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| ABSTRACT |

Late Carboniferous coal seams in the Zonguldak Basin (NW Tiirkiye) underwent several tectonic movements after
the Late Permian; hence, these seams exhibit rank variations. This study presents initial insights into coal rank,
mineralogical compositions, and hydrocarbon generation potential of Serpukhovian-Bashkirian coals within
the Alacaagzi Formation from the south-easternmost part of the Basin. The examined seams are of bituminous
C rank, and T, (442-445°C) and HI (221-288mg HC/g TOC) values indicate that they are at the set of oil
generation. However, the low PI (0.01-0.02), BI (0.03-0.06), and QI (2.2-2.9) values and the possible presence
of preserved cytoplasm spore-filling within the sporinite grains may indicate that the studied coals have only
gas-generation potential. The results also show that the studied coals display relatively lower random vitrinite
reflectance (%Rr 0.75-0.82%) and calculated Tpeak values (113-123°C) using %Rr and micro-Raman spectra
than their counterparts in the northern parts of the Basin (%Rr 1.18-1.52% and 173-206°C). This difference
seems to be related to the shallower burial depths of the studied coals or to the fact that they experienced relatively
lower maximum attained temperatures than the northern parts of the Basin. Furthermore, the coal petrography
and SEM-EDS data also suggest that the post-coalification tectonic deformation in the study area created
space for circulating Ca- and Si-rich solutions within the coal seams and controlled epigenetic mineralization.
Nevertheless, the redox conditions and clastic influx into the palaecomires also controlled syngenetic mineral
formations, similar to the other parts of the Basin.

KEYWORDS | Carboniferous. Coal petrography. Mineralogy. Zonguldak Basin. Rock-Eval pyrolysis.

INTRODUCTION

problems. Coal seams in the Zonguldak Basin ( )
could be a good example for such conditions since several

Tectonic deformation during post-coalification could
affect the rank, thermal maturity, porosity, and mineralogical
composition of coal seams (Frodsham and Gayer, 1999; Liu
and Jiang, 2019; Li et al, 2011; Ren et al., 2022; Wang et
al., 2021). Such impacts could also create severe problems
for underground coal mining activities (Cao et al, 2003;
Li et al, 2023). Therefore, coal seams close to regional
tectonic zone should be investigated by the means of coal
petrography, mineralogy, and porosity to eliminate any future

© R.G. Oskay, 2025 CC BY-SA

faults and folds have been observed within coal production
areas (Okay and Tiiysiiz, 1999; Okay and Nikishin, 2015;
Okay et al, 1994), and several gas outbursts have occurred
in the past (Fisne and Esen, 2014). The Zonguldak Basin
(NW Tiirkiye) hosts the oldest coal production, which
has been started at 1848, area in Tiirkiye and almost all
Turkish bituminous coal resources (ca 1.5Gt). It is also
located in the eastern parts of the Istanbul Zone, which
was positioned in the southern margin of Laurasia during
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the Late Palaeozoic (Karayigit ef al., 1998, 2018a; Oplustil
et al, 2018; Yalcin et al, 2002). The basin experienced
several orogenic movements from the Late Carboniferous
to the Neogene (Okay and Nikishin, 2015; Okay et al,
1994; Tiiysiiz, 1999; Yilmaz et al, 1997). This part of
Laurasia is considered as a passive margin and collided
with Pontides during the Variscan (Hercynian) orogeny.
Therefore, the basin was uplifted and experienced erosional
events during the Permian. The Cimmeride orogeny as
the second orogenic movement affected the basin, and
the subduction of the Pontides under Laurasia continued
between the Late Triassic and Early Cretaceous. During
this period, carbonate sedimentation was more common
in the basin; therefore, the Cimmeride orogeny could not
be identified in the Zonguldak Basin. With the start of the
elimination of the Neotethys from the Late Cretaceous,
a collision between the Pontide arc and the Anatolid-
Tauride platform took place. This collision has continued
since the Middle Eocene in the Zonguldak Basin and its
vicinity. Consequently, several thrust fault zones and folds
in the Zonguldak Basin were formed, and the coal-bearing
Carboniferous sequences in the basin were deformed, thrust
over, and exposed to erosion. Hence, rank variations have
been observed in Late Carboniferous coal seams within the
Zonguldak Basin (Karayigit, 1992; Karayigit et al., 1998,
2018a; Yalgin et al., 2023).

Previous coal petrography, mineralogy and Rock-Eval
pyrolysis studies mostly focused on coal seams in the
Kozlu (Langsettian) and Karadon (Duckmantian—Asturian)
formations (fms.) (Karayigit, 1992, 2003, 2001; Unal-
Kartal and Karadirek, 2024; Hosgérmez et al., 2002; Kara-
Giilbay et al, 2019; Karayigit et al., 2018b; Yal¢in et al.,
2002, 2023), whereas limited attempts have been made for
coal seams within the Serpukhovian—Bashkirian Alacaagzi
Fm. in the northern parts of the Zonguldak Basin (Karayigit
et al, 1998, 2018a). The results of previous studies
indicate that the coal seams within the Alacaagzi Fm. in
the Zonguldak coalfields generally display higher random
vitrinite reflectance (%Rr) values (1.18-1.52%) than other
coal seams in the Kozlu (0.66-1.49%) and Karadon (0.55—
1.01%) fms. in the Zonguldak and Amasra coalfields,
except for the thermally affected coal seams in the central
parts of the Zonguldak coalfields, which are bituminous
B-C (medium B-C) coal (Karayigit, 1992; Karayigit
et al, 2018b; Yal¢in et al, 2002, 2023). Moreover, coal
seams within the Alacaagzi Fm. in the Kurtkdy coalfield,
which is located in the South-easternmost part of the
Zonguldak coalfields ( ), and to date, petrographical,
mineralogical, and Rock-Eval pyrolysis features of these
seams have not been studied in detail. The goal of this
research is to identify the factors that influence coal quality,
mineralogical compositions, and hydrocarbon generation
potential of Serpukhovian—Bashkirian coals in the Kurtkoy
coalfield (South easternmost of the Zonguldak Basin).
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GEOLOGICAL SETTING

The Zonguldak Basin is located in conjunction with
the Istanbul Zone and western Pontides ( ), and
it hosts Palacozoic metamorphic and sedimentary rocks,
Mesozoic clastic rocks and marine carbonates, and Cenozoic
volcanic and sedimentary rocks (Okay and Nikishin, 2015;
Gorur et al., 1993; Tiiysiiz et al., 2016; Yalgin ef al.,, 2002;
Yilmaz et al, 1997). Mesozoic and Cenozoic formations
in the basin are also called “post-Carboniferous cover
formations” (Karayigit et al, 2018a; Yal¢in et al, 2002).
Paleozoic sequences in the basin start with metasediments
from the Silurian Goktepe and Hamzafakili fms., and the
Late Devonian—Early Carboniferous (Tournaisian—Visean)
Yilanli Fm. ( ) (Kerey, 1984; Kerey et al, 1986;
Yal¢in ef al., 2002; Yilmaz et al., 1997). The coal-bearing
Serpukhovian—Bashkirian Alacaagzi Fm. commences to
deposit a transition between shallow marine and deltaic
conditions, and the thickness of the formation (up to 1100m)
is variable in the basin (Okan and Hosgor, 2007; Kerey et
al., 1986; Oplustil et al, 2018). The formation is primarily
composed of alternating sandstone, siltstone, claystone, and
coal seams ( ) (Karayigit et al., 1998, 2018a; Kerey
et al., 1986; Yalcin et al., 2002). Previous sedimentological
and paleontological studies have suggested that coal-
bearing sequences in the Alacaagzi Fm. were deposited in
fluvial and deltaic environments during the Serpukhovian
and Bashkirian periods (Agrali, 1970; Akgiin and Akyol,
1992; Kerey et al., 1986).

Despite some evidence suggested erosional periods in
the Bashkirian—-Langsettian Basin being reported from the
Zonguldak Basin (Kerey, 1984; Zijlstra, 1952; Oplustil et
al.,2018), the Kozlu Fm., rests generally upon conformably
the Alacagzi Fm. ( ). The formation is mainly
composed of alternations of conglomerate, sandstone,
siltstone, claystone, and coal seams ( ). The precursor
peats of the coal seams within Kozlu Fm. accumulated in
deltaic and lacustrine environments during the Langsettian
(Akyol, 1974; Kerey, 1984; Akgiin and Akyol, 1992; Cleal
and van Waveren, 2012; Karayigit et al, 2018a; Oplustil et
al., 2018). Karadon Fm. conformably overlays the Kozlu
Fm. and consists of conglomerate, sandstone, siltstone,
claystone, and coal seams alternations, which were
deposited under deltaic and lacustrine conditions during
the Duckmantian—Asturian (Akyol, 1974; Cleal and van
Waveren, 2012; Karayigit et al, 2018a; Kerey et al., 1986;
Oplustil et al, 2018). In the Kozlu and Karadon fms. in
the Zonguldak and Amasra coalfields, tonstein/altered tuff
layers (locally known as Schieferton), which are mainly
composed of kaolinite, could be indicators of synchronous
volcanic activity during the Late Carboniferous in the
vicinity of the Zonguldak Basin (Burger er al, 2000;
Karayigit et al, 2018a, 2022). The Zonguldak Basin
experienced erosional events during the Permian, similar
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FIGURE 1. A, B) Geologic map of the Zonguldak Basin (modified and simplified from Karayigit et al. (2018a) and Oplustil et al., 2018) and stratigraphic

column of the Zonguldak Basin (modified fromKarayigit et al. (2018b).

to other Carboniferous basins in SE Europe, because
of the Hercynian (Variscan) orogeny (Karayigit et al,
2018a; Yalgin et al, 2002). Therefore, the Cretaceous
and Paleocene—Eocene fms. in the basin unconformable
overlay the Carboniferous formations ( ), and these
post-Carboniferous formations are mostly composed of
Cretaceous clastic and marine carbonates in the Zonguldak
coalfields ( ). Cretaceous dikes and sills have also
been reported in the coalfields in the Zonguldak area, and
thermally affected coals have been reported close to these
dykes (Karayigit, 1992). The collision of the Sakarya and
Istanbul zones during the Eocene and Alpine orogeny
caused the formation of several faults and folds within
the coalfields in the Zonguldak Basin ( ), as well
as additional deformations of Carboniferous and post-
Carboniferous cover formations in the basin (Okay and
Tiiysiiz, 1999; Okay and Nikishin, 2015; Okay et al., 1994;
Yilmaz et al., 1997).

MATERIALS AND METHODS

In this study, twelve fresh coal samples (SO-4 to SO-
15) from working coal seams at an underground mine and
three coal samples (SO-1 to SO-3) from outcrops proximal
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to the studied underground mine in the Kurtkdy coalfield
were examined ( ). All the samples were obtained
utilizing the channel sampling method. For macroscopic
descriptions of samples, the macrolithotype classification
of International Coal and Organic Petrography (ICCP) for
bituminous coals was applied according to the protocols of
ICCP (ICCP 1993). The standard proximate, ultimate, and
calorific analyses of samples were performed at Hacettepe
University using related American Society for Testing
and Materials (ASTM) standards (ASTM D3174, 2018;
ASTM 4239, 2018; ASTM D5865, 2019; ASTM D3175,
2020; ASTM D5373,2021; ASTM D3302, 2022). Polished
blocks were prepared in accordance with ASTM D2797/
D2797M (2021) standard and were examined under a Leica
DM4000M microscope. The maceral classifications were
conducted following the ICCP System 1994 (ICCPE 1998,
2001; Pickel et al., 2017), and random vitrinite reflectance
(%Rr) was measured on collotellinite following the ISO
7404-5 (2009) standard.

The mineralogical compositions of raw coal samples
were determined using X-Ray powder Diffraction (XRD)
traces, and mineralogical compositions were identified
using Topas 3 software following Oskay ef al (2016).
Additionally, FTIR analyses were only conducted on

O o0 N N L AW N~

O B I SR T Tl T vl T i e I T S T T N S S B S O T e Sl e
wm A WD = O O 0 N N W W NN = O O 0 9 O Lt A W N ~=OWOoNO Wi A W N =OWOoWwNO Ui A WD — O



-85 0 0 N0 vu kW~

(O O Y S Y S S S S N S S N S SO UL R FC S S OC SN UC S OC I U SRR TC RSO OC J O S Y NC R (R N N N S NC S N0 O O SOy o B S e
GO E O R =S 08U RELURES 0 ®Ad R DO =30V ®IGC HE DN —~OS ©w I o WP

R.G. Oskay

Coal properties of Carboniferous Kurtkdy coals (Zonguldak, NW Tirkiye)

TABLE 1. The results of proximate, ultimate and calorific analyses of studied coal samples (VM: Volatile Matter, FC: Fixed Carbon, GCV: Gross Calorific

Values, ad: air-dry basis, d: dry basis)

UTM Coordinates

Moisture Ash VM FC GCV C H N S o*

Salrgple (m) (MJ/kg
y X z 0, ' 0,
(east) (north)  (elevation) (Wt%, ad) ad) (Wi%, d)

SO-1 4589999 409825 +326 9.8 29.2 299 31.1 13.8 472 31 07 02 164
SO-2 4590095 409825 +326 10.8 251 331 309 158 519 35 09 06 149
SO-3 4590414 410198 +376 1.7 79 298 605 315 820 44 11 08 37
SO-4 4592660 413395 +382 1.6 16.1 324 500 287 722 45 14 15 40
SO-5 4592640 413387 +412 1.6 74 346 564 319 802 49 15 18 41
SO-6 4592622 413384 +422 1.6 154 331 499 289 732 46 14 13 3.9
SO-7 4592682 413454 +386 1.6 20.3 315 466 272 691 43 13 13 33
SO-8 4592688 413463 +379 1.5 109 345 53.1 307 775 48 14 09 43
SO-9 4592599 413201 +362 1.3 143 344 500 285 746 47 14 08 4.1
SO-10 4593008 413361 +294 1.3 6.7 366 554 324 796 46 15 06 7.0
SO-11 4593052 413919 +294 1.3 74 368 545 320 813 48 15 08 4.0
SO-12 4593086 413935 +279 1.2 124 358 507 283 799 48 16 08 04
SO-13 4593196 413999 +299 1.4 69 365 553 289 749 43 14 08 116
SO-14 4593202 413980 +296 1.6 6.3 357 565 313 813 51 16 11 45
SO-15 4592894 413696 +306 1.2 89 352 547 315 822 50 15 08 14

*oxygen content is calculated from other analytic

selected four samples (SO-2, -7, -9, and -14) according
to XRD analyses, and measurements were made using
grounded raw samples below 250um. The selected five
samples (SO-2, -4, -7, -12 and -15) based on mineralogical
compositions and coal petrography observations were
examined under Scanning Electron Microscopes equipped
with Energy-Dispersive X-ray Spectroscopy (SEM-EDS) to
investigate cleat/fracture mineral infillings and to identify
accessory mineral phases. The polished blocks of samples
have been coated with carbon for SEM-EDS analysis. The
XRD, FTIR and SEM analyses of samples were conducted
at the General Directorate of Mineral Research and
Exploration (MTA). The Raman spectroscopic experiments
were performed on three selected polished blocs (SO-7, -9,
and -14), which were selected to their maceral compositions,
prepared for coal petrography using a HORIBA Jobin Yvon
LabRAM HR spectrometer according to methodology
reported by Guedes et al (2010) and Li ef al (2020) at
the University of Patras. Raman spectra were acquired using
the 532nm excitation line with an acquisition time of 5s to
reduce noise. Raman spectra were measured with a density
filter to avoid thermal decomposition of samples by the
laser. The x50 objective lens (N.A= 0.50) of an Olympus
optical microscope was used to focus the laser beam on the
sample and also to collect the scattered radiation. Extended
scans from 1000 to 1800cm™ for the first-order Raman
spectrum were performed on each sample. The peak-fitting
process was achieved using Lab Spec Software following
the methods described in Matlala et al (2024).

To assess the hydrocarbon generation potential of the
samples, Rock-Eval pyrolysis analysis of twelve samples
(SO-4 to SO-15) was only performed using Rock-Eval 6
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al data [O = 100 - (C + H + S + N + ash)]

equipment at Turkish Petroleum Co. (TPAO) following the
methodologies of Espitali¢ ef al. (1977) and Lafargue et al.
(1998). The accuracy of the analysis was verified using IFP
160,000 standard material. The following parameters were
calculated using Rock-Eval analysis results: T,,,, Total
Organic Carbon (TOC), Oxygen Index (OI), Hydrogen
Index (HI), Pyrolyzed Carbon (PC), Residual Carbon (RC)
and Mineral Carbon (MINC). Additionally, effective HI
and HI,,, values were calculated according to Petersen
(2006) and Sykes and Snowdon (2002) to provide a more
accurate estimation of hydrocarbon generation compared to
traditional parameters.

RESULTS
Standard coal quality

Comparatively higher ash yields and lower gross
calorific values were observed in the coal samples
(SO-1 and -2) obtained from the outcrops ( ). In
contrast, the working seam samples (SO-4 to -15) were
characterized by low to moderate ash yields and high total
C and gross calorific values ( ). The difference in ash
yield between the outcrop and the working seams seems
to be related to the surface weathering impact of outcrop
samples; in turn, their total C and gross calorific values
are slightly lower than those of the working seam samples
( ). This difference is evident in the outcrop sample
SO-3 since epigenetic mineralization (pyrite and Fe-oxide
cleat/fracture infillings) is less common than other outcrop
samples. The volatile matter contents of all samples were
generally high, and as can be seen in Section 4.3, this seems
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to be controlled by the presence of carbonate minerals in
the samples. Similar to the total C content, outcrop samples
generally have relatively lower total S contents than the
working seam samples ( ). Surface weathering might
have caused the oxidation of sulphide minerals (such as
pyrite) in the outcrop samples; thus, leaching sulfate ions
to solution from coal seams might have caused a reduction
in total S contents of these samples. In comparison with
the coal seams within the Alacaagzi Fm. in the North-
westernmost part of the Zonguldak coalfields, the studied
samples displayed relatively lower ash yields and higher
total C contents and gross calorific values (Karayigit et al.,
1998, 2018a).

Coal petrography and vitrinite reflectance

Vitrinite (61.0-87.4 vol.%. on mineral-matter free
basis [mmf]) is the dominant maceral group in the
samples, and the contents of inertinite (6.5-30.8 vol.%.
on mmf) and liptinite (3.3-11.8 vol.%. on mmf) show a
wide range ( ). Telovitrinite is the most common
maceral sub-group in the working coal seams samples,
while detrovitrinite is another common vitrinite subgroup
maceral in the all studied samples ( ). In addition,
gelovitrinite subgroup macerals are rarely observed in the
samples. Tellinite general displays very low proportions in
telovitrinite subgroup ( ), while collotelinite is the
predominant maceral in this group (( ; ;4A).
In the working seam samples, detrovitrinite subgroup is
predominated by collodetrinite, and inertinite and liptinite
group macerals are embedded within the humic matrix of
collodetrinite ( ). In contrast with working
coal seams samples, vitrodetrinite proportions are generally
significantly high in out-crop samples ( ) and mostly
associated with clay mineral matrix ( ). Gelinite is
the only identified gelovitrinite subgroup maceral in the
working coal samples ( ). In addition, brecciated

Coal properties of Carboniferous Kurtkdy coals (Zonguldak, NW Turkiye)

macerals are observed from working coal seams samples
( ), while limited oxidation rims and especially
desiccation cracks in vitrinites are observed from outcrop
samples, as expected.

In outcrop and working coal seam samples, the
inertinite group maceral is mainly represented by
fusinite, inertodetrinite, and micrinite. Fusinite (

; ) and inertodetrinite ( ; ;

) particles are commonly found within the humic
matrix of collodetrinite or associated with clay minerals.
Additionally, individual fusinite and semifusinite have
been identified in the samples. Micrinite is observed
around inertinite and liptinite macerals within
collodetrinitie matrix ( ). In a few samples (SO-
1, -7, -11 and-13), secretinite and macrinite are also
detected. Sporinite and liptodetrinite are the common
liptinite macerals, while cutinite and resinite are rarely
identified in the studied samples. Sporinite is mostly
related to microspores and macrospores (

; ; ). Latter ones in some cases could also
contain preserved cytoplasm spore-filling ( ),
which is not so common for the Carboniferous coal
seams in the Zonguldak Basin. Their presence could
be attributed to a lower degree of coalification since
such spore-fillings can easily devolatilize during early
stages of coalification processes (Hower and Eble, 2022;
Stout and Spackman, 1987; Hower et al, 2022). In the
northern parts the Zonguldak Basin, liptinite macerals
in the Serpukhovian—-Bashkirian coal seams appear
darker under white-incident light and give off a brighter
orange fluorescence under UV-blue light (Karayigit et
al., 2018a). In contrast, liptinite macerals in the studied
samples show darker colours under white-incident light
and brighter orange fluorescence colour under UV-blue
light. This could be due to their relatively lower level
of coalification compared to the other Serpukhovian—

TABLE 2. The maceral composition and random vitrinite reflectance of studied samples (T: Telinite, Ct: Collotelinite, TV: Telovitrinite, Vd: Vitrodetrinite,
Cd: Collodetrinite, DV: Detrovitrinite, Gl: Gelinite, GV: Gelovitrinite, V: Vitrinite, |: Inertinite, L: Liptinite, MM: Mineral-Matter, Stdv: Standard deviation)

Maceral MM
Sample ID (vol.%, mineral-matter-free) (vc};l.‘:ﬁa, o%Rr+Stdv

T ct v vd cd DV al GV Vv [ L ba S°| Se)
SO-1 24 333 35.7 216 145 36.1 718 244 38 94 0.82+0.03
S0-2 02 436 438 15.1 285 436 87.4 6.5 6.1 12.0 0.82+0.03
SO-3 5.1 424 475 40 26.4 30.4 77.9 13.4 8.7 9.3 0.82+0.03
S0-4 19 556 57.5 7.7 10.8 185 76.0 13.4 10.6 7.3 0.77+0.02
S0-5 16 618 63.4 3.1 7.9 11.0 74.4 17.9 7.7 2.4 0.77+0.02
SO-6 16 545 56.1 75 12.4 19.9 0.4 0.4 76.4 15.4 8.2 7.0 0.77+0.02
SO-7 06 472 4738 13.9 20.4 34.3 82.1 12,5 5.4 12.8 0.76+0.02
S0-8 3.1 51.9 55.0 3.1 20.4 235 12 12 79.7 1.9 8.4 1.9 0.77+0.02
S0-9 14 4386 45.0 45 20.4 24.9 1.0 1.0 70.9 17.3 1.8 9.1 0.77+0.02
S0-10 15 385 40.0 14 195 20.9 0.6 0.6 61.5 30.8 7.7 17 0.76+0.02
SO-11 3.1 37.8 40.9 34 242 276 0.8 0.8 69.3 233 7.4 0.8 0.75+0.03
S0-12 25 482 50.7 35 212 247 0.6 0.6 76.0 20.7 3.3 0.4 0.77+0.02
S0-13 10 375 385 3.1 19.2 223 0.2 0.2 61.0 285 10.5 2.3 0.77+0.02
SO-14 05 539 54.4 7.7 222 29.9 84.3 9.2 6.5 16 0.78+0.02
S0-15 17 466 483 3.5 22.0 255 73.8 15.4 10.8 1.8 0.77+0.03

Geologica Acta, 23.16, 1-31 (2025) |5 |

DOI: 10.1344/GeologicaActa2025.23.16

O o0 N N L AW N~

O B I SR T Tl T vl T i e I T S T T N S S B S O T e Sl e
wm A WD = O O 0 N N W W NN = O O 0 9 O Lt A W N ~=OWOoNO Wi A W N =OWOoWwNO Ui A WD — O



—Z 85 0 0 N0 vu kW~

(O O Y S Y S S S S N S S N S SO UL R FC S S OC SN UC S OC I U SRR TC RSO OC J O S Y NC R (R N N N S NC S N0 O O SOy o B S e
QR OO =~ 3 0 U0 EOODESOC®INOEDRLESO XA EORN—-S 0 ®owae bR

R.G. Oskay

Coal properties of Carboniferous Kurtkdy coals (Zonguldak, NW Turkiye)

FIGURE 2. Selected photomicrographs of the studied samples. All photomicrographs are taken under incident white light, oil immersion, 500x total
magnification. Telinite (T), Collotelinite (Ct), Collodetrinite (Cd), Resinite (R), Sporinite (Sp), Fusinite (Fus), Semifusinite (Sf), Inertodetrinite (Id),
Gl) IGelinite, Micrinite (Mc), Funginite (Fg), Pyrite (Py). Photomicrograph A from SO-3, B and | from SO-15, C from SO-11, D, E and H from SO-8,

G from SO-7.

Bashkirian coal seams in the basin. The mineral matter
identified using white-incident light includes pyrite,
clay minerals, and carbonate minerals. Clay minerals
are mostly found as part of aggregates associated with
vitrodetrinite, sporinite and inertodetrinite, along with
other mineral matters (Fig. 4A). Carbonate minerals are
only detected within cleat/fractures of vitrinite macerals,
particularly brecciated ones (Fig. 4B-D). Pyrite is
commonly observed as framboidal grains (Fig. 3E) and
occasional cleat/fracture infillings (Fig. 45).

The %Rr values of the outcrop samples are around
0.82%=0.02, while those of the working coal seams samples
range between 0.75-0.78%=0.02 ('Table 2). The %Rr values
of working coal seams are slightly lower than the reported
%Rr values of coal seams in the Alacaagzi Fm. in the
northern parts of the Zonguldak Basin, and close reported
%Rr values from Alacaagzi Fm. in the North-easternmost
of the basin (Amasra coalfield), Kozlu and Karadon fms.

Geologica Acta, 23.16, 1-31 (2025)
DOI: 10.1344/GeologicaActa2025.23.16

(Karayigit, 1992; Karayigit et al., 1998, 2018a, b; Yalgin et
al., 2002, 2023).

Mineralogical composition

Clay minerals (kaolinite, chlorite, and illite/mica),
calcite, and pyrite were detected in the raw coal samples
by XRD (Table 3). Clay minerals are typically recognized
as dominant phases in all investigated samples, whereas
calcite is abundant-to-dominant phase only in the
working seam samples (Table 3). Quartz is frequently
found in working seam samples as a minor-to-abundant
phase. Pyrite was absent in the XRD patterns in the
outcrop samples; however, it was generally detected as
a minor phase from the working coal seams (lable 3).
Dolomite was also found as a minor phase in one sample
(SO-15) (lable 3). In addition, the following minerals
are identified as accessory phases: ankerite/Fe-dolomite,
barite, biotite, chalcopyrite, Fe-oxides, feldspars, REE-
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FIGURE 3. Selected photomicrographs of the studied samples. All photomicrographs are taken under incident white light (A, C and E) and blue-light
excitation (B, D and F), oil immersion, 500x total magnification. Collotelinite (Ct), Collodetrinite (Cd), Sporinite (Sp), Megaspore (Msp), Micrinite
(Mc), Fusinite (Fus) and Inertodetrinite (Id), Photomicrograph A from SO-3, B and | from SO-15, C from SO-11, D, E and H from SO-8, G from SO-7.

bearing goyazite, siderite, Ti-oxides, and zircon (

). The identified minerals in the studied samples are
similar to other reported mineralogical compositions of
the Serpukhovian—Bashkirian coal seams in the Alacaagzi
Fm. from Zonguldak coalfields (Karayigit, 2001, 2003;
Karayigit et al., 2018a, 2018b).

Geologica Acta, 23.16, 1-31 (2025)
DOI: 10.1344/GeologicaActa2025.23.16

FT-IR Analysis

The FTIR spectra of the samples are mostly in
agreement with the XRD data, and the FT-IR spectra of
the analysed samples SO-2, -7, -9 and -14 are reported
in . The bands at approximately wavenumbers
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Breceiated
vithnites

Epigenetic
carbonate

FIGURE 4. Selected photomicrographs of the studied samples. All photomicrographs are taken under incident white light, oil immersion, 500x total
magnification. Collotelinite (Ct), Collodetrinite (Cd), Vitrodetrinite (Vd), Sporinite (Sp), Inertodetrinite (Id), Macrinite (Mac), Clay Mineral (CM) and
Pyrite (Py). Photomicrograph A-B from SO-13, C-D from SO-11, E-F from SO-8.

3400, 1030, and 530cm™ are related to clay minerals
(Madejova, 2003; Tironi et al., 2012). Nevertheless, the
intense and wide band at 3400cm™' could be an indicator
of the OH-stretching vibration (Madejova, 2003; Jiang et
al, 2021), and the lack of characteristic bands at 3700,
3670, 3650, and 3620cm™' for kaolinite could imply that
kaolinite in the samples could be disordered (Tironi et al.,

Geologica Acta, 23.16, 1-31 (2025)
DOI: 10.1344/GeologicaActa2025.23.16

2012). Quartz/silica in the samples could be attributed
to the band around 470cm™!, and this peak along with
1100cm™" are not distinct in samples SO-9 and -14 (Fig.
5). This could not imply a lack of quartz/silica in the
samples; instead, it might be caused by the dominance
of clay minerals in the raw coal samples (Cetinkaya and
Yiiriim, 2000; Georgakopoulos ef al., 2003; Naik et al,
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TABLE 3. Mineralogical compositions of studied samples based on XRD and SEM-EDS analyses (+++: dominant phase, ++: abounded phase,
+: minor phase, +: detected in few samples, a: accessory phase) (Abbreviations: Qz: Quartz, CM: Clay Minerals, Bt: Biotite, Fsp: Feldspars,
Zr: Zircon, Py: Pyrite, Ccp: Chalcopyrite, Fe-Dol/Ank: Fe-Dolomite/Ankerite, Sd: Siderite, Brt: Barite, Ap: Apatite, Gyz: Goyazite)

Minerals
Sample ID Qz CM Bt Fsp Zr Py Ccp Cal F/GXEEI Sd Brt Ti-oxide Fe-oxides Ap Gyz
SO-1 +++
SO-2 +++ +++ a a
SO-3 ++  +++
SO-4 ++ +++ a a a + a a a
SO-5 + 4+ ++
SO-6 ++ 44+ +
SO-7 ++ +++ a + +
SO-8 ++  +++ ++
S0-9 ++  +++ ++
S0O-10 + ++ +++
SO-11 +++ +++
S0-12 ++ a +++ a
S0O-13 + ++ +++
SO-14 ++ 4+ + ++
SO-15 ++ +++ a a a + + a a a a a

2021). The weak and small peaks around 1425cm™" might
be an indicator of carbonate minerals in the samples
(Cetinkaya and Yiirtiim, 2000). The peak at 1436cm™" can
be attributed to —CH3 asymmetric deformation and/or
aromatic -C=C- and hydrogen-bonded O-H groups (Jiang
et al, 2021; Valentim et al, 2013). Considering the
maceral and mineralogical compositions of the samples,
this peak could be related to the predominance of vitrinite
macerals and the presence of clay minerals. Furthermore,
the broad peak around 1610cm™" appears to be an indicator
of aromatic C=C and oxygen-containing functional
groups, which could be related to the common presence
of vitrinite and inertinite macerals in the samples (Chen
et al., 2013; Georgakopoulos et al., 2003; Valentim et al.,
2013). Furthermore, the peak around 2900cm™' could be
related to the presence of hydrogen-rich compounds in the
samples (Chen ef al., 2013).

Rock-Eval Pyrolysis and TOC

The S, and S, values analysed samples from the
working coal seams display wide range, and measured
from 1.9-3.4 and 106.0-152.6mg HC/g rock,
respectively, while S; values are generally low and vary
from 2.1 to 3.2mg CO,/g rock ( ; ). The
heterogeneous maceral and mineralogical compositions
of the samples presumably caused variations on S, and
S, values; nevertheless, low S; values are expected for
bituminous coals due to defunctionalisation reactions of
oxygen-bearing functional groups during coalification
(Lo, 1993; Petersen, 2006; Uguna et al, 2017; Vu et

Geologica Acta, 23.16, 1-31 (2025)
DOI: 10.1344/GeologicaActa2025.23.16

al., 2013). The TOC contents of the samples ranged
from 48.0% to 58.3% ( ). The T,,, values were
measured between 442-445°C. The HI values were
calculated between 221-288mg HC/g TOC, whereas the
OI values were low, as expected, and ranged from 4 to
6mg HC/g CO, ( ). The RC and MINRC values
were quite high and varied between 37.1-46.4% and
13.8-30.8%, respectively ( ).

Micro-Raman Spectroscopy

The Disordered (D) and Graphitic (G) bands were
detected on the first-order Raman spectrum obtained from
collotelinite particles of the analysed samples ( ).
Notably, no second-order Raman spectra were obtained
from collotelinite particles in the samples. Furthermore,
lower-intensity sub-bands at approximately 1015, 1264,
1342, 1425, and 1520cm™" were detected in the samples.
However, these disordered sub-bands are not included in
the maximum experienced temperature (T,,) calculations
due to their possible overlap with the G and D bands and
their presence in the first-order Raman spectra of low- and
medium-rank coals is still in dispute (Li et al, 2020; Schito
et al, 2017). Hence, the Full Width at Half Maximum
(FWHM) of the G band was applied for the calculation of
T, in this study, according to the methodology reported in

peal

Li et al (2020).

The average position of the D band of collotellinite
for the samples was around 1352cm™! ( ; ;
). The average D1 FWHM of collotellinite part1cles in
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FIGURE 5. FT-IR spectra of samples SO-2, -7, -9 and -14.

the samples ranged between 90.0-92.0cm™ ( ).
The average G-band position of collotelinite particles was
around 1593cm™! ( ; 8). The average G FWHM values
of collotelinite particles vary from 74.2 to 76.6cm™ (

). Finally, the D1-band vs. G-band (/D1/IG) intensity area
ratio values are between 0.48 and 0.68 ( . The results
of micro-Raman spectroscopy analyses of collotelinite

particles show that the D band appears broad, while the G
band is slightly narrower, which is expected for bituminous
coals. In addition, the average positions of the D and G
bands are close to the reported D- and G-band positions
for vitrinite particles in bituminous coal (e.g. Guedes et
al., 2010; Hinrichs et al, 2014; Li et al, 2020; Matlala et
al., 2024).

TABLE 4. The results of Rock-Eval analyses of the studied coal samples (TOC: Total Organic Carbon; HI: Hydrogen Index; PI: Production Index ((S1/
(S1+S2); BI: Bitumen Index S1/TOC), Ql: Quality Index ((S1+S2)/TOC); OSI: Oil Saturation Index (S1*100)/TOC))

Toc S S, (Ss T (Hl (Ol

mg max mg mg
Sample (%) (mg HC/g COg ('C) HClg HCIg RC PC MINC Pl Ql Bl (O8]

rock) rock) TOC) CO2)
SO-4 48.0 1.9 106.0 2.9 443 221 6 385 95 212 0.02 22 004 40
SO-5 488 25 1313 3.2 443 269 6 371 117 308 0.02 27 0.05 52
SO-6 539 22 132.0 24 442 245 4 424 115 17.0 0.02 25 0.04 4.1
SO-7 535 24 1314 2.1 443 246 4 420 114 138 0.02 25 0.04 4.5
SO-8 543 22 138.6 24 444 255 4 422 121 205 0.02 26 0.04 41
S0-9 554 29 140.2 2.1 445 253 4 432 122 169 0.02 26 0.05 5.3
SO-10 53.7 23 1415 2.3 442 264 4 413 124 226 0.02 27 0.04 44
SO-11 56.6 3.4 146.8 24 442 259 4 437 129 225 0.02 2.7 0.06 6.0
SO-12 529 3.1 152.6 2.5 442 288 5 395 133 250 0.02 29 0.06 58
SO-13 525 2.8 133.3 2.2 442 254 4 409 116 191 0.02 26 0.05 53
SO-14 56.8 24 1413 3.0 444 249 5 444 124 220 002 25 004 4.2
SO-15 583 2.0 136.1 2.9 442 233 5 464 119 215 001 24 0.03 3.5
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TABLE 5. Raman parameters for Collotelinite (Ct) macerals in the analyzed samples; w-G and w-D bands positions (band center); Full-Width Half

Maximum (FWHM) and intensity ratio (ID/IG)

w-G G-FWHM

w-D D-FWHM

Sample ID (cm ) (cm) (cm ) (cm) Io/le

Ct-9/1 1591 73.7 1350 81.4 0.52

Ct-9/2 1593 77.3 1351 97.9 0.61

S0-9 Ct-9/3 1593 72.8 1353 93.8 0.65

Ct-9/4 1591 75.9 1353 94.8 0.61

avg. 1592 74.9 1352 92.0 0.60

Ct-7/1 1592 75.6 1350 83.2 0.55

Ct-7/2 1593 73.3 1352 75.0 0.48

S0-7 Ct-7/3 1594 76.8 1352 88.6 0.54

Ct-7/4 1592 76.7 1353 93.8 0.64

Ct-7/5 1593 80.4 1352 109.6 0.63

avg. 1593 76.6 1352 90.0 0.57

Ct-14/1 1591 75.5 1352 99.7 0.68

Ct-14/2 1593 74.4 1353 100.0 0.61

S0-14 Ct-14/3 1594 71.9 1350 86.7 0.67

Ct-14/4 1593 69.0 1352 88.9 0.62

Ct-14/5 1593 80.4 1352 77.2 0.48

avg. 1593 74.2 1352 90.5 0.61
DISCUSSIONS

Rank and Geothermometer Estimation

Rank and grade determination of coal should be
conducted using several coal quality parameters, such as
ash yields, gross calorific values, and %Rr values (O’ Keefe
et al., 2013), as one of these parameters can be affected by
the nature of the coal seam. The studied coal samples were
from both outcrop and working coal seams of bituminous C
coal (medium rank-C) according to the E.CE-UN. (1998)
chart and bituminous C according to the ISO 11760 (2018)
classification. Nevertheless, the studied outcrop samples are
high volatile-A bituminous coal, while working coal seam
samples are high volatile-B bituminous coal, according
to the ASTM D388 (2018) classification. This small
difference between the outcrop and working coal seam
samples is caused by the slightly higher %Rr values of the
outcrop samples. Although some studies have reported that
surface oxidation might cause a reduction in %Rr values
and/or no changes in bituminous coals (Kruszewska and
Du Cann, 1996; Mathews and Bustin, 1984), the relatively
higher %Rr values of the outcrop samples were slightly
increased due to surface oxidation (Kus and Misz-Kennan,
2017; Mangena and du Cann, 2007). Therefore, the outcrop
samples may also be considered high volatile B, similar to
the working coal seam samples. It is worth noting that the
existence of epigenetic carbonate minerals cleat/fracture
infillings, especially in working coal seams, might also
cause the elevation of volatile matter contents and ash
yields. Therefore, the ASTM D388 (2018) classification
may not be an accurate rank classification for the studied
seams, and it is better to classify the studied Serpukhovian—

Geologica Acta, 23.16, 1-31 (2025)
DOI: 10.1344/GeologicaActa2025.23.16

Bashkirian coals as bituminous C according to E.C.E-UN.
(1998) and ISO 11760 (2018) classifications.

In some samples, brecciated vitrinite particles have been
observed, and such vitrinite macerals could be an indicator
of tectonic deformation and/or influence of hydrothermal
solutions (Hower et al, 2001, 2021; Xie et al, 2019).
The existence of dykes and sills in the Zonguldak Basin
has increased the coalification and caused penetration of
hydrothermal solutions (Karayigit, 1992; Karayigit et al.,
2018a). Although the dykes and sills were not observed
within the vicinity of the study area, the calculated T,
values according to Barker and Pawlewicz’s formula
(Tpea=(InVRr%+1.19)/0.00782) range from 117°C to 127
°C (Barker and Pawlewicz, 1994), which was calculated to
be between 173 to 206°C for Serpukhovian—Bashkirian coal
seams in the central parts of the Zonguldak Basin (Karayigit
et al, 2018a). The calculated T, values of the studied
samples and the existence of cleat/fracture mineral infillings
imply that circulated hydrothermal solutions might cause
the formation of brecciated vitrinite particles. However,
their angular morphology and variable fragment size could
indicate that these particles were developed due to tectonic
deformation and circulated hydrothermal solutions seemed to
be precipitated after deformation (Xie ef al., 2019). Moreover,
the influence of hydrothermal solutions on coalification
might be limited due to the lack of difference in %Rr between
the edges and central parts of the vitrinite particles around
cleat/fracture mineral infillings (Permana ef al., 2013). Thus,
tectonic deformation during post-coalification seems to have
more influence on the coalification of the studied seams than
the penetrated hydrothermal solutions.
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FIGURE 6. The plot of studied samples on A) pseudo-van Krveln
diagram (after Peters, 1986) and B) HI-T,,, diagram (after Peters,
1986).

The results of Raman spectroscopy could also be useful
tool for calculating maximum attained temperatures of
coal-bearing sedimentary sequences and organic matter-
bearing rocks (Hackley and Liindsdorf, 2018; Beyssac et

Geologica Acta, 23.16, 1-31 (2025)
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al., 2002; Furuichi et al, 2015; ; Hinrichs et al, 2014,
Kouketsu et al, 2014; Li et al, 2019, 2020). Therefore,
reliable geothermometer calculations over various ranges
have been proposed for high-rank coals and carbonaceous
matterbearing low-grade metamorphic rocks. These
calculations are mostly based on the peak intensities of D1,
D2, and G bands of vitrinite and graphite particles; however,
the D2 bands of vitrinite particles in low- and medium-
rank coals could not be easily observed as a shoulder next
to the G band. Furthermore, the D1 band has become a
more accurate parameter for high-rank coals (Hinrichs
et al, 2014). Therefore, using the D1 and D2 bands for
geothermometer estimation of medium-rank coals could
provide inaccurate results. Bolstering this, the calculated
geothermometer using of the samples according to formula
(T(°C)= -2.15*D1-FWHM+478) proposed by Kouketsu
et al (2014) for low-grade metamorphic rock is between
280.2-284.5°C. These temperatures are similar to those of
thermally altered coals and are not in agreement with the
%Rr and T, values of the samples. Nevertheless, recent
studies have shown that the G band is more reliable with
rank, and using the G-FWHM for temperature determination
might be more accurate for medium-rank coals (Hackley
and Liindsdorf, 2018; Guedes et al, 2010; Hinrichs et al,
2014). Besides, the G-FWHM can also be correlated with
the T, values (Guedes et al., 2010; Hinrichs et al., 2014).
In agreement, the %Rr and G-FWHM of the samples
displayed strong negative correlations ( ). Although
correlating Raman spectroscopy results could be affected
by several factors, such as the polishing technique and laser
beam type, another correlation is applied to obtain a more
accurate estimation using calculated T, values according
to %Rr and G-FWHM values of collotelinite particles
with %0.69-0.81, as reported by Guedes et al (2010).
This correlation suggests that the calculated T, values
(Tpea=-2.9512*G-FWHM+339.47) for the samples from
the Kurtkdy coalfield were between 113 and 120°C (

). Hence, the studied coals seem to have experienced
significantly lower maximum temperatures than their
counterparts in the central parts of the Zonguldak Basin.
Further micro-Raman spectroscopy studies from other
parts of the basin should be conducted in the future to
better understand the geothermometer estimations at the
basin scale.

As mentioned previously, the coal-bearing Late
Carboniferous sequences in the basin experienced several
orogenic movements during the Late Palaeozoic (Variscan
orogeny) and Late Mesozoic—Cenozoic (Alpine orogeny).
Thus, coal-bearing Late Carboniferous sequences were
deformed and thrusted over during post-coalification,
particularly in the central (e.g. Kozlu and Karadon
coalfields) and eastern parts (e.g. Amasra coalfield) of the
basin. Furthermore, the coal seams in the northern parts of
the Zonguldak Basin have deeper recent burial depths than
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FIGURE 7. Representative micro-Raman Spectra for collotellinite grains from samples SO-7, -9 and -14. Baseline not corrected.

FIGURE 8. Representative micro-Raman spectra of collotellinite grain from SO-7; fitted and baseline corrected.
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FIGURE 9. Correlations between A) G-FWHM (cm) vs. %Rr and B) G-FWHM (cm?) and calculate T, values using %Rr data.

those in the southern and South-eastern parts of the basin,
where the studied coalfield is located (Karayigit, 1992,
2001, 2003). As expected, the reported %Rr values of the
Serpukhovian—Bashkirian coal seams in the Alacaagzi
Fm. from the northern parts of the Zonguldak Basin
range between 1.18-1.52% (Karayigit, 1992; Karayigit
et al, 2018a, 2018b; Yalgin et al, 2002). As a result,
the rank of Serpukhovian—Bashkirian coal seams in the
northern parts of the Zonguldak Basin is generally higher
than those of other coal-bearing formations in the basin.
Nevertheless, the %Rr values of the studied Serpukhovian—
Bashkirian coals indicate that the degree of coalification
is significantly lower than that of their counterparts in the
northern parts of the basin. Furthermore, the %Rr values
of the studied Serpukhovian—Bashkirian coals are close to
those of the Duckmantian—Asturian coal seams (Karadon
Fm.) in the northern parts of the Zonguldak Basin and
the Langsettian coal seams (Kozlu Fm.) in the Amasra
coalfield (Karayigit, 1992; Karayigit et al, 1998, 2018b;
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Yal¢cin et al, 2023). Overall, the studied coal seams-
bearing Serpukhovian—Bashkirian sequences presumably
were not severely affected by the Alpine Orogeny than the
other Serpukhovian-Bashkirian coal seams in the basin.
Therefore, the studied Serpukhovian—Bashkirian coals have
relatively shallow recent burial depths and lower degree of
coalification than their counterparts in the basin. This data
also implies that the tectonic deformation and heat flow of
coal-bearing sequences in the Zonguldak Basin might not
be similar across the entire basin.

Provenance of Minerals

The mode of occurrence of minerals in coal could
be useful for the estimation of depositional conditions,
sediment input source area during peat accumulation,
and the chemistry of circulated fluids within coal seams
during coalification (Ward, 2002; Dai et al, 2020).
Although determining the timing of mineral formation

|14 |

e =R B N N T

QN U bR AR B R R D R R D WL LW W W W WL LW WR NN NN NN = = e e
DR OO =~ 3 0 U EOULD~O0 0 I EIDRL =0V IR KON~ 0 A0 N & W



O 0 N N B WD —

LML B B R AR BB DR R W LWL W W W W LW WR NN NN RN NN S = e e e e
[ I ORI R BV R SN o NIV VORI TR SRV S SNt TS SR S U R T S Vo S BN T o NI D O OV I S S o S Vo S - R S > N U SO SU C RSN

R.G. Oskay

and emplacement is challenging, the petrographic and
SEM-EDS data of the samples imply that the identified
minerals seem to be mainly derived from clastic and/
or contemporaneous volcanic inputs and authigenic
precipitation within palaeomires and/or during peatification
(syngenetic), and coalification and weathering processes
(epigenetic).

Quartz and clay minerals, particularly kaolinite, were
the most commonly detected minerals in the samples.
The SEM-EDS observations showed that quartz/silica and
feldspar grains were mostly identified as individual grains
within the clay mineral matrix ( ). Such individual
grains within the clay mineral matrix are generally related
to clastic inputs into palacomires and/or epiclastic and/or
contemporaneous volcanic inputs in the Zonguldak Basin
(Bohor and Triplehorn, 1993; Dai et al., 2017, 2020; Ward,
2002, 2016). Previous studies from the Late Carboniferous
coal seams and coal-bearing sequences from the central
parts of the Zonguldak Basin showed that quartz/silica,
feldspars, apatite, biotite, chlorite, Ti-oxides, and zircon
grains were also commonly observed within kaolinitic
matrices and rarely within illitic matrices (Karayigit et
al., 2018a, b). The former associations within kaolinitic
matrices have also been identified in the tonstein layers of
the Amasra and Zonguldak coalfields (Burger et al, 2000;
Karayigit et al, 2022). Considering the co-existence of
quartz and feldspar grains with biotite, chlorite, Ti-oxides,
and zircon within the kaolinitic matrices of the studied
samples, they were mainly derived from contemporaneous
and/or epiclastic volcanic inputs into the paleomire during
the Late Carboniferous. Nevertheless, quartz/silica grains
within illitic matrices also imply that quartz/silica could be
derived as clastic inputs from pre-Carboniferous basements.
As mentioned above, kaolinite is mostly identified as a
matrix of clay mineral aggregates and, to a lesser extent,
as vermicular grains during SEM-EDS studies (

). Such occurrences have also been reported in tonstein
layers within Late Carboniferous coal seams and sequences
(Burger et al, 2000; Karayigit et al, 2022). It is well
documented that when contemporaneous and/or epiclastic
volcanic inputs were altered within palaeomires, their
alteration by-products could be variable depending on the
pH of mire water and/or hydrogeological conditions (Bohor
and Triplehorn, 1993; Dai et al, 2017). The existence
of kaolinitic matrices and vermicular kaolinite grains
is generally related to weak acidic to neutral conditions
under open hydrogeological conditions. In such conditions,
liberated ions, except AI** and Si*, from alterations of
volcanic inputs (e.g. air-fall ash or tephra) and/or epiclastic
volcanic inputs were prone to transfer to outside of mire
conditions, and kaolinitic matrices and vermicular
kaolinite grains were authigenically precipitated from Al-
and Si-rich solutions within the palaecomires and/or during
peatification (Dai ef al, 2017; Spears, 2012). This could
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also explain the lack of characteristic bands for kaolinite in
the FTIR spectra of the samples, which implies disordered
nature for kaolinite and epiclastic volcanic input origin
(Zhao et al, 2012). Thus, kaolinite in the studied samples
could have syngenetic origin. Furthermore, cell-lumen and
cleat/fracture kaolinite infillings were also identified during
the SEM-EDS studies ( ; ), implying that
kaolinite could also be derived from the precipitation of Al-
and Si-rich pore water during the late stages of peatification
and/or circulated hydrothermal fluids during coalification.
Hence, kaolinite also has partial epigenetic origin in the
samples.

Chlorite and illite were the other clay minerals detected
in the samples. The SEM-EDS data indicate that chlorite
is observed as lath-shaped grains ( ) and rarely
as cell-lumens infillings ( ). Furthermore,
chlorite grains in the samples were Fe-rich (chamosite).
Lath-shaped chlorite grains are presumably related to the
alteration of contemporaneous and/or epiclastic volcanic
inputs, while cell-lumen infillings are presumably the
precipitation of Fe-, Mg-, and Si-rich pore water during the
late stages of peatification and/or the late diagenetic stages.
On the other hand, the lack of NH,-illite and pyrophyllite
within cell lumen infillings, according to the SEM-EDS
data, suggested that the circulating fluids did not reach
either sufficient temperature or were Si-rich to convert
cleat/fracture kaolinite infillings into chlorite, NH,-illite,
and pyrophyllite (Zhao et al., 2018). Therefore, cell lumen
chlorite infillings in the samples seem to have developed
from circulating pore waters within seams and precipitated
during the late diagenetic stages and/or initial stages of
coalification.

Illite in the samples comprised matrices of clay mineral
aggregates ( ) and is generally considered as
clastic input into palaeomires (Siavalas et al, 2009; Ward,
2002).Inthestudied samples, the SEM-EDS datashowed that
the illitic matrices were presumably not pure mica. Similar
observations were also reported in detailed clay mineralogy
studies from Late Carboniferous coal-bearing sequences in
the Zonguldak coalfields (Karayigit, 1991; Karayigit et al.,
2022) and illites in the Late Devonian—Early Carboniferous
(Tournisian—Visean) Yilanli Fm. have compositions similar
to phengite and/or muscovite (Bozkaya ef al, 2016). The
detailed clay mineralogy along with oxygen (3'80) and
H (8D) isotope data from Devonian—Early Carboniferous
illites suggested that illitization of K-bentonite occurred
during the Variscan and Cimmerican orogenies (Permian
to Early Jurassic). However, illite and interstratified Illite/
Smectite (I/S) in Late Carboniferous coal seams and clayey
sedimentary rocks seem to have originated from clastic
inputs and the transformation of detrital interstratified clay
mineral matrices into I/S during diagenesis (Arostegui
et al, 2019; Deon et al, 2022; Karayigit et al, 2022).
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Ti-oxide

50 pm
MTA

Brt with
traceable Sr

FIGURE 10. SEM backscattered images of crystalline (SEM-BSE) phases in the studied samples (A and C from SO-15 and B and D from SO-4).
A) Chlorite (Chl), lllite/Mica (I/M) and Quartz (Qz) grains associated with lllitic (llt) clay aggregate; B) Kaolinite associated with illite, illite/mica,
plagioclase, quartz, Ti-oxide and zircon granis; C) Kaolinitic aggregate and barite; D) Quartz grains associated with illitic clay aggregate, and
epigenetic barite with traceable Sr. (Abbreviations: Brt: Barite, llt: lllite, I/M: lllite/Mica, Kin: Kaolinite, Pl: Plagioclase, Qz: Quartz, Zr: Zircon).

Nevertheless, burial depths and palaeotemperatures of the
coal seams should be between 2400 and 3700m and 120-
160°C, respectively, for a such transformation. Considering
the calculated T, temperature of working coal seams and
the minor existence of I/S in the XRD-clay fraction, the
studied coal seams did not reach either sufficient burial
depths and/or paleotemperature for I/S transformation,
like the other Late Carboniferous coal seams in the central
parts of the Zonguldak Basin. This is also evident from the
significantly lower degree of coalification in comparison
with the other Serpukhovian—Bashkirian coal seams in
the central parts of the Zonguldak Basin. These results

Geologica Acta, 23.16, 1-31 (2025)
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suggest that the studied Serpukhovian—Bashkirian coals
could not reach sufficient heat flow and/or burial depths
in order to transform interstratified clay mineral matrices
into I/S during coalification. This might also be another
piece of evidence for the samples, presumably not affected
densely by orogenic movements after the Permian in the
Zonguldak Basin. Thus, they did not experience high heat
flows, similar to other Late Carboniferous coal seams in the
central parts of the basin.

Possible Mn-bearing illitic matrices were also observed
in the outcrop samples during the SEM-EDS studies (
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FIGURE 11. SEM backscattered images of crystalline (SEM-BSE) phases in the studied sample (A and C from SO-15 and E from SO-2). A) Cleat/
fracture pyrite and Fe-dolomite/ankerite infillings, and cell-lumen kaolinite infillings; B) SEM-EDX spectra of kaolinite at spot-1 in image A; C) Cleat/
fracture calcite infillings, and cell lumen chlorite infillings; D) SEM-EDX spectra of chlorite at spot-2 in image C; E) Mn-bearing illite with possible
Fe-oxide intrusion; F) SEM-EDX spectra of Mn-bearing illite and Fe-oxide at spot-3 in image E (Abbreviations: Cal: Calcite, Chl: Chlorite, Fe-Dol/Ank:
Fe-Dolomite/Ankerite, llt: lllite, KIn: Kaolinite, OM: Organic Matter, Py: Pyrite).

). Such high Mn-bearing illitic matrices have not reported in altered coal seams and sediments of coal mine
been previously reported from coal seams in the Zongludak ponds. Since illite has Mn exchange capacity, the liberated
Basin. Nevertheless, Mn-bearing illite matrices have been Mn?** from the alteration of Mn-bearing minerals (e.g.
Geologica Acta, 23.16, 1-31 (2025) [17 ]
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euhedral pyrite grains) can be taken up by illitic matrices
(Bansal, 1983; Larsen and Mann, 2005; van Groeningen ef
al., 2020; Wang et al.,, 1993). Considering the presence of
oxidized pyrite grains and Fe-oxides in the outcrop samples,
the Mn?** ions liberated from the surface weathering of
pyrite grains might be taken up by illitic matrices during
surface weathering.

Carbonate minerals in the samples were generally
calcite, while Fe-bearing dolomite, ankerite, and siderite
were rarely identified during the SEM-EDS studies (

). In addition, carbonate minerals were mostly observed
as cleat/fracture infillings ( ; ; 14), and, to
a lesser extent, cell-lumen infillings ( ). Such
infillings are generally related to the precipitation of Ca-
and Mg-rich hydrothermal fluids and/or circulating pore
water within coal seams (Dawson et al, 2012; Ward,
2016). Similarly, cleat/fracture carbonate infillings have
also been reported in the Late Carboniferous coal seams in
the Zonguldak Basin (Karayigit et al., 2018a, b). The SEM-
EDS data also showed that calcite contained measurable
amounts of Mn and Fe. The sources of Ca, Mg, Fe, Mn,
and CO, in circulating fluids within the studied coal seams
might be hydrothermal solutions in the basin; however,
cleat/fracture carbonate infillings were mostly observed
within the brecciated vitrinite particles, and no magmatic
dykes and sills were reported from the vicinity of the study
area. Nevertheless, tectonic deformation during and/or after
coalification could also allow the penetration of leached

Coal properties of Carboniferous Kurtkdy coals (Zonguldak, NW Tirkiye)

solutions from overlying Mesozoic carbonates into the
studied coal seams (Dawson et al., 2012; Xie et al., 2019);
hence, cleat/fracture carbonate infillings are presumably
mainly derived from the precipitation of Ca, Mg, Fe,
and Mn-bearing solutions from penetrated hydrothermal
solutions and/or leached solutions from overlying Mesozoic
carbonates via faults in the study area. Cell-lumen carbonate
infillings, on the other hand, were mostly pure CaCO; and
rarely Fe-dolomite/ankerite; therefore, these infillings were
presumably formed from the precipitation of Ca-rich pore
waters during the late peatification and/or late diagenetic
stages. Siderite micronodules have been commonly
reported in the Late Carboniferous coal seams and coal-
bearing sediments in the Zonguldak Basin (Karayigit et
al., 2018a, b, 2022); contrary, siderite was only detected
as cleat/fracture infillings in the samples ( 113D;

). The lack of syngenetic siderite micronodules in the
studied samples could be an indicator of relatively lower
pH conditions in the paleomires (Passey, 2014; Shen et al.,
2023); in turn, syngenetic carbonate mineral precipitation in
the paleomires was limited. Overall, the carbonate minerals
in the samples mainly have an epigenetic authigenic origin
and a minor syngenetic authigenic origin.

Pyrite was the only sulphide mineral detected in the
samples, whereas chalcopyrite was also an accessory
sulphide mineral phase in the samples ( ). Clustered
bodies of framboidal pyrite grains along with individual
framboidal pyrite grains were commonly observed in
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FIGURE 12. SEM backscattered images of crystalline (SEM-BSE) phases in sample SO-12. A) Cleat/fracture calcite infilling and cell-lumen calcite
and kaolinite infillings; B) Enlarged image of selected area in image a; SEM-EDX spectra of C) Cleat/fracture calcite infilling at spot-1 and cell lumen
kaolinite infilling at spot-2 in image C (Abbreviations: Cal: Calcite, Kin: Kaolinite, OM: Organic Matter).
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FIGURE 13. SEM backscattered images of crystalline (SEM-BSE) phases in the studied samples (A, C, D and F from SO-12, and B and E from
S0-15).; A-C) Cleat/fracture calcite and pyrite infillings within brecciated vitrinite grains; D) Cleat/fracture chalcopyrite, Fe-dolomite/ankerite and
siderite infillings; E-F) Cell lumen calcite and Fe-Dol/Ank infillings (Abbreviations: Cal: Calcite, Ccp: Chalcopyrite, Fe-Dol/Ank: Fe-Dolomite/Ankerite,
OM: Organic Matter, Py: Pyrite, Sd: Siderite).
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both outcrop and working coal seam samples during the
SEM-EDS studies ( ), and cleat/fracture pyrite
infillings are also observed in the working coal seam
samples ( ; ; 16). These observations
show that framboidal pyrite grains in the studied samples
were formed authigenically under anoxic conditions
within the paleomires and/or early diagenetic stages.
Besides, cleat/fracture pyrite infillings were commonly
reported in the Late Carboniferous coal seams in the basin
(Karayigit et al, 2018a, b). These cleat/fracture infillings
seem to have formed during the epigenetic stages due to

Coal properties of Carboniferous Kurtkdy coals (Zonguldak, NW Tirkiye)

the precipitation of Fe- and sulphate-rich hydrothermal
fluids and/or circulating pore waters within coal seams.
Their co-occurrence with epigenetic carbonate minerals
in brecciated vitrinite grains ( ; ; ) and
calculated T, temperatures imply that the source of
sulphate-rich solutions could originate from both penetrated
hydrothermal solutions and/or leached solutions during the
deposition of Mesozoic marine carbonates via faults in the
study area. In addition, the rare existence of oxidised pyrite
grains and pyrite relicts with Fe-oxide and Fe-sulphate
compositions in the outcrop samples ( ), cleat/
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FIGURE 14. SEM backscattered images of crystalline (SEM-BSE) phases in the studied samples (A from SO-12, and C and E from SO-15). A) Cleat/
fracture calcite and pyrite; B) SEM-EDX spectra of cleat/fracture calcite infilling at spot-1 in image A; C) Cleat/fracture Fe-dolomite/ankerite and
pyrite infillings; D) SEM-EDX spectra of cleat/fracture Fe-dolomite/ankerite infilling at spot-2 in image C; E) Cleat/fracture siderite and pyrite infillings;
F) SEM-EDX spectra of cleat/fracture siderite infilling at spot-3 in image E (Abbreviations: Cal: Calcite, Fe-Dol/Ank: Fe-Dolomite/Ankerite;

OM: Organic Matter; Py: Pyrite and Sd: Siderite).
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FIGURE 15. SEM backscattered images of crystalline (SEM-BSE) phases in the studied samples (A and C from SO-7, B from SO-15, C from SO-2).
A-B) Framboidal pyrite grains associated with illite and organic matter; C) Pyrite relict with Fe-oxide composition with clay mineral aggregates and
Fe-oxide cleat/fracture infillings; D-E) Cleat/fracture pyrite and calcite infillings, and cell-lumen kaolinite () and chlorite infillings (Abbreviations: Cal:
Calcite, Chl: Chlorite, CM: Clay Minerals, IIt: Illite, KIn: Kaolinite, OM: Organic Matter, Py: Pyrite).

fracture Fe-oxide infillings, and honeycomb-like Fe-oxide
nodules also indicate that source Fe and sulphate ions might
also be leached solutions from oxidised sulphide minerals.
Nevertheless, their contributions could be very limited
since there is a possibility that the oxidation of sulphide
minerals might have formed more recently. Chalcopyrite
was detected as individual grains within organic matter
and/or clay mineral matrix during SEM studies ( ).
These observations show that chalcopyrite is derived as
clastic input from epiclastic and/or contemporaneous
volcanic inputs within the palacomires.
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Barite was the only identified sulphate minerals in
the samples during the SEM-EDS studies. As mentioned
above, Fe-sulphate composition pyrite relicts were also
observed in the outcrop samples during the SEM studies
( ), which were formed from the surface oxidation
of framboidal and single-crystal pyrite grains. Barite was
observed as cleat/fracture ( ) and contained
measurable amounts of Sr and Fe by SEM-EDS. This
mode of occurrence is mostly related to the epigenetic
precipitation of Ba- and sulphate-bearing hydrothermal
solutions and/or circulating pore water within coal seams
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FIGURE 16. A, D) SEM backscattered images of crystalline (SEM-BSE) phases in the studied samples (A from SO-7 and D from SO-15). SEM-EDX
spectra of B) pyrite with traceable As at spot-1 in image A. C) Cell-lumen chlorite infilling at spot-2 in image A. E) Cleat/fracture pyrite infilling at
spot-3 in image D. E) Cleat/fracture pyrite with traceable As at spot-4 in image D (Abbreviations: Cal: Calcite, Chl: Chlorite, OM: Organic Matter).

(Dawson et al., 2012; Zhou et al., 2022). Moreover, the
liberated Ba?* and Sr** ions from the alteration of feldspar
grains within clay mineral matrices during the late
diagenetic stages could also be another source (Celik ef al.,
2021), which could also explain the existence of Se-bearing
barite cleat/fracture-infillings around clay mineral matrices
in the studied samples. Although the paragenesis of cleat/
fracture barite infillings could be variable, barite seems to
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have formed from authigenic precipitation during the late
diagenetic and/or more possibly epigenetic stages.

Besides apatite, REE-bearing goyazite is another
phosphate mineral identified during the SEM-EDS studies
( ). Although it was detected in one sample (SO-
15), goyazite-gorceixite-crandallite group minerals in coal
could be related to the low pH or water table within the
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FIGURE 17. A) SEM backscattered images (SEM-BSE) of cell-lumen infillings from sample SO-15. SEM-EDX spectra of B) REE-bearing goyazite at
spot-1, C) calcite with traceable Mg, Sr, Mn and Fe at spot-2 and D) apatite at spot-3 (Abbreviations: Cal: Calcite, OM: Organic Matter).

palaecomires under oxic conditions (Dai et al., 2015, 2020).
Previous studies from the Late Carboniferous seams have
not reported the presence of goyazite-gorceixite-crandallite
to date, which might suggest that the palacomires of the
studied seams may have experienced short-term oxidation
or low water table conditions. The relatively high total
inertinite content of the samples also supports this
assumption; however, previous palynological studies from
the Serpukhovian—Bashkirian coal seams in the Zonguldak
Basin reported humic climatic conditions during peat-
forming periods (Akgiin and Akyol, 1992).

Furthermore, the existence of inertodetrinite and
fusinite macerals within the humic matrix of collodetrinite
could suggest an allochthonous origin of inertinite macerals
(Dai et al., 2020; Scott and Glasspool, 2007). Nevertheless,
goyazite-gorceixite-crandallite group minerals could also
form reactions between Al, Ca, and B which were leached
from the alteration of contemporaneous and/or epiclastic
volcanic inputs within the palaeomires under pH conditions
between 3.3 and 4.6 (Bohor and Triplehorn, 1993; Rao and
Walsh, 1997, 1999). Taking into account that tonstein layers
within the Late Carboniferous coal seams in the Zonguldak
Basin are commonly observed, and the presence of REE-
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bearing goyazite in tonstein layers (Burger ef al, 2000;
Karayigit et al, 2022), REE-bearing goyazite in sample
SO-15 seems to have been formed by reactions between
liberated Al and P from the alteration of contemporaneous
and/or epiclastic volcanic inputs during peatification under
acidic conditions. This could also explain its co-existence
within apatite and calcite cell-lumen infillings in sample
SO-15 ( ).

Polymineralic infillings were commonly reported from
other Late Carboniferous coal seams in the Zonguldak
Basin and displayed similar mineral paragenesis with
hydrothermally affected coal seams (Karayigit et al,
2018a, b), whereas monomineralic infillings were more
common in the samples. The SEM-EDS observations show
that monomineralic cleat/fracture infillings are mostly
composed of carbonate minerals and pyrite and, to a
lesser extent, kaolinite, chlorite, and barite ( ;

; ; ; ), while polymineralic cleat/
fracture infillings are mainly composed of pyrite-carbonate
minerals (mostly calcite, and rarely Fe-dolomite/ankerite
siderite) associations ( ; ) and rarely
Fe-dolomite/ankerite-siderite associations ( ).
Monomineralic kaolinite and chlorite cell-lumen and
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cleat/fracture infillings ( ; ; ) could
imply that these infillings seem to have been developed
from the precipitation of Al and Si-bearing circulated
fluids during the late diagenetic stages and/or epigenetic
stages. However, the presence of kaolinite and chlorite
monomineralic infillings within the organic matter could
also suggest that the precipitation of Al-, Mg-, and Si-rich
circulated fluids within the palacomire could have occurred
during the late stages of peatification. As mentioned
above, the paragenesis of barite monomineralic cleat/
fracture infillings ( ) might not be clear; such
monomineralic infillings were presumably formed during
either the late stages of peatification and/or epigenetic
stages. Previous studies have reported that sulphide and
carbonate mono- and polymineralic infillings are mainly
related to the precipitation of initial hydrothermal solutions
originating from post-Carboniferous dykes and sills in
the basin (Karayigit et al, 2018a, b). The calculated T,
values also imply possible hydrothermal fluids affecting
the studied seams; however, the sources of Ca, Mg, Fe,
sulphate, and CO, seem to be slightly different from those
in other parts of the basin since dykes and sills were not
observed in the study area, and polymineralic infillings
were not common. In the studied samples, monomineralic
carbonate and sulphide, and polymineralic carbonate-pyrite
cleat/fracture infillings were mostly observed in brecciated
vitrinite-bearing samples ( ; ; ), which
implies that post-coalification tectonic deformation created
space for circulating fluids or pore water within coal seams.
Thus, fluids leached from overlying Mesozoic marine
carbonates via faults precipitated in the cleat/fractures of
the studied seams. All these also indicate that the studied
Serpukhovian—Bashkirian coals are not as densely affected
by heat flow and/or hydrothermal fluids as their counterparts
in the northern and central parts of the Zonguldak Basin.
Thus, mineral paragenetic sequences in cleat/fractures
are slightly different from tectonically affected deeper
Serpukhovian—Bashkirian coal seams in the northern and
central parts of the Zonguldak Basin.

Hydrocarbon generation potential

During the last two decades, the source rock potential
of humic coals has been discussed in detail, and several
studies have been conducted on the accuracy of the Rock-
Eval pyrolysis analysis of humic coals (e.g. Karayigit et
al., 2021; Petersen, 2006; Sykes and Snowdon, 2002; Yang
and Horsfield, 2020). These studies show that the maceral
compositions, thickness of coal seams, H contents, and
ranks are key parameters for the hydrocarbon generation
potential of humic coal seams. Nevertheless, maceral and
mineralogical compositions could affect the programmed
pyrolysis process, in turn, misinterpretations of hydrocarbon
generation estimations could develop. The ultimate and
petrographic analyses suggest that the studied working
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coal seams might have hydrocarbon generation potential,
similar to other coal seams in the Zonguldak Basin (e.g.
Kara-Giilbay et al, 2019; Karayigit et al, 1998, 2018a,
b; Unal-Kartal and Karadirek, 2024; Yal¢gin et al., 2002).
As a traditional approach, the samples were plotted on
pseudo-van Kreveln and HI-T,,, diagrams. The plotting
data on the pseudo-van Kreveln diagram shows that type-
II kerogen (liptinite) is common in the analysed samples;
however, this data is not in agreement with maceral
compositions, which implies the predominance of mixed
type III-II (vitrinite-liptinite) kerogen compositions (

). This difference could be related to the relatively low OI
values of the analysed samples. Nevertheless, the plotting
data on the HI-T,,, diagram is increasingly in agreement
with maceral compositions, and the analysed samples are
plotted on mixed type III-II (vitrinite-liptinite) kerogen and
mixed type II-III (liptinite-vitrinite) kerogen areas ( ).
The plotting data also implies that the analysed samples are
oil-prone. The previous studies show that Serpukhovian—
Bashkirian and Langsettian coal seams in the Zonguldak
Basin are mostly condensate-wet gas windows, while
Duckmantian—Asturian coal seams are gas-prone (Kara-
Giilbay et al, 2019; Karayigit et al, 2018b; Unal-Kartal
and Karadirek, 2024; Yalcin et al, 2002). This implies that
the samples may be sufficiently mature to produce liquid
hydrocarbons. Since the HI values are higher than 200mg
HC/g TOC, the analysed samples could be oil-prone.

It is well known that the HI values for humic coals
could be problematic for source rock assessments due to
the presence of H-rich huminite/vitrinite macerals and/or
mineral matter (e.g. clay minerals) (Petersen, 2006; Sykes
and Snowdon, 2002; Yang and Horsfield, 2020). Considering
that the analysed samples are of bituminous rank, the
influence of H-rich huminite macerals is not possible. Clay
minerals are, on the other hand, the predominant mineral
matter in the analysed coals, and S, peak measurements
might be affected by the breakdown of the OH group in
clay minerals during pyrolysis. Additionally, in some cases,
the high total S contents and pyrite could also affect the S,
peak measurements (Petersen, 2006). Therefore, Rock-Eval
pyrolysis parameters, particularly the HI values, should be
evaluated with caution. Considering the presence of —-OH
groups in the FTIR spectra of analysed samples and high
S contents of the sample, HI values of the samples might
be affected by —OH groups in clay minerals and pyrite
grains in the samples. Contrary, the total S contents and
clay mineral contents on a whole-coal basis do not display
any meaningful correlations with S,, T, .., and HI values,
which implies that relatively high HI values are not related
to the impact of mineral matter on the pyrolysis process.
Furthermore, breakdown of H-rich organic compounds
(e.g. carboxyl and hydroxyl) in humic coal could also affect
S, peak measurements and cause relatively low HI values
(Karayigit et al, 2021; Petersen, 2006). The presence of

|24 |

O 00 N N L A W N —

L L Lt b i b R R bR A DR R bR DR B W W LW WL WL W LWRN N NN NN e e e e e e e e
D A W NN = O 0 0 3 L A WD~ O VW X I AN N H WP — O OV 0 3 O i A WD~ O VOV o 3 it B W N~ O



O 0 N N B WD —

LML B B R AR BB DR R W LWL W W W W LW WR NN NN RN NN S = e e e e
[ I ORI R BV R SN o NIV VORI TR SRV S SNt TS SR S U R T S Vo S BN T o NI D O OV I S S o S Vo S - R S > N U SO SU C RSN

R.G. Oskay

board bands around 2900cm™ in the FTIR spectra could
be indicator of H-rich compounds in the samples (Chen
et al., 2013). Therefore, calculated HI values from Rock-
Eval pyrolysis data of the samples should be recalculated.
To overcome possible influences on S, peak measurements,
the effective HI and HI,, values of the samples were
calculated according to Sykes and Snowdon (2002) and
Petersen (20006), respectively ( ).

The calculated effective HI values using the modified
HI-T,, diagram values are again higher than 200mg
HC/g TOC, and the samples are in the early oil generation
zone ( ). Similarly, the HI,,, values are calculated
between 235-290mg HC/g TOC, which implies oil
generation potential ( ). Although the calculated
HI, . values are higher than 200mg HC/g TOC, none of the
samples are located in the early oil generation zone in the
%VR-HI diagram. All these imply that the studied samples
are the on-set of oil-generation potential; however, liquid
hydrocarbon generation seems to be very limited due to the
rare existence of exsudatinite maceral and low Oil Saturation
Index (OSI) values (3.5-6.0mg HC/g TOC) of the samples.
Furthermore, the PI (0.01-0.02), QI (2.2-2.9), and BI
(0.03-0.06) values also suggest that the analysed samples
are mainly gas-prone ( ), like the Duckmantian—
Asturian coal seams in the basin (Kara-Giilbay ef al., 2019;
Karayigit et al., 2018b; Unal-Kartal and Karadirek, 2024).
Considering the predominance of vitrinite group macerals
in the studied samples, the existence of disseminated
liptinite macerals within the humic matrix of detrovitrinite
macerals, increased S, and HI values are expectable (

). Hence, the analysed samples display high S,, HI,

and T,,,, values, similar to those of oil-prone humic coal.

The analysed Serpukhovian—Bashkirian coals from
the Kurtkoy coalfield display slightly higher OI (4-6mg
CO,/g TOC) values, and relatively lower TOC (48.0-
58.3%) contents and T, values than the Serpukhovian—
Bashkirian coal seams cored in the deep research wells in
the northern parts of the Zonguldak Basin (Yalcin et al,
2002). The differences in OI values may be related to the
mineralogical compositions of the analysed samples from
the Kurtkdy coalfield. Considering the common presence
of cleat/fracture carbonate infillings in the analysed
samples, their breakdown during pyrolysis could affect the
S; peak measurement (Karayigit ef al, 2021; Lafargue et
al., 1998); in turn, the OI and MINC values of the samples
were elevated. This could have also caused relatively lower
TOC. The slightly lower T, values are controlled by the
relatively lower degree of coalification of the studied coals
than those cored in the deep research wells in the northern
parts of the Zonguldak Basin. The HI values of the samples
are significantly higher than those of Serpukhovian—
Bashkirian coal seams from the northern parts of the basin
and show similar HI values to those of Langsettian and
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Duckmantian—Asturian coal seams within the Kozlu and
Karadon fms. (Kara-Giilbay ef al, 2019; Karayigit ef al.,
2018b; Yalcin et al, 2002, Unal-Kartal and Karadirek,
2024). Since the coalification degree and total liptinite
contents of Serpukhovian—Bashkirian coals in the Kurtkoy
coalfield are close to those of coal seams within the Kozlu
and Karadon fms., similar HI values could be expected.
The higher HI values of the samples could be related to
their relatively lower coalification in comparison with their
Serpukhovian—-Bashkirian counterparts in the northern
parts of the basin, where liptinite contents are very low and
were emostly observed as relics (Karayigit et al, 2018a,
b). In contrast, liptinite macerals in the studied samples
displayed a relatively higher orange fluorescent colour, and
cytoplasm spore-fillings were preserved. Therefore, H-rich
lipid compounds presumably still existed in the samples;
consequently, the HI values of the studied samples are
relatively higher than their counterparts in the northern
parts of the basin. Overall, the differences in the Rock-Eval

FIGURE 18. Plot of studied samples on modified A) HI-Tmax diagram
(after Sykes and Snowdon, 2002) and B) HI-VR diagram (after
Petersen, 2006).
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pyrolysis data between the studied coal seams and their
counterpart Serpukhovian—Bashkirian coal seams in the
northern parts of the Zonguldak Basin could be controlled
by their degree of coalification.

CONCLUSIONS

The studied Serpukhovian—Bashkirian coals within the
Alacaagzi Fm. in the Kurtkdy area (SE Zonguldak Basin)
display rank differences compared with their counterparts
in the northern parts of the basin. The studied working
seams are of bituminous C (medium-rank C). Their %Rr
(0.76-0.78%=0.02) values are generally lower than other
Serpukhovian—Bashkirian coal seams in the northern parts
of the basin. The relatively low %Rr values of the studied
seams in comparison with other Serpukhovian—Bashkirian
coal seams within the Alacaagzi Fm. are presumably related
to their relatively lower recent burial depths. This relatively
lower rank is also evident with the slightly low T, (113-
127°C) values and the existence of possibly preserved
cytoplasm spore-filling within the macro-sporinites. Hence,
this may allow for the preservation of H-rich compounds in
the seams. In turn, their HI (221-288mg HC/g rock) values
could easily may imply a mixed hydrocarbon generation
potential. However, the relatively low OSI values and rare
existence of exsudatinite suggest only gas generation
potential.

The authigenic syngenetic mineral formation in the
studied seams was controlled by redox conditions and
epiclastic and/or synchronous volcanic inputs into the
palaoemires. Tectonic deformations in the Zonguldak
Basin after the Late Carboniferous appear to have caused
the formation of brecciated vitrinite grains and created
space for the circulation of Ca- and Si-rich pore water
and/or hydrothermal fluids within the studied coal seams.
Thus, authigenic epigenetic carbonate minerals (e.g. calcite
and Fe-dolomite/ankerite) and to lesser extent pyrite and
kaolinite formation occurred within the cleats/fractures of
the studied seams. The cleat/fracture carbonate infillings
also caused relatively higher volatile matter contents in the
studied seams. Overall, the rank and maturity of the studied
seams are controlled by post-coalification regional tectonic
movements, while mineralogical compositions seem to
be controlled by both depositional conditions within the
palaecomires and circulated fluids within the cleat/fracture
of the coal seams, which were likely created by tectonic
deformation.
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