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The Neogene Soma Basin, western Turkey, hosts three coal seams (kM2, kM3 and kP1) and several altered tuff
layers within the Miocene sequences. This study focuses on the evaluation of coal-petrography, mineralogical
and elemental compositions, as well as the Rock-Eval pyrolysis of the three coal seams from Eynez, Isiklar and
Denis sectors, and to identify the mineralogy of altered tuff layers within kM2 and kP1 seams. The routine coal
quality analyses show that coal samples from the kM2 seam are characterized by lower ash yields and total S con-
tents, and higher gross calorific values than kM3 and kP1 seams. The mineralogical composition of the bulk coal

Keywords:

Coal samples varies between all three seams. The statistical treatment implies that major elements in bulk coal sam-
Tuff ples such as Al Fe, K, Mg and Na, and the vast majority of minor and trace elements have inorganic affinity. The
Element trace element contents and elemental enrichments in the coal samples are generally changeable from seam to
Rock-Eval pyrolysis seam, which could be related to differences in ash yield and mineralogy. Altered tuff layers, or tonsteins were
Coal facies identified in kM2 and kP1 seams. The tonsteins are clay rich, and certain trace elements (e.g. As and Zr) are
Miocene enriched in the coal layers beneath the tuff layers in the kM2 seam. This might be related to penetration of
iﬁ?;{iy leached pore water into these layers and precipitation of epigenetic minerals.

The coal-petrography composition and the coal-facies diagrams show that the precursor peat of the kM2 seam
was accumulating under telmatic, mesotrophic, anoxic conditions, whereas the water level was high and stable.
The relatively low ash yields and thicker coal beds suggest a lower clastic input from the basin margins, and water
table fluctuations resulted in calcareous intercalations in the kM3 and kP1 seams. These imply the development
of limno-telmatic conditions whereas fluvial activity affected during peat accumulation of both seams. Consider-
ing the maceral composition along with the coal thickness, coal seams in the Soma Basin might display oil-
generation potential; however, the pyrolysis analysis shows that the studied coal seams are mainly gas-prone
and only certain coal beds have mixed-hydrocarbon generation capacity. All data presented in this study indi-
cates that lithological features, differences in coal qualities and elemental contents in the Soma Basin were mainly
controlled by changes in the depositional conditions and the detrital input during Miocene.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The regional extensional tectonic regime during late Cenozoic re-
sulted in the development of regional volcanic activity and the forma-
tion of several NW-SE and NE-SW trending grabens in the western
Turkey (Seyitoglu and Scott, 1991; Yilmaz et al., 2000). Terrestrial
conditions were also predominant during Neogene. The grabens were
filled in with alluvial, fluvial and lacustrine sediments, and
volcanosedimentary rocks. Suitable climatic conditions along with
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constant subsidence allowed peat accumulation within these basins
during Miocene; therefore, several economic coal deposits are located
within Miocene lacustrine and terrestrial sequences in the western
Turkey (Toprak, 2009; Kayseri-Ozer, 2017).

The Soma Basin hosts the most significant coal deposits in the west-
ern Turkey. The total coal reserves of the Soma Basin are about 738 Mt;
about 10.4 Mt coal are annually produced by mainly open-pit mines, of
which annually 7.7 Mt are consumed in Soma coal-fired power plants
with 990 MW total installed capacity, whereas 2.7 Mt are used for do-
mestic heating and industrial purposes (TKi-ELI, 2015). The basin is di-
vided into several sectors, and hosts three coal seams, kM2 (lower-
seam), kM3 (middle-seam) and kP1 (upper-seam). The coal features
and the thickness of these seams vary from sector to sector (Tuncali
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et al,, 2002). Another distinct feature of the Soma Basin is the presence
of several altered tuff layers and basaltic intrusions within the coal
seams (Karayigit and Whateley, 1997). The tuff layers, particularly iden-
tified within the kM2 seam, could be useful for stratigraphic correlation
during underground mining operations and can also give information
about mineral input during peat accumulation.

Several studies dealing with Soma Basin mainly focused on geologi-
cal setting, palynological, environmental and economic aspects (Nebert,
1978; Akgiin et al., 1986; Gemici et al.,, 1991; Takahashi and Jux, 1991;
Akgiin, 1993; Inci, 1998a,b, 2002; Karayigit et al., 2000, 2006; Vassilev
et al., 2005; Tercan et al., 2013; Hokerek and Ozcelik, 2015; Baysal
et al., 2016; Kayseri-Ozer, 2017). Petrographical and geochemical stud-
ies of coals in this area are limited (Karayigit and Whateley, 1997;
Karayigit, 1998; Tuncal et al., 2002; Bulut and Karayigit, 2006; Toprak,
2009). All these studies focused on either certain mining sectors or the
suitability of coal for power plants, and none of them reported any cor-
relation among the coal seams within the basin. It is noteworthy that
detailed study on altered tuff layers within the coal seams is also lacking.
In this paper, the main goal is to determine coal features, to reconstruct
the palaeoenvironmental conditions during peat accumulation, and to
determine the oil-and gas-generation potential of the kM2, kM3 and
kP1 coal seams at the Eynez, Isiklar and Denis sectors, using coal petrog-
raphy, mineralogy and geochemical techniques. The specific aim of the
study is to identify the features of tuff layers occurring within the
seams and to assess their impacts on mineralogical and elemental com-
positions of the coal seams.

2. Geological setting
The Soma Basin is a NE-SW trending, approximately 20-km long and

5-km wide, fault-controlled basin in western Turkey (Seyitoglu and
Scott, 1991; Inci, 2002). The margins of the basin are mainly built of

Upper Cretaceous-Palaeocene carbonates (recrystallized limestone)
and Miocene volcanic rocks; furthermore, small greywacke and diabase
blocks are outcrop on southern margin (Fig. 1a). The regional extension-
al tectonics initiated during the early Miocene, created depositional
space for the basinal infillings (Nebert, 1978; Seyitoglu and Scott,
1996; inci, 1998a); consequently, the major coal-bearing Soma Forma-
tion started deposition during Early to Middle Miocene (Benda, 1971;
Inci, 2002). The Formation is composed of alluvial sediments and lacus-
trine carbonates which host the kM2 and kM3 seams (Fig. 1b). The total
thickness of the kM2 seam reaches up to 27 m, whereas the kM3 seam
with thicker calcareous intercalations reaches up to 15 m. The overlay-
ing Denis Formation (Fig. 1b) commenced with alluvial sedimentation
and turned to fluvial sediments and lacustrine carbonates along with
the kP1 seam (inci, 2002). The total thickness of the kP1 seam is variable
within the basin; it is only mineable at the Denis sector. This seam hosts
several coal layers and thick intercalations (fossiliferous claystone and
clayey limestone/marl); therefore, it can be distinguished into lower,
middle and upper parts. The Pliocene Soma volcanics overlie the Denis
Formation (Fig. 1b). Furthermore, Pliocene-Pleistocene basaltic intru-
sions caused the contact metamorphism in the kM2 coal seam resulting
in natural coke occurrences near to the contact zone (Karayigit and
Whateley, 1997; Karayigit, 1998). Finally, Quaternary unconsolidated
sediments unconformably overlay the older units (Fig. 1b).

3. Material and methods

A total of 64 coal samples and 18 intercalations samples, of which 6
samples are from altered tuff layers, 7 samples from clayey limestone/
marl, 4 samples from claystone and 1 sample from fine grained sand-
stone, were gathered using channel sampling technique from five pro-
files in the Eynez, Isiklar and Denis sectors (Fig. 2). The kM2 seam was
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Fig. 1. a) Geological map of surrounding area of the Soma Basin (modified from Inci (1998a), Karayigit (1998)); (b) Stratigraphic column of the Soma Basin (modified and simplified from

Karayigit and Whateley (1997), Inci (1998a)).
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Fig. 2. Stratigraphic column of the studied profiles in the Soma Basin.

sampled from Eynez, Isiklar and Denis sectors, whereas kM3 was only
sampled at the Isiklar sector and kP1 at the Denis sector.

Standard proximate and ultimate analyses were conducted accord-
ing to ASTM standards (ASTM D3175, 2011; D3174, 2012; D3302,
2015; D5373, 2016). The gross calorific values were determined in an
IKA 4000 adiabatic calorimeter (ASTM D5865, 2013) at Hacettepe Uni-
versity. The instruments calibrated with certificated standard materials
for coal of the LECO Co. The petrographic analysis was performed on

polished coal blocks, prepared according to ISO 7404-2 (2009). The
blocks were examined in oil immersion under both white incident
light and blue-light excitation using a Zeiss Axioplan coal at RWTH Aa-
chen University and a Leica DM4000M microscope at Hacettepe Univer-
sity. The maceral identification followed the ICCP System 1994 (ICCP,
1994, 2001; Sykorova et al., 2005; Pickel et al., 2017). Random huminite
reflectance was measured on ulminite B according to ISO 7404-5
(2009). The Tissue Preservation Index (TPI), the Vegetation Index (VI),
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the Groundwater Influence (GWI) and the Gelification Index (GI)
(Calder et al., 1991; Diessel, 1992) were based on the formulas of
Kalkreuth et al. (1991) and modified by Kalaitzidis et al. (2004) for
low-rank Cenozoic coals. These calculations were based on maceral
composition. The mineralogical composition of bulk coal and inorganic
samples was determined using an X-ray diffractometer with a Cu
anode tube at Hacettepe University and Cardiff University. The clay frac-
tion analysis (XRD-CF) was also carried out on selected inorganic sam-
ples at Hacettepe University according to methodology explained by
Poppe et al. (2001). The selected samples were prepared using oriented
aggregate mounts technique and the XRD analyses are performed from
the mounts after the glycol and heat treatments (550 °C). The XRD re-
sults were checked with the XRD patterns of raw samples.

The Rock-Eval pyrolysis was conducted to determine the Tp.x, Hy-
drogen Index (HI) and the Oxygen Index (OI) values according to the
procedure described by Espitalié et al. (1977a,b). Total organic carbon
(TOC) and inorganic carbon (TIC) contents were determined using a
LECO RC-412 Multiphase C/H/H,0 Analyzer at RWTH Aachen Universi-
ty. Combustion took place in oxygen current at temperatures between
350 °C and 520 °C for TOC and 520 °C and 1050 °C for TIC. Moreover, a
brief organic-geochemical analysis was only performed on two bulk
coal samples, namely one from the kM2 seam (E-9) and another from
the kP1 seam (D-6), using Soxhlet extraction with dichloromethane
and GC-MS. The GC-MS analyses were performed using a Finnigan
MAT 95 mass spectrometer linked to a Hewlett Packard Series Il 5890
gas chromatograph, which was equipped with a 30 mxx 0.25 mm
i.d. x 0.25 um film thickness ZB-1 fused silica column. The identification
of compounds was based on correlation of mass spectra and gas chro-
matographic retention with selected published data (e.g., Peters and
Moldowan, 1993; Weiss et al., 2000). For more detailed information
about this technique can be found in Bechtel et al. (2016) and
Ghazwani et al. (2016).

The elemental composition was determined by means of inductively
coupled plasma atomic emission spectrometry (ICP-AES) and induc-
tively coupled plasma mass spectrometry (ICP-MS) at the Institute of
Environmental Assessment and Water Research (IDAEA) applying the
technique described in detail by Querol et al. (1995). The results are
also checked using an international SARM 19 standard. Polished blocks
of selected coal and tuff samples were carbon coated and examined
under SEM equipment situated at Hacettepe University, Cardiff Univer-
sity and RWTH Aachen University in order to have an insight in the min-
eralogical composition and the trace elements contained in the
minerals.

Table 1

4. Results
4.1. Macroscopic features and proximate analysis of coal

The matrix lithotype is commonly identified in kM2 coal, whereas
the mineral-rich lithotype is more abundant in the kM3 seam, particu-
larly in the middle and upper parts of the kP1 seam. Gastropod shell-
bearing coal beds were more common in the kM3 seam and the lower
parts of the kP1 seam, whereas the clay bands within coal beds were
abundant in the upper section of the kP1 seam (Fig. 2). The floor is
mainly composed of claystone and the roof of clayey limestone/marl.
The kM2 seam hosts thin intercalations being mainly composed of
claystone/clayey limestone (Fig. 2). The kM3 seam hosts mainly calcar-
eous intercalations, whereas gastropod-bearing claystone is more abun-
dant in the kP1 seam. Furthermore, altered tuff layers were mainly
identified in the kM2 seam at Eynez and Isiklar sectors (Fig. 2); one
tuff layer was also identified in the kP1 seam at the Denis sector.

The results of proximate analysis along with the gross calorific
values indicate that there are several significant differences between
the coal seams in the Soma Basin (Table 1). The ash yields in the kM2
seam are generally lower than in other seams. Ash yields exceeding
50% (on dry basis) are mostly related to frequent existence of gastropod
remains within coal beds in kM3 and kP1 seams. In turn, high volatile
matter yields (up to 67.6%, on dry, ash-free basis) and low calorific
values are recorded (Table 1). The proximate analysis results and the
calorific values are generally in agreement with previous studies; higher
ash yields are only reported from kP1 in this study (Karayigit et al.,
2000; Tuncali et al., 2002; Tercan et al.,, 2013). This may be related to dif-
ferences of sampling intervals and/or location of sampling profile at the
Denis sector.

4.2. Maceral composition and rank

Huminite, liptinite and inertinite macerals vary in proportions in all
three seams (Table 2). Huminite is the dominant maceral group (up to
84.9 vol%, on whole coal basis) and its proportions are slightly higher
in the upper parts of the kM2 seam and lowest parts of the kP1 seam
The kM2 seam is characterized by high telohuminite content with the
highest value recorded at the Denis sector (61.2 vol%), whereas the
kM3 and kP1 seams contain higher detrohuminite contents (Table 2).
Ulminite, mainly eu-ulminite, is predominant within the telohuminite
subgroup (Fig. 3a); however, texto-ulminite dominates in samples of
the kM2 seam from Isiklar and Denis sectors (Fig. 3d). Furthermore,

Ranges and weighted averages (in parenthesis) of the values obtained from proximate and ultimate analyses, and Rock-Eval pyrolysis of the coal samples from the Soma Basin (CV: cal-
orific value, TOC: total organic carbon, TIC: total inorganic carbon, HI: hydrogen index, OI: oxygen index, PI: production index; BI: bitumen index, QI: quality index, ar: as received; adb: air-

dry basis; db: dry basis; daf: dry, ash-free basis; maf: moist, ash-free basis).

Seam/Sector kM2

kM3 kP1

Eynez Isiklar

Denis Isiklar Denis

Total moisture (wt%, ar)
Ash (wt%, db)

Volatile matter (wt%, daf)
Gross CV (M]/kg, maf)
Total S (wt%, db)

TC (%, adb)

TOC (%, adb)

TIC (%, adb)

S1 (mg HC/g rock)

S2 (mg HC/g rock)

S3 (mg HC/g rock)
Tmax (QC)

HI (mg HC/g TOC)

OI (mg HC/g rock)
PI(S1/(S1 + S2))

BI (S1 / TOC)

QI ((S1 + S2) /TOC)

11.1-17.8 (14.7)
3.7-323 (16.2)
42.9-58.7 (54.8)
22.7-26.5 (24.8)
0.4-2.1 (0.8)
455-64.5 (56.2)
45.4-64.4 (56.0)
0.1-0.5 (0.3)
1.1-24(1.5)
62.8-107.2 (83.5)
7.0-12.1 (10.7)
413-427 (420)
121-173 (149)
15-20 (19)
0.01-0.03 (0.02)
0.02-0.04 (0.03)
12-18(1.5)

7.5-16.8 (11.8)
41-37.3 (12.1)
42.6-55.6 (46.2)
20.9-27.7 (25.2)
0.2-2.0 (1.0)
39.3-64.5 (57.3)
38.5-64.3 (56.7)
0.1-2.4 (0.6)
1.0-3.7 (1.7)
56.7-103.2 (77.7)
9.8-15.1 (12.8)
410-426 (418)
109-178 (137)
21-25 (23)
0.01-0.04 (0.02)
0.02-0.06 (0.03)
1.1-1.8 (1.4)

13.7-20.7 (18.3
42-42.2 (2496
46.4-59.4 (52.1
16.2-23.2 (20.6
0.2-1.6 (0.6)

34.5-57.6 (43.5)
32.5-57.4 (42.7)

9.6-14.5 (11.2)
14.5-56.9 (36.2)
46.7-62.2 (56.8)
18.0-25.0 (21.5)
24-35(3.1)
23.8-55.4 (38.7)
23.4-54.8 (38.0)

14.4-25.6 (18.7)
7.6-64.7 (45.3)
47.1-67.6 (57.6)
13.2-21.5 (17.1)
0.5-5.0 (1.7)
18.5-57.0 (31.7)
17.9-56.9 (31.1)

0.2-2.0 (0.7) 0.1-2.1 (0.7) 0.1-4.7 (0.6)
1.2-33(23) 0.6-1.2 (0.9) 0.7-1.9 (1.0)
33.7-83.1 (51.7) 35.5-55.5 (43.6) 22.2-71.9 (36.6)
45-16.9 (8.6) 7.9-15.1 (10.4) 3.2-194 (5.6)

392-420 (411)
88-145 (121)
13-37 (20)
0.03-0.05 (0.04)
0.03-0.07 (0.05)
0.9-15 (1.2)

420-439 (431)
92-152 (120)
25-34 (28)
0.01-0.03 (0.02)
0.01-0.05 (0.03)
0.9-1.5 (1.2)

412-430 (424)
76-142 (120)
14-41 (18)
0.02-0.03 (0.03)
0.02-0.05 (0.04)
0.8-14 (1.2)
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Table 2

Coal-petrography results of the coal samples from the Soma Basin (TH: telohuminite, DH:
detrohuminite, GH: gelohuminite, H: huminite. I: inertinite, L: liptinite, MM: mineral mat-
ter, %R,: random reflectance, SD: standard deviation).

Seam Sector Sample TH DH GH H L [ MM %R, + SD
(vol% on whole basis)

kM2 Eynez E-1 444 321 84 849 63 11 7.7 046+ 0.02
E-3 372 306 47 725 55 06 214 046 + 0.02

E-5 369 285 55 709 68 02 221 0454+ 0.02

E-6 230 252 35 517 99 06 37.8 044 + 0.02

E-7 483 308 55 846 114 06 34 044+ 001

E-8 312 178 41 531 75 08 386 046 + 0.02

E-9 363 141 20 524 7.7 23 376 045+ 0.02

E-11 353 188 43 584 123 10 283 044 + 0.01

E-11/1 297 130 35 462 9.0 04 444 045 + 0.02

E-12 350 100 24 474 103 1.0 413 045 + 0.02

E-13 353 159 3.1 543 88 33 33.6 045+ 0.03

Isiklar [-22 423 281 10.0 804 9.0 04 102 044 + 0.01
1-20 490 169 126 785 74 32 109 044 + 0.01

I-19 526 177 133 836 7.7 04 83 044 + 0.01

I-18 422 133 65 620 64 02 314 043 + 0.01

I-15 462 196 76 734 124 - 142 0.44 + 0.02

I-13 374 232 72 678 140 02 18.0 042 + 0.02

I-12 471 132 74 677 95 06 222 044 + 0.01

I-11 446 161 56 663 99 04 234 043 +0.01

I-10 185 125 24 334 54 - 61.2 0.44 + 0.01
I-9 553 78 57 688 90 02 220 044 + 0.02
-8 410 120 45 575 100 06 319 042 + 0.01
1-7 393 68 47 508 39 04 449 043 + 0.01
I-6 337 152 25 514 98 29 359 043 + 0.01
I-4 256 122 33 411 7.7 04 508 042 + 0.01
I-2 244 89 33 366 57 02 575 042+ 001
I-1 416 162 6.0 638 169 08 185 043 + 0.02
Denis D-39 612 67 95 774 71 - 155 037 + 0.02

D-38 209 131 24 364 113 06 51.7 039 + 0.02
D-36 259 75 43 377 48 04 57.1 039 + 0.01
D-35 379 173 47 599 90 02 309 036 + 0.02
D-34 238 67 30 335 40 - 62.5 0.37 + 0.02
D-33 419 90 63 572 112 - 316 037 + 0.01
D-32 427 145 72 644 78 04 274 038 + 0.02
D-31 394 107 46 547 143 02 30.8 0.38 + 0.01
D-29 220 181 64 465 62 02 471 039 + 0.02
D-28 300 177 57 534 95 - 37.1 0.40 + 0.02
kM3  Isiklar 1-33 200 309 106 615 95 102 18.8 0.46 + 0.02
1-32 74 153 44 271 69 11.0 55.0 045 + 0.03
I-31 239 378 97 714 74 89 123 046 + 0.02
1-30 67 303 26 396 82 57 46,5 046 + 0.03
1-28 204 390 73 667 61 41 231 045+ 0.02
1-27 55 327 33 415 61 49 475 045 + 0.03
1-26 94 269 34 397 42 58 503 046 + 0.02
I-25 48 276 19 343 65 33 559 046 + 0.02
1-24 57 75 23 155 52 12 781 045+ 0.02

ulminite macerals are well gelified in Eynez and Isiklar coal (both kM2
and kM3 seams, Fig. 3d, g, and h). Textinite contents are low (<1 vol%)
in the samples. The cell-lumens of textinite are generally filled in with
corpohuminite, resinite and/or mineral matter (Fig. 3b). Densinite is
predominant within the detrohuminite group. Inertodetrinite,
liptodetrinite and sporinite are mostly associated with densinite
(Fig. 3¢, e, and h). Gelohuminite is also commonly observed in all stud-
ied samples (Table 2). Corpohuminite is the dominant maceral in this
subgroup (up to 11.5 vol%). Gelinite, however, is more common
gelohuminite maceral in lower and middle parts of the kP1 seam.
Liptinite is also commonly observed in all samples (1.7 and 16.9 vol%)
and liptodetrinite is the predominant liptinite maceral. In addition,
liptinite contents are slightly high in the kM2 seam, where resinite is
also commonly identified. Inertinite contents are generally low in the
kM2 seam (<1 vol%), whereas these are slightly higher than others
(up to 11.0 vol%) in the kM3 seam and increased upwards in the
seam. Minerals identified under coal-petrography microscopy are
mainly clay minerals, carbonates (calcite and siderite) and pyrite
(Fig. 3f). Gastropod-shell fragments are also commonly observed. The
maceral composition of the studied samples is generally in agreement

with the previous coal-petrography studies from the Soma Basin
(Karayigit and Whateley, 1997; Karayigit, 1998; Tuncali et al., 2002;
Bulut and Karayigit, 2006; Toprak, 2009), but also some circum-
Mediterranean Cenozoic coals (Querol et al., 1996 and refs. therein).

The random huminite reflectance (%R,) measured on eu-ulminite B,
varies between 0.36 and 0.46%. The higher R, values were measured on
coal samples from the kM2 seam at the Eynez sector and the kM3 seam
at the Isiklar sector; low R, values were measured from the kM2 seam at
the Denis sector (Table 2). Considering the presence of basalt dykes in
the adjacent Eynez and Isiklar sectors (Karayigit, 1998), deeper burial
depths and presence of well-gelified ulminite in these sectors, the low
R, values from the kM2 seam in the Denis sector can be expected. The
reflectance data are in agreement with previous studies (Karayigit and
Whateley, 1997; Tuncali et al.,, 2002; Toprak, 2009). The mean random
reflectance along with the calorific values and the ash yields of the
kM2 and kM3 indicate medium- to high-grade, low rank A to medium
rank D coal and subbituminous coal (low-rank A) according to E.C.E-
U.N. (1998) and ISO 11760 (2005) classifications, respectively. The
kP1 coal is low- to medium-grade, low rank C to B and lignite (low-
rank B) to subbituminous (low-rank A).

4.3. Bulk geochemical parameters

The kM2 coal is characterized by high total C (34.5-64.5%; on dry
basis) and low total S contents (0.2-2.1%; on dry basis), while the
kM3 and kP1 samples display higher total S (up to 5.0%; on dry basis)
and lower total C (up to 57.0%, on dry basis) contents (Table 1). The
Rock Eval analysis reveals that S1, S2 and S3 values range from 0.6 to
3.7 mg HC/g, 22.2 to 107.2 mg HC/g, 3.2 to 19.4 mg HC/g coal, respec-
tively. The kM2 seam coal reveals the highest mean S1 and S2 values
(Table 1). Total organic carbon (TOC) values of the kM2 seam range
from 32.5 to 64.4 wt% (on air-dried basis) and their mean values are rel-
atively higher than these of other seams. In the kM3 and kP1 seams TOC
values vary from 23.4 to 54.8 wt% (avg. 38.0 wt%) and 17.9 to 56.9 wt%
(avg. 31.1 wt%). Total inorganic carbon (TIC) contents are relatively high
in fossil shell-bearing samples (Table 1). Moreover, TOC values are
higher in the upper parts of the kM2 and kM3 seams where ash yields
are lower. The total sulphur contents of the seams in the Soma Forma-
tion display a slight increase upwards; in addition to this, higher total
sulphur contents are generally recorded above and beneath altered
tuff layers in the kM2 seam. In contrast, while ash yields increase up-
wards in the kP1 seam, TOC values, total carbon and sulphur contents
decrease.

The Hydrogen Index (HI) values are generally low and range from 76
to 178 mg HC/g TOC (Fig. 4 and Table 1), and their calculated HI,ax
values on the HI-VR diagram are between 241 and 278 mg HC/g TOC
(Fig. 5). The Oxygen Index (OI) is generally low (<41 mg CO,/g TOC;
Fig. 4a and Table 1). Tj,ax values vary between 392° and 439 °C being
characteristic for a low-rank coal. The HI vs. Ol and HI vs. Tyjax diagrams
(Fig. 4) show that kerogen type Ill is dominant in all seams, and in some
samples mixed types Il and IV are common (Tissot and Welte, 1984).
Furthermore, plotting data on HI vs. Ty, diagram indicates that the
kM2 and kM3 coal samples are immature to early mature and samples
from the kP1 seam are clearly immature (Espitalié et al., 1977a,b). Over-
all, the results of Rock-Eval analysis indicate that the coal samples have
heterogeneity in organic matter that is characteristic for low-rank coals
(Petersen et al., 2009; Escobar et al., 2016). This heterogeneity is also in
agreement with the results of the coal-petrography examination. For in-
stance, changes in HI values seem to be related to variable maceral con-
tents (Hunt, 1991; Petersen and Rosenberg, 2000; Kalaitzidis et al.,
2009; Petersen et al., 2009; Gross et al., 2015). The kM2 seam displays
higher telohuminite and HI values, whereas relatively low HI and high
Ol and S3 values can be testimony for relatively high inertinite contents
of the kM3 seam. The high total S contents generally tend to elevate HI
values (Petersen, 2006); in contrast, the effect of total S on HI values in
the studied samples might be limited due to low coal rank.
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Fig. 3. Photomicrographs of Soma coal are taken on polished blocks under incident white light (a, ¢, e, f, g, h), oil immersion, 500x total magnification. Textinite (T), texto-ulminite (TU),
ulminite (Ulm), ulminite-A (Ulm-A), ulminite-B (Ulm-B), densinite (D), attrinite (A), corpohuminite (Cp), gelinite (Gel), levigelinite (LG), porigelinite (Pg), fusinite (Fus), inertodetrinite

(Id) resinite (R), sporinite (Sp), suberinite (Sub), and siderite (Sd).

4.4. Molecular organic geochemistry

Preliminary organic-geochemical analysis on only two samples
provides us with basic understanding about the predominant peat-
forming vegetation in the kM2 and kP1 seams. Most abundant sub-
stances in the aliphatic fraction of the analysed coal samples can be at-
tributed to cyclic sesquiterpenes and cyclic diterpenes. The E-9 sample
(kM2 seam) was dominated by these substances (Fig. 6a). Beside cyclic
sesquiterpenes and cyclic diterpenes, n-alkenes are also present with
their chain lengths between 10 and 31 carbon atoms. In both samples

(E-9 and D-6) a bimodal distribution with maxima at C;4/C;s and
around Cp3/Cy5 are observed (Fig. 6b and d). Sample D-6 (kP1 seam) ex-
hibits the highest concentrations of n-alkenes at C,3/Cy5/C7/Cag
(Fig. 6d), but the n-alkenes of sample E-9 maximised at C;4/Cys
(Fig. 6b). The maxima in the range of C,3 and Cy5 (Fig. 6¢ and d) point
to a high contribution of freshwater aquatic macrophytes (Ficken
et al,, 2000; Bechtel et al., 2016), whereas n-alkenes with chain lengths
of >29 carbon atoms can be attributed to the input of organic matter de-
rived from higher land plants (Volkman, 1986; Canuel et al., 1997).
These distributions are in agreement with coal petrography data. The



116 Al Karayigit et al. / International Journal of Coal Geology 173 (2017) 110-128

(a) 1000 < TYPEI
Fa QO DeniskP1
< lsiklar kM3
900 + Denis kM2
O isiklar km2
800 O Eynez km2
700 = _ = = =TYPEIl
(&} -
2
oo
E'ij 600 = .
> oil
E
T 500 = o ~
-
7~
-
400 4 Fa
- N
A Mixed
300 pad
-1 -
' & - -
-, -
s
-~ -
200 = - - Gas
-
-
-
6)’ o = = — = TYPEIN
100 + - -
O L] L] L} L | L} T L] L] L]
0 10 20 30 40 50 60 70 80 90 100
Ol (mg HC/g TOC)
(b) 1000 T T T
Immature I Mature 1—)| Postmature
TYPEI | il-window! |
900 oil-prone | |
usually | | | ]
lacustrine : : O Denis kp1
200 I | & Isiklar kM3
| | 4 Denis kM2
| | O Isiklar km2
700+ : : O Eynez kM2
TYPE Il | |
oil-prone | |
g 600 usually marine | :
= |
= |
o 500+
T | |
[} |
£ |
T 400 TYPE -l |
oil-gas- |
prone |
300 :
|
TYPE I |
2001 gas-prone |
| |
40 [
! |
1009 4 i |
TYPE IV L
inert I l l
C Ty rrrrnra LI L L L L] L
400 425 450 475 500 525

Tmax (°C)

Fig. 4. The Soma coal samples projected on (a) the pseudo-Van Krevelen diagram, (b) plot
of HI against Trax Of the coal samples (after Peters (1986)).

500
O Denigkprl
& Isiklar kM3
<+ Denis kM2
400+ o5 A O Isiklar kM2
O Eynez km2

Himax range: 241-278

~0.80% Ro

Hlmax-line

HI (mg HC/g TOC)
Eé).)
o
1

200+

100+

DIIIII|IIIIlllllIIIIIIIIIIIIII

0.5 1 1.5

Vitrinite/huminite reflectance (% Ro)

Fig. 5. The Soma coals plotted on the HI-VR diagram (after Petersen (2006)).

telohuminite group is predominant in the E-9 and D-6 samples displays
higher detrohuminite contents. Furthermore, the n-alkene distributions
of both samples are characterized significantly by an odd-over-even
predominance indicating immature conditions (Fig. 6b and d).

4.5. Mineralogical composition

4.5.1. Minerals in intercalations and altered tuff layers

The common carbonate minerals in the intercalations are calcite, do-
lomite and siderite being dominant phases in the clayey limestone/marl
(Table 3). Moreover, aragonite is only identified in gastropod shell-
bearing samples. The clay minerals are the dominant phase in claystone
and a minor phase in the calcareous intercalations. The results of XRD-
CF analyses indicate that kaolinite and smectite are common in clay-
fraction minerals in the kM2 seam, whereas in the kP1 seam illite
along with kaolinite is more common. Quartz and feldspar are abundant
to minor phases in the claystone; nevertheless, quartz is the dominant
phase in the fined grained sandstone of the kM2 seam. Opal/CT is traced
only in claystone of kM2 and kP1 seams, which also include altered tuff
layers. Pyrite is also traced in a few samples from kM2 and kP1 seams
(Table 3). The predominance of silicate minerals in the intercalations
implies fluvial influx from marginal areas. In contrast, the Ca-rich
water originated from karstic aquifers along with the lacustrine condi-
tions allowed carbonate precipitation, particularly in the kM3 seam
and the lower parts of the kP1 seam. Similar explanations were also pro-
vided by Inci (1998a).

The mineralogical composition of tuff layers in the kM2 and kP1
seams are slightly different than other intercalations. The clay minerals
are the dominant phase in all layers according to the XRD results, and
the abundant phases are quartz and feldspars (Table 3). Furthermore,
carbonate minerals (calcite and dolomite) and opal/CT are traced in
some altered tuff samples. The SEM-EDX data show a variety of accesso-
ry minerals in these layers (Table 4 and Fig. 7) such as biotite with Ti
traces, phosphate (Cl-apatite and crandallite), zircon, Ti-oxides, ilmen-
ite, titanite, REE-bearing silicates (e.g. allanite), and sulphides (pyrite,
sphalerite and chalcopyrite). Beside sulphide and carbonate minerals,
all these accessory minerals are identified as typical minerals for
tonsteins (Bohor and Triplehorn, 1993; Ruppert and Moore, 1993;
Burger et al., 2000; Dai et al., 2011, 2014; Spears, 2012), as well as
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Fig. 6. Gas chromatograms of the aromatic hydrocarbon fractions of (a) cyclic compounds and (b) alkanes in sample E-9 from kM2 seam, and (c) cyclic compounds and (d) alkanes in
sample D-6 from kP1 seam (n-alkanes are indicated by their carbon chain length, pri: pristane, phy: phytane).

Table 3

Composition of the altered volcanic ashes, inorganic sediments and coal samples from the Soma Basin based on XRD and SEM (++ + = dominant phase, ++ = abundant phase, + = mi-
nor phase, + = detected in a few samples by XRD, a: accessory mineral detected by SEM-EDX).

Altered tuff Inorganic sediments Coal
Mineral kM2 kP1 kM2 kM3 kP1 kM2 kM3 kP1
Eynez Isiklar Denis Eynez [siklar Denis Isiklar Denis Eynez Isiklar Denis Isiklar Denis
Quartz ++ + ++ +++ ++ +++ + +++ +++ +++ + ++
Opal/CT + + + + + + + +
Clay minerals +++ +++ +++ ++ +++ ++ + ++ +++ ++ ++ ++ +++
Feldspar + ++ + + + + + + + + +
Biotite a a a a a a
Titanite a a
Allanite a
Zircon a a a a a a
Pyrite a a + + + + + ++ +
Sphalerite a a a a a
Chalcopyrite a a a a
Gypsum + +
Barite a a a a a a a a
Calcite + + + + +++ +++ ++ +++ ++ +++ ++
Aragonite + ++ + +
Dolomite + + + + + + + + +
Ankerite a
Siderite + + + + + + +
Apatite a a a a a a a a
Crandallite a a a
Monazite a
Chromite a
Ti-oxides a a a a a
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Table 4

Summarized ranges and weighted averages of the elements (in pg/g, except otherwise cited) from the Soma Basin and their comparison with worldwide coals.
Elements kM2 kM3 kP1

Eynez Isiklar Denis Isiklar Denis Most world coals®  Clarke value (for low-rank coals)”
Range Avg. Range Avg. Range Avg. Range Avg. Range Avg.

Al % 0.13-3.91 193 0.03-5.5 1.3  031-6.0 3.8 0.09-8.4 3.9 0.24-9.3 6.2 - -
Ca% 0.26-1.78  1.02 0.40-9.2 1.1 0.69-6.4 1.9 0.36-10.1 44 092-134 15 - -
Fe, % 0.03-1.01 0.51 0.08-2.4 05 0.24-12 0.68 0.09-1.9 118 0.17-22 14 - -
K, % <0.02-0.24 0.10 0.00-0.46 0.1 002-0.58 026 0.01-043 024 0.02-091 052 - -
Mg, % 0.03-020 0.10 0.04-0.71 01 0.05-033 024 0.02-028 022 0.03-060 039 - -
Na, % <0.01-0.28 0.06 0.00-0.05 0.03 0.03-0.16 0.08 0.002-0.06 0.04 0.01-0.16 0.08 - -
Li 1.3-39 19 0.53-89 19 2.5-96 51 1.6-339 137 1.35-232 139 1-80 10
Be 0.12-1.0 049 0.02-1.1 047 0.36-2.2 13 0.01-3.5 15 0.09-3.8 2.7 0.1-15 1.2
B 27-465 141 8.8-484 215 300-1813 578  36-578 372 213-956 503  5-400 56
P 22-271 158 15-1143 157  28-666 217 23-524 377 24-2074 443 10-3000 200
Sc <0.01-72 29 <090-59 16 1.8-81 5.6 0.18-11 6.3 1.7-17 9.6 1-10 4.1
Ti 41-1671 643  7.4-1450 444  120-2176 1374 47-4009 1849 98-3501 2432 10-2000 720
\% 12.3-228 93 5.7-206 74 33-221 157  9.7-296 155 37-369 266  2-100 22
Cr 2.1-35 21 0.57-51 15 9.8-60 41 2.1-84 44 4.7-99 68 0.5-60 15
Mn 7.4-130 52 6.9-320 56 9.9-228 64 2.0-50 32 6.4-173 57 5-300 100
Co 0.13-5.9 27 0.15-76 23 1.7-62 4.7 0.28-9.5 44 1.0-17 8.4 0.5-30 4.2
Ni <2.4-20 73  0.63-25 98 13-31 23 <0.30-37 13 5.6-74 41 0.5-50 9.0
Cu 1.5-25 14 0.47-22 10 4.8-35 22 0.80-49 23 4.6-43 32 0.5-50 15
Zn 16-85 32 4.7-119 58 43-515 140 1.9-121 55 15.6-273 169  5-300 18
Ga 0.4-8.5 43 0.08-11 3.0 141-13 8.4 0.22-18 8.0 0.61-21 14 1-20 5.5
Ge <0.10-13 054 0.03-1.2 05 0.28-1.2 085 0.03-2.5 1.1 0.66-4.2 1.8 1-50 2.0
As 8.8-66 37 6.0-242 70 1.8-15 6.5 0.55-25 18 3.2-22 7.6 0.5-80 7.6
Rb 0.23-41 95 0.21-63 9.0 1.7-54 27 0.33-34 14 0.70-70 40 2-50 10
Sr 15-140 54 3.4-223 40 18-250 99 13.1-271 189  13-523 108  15-500 120
Y 0.73-11 6.6 0.20-13.7 47 3.6-23 15 0.40-34 14 0.40-33 23 2-50 8.6
Zr 2.6-58 22 0.55-50 19 20-79 56 1.7-190 75 12.4-214 147  5-200 35
Nb 0.46-9.8 32 0.06-5.5 22 28-115 7.6 0.24-15 7.0 1.1-17 12 3-30 11
Mo 0.29-2.0 0.94 0.002-1.5 054 0.07-1.1 063 0.27-33 15 0.37-45 13 0.1-10 2.2
Cd 0.02-0.79 040 0.03-23 043 0.03-7.6 24 0.07-2.8 13 0.09-5.5 2.3 0.1-3 0.24
Sn <0.14-14 041 <0.02-13 02 0.03-15 1.0 <0.01-23 09 0.01-2.6 1.7 1-10 0.79
Sb 0.14-094 0.28 <0.10-0.17 0.02 <0.02-0.44 0.15 0.02-0.4 0.3 <0.10-092 0.5 0.5-10 0.84
Cs 0.09-135 6.0 0.13-20 46  0.56-7.9 4.7 0.20-23 8.9 0.61-23 7.3 0.1-5 0.98
Ba 34-207 130 12-635 133 113-347 247 29-993 511  112-659 248  20-1000 150
La 1.1-15 84 0.1-16 52 3.2-25 16 0.41-49 21 0.85-48 32 1-40 10
Ce 2.1-25 13 0.21-24 845 5.9-44 28 0.61-80 35 1.7-77 51 2-70 22
Pr 0.25-3.0 1.7  0.03-3.1 1.1 0.73-52 33 0.09-10 44 0.22-9.7 6.5 1-10 35
Nd 0.92-12 6.8 0.12-12 43 3.0-21 13 0.37-40 18 0.85-39 262 3-30 11
Sm 0.14-1.8 1.0 0.02-20 0.65 0.47-3.2 2.1 0.05-5.8 2.5 0.13-5.8 38 1-6 1.9
Eu 0.03-047 025 0.01-050 017 0.13-0.76 0.5 0.01-1.4 0.65 0.04-1.4 092 0.1-2 0.5
Gd 0.16-2.1 12 0.03-24 0.83 0.64-4.1 2.7 0.06-6.6 2.9 0.12-6.8 4.6 0-4 2.6
Tb 0.02-030 0.16 0.003-0.35 0.11 0.09-056 037 0.01-0.88 038 0.02-090 061 0.1-1 0.32
Dy 0.10-1.8 0.95 0.02-2.1 0.68 0.53-3.3 2.2 0.06-5.0 2.2 0.08-5.2 35 1-4 2.0
Ho 0.02-0.34  0.18 0.004-040 0.13 0.10-0.64 04 0.01-0.94 041 0.01-0.96 0.7 0.1-2 0.5
Er 0.06-095 049 0.01-1.1 036 0.25-1.8 1.1 0.03-2.5 1.1 0.03-2.6 1.8 1-3 0.85
Tm 0.01-0.17  0.08 0.002-0.20 0.06 0.05-0.31 020 0.01-043 0.19 0.01-045 031 05-3 0.31
Yb 0.06-1.1 0.52 0.01-1.2 039 0.27-19 12 0.03-2.7 12 0.04-2.7 19 0.3-3 1.0
Lu 0.01-0.17  0.09 0.002-0.21 0.07 0.05-032 020 0.01-045 020 0.01-046 03 0.03-1 0.19
Hf 0.09-1.7 0.64 0.01-1.5 05 0.28-2.2 14 0.05-5.1 2.1 0.11-5.1 3.6 0.4-5 12
Ta 0.05-0.68  0.23 0.003-0.51 0.2 0.14-1.0 0.6 0.03-1.3 0.6 0.02-1.6 1.0 0.1-2 0.26
W 0.07-2.0 0.59 <0.10-6.8 0.74 <0.34-2.9 1.5 0.21-2.3 1.1 <0.15-4.2 1.7 0.5-5 1.2
Tl 0.01-1.31 0.25 0.001-1.6 027 0.10-065 035 0.01-13 0.6 0.06-2.8 1.1 0.2-1 0.68
Pb 1.4-25.2 11 0.36-12 59 6.3-41 21 0.31-53 23 1.1-73 39 2-80 6.6
Bi 0.05-026  0.17 <0.01-0.16 0.03 <0.12-0.46 0.3 0.01-0.72 03 0.01-086 0.5 2-20 0.84
Th 0.47-6.4 25 0.04-58 1.8  0.73-11 6.3 0.13-23 9.3 0.37-20 13 0.5-10 33
U 3.8-35 16 0.52-25 14 3.5-25 14 2.0-20.2 16 2.6-48 27 0.5-10 29

¢ From Swaine, 1990.
b From Ketris and Yudovich, 2009.

altered tuffs in coal-bearing sequences as reported by Kramer et al.
(2001), Creech (2002), Grevenitz et al. (2003), and Zhao et al
(2016a). In this context, minerals such as quartz, biotite, feldspars,
opal/CT, Cl-apatite and zircon, are primary probably products of volca-
nic input. Zircon crystals are generally sharp edges and/or euhedral
crystals (Fig. 7a) being characteristic for volcanic origin and also for
short distance transportation (Zhou et al., 1994; Burger et al., 2002;
Spears, 2012; Arbuzov et al., 2016). Feldspar in the altered tuff layers
could also provide indications about the volcanic activity around the
basin during the Miocene (Fig. 7b and d). The SEM-EDX data shows
that plagioclase is more commonly determined in the analysed tuff

samples from kM2 seam, and alkali feldspars in the sample from kP1
seam. This difference is presumably related to changes in chemistry of
volcanic rocks during Miocene around the Soma Basin (Ersoy et al.,
2012).

The kaolinite is observed in the altered tuff layers as individual bod-
ies (vermicules? Fig. 7e and f), associated with biotite (Fig. 7b), or
around feldspar (Fig. 7c) or composed of the matrix of mineral aggre-
gates (Figs. 7a). The latter one contains traces of mostly Ti, and lesser
Fe and K; the existence of these trace elements reveals that kaolinite is
mainly an alteration by-product of biotite and feldspars. Such alter-
ations are expected considering the freshwater palaeoenvironment in
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Fig. 7. SEM backscattered images of crystalline phases in the altered volcanic ash samples. a) K-feldspar (2), zircon (1 and 5) and apatite (4) associated with kaolinite (3); b) kaolinite (KIn)
around possibly altered biotite (Bt) and plagioclase (Pl); ¢) non-altered biotite (Bt), K-feldspar (Kfs) and pyrite (Py); d) Sphalerite (Sp) within the altered K-feldspar (Kfs), and individual
kaolinites (KIn) and around altered K-feldspar; e) plagioclase (Pl) and secondary dolomite (Dol) around kaolinite (KIn); d) apatite (Ap), alkali feldspar (Afs) and plagioclase (Pl) associated

with kaolinite (KIn); f) pyrite (Py) blades and apatite (Ap) within kaolinite (KIn).

the Soma Basin. The presence of Ti may also indicate substitution of Ti
for Al in the developing kaolinite crystals in the acidic conditions
(Ward et al., 1999; Shoval et al., 2008; Dai et al., 2015a). Furthermore,
the presence of pyrite blades (Fig. 7f) and the lack of zeolite minerals
also imply that the alteration of tuff layers took place in the open system
under slightly acidic conditions (Querol et al., 1997; Bechtel et al.,, 2014).
Nevertheless, rare carbonate minerals (e.g. dolomite) indicating neutral
conditions, are also contained (Fig. 7c). Other sulphide minerals like

sphalerite and chalcopyrite seem to be developed from leached water
during diagenetic stages (Arbuzov et al., 2016). The acidic conditions
might also allow the reaction between weathered glass and P deriving
from organic matter (Triplehorn et al., 1991) resulting in formation of
alumina-phosphate minerals. Furthermore, allanite can easily alter in
the depositional environment (Bohor and Triplehorn, 1993); however,
its presence in the kP1 tuff layer suggests that the alteration of the tuff
layers was presumably not dense as seen in the kM2 seam. Overall,



120 Al Karayigit et al. / International Journal of Coal Geology 173 (2017) 110-128

the mineralogical composition of altered tuff layers denotes that these commonly observed, and here aragonite is also identified. The upper

may originate from intermediate and/or felsic volcanic rocks. Therefore, part of the kP1 seam is characterized by the predominance of clay min-
these tuff layers in kM2 and kP1 seams were derived from synchronous erals, while calcite along with quartz is common in the lower part. Feld-
volcanic activity in the basin's neighbourhood. spars and pyrite are generally minor phases in the three seams

(Table 3). Additionally, opal/CT and gypsum are also traced in few sam-
4.5.2. Minerals in coal ples. The results of SEM examination are in agreement with the XRD

The dominant phases contained in the kM2 coal are quartz and clay data and provide a variety of accessory minerals (Figs. 8 and 9), such
minerals, whereas calcite is also dominant in certain coal samples from as ankerite, apatite, barite, biotite, chalcopyrite, chromite, monazite,
Isiklar and Denis sectors (Table 3). Other carbonate minerals identified sphalerite, titanite, Ti-oxides and zircon. Furthermore, calcareous fossil
in the kM2 coal are dolomite and siderite. Nevertheless, carbonate min- shell-fragments are also common (Fig. 8e) and fossil bone remains of
erals are dominant in the kM3 coal, where fossil shell remains are Ca-phosphate composition in few samples too.
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Fig. 8. SEM backscattered images of crystalline phases in the coal samples. a, b and c) apatite (Ap), siderite (Sd), zircon (Zrn) plagioclase (Pl) K-feldspar (Kfs) and alkali feldspar (Afs)
associated with kaolinite (KIn); d) epigenetic sphalerite (Sp) within kaolinite (KIn); e) pyrites (Py) within the cavities of calcareous fossil shell remain; f) epigenetic barite.
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Fig. 9. SEM backscattered images of crystalline phases in the coal samples. a) K-feldspar (KIn) and kaolinite associated with syngenetic calcite (Cal); b) microprobe element mapping of
image a; c) calcite (Cal) and replacement carbonates; d) 1: calcite, 2: dolomite and siderite association, 3: calcite and siderite association; e) epigenetic dolomite (Dol); f) calcareous fossil

shell remains and apatite (Ap).

The dominance of silicate minerals in bulk coal samples from the
kM2 seam and the upper part of the kP1 seam may indicate contin-
uous detrital input into palaeomire. The SEM data shows the pres-
ence of individual kaolinite (vermicules?) and as matrices of clay
mineral aggregates (Fig. 8a-c). The latter one also contains other
minerals (e.g. feldspar, quartz, biotite, apatite, Ti-oxides and zircon)
and organic matter. Such clay aggregates are generally related to
clastic input from margin (Diessel, 1992; Siavalas et al., 2009). Be-
sides, low ash yields in the kM2 seam along with thin intercalations
imply low clastic input during peat accumulation. Thus, clay min-
erals in the kM2 seam seem to derive rather from another source

than from clastic input from pre-Neogene marginal rocks. Individual
kaolinite particles and their textures in the coal samples are also
similar for kaolinite in tonsteins (Dewison, 1989; Bohor and
Triplehorn, 1993; Burger et al., 2000; Dai et al., 2003; Zhao et al.,
2012, 2016b; Permana et al., 2013). Therefore, kaolinite and clay ag-
gregates are considered originating from mainly alteration of re-
worked materials from altered tuff layers and/or clastic inputs
from Miocene volcanic rock on the basin margins. Furthermore, ap-
atite, zircon and Ti-oxides are also observed within feldspar crys-
tals; these inclusions also point to clastic input from altered tuff
layers/or Miocene volcanic rocks.
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Quartz crystals in the studied samples are of variable in size and
shape, and mostly identified within clay aggregates; therefore, quartz
is of mainly syngenetic (detrital) origin. The cavity-infilling silica is rare-
ly observed in the studied samples, and also cleat-infilling epigenetic sil-
icais determined in few samples from the Eynez sector. It is noteworthy
that silica glass shards are also identified through SEM studies, whereas
Opal/CT is traced by XRD. The silica shards are generally reported as
volcanic input (e.g. air-fall ash) from synchronous volcanic activity
(Ruppert and Moore, 1993; Karayigit et al., 2001; Spears, 2012; Zhao
etal, 2012).
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Syngenetic authigenic calcite is the most common carbonate min-
eral (Fig. 3d and 9a), whereas and to a less detrital calcite are observed
rarely. Cell- and void-infilling along with replacement carbonates are
also commonly identified in samples from the kM2 seam (Fig. 9c and
d). Aragonite is commonly reported from Cenozoic coal deposits that
contain abundant calcareous fossil remains (e.g. Ward, 1991; Querol
et al., 1996; Koukouzas et al., 2010a); however, aragonite is contained
either in trace amounts or absent on XRD in similar fossil remains-rich
Turkish Neogene coal deposits (Querol et al., 1999; Karayigit et al.,
2001, 2015, 2016; Oskay et al., 2016). It is normal that aragonite can
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Fig. 10. SEM backscattered images, and selected EDX data and microprobe element mapping of crystalline phases in the coal samples images. a) siderites (Sd) within the cavities of organic
matter (telohuminite?); b) siderites (Sd) around dolomites (Dol), and individual silica, K-feldspar (Kfs) and alkali feldspar (Afs) crystals; ¢) microprobe element mapping of pyrite (Py)
and siderite (Sd); e) EDX data for siderite in the image d; e) dolomite (Dol) around siderite (Sd); f) EDX data for dolomite in the image e.
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easily convert to calcite in acidic to neutral conditions in the
palaeomire and/or during burial; consequently, aragonite is absent
and calcite is predominant mineral in most of gastropod-bearing sam-
ples in kM3 and kP1 seams. Siderite displays three crystallization
types in the studied samples: Mg-and Mn-bearing Ca-siderite (most
common), individual siderite nodules with Mn traces, and siderite as-
sociated with dolomite (Fig. 10a-f). Siderite in the kP1 seam appears
in generally smaller nodules, whereas larger ones are observed in the
coal beds of the kM2 seams (Fig. 10a and b). These siderite nodules are
presumably related to the low sulphate contents of palaecomire water
and Fe derived from the volcanic rocks from the basin margins or al-
tered tuff layers within the coal seam (Dai et al., 2007, 2011; Golab
etal., 2013; Ward, 2016; Zhao et al., 2016b); however, the total S con-
tents are slightly high in kM3 and kP1 seams and also siderite is com-
monly identified around pyrite crystals (Fig. 10c). Therefore, siderite
might be formed through reactions between iron and dissolved CO,
in the palaeomire and the pore water. This can also explain the pres-
ence of siderite within maceral cavities (Figs. 3c and 10a). Further-
more, leached water from calcareous intercalations, particularly tuff
layers, could penetrate into coal beds during coalification. As a result,
reactions between siderite and these solutions, associated with calcite
and dolomite took place resulting in the deposition of siderite around
pyrites, calcite and/or dolomite (Fig. 10b, c and e).

Pyrite is the only sulphide mineral determined in coal (Table 3);
however, other sulphide minerals were identified by SEM-EDX stud-
ies (Fig. 8d). Pyrites are mostly represented by syngenetic framboidal
crystals and to a lesser extent epigenetic pyrites (e.g. cleat-infillings).
Sphalerite and chalcopyrite along with barite are mostly identified in
coal beds beneath the tuff layers and this observation suggests that
these were formed from precipitation of leachates from those tuff
layers (Fig. 8d and f). Gypsum was presumably formed in the pores
from water evaporation during storage of the coal samples.

4.6. Elemental composition

The major elements (21000 ppm) in the three seams are Al, Ca,
Fe, K, Mg and Na (Table 4). The B, P and Ti concentrations can reach
>1000 ppm in some coal samples (Table 4), whereas Ba, Sr, V and
Zn are variable in the three seams exceeding 100 ppm in certain
coal samples. In addition, the Mn concentration exceeds 100 ppm
in kM2 and kP1 seams. The concentrations of trace elements are
mostly below 10 ppm; however, As and Zr contents exceed
100 ppm in some coal beds beneath the tuff layers. Previous studies
also reported similar elemental concentrations in the feeding coal
from the Soma Basin (Karayigit et al., 2000, 2006; Tuncal et al.,
2002). The vertical elemental distribution varies from seam to
seam. The major elements (Al, Fe, K, Mg and Na), and most of
minor (e.g. Ba, P, Ti) and trace elements (e.g. Cu, Zn) show increas-
ing trends upwards in the kP1 seam, whereas Ca, As and Mo a de-
creasing one. In contrast, elemental contents tend to decrease
towards the upper parts in the kM2 and kM3 seams. Boron in the
kM2, and Mo and Ba in the kM3 seam display increasing trends up-
wards. These changes are mostly similar to the vertical distributions
of ash yield in the seams pointing to an inorganic affinity of these
elements. The weighted averages of elements in each sector are var-
iable and elemental enrichments are generally changeable (Table 4).
Nevertheless, the elements Cs, Li and U are enriched in almost all
the studied coal seams in comparison with most world coals
(Swaine, 1990). In the Denis sector, B, Cd, Li and V are enriched in
both kM2 and kP1 seams, and Ti, Cr, and Th are only enriched in
the kP1 seam. The elemental concentrations, beside U, in the kM2
seam at the Isiklar sector are within the averages of most world
coals. Furthermore, the concentrations of several minor and trace el-
ements in the three coal seams show higher average values than the
world low-rank coals (Ketris and Yudovich, 2009).

5. Discussion
5.1. Hydrocarbon source potential

Humic coals with high vitrinite/huminite contents and liptinite con-
tents exceeding 10-15% (on mineral matter-free basis) are generally
considered as oil-prone (Hunt, 1991; Wilkins and George, 2002). Never-
theless, the oil generation potential of humic coals is a complex case.
Several parameters and diagrams have been proposed for an accurate
approach (Pepper and Corvi, 1995; Killops et al., 1998; Sykes and
Snowdon, 2002; Petersen, 2006). The huminite and liptinite contents
along with the thickness of the coal beds might suggest a possible HC-
generation potential (Table 1, Fig. 2), which is firstly evaluated on the
basis of the HI vs. Ol and HI vs. Ty, diagrams (Fig. 4). The samples are
projected on the mainly oil and mixed hydrocarbon generation window
on the HI vs. Ol diagram; however, all samples are plotted on gas-prone
area on HI vs. Tpp,ax diagram. This plotted data are related to the predom-
inance of type IIl kerogen (huminite macerals) in the studied samples.
The occurrence of exsudanite in some samples can also suggest the de-
velopment of early petroleum generation and the mixed hydrocarbon
generation potential for certain coal beds in the Soma Basin. Samples
with HI lower than 150 mg HC/g TOC are generally considered as gas-
prone (Hunt, 1991; Peters and Moldowan, 1993; Petersen, 2006);
thus, the studied coal samples are more gas-prone rather than mixed
generation potential. In addition, several studies also suggest that HI
values are not accurate for humic coals to estimate the true generation
potential (Petersen, 2006; and refs. therein), and calculated HIpy,ax
values (or “effective HI” according to Sykes and Snowdon, 2002) on HI
vs. VR plot could be more accurate for initial hydrocarbon potential.
The calculated Hly.x values are within the range for gas- and oil-
prone coals (Fig. 5); and none of sample reach required Hl,,x value
(300 mg HC/g TOC) for oil generation (Fig. 11). Considering this along
with R, (£0.50%), low PI, Bl and QI values (see Table 1) the coal beds
in the studied sectors are generally gas-prone.

5.2. Mode of occurrence of elements

The existences of potentially hazardous trace elements in coal and
their modes occurrences have been studied widely during last three de-
cades. Several methods were developed and the most commonly ap-
plied one is statistical and as well selective leaching methods. Even
though some objections are existed for the accuracy of the statistical
methods (Drew et al., 2008; Geboy et al., 2013); the statistical methods
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Fig. 11. Plot of HI vs. Tiax of Soma coal (after Sykes and Snowdon (2002)).
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can be more effective when it is accompanied by direct methods such as
SEM-EDX (Eskanazy et al., 2010 and ref. therein). Thus, in the recent
study statistical analysis was also supported by the SEM-EDX data. The
kM2 seam displays generally lower elemental concentrations and ash
yields; in contrast, higher elemental concentrations and ash yields are
recorded from the kP1 seam (Table 4). Therefore, almost all elements
display strong positive correlations to ash yield and strong negative cor-
relation to TOC content (Table 5). All this suggests that the majority of
elements mostly have inorganic affinity. Nevertheless, no significant
correlation between ash yield and Ca, As, B, Mo, W and U is recorded.
Thus, these elements seem to have an intermediate affinity.

The major elements Al Fe, K, Mg and Na show strong positive corre-
lations with most of minor and trace elements (Table 5). Considering
these correlations along with the common presence of aluminosilicate
minerals, Al, Fe, K, Mg and Na and associated elements (e.g. Co, Cr, Li
and Zr) seem being mainly affiliated with clay minerals and/or feldspars
in coal. Therefore, clastic input from volcanic rocks on the basin margins
might have been the main source of major and aluminosilicate-affiliated
elements. Similar cases are also reported from coal deposits that adja-
cent area host synchronous volcanic rocks and as well altered volcanic
matter or tonstein-bearing coal seams (Querol et al., 1997; Zhou et al.,
2000; Dai et al., 2003, 2007, 2010; Li et al., 2017; Zhao et al., 2012,
2017). Calcium displays only a weak correlation with Sr and this associ-
ation could be related to the existence of carbonate minerals. Further-
more, the SEM-EDX data shows that Fe, Mg and Mn partly distribute
in carbonate minerals, particularly siderite (Fig. 10d and f), whereas
Ca is also traced on organic matter explaining its intermediate affinity
and the weak correlation to Sr. The correlation between Ca and Sr can
be related to the presence of gastropod fossil-shell remains (Querol

Table 5
Elemental affinities deduced from the calculation of Pearson's correlation coefficients.

Correlation with ash yield (0.70 <t < 1.0)
Al K, Fe, Mg, Bi, Ce, Cu, Co, Cr, Cs, Dy, Er, Eu, Ga, Gd, Hf, Ho, La, Li, Lu, Nb, Nd, Ni, Pb,
Pr, Rb, Sc, Sm, Sn, Ta, Tb, Th, Ti, Tm, Y, Yb, Zr

Correlation with ash yield (0.50 <t < 0.70)
Na, Cs, Cd, Ni, Ge, Pb, Sb, T, V, Zn

Correlation with Al content (0.70 <t <1.0)
Fe, K, Mg, Be, Bi, Ce, Cu, Co, Cr, Dy, Er, Eu, Ga, Gd, Hf, Ho, La, Li, Lu, Nb, Nd, Ni, Pr, Pb,
Rb, Sc, Sm, Sn, Ta, Tb, Th, Ti, Tm, V, Y, Yb, Zn, Zr

Correlation with Al content (0.50 <t < 0.7)
Na, Cd, Cs, Ge, Sb, Tl

Correlation with Fe content (0.70 <t < 1.0)
K, Be, Bi, Ce, Cu, Co, Cr, Dy, Er, Eu, Ga, Gd, Hf, Ho, La, Li, Nb, Nd, Pb, Pr, Sm, Sn, Ta, Tb,
Th, Ti, Tm, Y, Zr

Correlation with Fe content (0.50 <t < 0.70)
Mg, Cs, Ge, Ni, Rb, Sb, Sc, TI, V

Correlation with Ca content
Sr (0.43)

Correlation with K content (0.70 <r < 1.0)
Mg, Be, Bi, Ce, Cu, Co, Cr, Dy, Er, Eu, Ga, Gd, Hf, Ho, La, Li, Lu, Nb, Nd, Ni, Pb, Pr, Rb,
Sc, Sm, Sn, Ta, Tb, Th, Ti, Tm, V, Y, Yb, Zn, Zr

Correlation with K content (0.50 <t < 0.70)
Na, Cs, Ge, Sb, Tl

Correlation with Mg content (0.70 <t < 1.0)
Be, Bi, Ce, Dy, Er, Eu, Ga, Gd, Hf, Ho, La, Lu, Nb, Nd, Pb, Pr, Rb, Sm, Sn, Ta, Tb, Th, Ti,
Tm, Y, Yb, Zr

Correlation with Mg content (0.50 <r < 0.70)
Cr, Co, Cu, Li, Ni, Sc, V, Zn

Correlation with Na content (0.50 <t < 1.0)
Be, Bi, Ce, Dy, Er, Eu, Ga, Gd, Ho, La, Nb, Nd, Pb, Pr, Rb, Sm, Sn, Ta, Th, Tm, Y, Tb, Zn

et al., 1996; Karayigit et al., 2000, 2001). Moreover, the traceable Ca
and as well as S in organic matter are probably related to dissolved
ions of these elements in the pore water that can be bounded with or-
ganic matter (Ward, 1991; Li et al,, 2007, 2010; Dai et al.,, 2015b;
Ward, 2016; Karayigit et al., 2017).

The SEM-EDX data also denotes that minor and trace elements could
have rather another mineral affinity beyond aluminosilicates. The clay
mineral aggregates associated with accessory minerals such as zircon,
chromite, apatite and monazite, are sources for Zr, P and Cr along with
the REEs in the studied samples. The geochemical analyses from volca-
nic rocks on the basin margins show the presence of Ba, Cr, Ni, Sr, Zr,
Th, U and REEs as well (Ersoy et al., 2012). This is evidence that most
of minor and trace elements mostly derive from clastic input and ex-
plain the relatively high concentrations of U, Zr and REEs in some coal
samples above the altered tuff layers in the kM2 seam (Crowley et al.,
1989; Hower et al., 1999; Dai et al., 2006a; Dai et al., 2013) Barite
could also be the source for Sr (Fig. 8f). Furthermore, the accessory mon-
azite minerals could also be source for REE elements and as well Th in
the studied samples. The elements As, Cu, Pb and Zn are commonly
traced in sulphide minerals (Fig. 8e); as previously mentioned they gen-
erally display higher concentrations beneath the tuff layers. This implies
that leachates from tuff layers precipitated within the coal beds during
late diagenetic stages (Querol et al., 1997; Dai et al., 2006a; Dai et al.,
2007). Thus, epigenetic sulphide minerals could cause the As, Cu and
Zn enrichments in the kM2 and kP1 seams. The synchronous volcanic
activity also caused B enrichments in most Turkish coals (Querol et al.,
1997; Karayigit et al., 2000). Surface waters leaching volcanic rocks on
the basin margins and tuff layers within the basin could bring B-rich
water into palaeomires in the Soma Basin. Thus, B could uptake by ei-
ther peat-forming plants or adsorbed by clay minerals. This could ex-
plain the intermediate affinity of B in the studied coal samples.
Another element can be introduced by the surface waters leaching is
U and, as like B, it could be absorbed by clay minerals and/or uptake
by peat-forming plants (Querol et al., 1996; Dai et al., 2011). Thus, B
and U display intermediated affinity in the studied samples.

5.3. Coal facies indices

The coal maceral diagrams, if combined with mineralogical, sedi-
mentological, palaeontological and geochemical data, could be a useful
tool providing information about depositional conditions within the
palaeomire (Siavalas et al., 2009; Bechtel et al., 2014; Karayigit et al.,
2015, 2016; Oikonomopoulos et al., 2015). The widely used ternary di-
agram proposed by Mukhopadhyay (1989), provides information about
depositional conditions and common vegetation during peat accumula-
tion. Fig. 12 indicates that precursor peat of the kM2 seam accumulated
under slight anoxic conditions, and watertable was high and stable. For-
ested fen was common and tissues were well preserved. In contrast,
watertable was unstable during peat accumulation of the kM3 and
kP1 seams. The dominant vegetation in these seams was herbaceous,
particularly reed plants. The upper part of the kM3 seam at Isiklar sector
displays more oxic conditions and inertinite content is higher than in
other samples of kM2 seam from the same sector. This difference
might be related with either drier conditions in this part of the basin
or a masking effect from high allochthonous inertinite input. The latter
one seems to be more possible due to predominance of inertodetrinite
embedded within densinite. Such association generally points to rather
allochthonous origin for inertinite than oxidation (O'Keefe et al., 2013).

The differences between seams are more distinct on the Tissue Pres-
ervation Index (TPI) vs. Gelification Index (GI) and Groundwater Influ-
ence (GWI) vs. Vegetation Index (VI) diagrams (Fig. 13). The kM2 seam
is characterized by high to very high TPI (1.5-16), VI (0.8-5.6), and
moderate to high GI (2.2-67.9) values (Fig. 13a and b). TPI-GI values
similar to these of kM2 seam are generally reported from xylite-
bearing Neogene coal formed in wet forest mire conditions (Kolcon
and Sachsenhofer, 1999; Kalaitzidis et al., 2004; Oikonomopoulos
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Fig. 12. ABC ternary plot of the coal samples from sampling profile (after Mukhopadhyay
(1989)).

et al., 2015). The fossilized wood trunks and branches in the kM2 seam
are further evidence for the predominance of woody vegetation and
wet-forest mire conditions. The organic geochemical results also reveal

(a)

the high-plant contribution and previous palynological studies also
imply the dominance of woody vegetation in the basin (Nebert, 1978;
Akgiin et al., 1986; Gemici et al., 1991). The wet conditions during the
kM2 seam could be related to humid climate during late Early to Middle
Miocene in western Turkey (Kayseri-Ozer, 2017). The GWI values of the
kM2 seam could be interpreted as low water table conditions (Fig. 13b).
Nevertheless, these low GWI values are characteristic for the Cenozoic
xylite-rich coals (Kalaitzidis et al., 2004; Koukouzas et al., 2010b;
Oikonomopoulos et al.,, 2015; Mitrovi¢ et al., 2016). The low TPI (<1.0)
and VI (<1.0), and low to moderate GI (0.8-25.4) and GWI (1.6-11.1)
values from kM3 and kP1 seams indicate predominance of herbaceous
vegetation and fluctuated watertable during peat accumulation
(Fig. 13a and b). The n-alkane distribution pattern of analysed samples
from the kP1 seam also indicates the predominance of the herbs (e.g.
macrophytes) in the palaeomire (see Fig. 6d). The vegetation difference
is presumably related to climatic changes in the Soma Basin during Mio-
cene. Furthermore, moderate to high Gl values in all three seams could
be related to Ca-rich water influence in the Basin in which allowed the
development of alkaline conditions and biochemical gelification within
the paleomire (Querol et al., 1996; Oikonomopoulos et al., 2015).

5.4. Depositional environment

The coal facies, lithological and mineralogical data imply that the de-
positional environment was changeable during the Soma Formation de-
position. The seam comprises thick coal beds with thin inorganic
intercalations also suggesting high and stable water table and low
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clastic input. Therefore, coal samples of the kM2 seam display low con-
centrations of aluminosilicate-affiliated elements and TOC values are
high. In addition, low energy conditions allowed precipitation of siderite
nodules in the palaeomires (Oikonomopoulos et al., 2008) and their co-
existence with other syngenetic carbonates and pyrites also imply neu-
tral to weak alkaline conditions during peat accumulation. Furthermore,
predominance of woody vegetation and good preservation conditions
are generally related to high HI values (Collinson et al., 1994; Petersen
et al., 2009); this relation might explain slightly higher HI and TOC
values in the kM2 seam (see Table 1). The common presences of the al-
tered tuff layers and thin intercalations in the kM2 seam suggest the
peat accumulation seems to have been ceased mainly by regional volca-
nic activity during Early to Middle Miocene;

The clayey limestone/marl previously identified as a marl series by
Inci (1998a, 2002), forms the roof of the kM2 seam. This unit is related
to the development of deeper conditions and/or lake expansion in the
Soma Basin as a result of vertical tectonic movements. Furthermore,
the presence of clay minerals in this unit also indicates that the clastic
fluvial material was also entered the palaeomire during this period of
time. Under shallow water conditions the precursor peat of kM3 seam
begun accumulating but this process was ceased several times, and cal-
careous intercalations were deposited (see Fig. 2). This alteration be-
tween coal beds and calcareous intercalations could indicate vertical
tectonic movements that presumably activated karstic aquifer in the
marginal areas resulting in a rise of water table. The common presence
of carbonate minerals and fossil fragments in the kM3 seam may indi-
cate that Ca-rich water discharge were developed, and alkaline condi-
tions were also common in the palaeomire (Querol et al., 1996;
Bechtel et al., 2004; Siavalas et al., 2009; Karayigit et al., 2015). The pres-
ence of syngenetic pyrite in this seam also implies the influence of
sulphate-rich water into the palaeomire and the development of neutral
to weak alkaline conditions. The development of slightly alkaline condi-
tions also allows the bacterial activity that could reduce tissue preserva-
tion; this also explains the relatively low TOC and TPI values in this
seam. These values might also be related to the predominance of herba-
ceous vegetation in the palaeomire. Overall, the precursor peat in the
Soma Formation started to accumulated under pure telmatic conditions
at the early stages (kM2 seam), whereas limno-telmatic conditions
were more dominant at late stages of peat accumulation (kM3 seam).

At the start of the Late Miocene, fluvial conditions became again
dominant; later on they turned to limnic where precursor peat of the
kP1 seam was accumulated. The differences on mineralogical, lithologi-
cal and maceral compositions of coal beds throughout the kP1 seam
suggest changes of water chemistry and clastic input in the palaeomire
during the Late Miocene. The lower part was presumably deposited
under alkaline conditions and low clastic input that allowed the forma-
tion of syngenetic carbonates. The predominance of silicates along with
high ash yields in the upper part implies tectonic movements and high
clastic input into the basin. Noteworthy, clayey bands and silicate min-
erals are dominant above the altered tuff layer in the kP1 seam indicat-
ing that the clastic input from basin margins was increased after the
volcanic activity during the Late Miocene. The increased clastic input
along with the alkaline conditions could also reduce preservation of or-
ganic matter that resulted in lower TOC values in this seam. All these de-
note that peat was accumulating under limno-telmatic conditions,
whereas fluvial and volcanoclastic inputs ceased peat formation several
times during the Late Miocene.

6. Conclusions

The alternations between alluvial-fluvial-lacustrine conditions
imply that the Soma Graben was activated several times during the
Miocene as a result of the regional extensional tectonic regime. This re-
gime along with climatic factors controlled peat-forming environment
in the Soma Basin. The palaeomire in the Soma Basin commenced to de-
velop under pure telmatic and low energy conditions; peat-forming

vegetation was dominated by woody species. These conditions resulted
in the formation of thick beds of low-ash and high TOC coal in the kM2
seam. In the subsequent periods, watertable was fluctuating and cover
the entire mire surface several times; thus, peat formation ceased
resulting in the deposition of clastic and calcareous intercalations in
kM3 and kP1 seams. The lithological and mineralogical features of
these intercalations indicate the development of limno-telmatic condi-
tions with fluvial contributions and also the water supplied the
palaeomire was presumably Ca-rich shifting to more alkaline conditions
during accumulation of precursor peat of the kM3 and kP1 seams.
Therefore, coal of kM3 and kP1 seams display relatively high total S con-
tents and low TOC values than the kM2 seam. The regional volcanic ac-
tivities took place during the kM2 and kP1 peat accumulation; hence,
several tuff layers are hosted in these seams. The mineralogical compo-
sition of these layers also point to felsic volcanic activity around the
Soma Basin; their composition is similar to tonstein.

The results of the pyrolysis analysis of the coal samples are in agree-
ment with maceral composition and rank. The kerogen type-III is com-
mon in all the seams and low Ol values in the kM3 are related to slightly
high inertinite values. The HI and Ty« values suggest that kM2 and kM3
coal is immature to early mature and kP1 coal is clearly immature. Fur-
thermore, the vegetation changes during Miocene in the Soma Basin are
also reflected on the HI values. The slightly higher HI in the kM2 coal
seems to be related to high contributions of the woody material in
peat and development of more acidic conditions during peat accumula-
tion, whereas relative low HI values in kM3 and kP1 coal are related to
contributions of herbaceous plants and more alkaline conditions. Even
though, the thickness of coal beds along with high huminite and
liptinite contents of the coal samples can suggest the oil generation po-
tential, the pyrolysis analysis data shows that the studied coal seams are
mainly gas-prone and only certain coal beds display mixed hydrocarbon
generation capacity. All these suggest that the features of coal seams in
the Soma Basin were controlled by changes in the depositional condi-
tions and vegetation during the Neogene times.
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