2 770.4 18.25 1.24 80.1 0.27 0.14 0.07
KM2 784.3 55.72 3.69 37.1 1.29 22 0.07
S349B KM2 783 35.51 2.68 60.01 0.48 1.32 0.08
S$341 KP1 558 50.51 3.4S 36.65 1.06 8.33 0.07
KM2 724.4 61.73 4.03 29.86 1 3.38 0.07
KM2 725.6 60.23 3.52 31.6 0.51 4.14 0.06

) 13Cbulk 4 lscsammed 6 13Cammaﬁc
(%o vs oo VS (%o vs

0/C C/N TOC/S TOC/N VPDB)  VPDB) VPDB)

5.96 36.32 2.57 31.62

1.25 48.20 6.18 63.21 —-27.43 —28.27 —27.47

0.00 31.90 7.03 56.25

5.24 65.75 37.22 83.75 —25.68 —26.87 —26.36
—-24.97 —26.04 —25.38

1.46 51.39 5.40 61.57

1.38 55.96 5.75 50.74

1.29 49.53 7.15 71.54 —-27.25 —29.59 —27.28

8.43 35.03 3.27 28.67

0.76 3591 5.09 48.02

2.21 40.57 14.87 65.28 —27.52 —28.81 —28.7

1.05 44.98 10.39 37.10

1.26 47.67 15.21 66.86

1.85 41.72 10.10 39.62 —27.48 —28.36 —28.52

0.45 46.89 13.81 37.89

0.92 74.60 18.53 94.92 -25.29 —26.41 —-25.87

0.32 161.39 31.35 100.45

1.20 96.50 20.09 149.32

4.39 67.59 52.28 220.74

0.67 43.19 27.64 47.13

1.69 73.98 37.88 104.17

0.73 47.65 1.58 12.45

0.48 61.73 17.75 60.00

0.52 118.10 14.59 118.43

The Waxiness index was calculated between 8.82 and 10.07 in
the KP1 seam, 5.47—9.78 in the KM3 seam, and 2.14—4.79 in
the KIM2 seam, indicating a terrestrial input with mainly higher
plants.”>”*** In addition, high-concentration n-C,,/n-Cj; ratios
can be used to assess the relative contribution of the plant
species from which the organic matter is derived—shrubs and
trees and/or herbaceous plants.* It was calculated as 0.86—1.60
in the KP1 seam; 0.58—0.85 in the KM3 seam; and 0.74—0.81 in
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the KM2 seam (Table 2). These values are characterized by
organic matter derived from environments with woody plants.
The sterane/17a(H)-hopane ratio reflects prokaryotic versus
eukaryotic input.”””* Thus, the sterane/17a(H)-hopane ratio is
relatively high in marine organic matter. In contrast, low sterane
and sterane/hopane ratios are indicative of terrestrial and/or
microbiologically reworked organic matter.”” Very low sterane/
hopane ratios (<0.5) are caused by aerobic bacteria.””*" In this

https://doi.org/10.1021/acsomega.3c06635
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Table 6. Huminite Reflection (%Ro) Values and Maceral Distributions of the Studied Samples”

Ro T U A D Ch G ZXH $Sp

sample ID [%] [vol %]

$338-518 0.36 4 17 16 17 4 6 64 2
(KP1)

$338-518.9 0.37 2 18 15 10 S 8 58 3
(KP1)

S$338-522.9 0.37 3 19 17 14 3 9 65 2
(KP1)

S$338-524.3 0.36 2 11 10 9 2 6 40 1
(KP1)

$338-603.7 0.45 3 13 11 10 2 9 48 2
(KM3)

S$338-605.2 0.44 3 10 13 10 2 7 45 1
(KM3)

S$338-608.4 0.44 2 15 19 16 7 7 66 2
(KM3)

$338-610 0.46 1 13 18 16 S 7 60 2
(KM3)

S332-412.4 0.37 1 15 3 2 1 7 29 1
(KP1)

S332-417 0.37 18 8 6 3 8 43 1
(KP1)

S$332-419.4 0.38 3 25 7 6 2 12 5SS 1
(KP1)

$332-512.3 0.46
(KM3)

S$332-625.6 0.45 9 31 16 9 6 7 78 1
(KM2)

$340-679 0.37 3 18 21 17 3 6 68 1
(KP1)

S$340-847.5 0.48 13 19 2 17 3 6 62 1
(KM2)

S$340-852.5 0.49 11 16 2 16 4 8 59 1
(KM2)

S$340-855 0.49 11 30 6 12 6 9 74 1
(KM2)

S$340-858.5 0.50 10 38 7 10 12 77
(KM2)

S344A- 0.46 14 36 7 S 3 6 71
770.4
(KM2)

S344A- 0.47 12 26 8 6 3 6 61 1
784.3
(KM2)

S349B-783 0.49 11 20 12 10 3 7 63 1
(KM2)

S341-558 0.37 2 16 20 16 4 4 62 2
(KP1)

S341-724.4 0.48 10 17 15 13 3 8 66 2
(KM2)

Cu

Rs XL Fs Fg M Id XI MM GI TPI GWL VI
3 2 4 2 8 25 1.6 0.6 14 0.6
2 6 2 2 S 2 11 25 1S 0.8 14 0.9
1 4 1 2 3 3 9 22 1.6 0.6 12 0.7
2 1 3 2 6 52 1.6 0.6 3 0.7
2 S 1 1 4 3 9 38 15 0.6 22 0.8
1 3 2 2 1 N 47 14 0.6 2.5 0.7
2 6 2 1 7 4 14 14 13 0.6 12 0.6
2 S 2 1 8 6 17 18 1.1 0.5 14 0.5
1 1 2 3 67 3.6 12 4.1 2.1
1 1 1 1 3 53 32 0.9 2.7 12
2 1 2 2 S 38 3 1.1 1.7 1.8
2 4 1 3 2 6 12 1.7 14 0.6 15
2 4 1 1 2 2 6 22 LS 0.5 1.1 0.6
1 3 1 1 7 3 12 23 1.7 1.2 LS 15
2 4 1 1 S 2 9 28 2.1 1 2 12
3 S 1 2 3 6 15 2.5 1.6 0.9 2
10 10 7 7 6 2.4 1.6 0.5 3.2
8 8 4 4 17 1.9 2.8 0.5 4.5
3 4 4 2 6 29 1.6 1.9 2 2.5
3 4 3 2 S 28 14 1.1 1.1 14
3 6 1 4 4 9 23 13 0.5 12 1.6
2 4 3 3 6 24 1.3 0.8 1.1 0.9

“T—textinite, U—ulminite, A—attrinite, D—densinite, Ch—corpohuminite, G—gelinite, Sp—sporinite, Cu—cutinite, Rs—resinite, Fs—
fusinite, Fg—funginite, M—macrinite, Id—inertodetrinite, MM—mineral matter, GI—Gelification Index: (ulminite + gelinite + corpohuminite +
densinite)/(textinite + attrinite + inertinite), TPI—Tissue Preservation Index: (textinite + ulminite + corpohuminite + fusinite)/(attrinite +
densinite + gelinite + inertodetrinite), GWI—Ground Water Index: (corpohuminite + gelinite + mineral matter + densinite)/(textinite + ulminite
+ attrinite), VI—Vegetation Index: (textinite + ulminite + resinite + suberinite + fusinite + semifusinite + sporinite + cutinite)/(densinite +
attrinite + cutinite + sporinite + algnite + bituminite + inertodetrinite + liptodetrinite) (calculations from Calder et al.*’, Diessel,*” and Kalkreuth et

al.*®).

study, the high contribution of terrestrial organic matter but
significantly low sterane/hopane ratios (Table 3) indicate a high
activity of aerobic bacteria, which is consistent with the presence
of UCM (Figure 3). High C,, and Cy; hopane values in coal are
usually due to aerobic/anaerobic bacterial degradation of
terrestrial vegetation.*”*® The relative dominance of Cj,
17a(H)-hopane, the most abundant terpane, followed by C;,
tricyclic terpane, C,9 17a(H)-norhopane, and homomoretane in
the analyzed samples, indicate bacterial contribution (Figure 4).
The distribution of Cj_35 homohopanes can be used to
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interpret redox conditions.”” The predominance of C;; and C;,
homohopanes and low C;5/C;;—C;5 homohopanes in coals
indicates a suboxic and/or oxic environment. In addition, the
decrease from C;; homohopane to C;3 homohopane (Figure 4)
and the low C,,/Cyy hopane ratio (<1) (Table 3) indicate
paleoprecipitation in a clastic environment.*” Moreover, the
Dia/(Dia+R) MA ratios (Table 4) support the presence of coals
rich in clastic material dominated by terrestrial organic
contribution.”” 4-MDBT > 2 + 3-MDBT > 1-MDBT was
detected in all analyzed samples (Figure Sd). The fact that it

https://doi.org/10.1021/acsomega.3c06635
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Figure 6. Some photomicrographs of the macerals in the Soma-Manisa
coals (KP1—upper seam, KM3—middle seam, and KM2—Ilower
seam). Samples are KP1 (a, b, ¢), KM3 (d, e), and KM2 (f, g, h). T—
textinite, U—ulminite, A—attrinite, D—densinite, G—gelinite, Ch—
corpohuminite, S—sporinite, Re—resinite, Cu—cutinite, Fg—fungin-
ite, F—fusinite, Id—inertodetrinite, and Pyr—pyrite.

presents a stepwise pattern is predominantly associated with
siliciclastic source rocks.”

The widely used C,,—C,3—C, sterane distributions, which
vary depending on the type of organic matter, provide
information about the paleoenvironment.” In the relative
variable dominance of C,9 and C,g steranes in the samples
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Figure 8. Ph/n-C ;g versus Pr/n-C,; in the Soma-Manisa coal samples.

analyzed (Table 3), the dominance of C,, steranes indicates a
dominant source of organic matter from vascular plants while
the dominance of C,g steranes indicates the presence of
lacustrine algae.””"” Moreover, the triangular diagram of C,,—
C,3—C, steranes shows the depositional environment of the
studied coal samples (Figure 9).
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Figure 9. Ternary plot of steranes showing depositional facies. (adapted
with permission from ref 89 . Copyright 2021 ACS.,*>"°)

DBT, a sulfur-containing compound, and its methyl
homologues methyl dibenzothiophenes (MDBT) are shown
in Figure 5d. DBT's present low values in coal extracts, indicating
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Figure 7. (a) 8"3C concentrations of some reference materials and (b) C/N ratio to §'*C values for Soma-Manisa coal samples. (Adapted with

permission from.*! Copyright ACS 2023.)60,61).
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dominant terrestrial facies.”’ The sulfur content of the analyzed
samples varies and presents high values (Table S). The low
values of DBT values but variable sulfur contents in the coal
samples suggest the variability in the Ph of the paleo-swamp.”
In addition, low Gammacerane index, low C,; TT/(Cy; TT +
C;o H) ratio (between 0.02 and 016), absence of pregnane, and
Cao/(Cag + Cse) MA steroid ratios greater than 0.5 suggest no
marine influence. High TOC/S ratios also support the absence
of a marine influence (Table 5). Therefore, the sulfur content
and pyrite content are compatible, indicating the presence of
inorganic sulfur (Figure 6).

Oils from marine environments have high DBT/P ratios,
while oils from marine shale and most lacustrine rocks have low
ratios.”” The DBT/P ratios of the studied coal extracts (Table 4)
are between 0.29 and 1.02. This indicates a strong input of
terrestrial organic matter. The variable abundance of DBT's in all
samples is indicative of possible suboxic and oxic conditions
prevailing during deposition.

In Soma-Manisa field coal samples, huminite group macerals
(KP1:29—68%, KM3:45—66%, KM2:59—78%), which are
generally derived from woody tissues of roots, stems, and
leaves,®” are dominant whereas liptinite (KP1:1—6%, KM3:3—
6%, KM2:3—10%) and inertinite (KP1:3—11%, KM3:5—17%,
KM2:5—12%) group macerals are present at different rates in all
seam samples (Figure 10). The presence of inertinites and
liptinites in the studied coals indicates the presence of a paleo-
swamp affected by water table fluctuations.””

C

A: Textinite + ulminite + corpohumunite Symbols
terrestrial liptinite @ KP1
A KM3

B: Attrinite + densinite + gelinite +
lipodetrinite
C: Inertodetrinite

€ Km2

h

Dry (oxic)
conditions

Figure 10. Ternary diagram showing peat-forming conditions and
facies- maceral associations in the study area. (Adapted with permission
from.”* Copyright 2022 ACS.,*%).

For coaly lithotypes, petrography-based VI, GWI, TP, and GI
facies indicators provide important information about the
paleoenvironment in which the peat formed. In the studied
coal samples, the KP1 and KM3 seams are characterized by VI
values below 2, while the KM2 seam has VI values less than §
(Table 6). This indicates that as the depth increases from the
upper seam to the lower seam, the vegetative material changes
and the dominant flora changes from herbaceous peat forming
to woody plants. Low to medium GWI and VI values indicate
that peat formed under mesotrophic and partially rheotrophic
conditions.*® High GWI and high TPI values are indicative of
wet conditions, while low GWI and low TPI values are indicative

of dry conditions of peat formation. Most of the analyzed
samples have a high-value range between 0.5 and 5 for TPI and a
medium—high-value range between 1 and 10 for GI, indicating
that the coal samples were deposited in a wet condition of peat
formation. The TPI-GI facies diagram shows that the analyzed
coals in the TPI-GI facies diagram vary from the upper seam to
the lower seam, from a limnic—limnotelmatic to a limnotel-
matic—telmatic environment, and from an open swamp to a
lacustrine—upper deltaic environment (Figurellab).

5.2. Thermal Maturity Assessment of Organic Matter.
The average random huminite reflectance (%Ro) values used as
a parameter of degree of coalification ranged between 0.36 and
0.47% in the KP1 seam, between 0.44 and 0.47% in the KM3
seam, and between 0.45 and 0.49% in the KM2 seam, indicating
sub-bituminous coal.** Tmax, PI data (Table 1), and %Ro values
indicate that the coals in all three seams are immature in terms of
thermal maturity and did not yet reach onset of oil expulsion
(Figure 2).

The ratio of odd carbon number n-alkanes to even carbon
number n-alkanes (OEP) can be used to determine thermal
maturity.zo"?’g’40 In all three seams, high (>1) OEP data indicate
the immature—early mature range.

Ts is lower than Tm in the KP1, KM3, and KM2 seams. While
the Ts/(Ts+Tm) ratio increases with maturity,””%"” the
moretane/hopane ratio decreases with maturity (about 0.8 for
immature source rock and <0.15 for mature source rock).'*°~"'%*
A high moretane/hopane ratio and a low Ts/(Ts+Tm) ratio
characterize the immaturity of the studied coals. The 22S/(22S
+22R) (C;,) homohopane ratio also increases with increasin
maturity and reaches equilibrium in the range of 0.57—0.62."
The 225/(22S+22R) (Cs,) homohopane isomerization ratios of
the examined samples are in the range 0.08—0.26, indicating the
immature stage, which has not reached equilibrium. The Sf/
(Bp+aa) sterane ratio increases with maturation and reaches
equilibrium in the range of 0.67—=71.748710310% ‘The pp/
(Bp+aa) sterane ratio was found to be low (<0.44) in the
studied coals (Table 3).

The concentrations of aromatic compounds such as
phenanthrenes, dibenzothiophenes, and their structural isomers
are nowadays attracting more and more attention as maturity
indicators of coals and shale source rocks.'”> The aromatic
isomer ratios and indices used in this study are reported in Table
4. The methylphenanthrene index (MPI-1) is the most widely
used molecular maturity parameter based on aromatic hydro-
carbons and depends on the relative stability of isomers.'°® MPI-
1 and MPI-1* ratios in the samples gave similar values (<1)
indicating immaturity."”” MA(I)/MA(I + II) and TA(I)/TA(I
+ II) steroid ratios increase from 0 to 100% with increasing
maturity. MA(I)/MA(I + 1I) (between 0.02 and 0.09) and
TA(I)/TA(I + 11) (between 0.07 and 0.28) steroid maturity
ratios of the studied coals were determined at very low levels,
indicating the immature state of the coals (Table 4). The
methyldibenzothiophene ratio (MDR), another maturity
parameter calculated on the basis of methylbenzothiophene
(MDBT) isomers, generally increases with increasing matur-
ity." In the studied samples, the MDR exhibited low values
between 0.46 and 0.62 (Table 4), representing the immature
phase.

6. CONCLUSIONS

Significant new results on hydrocarbon potentials, organic
matter sources, and depositional environments of Miocene-aged
coals from the Denis (KP1 and KM3 seams) and Soma (KM2

https://doi.org/10.1021/acsomega.3c06635
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Figure 11. (a) GI vs TPI plot and (b) GWI vs VI plot of the Soma-Manisa coal samples. (adapted with permission from. ref 96. Copyright ACS

2021"47,96,97)

seam) Formations in the Soma-Manisa Basin are presented by
using multiple analytical methods.

Rock-Eval pyrolysis results indicate that the studied coal
samples are gas-prone and have not reached the maturity
threshold for first gas generation and the onset of oil expulsion.

Huminite reflectance, Tmax, and saturated-aromatic bio-
marker indices indicate that the organic matter in KP1, KM3,
and KM2 coals are thermally immature and suggest that Soma-
Manisa coal has reached the sub-bituminous rank in the study
area.

The n-alkane distributions and carbon isotopic data in the
KP1-upper seam, KM3-middle seam, and KIM2-lower seam coal
samples indicate that terrestrial organic matter is dominant in
the samples. According to TOC/N, Paq, and VI values, the
dominant flora varies from the upper seam to the lower seam,
indicating a change from emerged organic matter to submerged/
floating organic matter abundance. According to Pwax, ACL
values, it has been determined that from the upper seam to the
lower seam, it has changed from moderately humid climatic
conditions to humid and rainy climatic conditions. The low
gammacerane index and relatively high Pr/Ph values of Soma-
Manisa coals indicate that the low homohopane index developed
in an oxic-suboxic depositional environment, in a terrestrial
environment where there is no marine influence; TPI and GI
values show that it varies from a limnotelmatic—limnotelmatic
environment to a limnotelmatic—telmatic environment from the
upper seam to the lower seam, from an open swamp to a
lacustrine—upper deltaic environment. The variations in C,9 and
C,g sterane dominance and n-alkane distributions in the coal
samples suggest that the depositional environments of the KM3
seam and the upper part of the KM2 seam occasionally changed
to a lacustrine environment.
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