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A B S T R A C T 

 

This study presents an integrated petrographic and mineralogical evaluation of Carboniferous-aged sandstone units from the Zonguldak 
Basin, located in northwestern Turkey. A total of four representative samples from the Kozlu, Armutçuk, Üzülmez, and Karadon formations 
were analyzed through thin-section petrography and X-ray Diffraction (XRD) techniques to investigate their compositional characteristics, 
provenance signatures, and depositional environments. Petrographic analysis revealed that the majority of the samples fall into Feldspathic 
Litharenite, Arkose and Lithic Arkose categories, based on Folk’s sandstone classification scheme. The dominance of quartz and feldspar, 
alongside lithic fragments derived from felsic igneous and high-grade metamorphic sources, suggests deposition under tectonically active 
conditions with limited chemical weathering and short sediment transport distances. XRD analyses confirmed the presence of quartz, feldspar, 
clay minerals (illite, muscovite), and minor calcite. The diffraction patterns exhibit sharp peaks for quartz and feldspar, indicating well-
crystallized detrital grains, whereas broader peaks for clay minerals imply diagenetic alteration during burial. Grain size assessments indicate 
a wide spectrum ranging from fine- to coarse-grained textures, which points to fluctuating depositional energies—likely controlled by fluvio-
deltaic processes in an actively uplifting basin margin. The presence of angular lithic fragments and feldspar-rich assemblages supports a 
provenance associated with nearby orogenic highlands. These findings are consistent with previous tectonic reconstructions that associate the 
Zonguldak Basin with the closure of the Intrapontide Ocean and collisional events during the Paleozoic–Mesozoic transition. Overall, this 
study provides significant insights into the sedimentary and tectonic evolution of the Zonguldak Basin and contributes to a better 
understanding of the basin's geodynamic history and sedimentary processes. 
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1. Introduction 

The Zonguldak Basin, as Turkey’s only hard coal basin, is part of the 
Pontide tectonic unit and corresponds to the avant-fosse (foredeep) 
section of the Alpine orogenic belt [1]. The basin represents a unique 
geological setting that provides crucial insights into the Paleozoic-
Mesozoic tectonic evolution of the western Pontides and the broader 
Tethyan realm.  The tectonic evolution of the basin began primarily 
during the Cretaceous period and became more pronounced due to 
post-Cretaceous movements. The unconformity between Carboniferous 
and Cretaceous-aged strata is a direct result of these tectonic activities. 

The geological significance of the Zonguldak Basin extends beyond 
its economic importance as Turkey's sole hard coal producer. The basin 
serves as a natural laboratory for understanding foreland basin 
evolution, sediment provenance relationships, and the impact of 
orogenic processes on sedimentary systems. The Carboniferous coal-
bearing sequences represent a critical time period when global climate 
changes, sea-level fluctuations, and tectonic movements converged to 
create optimal conditions for organic matter accumulation and 
preservation. 

During the post-Cretaceous movements, it has been observed that 
rigid limestone layers and more ductile shale, graywacke, and 
conglomerate series experienced different types of deformation. In this 
process, a significant fault, known as the "Midi Fault," was formed, 
delineating the southern boundary of the basin. South of this fault, the 
Alacaağzı series is characterized by steep or overturned bedding, 
whereas further south, the Cretaceous cover strata obscure this 
structure. Therefore, it is hypothesized that regularly folded productive 
Carboniferous series may exist beneath the cover sequences [1]. 

The structural complexity of the basin has profound implications for 
both scientific understanding and practical applications. The 
heterogeneous deformation patterns observed across different 
lithological units reflect the varying rheological properties of 
sedimentary rocks under stress, providing insights into the mechanical 
behavior of foreland basin sequences during orogenic loading. 

The tectonic structure of the basin has led to heterogeneities in the 
thickness and dip of coal seams, creating challenges for mining activities. 
The intense tectonic effects have contributed to the irregular 
distribution of seams and an increase in the amount of firedamp. As a 
result, full mechanization applications in the basin have remained 
limited, and production has predominantly been carried out using 
labour-intensive methods [1]. 

The sedimentary units outcropping in the basin are divided into two 
main formations of different ages: Carboniferous and Cretaceous. The 
Carboniferous-aged units form the basement rocks that host the region’s 
hard coal deposits, whereas the Cretaceous-aged units unconformably 
overlie these formations as cover rocks [2]. Both formations contain 
significant psammitic (sandstone) and psephitic (conglomerate) rock 
types. However, the limited fossil content of these rocks increases the 
importance of lithological comparisons [3]. During the Carboniferous 
period, particularly in the Westphalian stage (approximately 315–305 
million years ago), more than 20 coal-bearing horizons were formed in 
the basin [4]. During this time, as the sea regressed, the uplift of the 
southern landmass intensified, leading to the development of high-
energy fluvial systems. Consequently, coarse-grained conglomerates and 
coarse sandstones were deposited sequentially with fine-grained 
floodplain sediments such as claystone and siltstone, representing more 
quiescent depositional conditions. 

It was stated [5] that during the Middle Paleozoic, the Zonguldak 
Basin was located along the southern margin of the Laurasian plate and 
was subjected to significant tectonic movements during the Hercynian 
orogeny. Throughout this process, E-NE/W-SW trending faults and 
folds developed within the basin, leading to the tilting of Paleozoic 
sedimentary units. The Hercynian orogeny resulted from the collision 
between the Laurasia and Gondwana continents, profoundly 
influencing the structural characteristics of the basin. The tectonic 

movements of this period contributed to the formation of the angular 
unconformity observed above the Karadon Formation. During the 
Cretaceous period, the Zonguldak Basin experienced a general phase of 
subsidence, rifting, and faulting [2]. These tectonic activities facilitated 
the deposition of new sedimentary sequences and led to the faulting of 
coal seams in the region. Additionally, during the Aptian stage, the 
subduction of the Intrapontide Ocean triggered the opening of the Black 
Sea as a back-arc basin, marking the onset of the Alpine orogeny. The 
andesitic volcaniclastic sediments of the Yemişliçay Formation from this 
period further support the subduction of oceanic crust in the region. In 
the Eocene, the collision between the Western Pontide and Eastern 
Pontide tectonic domains resulted in the cessation of the Intrapontide 
Ocean’s subduction, leading to the uplift of the Zonguldak Basin. These 
tectonic movements halted sedimentary deposition in the basin and 
contributed to the formation of its present-day structural characteristics. 
Due to the influence of the Alpine orogeny, a progressive uplift process 
was observed, causing the exposure of older sedimentary units, 
particularly in the northern parts of the basin. 

The tectonic structure of the basin has become complex due to the 
influence of Hercynian and Alpine orogenic movements. These tectonic 
processes have led to the folding and faulting of rock units in the region, 
resulting in the fragmentation of formations into discontinuous units 
[5]. This structural complexity poses significant challenges for coal 
exploration and mining operations [2]. 

The geological evolution of the Zonguldak Basin has played a critical 
role in the region's economic and industrial development. The 
formation and distribution of coal deposits are directly related to the 
geological and tectonic history of the basin. Therefore, a detailed 
examination of the basin's geological characteristics is of great 
significance for both academic research and mining activities. Within 
this scope, modal analyses were conducted on samples collected from 
the Kozlu, Armutçuk, Üzülmez, and Karadon regions [6] (Figure 1). 
These analyses determined the mineralogical compositions, textural 
characteristics, and grain size distributions of the rock units. The 
primary objective of this study is to investigate the mineralogical and 
petrographic properties of sandstone samples from the Zonguldak Basin 
and to provide insights into the region’s tectonic and sedimentary 
evolution. 

2. Materials and Methods 

Systematic sampling was conducted in the Zonguldak Basin, 
specifically from the Kozlu, Armutçuk, Üzülmez, and Karadon regions. 
Thin sections were prepared at the Istanbul Technical University, 
Faculty of Mines laboratory. Modal percentages of framework grains 
were determined by point-counting 400 points per thin section using 
standard petrographic microscopy techniques following the Gazzi-
Dickinson method [8, 7]. All values have been recalculated and 
normalized to 100% to represent framework grain composition only, 
excluding matrix and cement. Modal analyses were performed on 14 
samples, and the results are presented in Table 1. 

Additionally, X-Ray Diffraction (XRD) pattern analysis (standard 
analysis) was conducted on four selected samples (AR-1, KA-1, KO-2, 
and U-4) at the Science and Technology Application and Research 
Center (ARTMER) of Bülent Ecevit University. The XRD analysis was 
performed within a scanning range of 2θ = 5°-90°, with a step size of 
0.02°-0.05°, and a measurement duration ranging between 15 and 60 
minutes. Samples for XRD analysis were ground to <10 μm particle size 
and mounted using the powder diffraction method. Semi-quantitative 
mineral identification was performed using standard reference patterns 
and peak intensity comparisons. 

Analytical Limitations: It should be noted that while quantitative 
mineral analysis using techniques such as Rietveld refinement would 
provide more precise modal abundances, such methods were not 
available for this study. The semi-quantitative approach employed here, 
combined with detailed petrographic analysis, provides reliable 
constraints on the major mineral phases and their relative abundances.
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Table 1. Modal Analysis Results of the Examined Samples. 
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AR1 34.76 24.06 24.06 6.42 4.28 0.00 6.42 41.94 29.03 29.03 

AR2 30.52 30.52 21.13 7.04 3.76 0.00 7.04 37.14 37.14 25.71 

AR3 33.19 19.91 33.19 6.64 3.54 0.00 3.54 38.46 23.08 38.46 

KO1 27.78 12.63 32.83 2.53 12.63 7.58 4.04 37.93 17.24 44.83 

KO2 36.23 21.74 16.91 7.25 12.08 0.00 5.80 48.39 29.03 22.58 

KO4 37.50 22.50 12.50 7.50 12.50 0.00 7.50 51.72 31.03 17.24 

U1 31.79 20.23 20.23 14.45 8.67 0.00 4.62 44.00 28.00 28.00 

U3 32.50 22.50 12.50 17.50 7.50 0.00 7.50 48.15 33.33 18.52 

U4 29.57 24.19 24.19 13.44 4.30 0.00 4.30 37.93 31.03 31.03 

U5 35.52 19.13 4.37 13.66 8.20 0.00 19.13 60.19 32.41 7.41 

U6 25.59 21.65 33.46 9.84 4.72 0.00 4.72 31.71 26.83 41.46 

KA1 35.71 26.19 26.19 7.14 2.38 0.00 2.38 40.54 29.73 29.73 

KA2 30.09 20.83 34.72 6.94 3.70 0.00 3.70 35.14 24.32 40.54 

KA4 33.68 23.32 4.15 23.32 7.77 0.00 7.77 55.08 38.14 6.78 

Mean 32.46 22.10 21.46 10.26 6.86 0.54 6.32 43.45 29.31 27.24 

Std. Dev. ±3.44 ±3.98 ±10.37 ±5.53 ±3.58 ±2.02 ±4.06 ±8.20 ±5.47 ±11.93 

 

3. Findings and Discussion 

3.1. Petrographic characteristics 

Systematic sampling was conducted in the Zonguldak Basin, 
specifically from the Kozlu, Armutçuk, Üzülmez, and Karadon regions 
(Figure 1). Modal analyses were completed on 14 samples, and the 
results are presented in Table 1. Statistical analysis of the modal data 
reveals mean values with standard deviations as follows: Quartz 
32.46±3.44%, Feldspar 22.10±3.98%, Rock Fragments 21.46±10.37%, Mica 
10.26±5.53%, Amphibole 6.86±3.58%, Pyroxene 0.54±2.02 and Opaque 
Mineral 6.32±4.06 (Table 1). The modal mineralogy of the rock samples 
collected from the Zonguldak Basin is summarized below. 

The textural and compositional characteristics observed in the 
samples provide important insights into depositional processes and 
diagenetic history. The dominance of angular to sub-angular grain 
shapes suggests relatively short transport distances and rapid burial, 
consistent with proximal foreland basin settings. The preservation of 
unstable components such as feldspar and lithic fragments further 
supports this interpretation. 

The textural characteristics of the samples from the Kozlu region 
indicate that they are medium-grained, with angular to sub-angular 
clastic fragments (sediment grains) cemented by a silica cement. The 
dominant texture of the rock is clastic and detrital. The mineral 
components within the texture consist of quartz, feldspar, mica, 
amphibole, and opaque minerals. The clastic fragments generally exhibit 
angular to sub-angular, subhedral (semi-euhedral) features (Figure 2). 
Petrographic mineral abbreviations follow [42]. 

The mineralogical composition of the samples collected from the 
Kozlu region is as follows: Quartz (35-40%): Occurs as anhedral, angular 
to sub-angular microcrystalline quartz clasts, with no observable signs 
of weathering on grain surfaces. Optically, they exhibit undulatory 
extinction and slight granulation (fracturing/cracking). The grain size 
distribution ranges from 0.25 to 0.55 mm. Feldspar-Plagioclase (Z) (20-
25%): Alkali feldspars (orthoclase-microcline) are predominantly 
sericitized and partially kaolinized, while plagioclases remain unaltered, 
exhibiting polysynthetic twinning with a well-defined surface 
appearance. The general grain size distribution ranges from 0.33 to 0.6 
mm, and they display subhedral (semi-euhedral), angular to sub-angular 
characteristics. Mica (Biotite, Muscovite) (5-10%): Composed of 

chloritized biotite (anhedral, pseudomorphic) and unaltered muscovite 
with a semi-rounded, platy appearance and fresh surface. The grain size 
ranges from 0.15 to 0.2 mm. Opaque Minerals (Magnetite-Hematite) (5-
7%): Hematite occurs as fissure fillings with semi-angular to sub-
rounded shapes, while magnetite is disseminated, exhibiting angular, 
semi-cubic, or subhedral forms. These opaque minerals are distributed 
among clasts or appear as opacifications along the outer margins and 
cleavage planes of biotites and amphiboles. The grain size varies 
between 0.1- and 0.55- mm. Amphibole (Hornblende) (10-15%): Mostly 
sub-angular, prismatic, and subhedral in shape. They are predominantly 
chloritized and exhibit opacification along their external margins. The 
grain size distribution ranges from 0.3 to 0.55 mm. Rock Fragments 
(Lithic Components) (15-20%): These fragments range in size from 0.33 
to 0.66 mm and consist of angular to sub-angular, of igneous, 
metamorphic, and sedimentary origin (Table 1). 

Feldspar grains exhibit angular to subangular morphologies. Notably, 
some K-feldspar fragments preserve subhedral crystal faces, suggesting 
relatively short transport distances and limited mechanical reworking 
prior to deposition. 

 
 

 
Figure 1. Geological map of the study area. 
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The preservation of subhedral crystal faces on detrital K-feldspar 
grains is significant as it indicates minimal transport distance from the 
source area and limited mechanical abrasion during transport. This 
textural characteristic suggests proximal depositional settings (e.g. 
alluvial fan or proximal fluvial environments) and relatively short 
residence time in the sedimentary system before burial. Such 
preservation is typically associated with rapid erosion and deposition in 
tectonically active settings, which is consistent with the sedimentary 
characteristics observed in the study area. 

The textural characteristics of the samples collected from the 
Armutçuk region indicate that they are medium-grained, with angular 
to sub-angular clastic fragments (sediment grains) cemented by a silica 
cement. The dominant texture of the rock is clastic and detrital. The 
mineral components within the texture consist of quartz, feldspar, mica, 
amphibole, and opaque minerals (magnetite, hematite). The clastic 
fragments are generally angular to sub-angular and exhibit subhedral 
(semi-euhedral) characteristics (Figure 2). 

The mineralogical composition of the samples collected from the 
Armutçuk region is as follows: Quartz (30-35%): Occurs as inter-
crystalline fillings within the cement and as angular to sub-angular 
anhedral grains in the rock matrix. No signs of weathering are observed 
on the grain surfaces. Optically, they exhibit undulatory extinction, 
slight granulation (fracturing/cracking and grain size reduction), and 
local inclusions. The grain size distribution ranges from 0.25 to 0.83 mm. 
Feldspar - Plagioclase (Z) (20-25%): Alkali feldspars (orthoclase-
microcline) are predominantly sericitized and partially kaolinized, 
displaying a perthitic texture. Plagioclases remain unaltered and exhibit 
polysynthetic twinning with a well-defined surface appearance. The 
grain size distribution ranges from 0.17 to 0.70 mm, and they display 
subhedral (semi-euhedral), angular to sub-angular characteristics. Rock 
Fragments (Lithic Components) (20-25%): These fragments range in 
size from 0.30 to 0.85 mm and are composed of subhedral, semi-rounded 
clasts of igneous, metamorphic, and sedimentary origin. Mica (Biotite, 
Muscovite) (5-7%): Composed of anhedral, sub-angular pseudomorphic 
chloritized biotite and unaltered muscovite, which has a semi-rounded, 
platy appearance with a fresh surface. The grain size varies between 0.25 
and 0.83 mm. Opaque Minerals (Magnetite-Hematite) (5-7%): Found as 
pseudomorphic-relict grains (in biotite and hematite), occurring along 
the external surfaces, grain boundaries, or cleavage planes as fissure 
fillings. Magnetite is disseminated and appears as subhedral, angular to 
sub-angular, cubic grains. The average grain size distribution ranges 
from 0.17 to 0.58 mm. Amphibole (Hornblende) (3-5%): Mostly sub-
angular, prismatic, and subhedral, with chloritized pseudomorphic 
characteristics. The grains are abraded and fragmented, often appearing 
as relict subhedral grains. The grain size distribution ranges from 0.35 to 
0.70 mm (Table 1). 

The textural characteristics of the samples collected from the 
Üzülmez region indicate grain sizes ranging from coarse silt to coarse 
sand (0.04–0.50 mm), predominantly fine- to medium-grained, with 
angular to sub-angular clastic fragments. The dominant texture of the 
rock is clastic and detrital. The mineral components within the texture 
consist of quartz, feldspar, mica, amphibole, and opaque minerals. The 
clastic fragments are generally angular to sub-angular and exhibit 
subhedral (semi-euhedral) characteristics (Figure 2). 

The mineralogical composition of the samples collected from the 
Üzülmez region is as follows: Quartz (25-30%): Occurs as anhedral, 
angular to sub-angular grains, displaying a slightly oriented 
arrangement consistent with lamination. No signs of weathering are 
observed on the grain surfaces. Optically, they exhibit undulatory 
extinction and slight granulation (fracturing/cracking). The grain size 
distribution ranges from 0.17 to 0.6 mm. Feldspar-Plagioclase (Z) (20-
25%): Alkali feldspars (orthoclase-microcline) are predominantly 
sericitized and kaolinized, exhibiting perthitic texture, while 
plagioclases remain unaltered and display polysynthetic twinning. The 
general grain size distribution ranges from 0.25 to 0.6 mm, with 
subhedral (semi-euhedral), angular to sub-angular characteristics. Mica 
(Biotite, Muscovite) (10-15%): Consists of chloritized biotite, which 
appears anhedral and pseudomorphic, with opacification along its 
external edges, and unaltered muscovite, which has a platy appearance 

with a fresh surface. The grain size varies between 0.25- and 0.70- mm. 
Opaque Minerals (Magnetite-Hematite) (3-5%): Hematite occurs as 
iron oxide-rich intergranular layers and as semi-angular to sub-rounded 
grains, whereas magnetite is disseminated and appears as angular grains. 
The grain size ranges from 0.25 to 0.5 mm. Rock Fragments (Lithic 
Components) (20-25%): These fragments range in size from 0.45 to 0.7 
mm and consist of subhedral siliceous and carbonate rock fragments. 
Amphibole (Hornblende) (3-5%): Mostly sub-angular, anhedral, and 
predominantly chloritized. The grain size distribution ranges from 0.25 
to 0.6 mm. Carbonate Minerals (Calcite) (2-3%): Occurs as subhedral, 
rhombohedral grains, locally distributed between quartz and feldspar 
grains. The grain size distribution ranges from 0.32 to 0.83 mm (Table 
1). The textural characteristics of the samples collected from the 
Karadon region indicate that they are medium-grained, with clastic 
fragments (sediment grains) cemented by a silica cement. The dominant 
texture of the rock is clastic and detrital. The mineral components 
within the texture consist of quartz, feldspar, mica, amphibole, and 
opaque minerals. The clastic fragments are generally angular to sub-
angular and exhibit subhedral (semi-euhedral) characteristics (Figure 
2). The mineralogical composition of the samples collected from the 
Karadon region is as follows: Quartz (35-40%): Present as inter-
crystalline fillings within the cement and as angular to sub-angular 
anhedral grains in the rock matrix. No signs of weathering are observed 
on grain surfaces. Optically, they exhibit undulatory extinction and 
slight granulation (fracturing/cracking and grain size reduction).  

 

 
 

Figure 2. (a-b) Medium-grained texture of sandstone from the Kozlu Region (ppl, 
Qz: quartz, Afs: alkali feldspar, Bt: biotite, Rf: rock fragment, Pl: plagioclase, Cmt: 
cement, Cal: calcite, Mtx: matrix). (c-d) Medium-grained texture of sandstone 
from the Karadon region (ppl, Qz: quartz, Afs: alkali feldspar, Rf: rock fragment, 
Pl: plagioclase, Opq: opaque mineral, Cmt: cement). (e-f) Fine to medium-grained 
texture of sandstone from the Üzülmez region (ppl, Qz: quartz, Rf: rock fragment, 
Bt: biotite, Pl: plagioclase, Ms: muscovite, Cmt: cement). (g-h) Medium-grained 
texture of sandstone from the Armutçuk Region (ppl, Qz: quartz, Afs: alkali 
feldspar, Rf: rock fragment, Pl: plagioclase, Opq: opaque mineral, Amp: amphibole, 
Cmt: cement) [42]. 
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The grain size distribution ranges from 0.25 to 0.75 mm. Feldspar-
Plagioclase (Z) (25-30%): Alkali feldspars (orthoclase-microcline) are 
predominantly sericitized and partially kaolinized, while plagioclases 
remain unaltered and display polysynthetic twinning with a well-
defined surface appearance.  

The general grain size distribution ranges from 0.25 to 0.5 mm, with 
subhedral (semi-euhedral), angular to sub-angular characteristics. Rock 
Fragments (Lithic Components) (25-30%): These fragments range in 
size from 0.415 to 0.85 mm and consist of subhedral, semi-rounded clasts 
of igneous, metamorphic, and sedimentary origin. Mica (Biotite, 
Muscovite) (5-10%): Consists of anhedral, sub-angular pseudomorphic 
chloritized biotite and unaltered muscovite, which has a semi-rounded, 
platy appearance with a fresh surface. The grain size varies between 0.25- 
and 0.67- mm. Opaque Minerals (Magnetite-Hematite) (2-3%): 
Hematite occurs as anhedral fissure fillings, while magnetite is 
disseminated and appears as angular, semi-cubic to subhedral cubic 
grains. The grain size distribution ranges from 0.25 to 0.42 mm. 
Amphibole (Hornblende) (2-3%): Mostly sub-angular, prismatic, and 
subhedral, with chloritized pseudomorphic characteristics. The grains 
are often fragmented, appearing as relict subhedral grains. The grain size 
distribution ranges from 0.3 to 0.6 mm. Carbonate (Calcite) (3-5%): 
Occurs as subhedral, semi-angular, rhombohedral cleaved grains, either 
as secondary carbonate fillings between grains or as transported and 
fragmented clastic particles. The grain size distribution ranges from 0.33 
to 0.65 mm (Table 1). 

When the analyzed samples are plotted on the Quartz-Feldspar-Rock 
Fragment triangular diagram [9], it is observed that they predominantly 
fall within the Feldspathic Litharenite, Arkose, and Lithic Arkose fields 
(Figure 3). This indicates that the samples were transported in high-
energy environments. Notably, a significant proportion of the samples 
contain 50-75% lithic fragments, highlighting their abundance in rock-
derived clasts. Such rock types typically contain a high proportion of 
lithic fragments and are generally associated with tectonically active 
regions. This distribution suggests that the sedimentary rocks were 
formed from material sourced from tectonically active environments 
[10]. 

 

 
Figure 3. Quartz-feldspar-rock fragment ternary diagram [9]. 

 

3.2. Tectono-sedimentary implications 

The mineralogical composition and grain size distribution of the 
sandstone samples from the Zonguldak Basin were analyzed using both 
petrographic examination and X-Ray Diffraction (XRD) techniques. 
The results provide critical insights into the provenance, depositional 
environment, and post-depositional processes that affected the studied 
units. Modal analysis reveals quartz-dominated framework grains with 

significant feldspar (plagioclase and K-feldspar, averaging 25-30%) and 
lithic fragments. QFL ternary diagrams [11] show samples plotting 
predominantly in dissected arc and transitional arc fields (Figure 6), 
consistent with the observed mineralogy: (1) high feldspar content 
indicating plutonic arc basement contribution, (2) amphibole presence 
derived from intermediate-felsic intrusions, and (3) volcanic lithic 
fragments with quartz-feldspar phenocrysts representing both volcanic 
cover and comagmatic plutons. Dissected arcs represent mature 
magmatic systems where erosion and uplift expose deeper plutonic 
levels [10], explaining the elevated feldspar/lithic ratios and plutonic 
mineral assemblages. The fresh angular feldspar grains and limited 
alteration indicate rapid erosion, short transport, and/or rapid burial in 
a tectonically active setting. This provenance signature is diagnostic of 
an active continental margin with subduction-related arc magmatism 
undergoing syn-depositional dissection [10, 12]. 

The presence of significant lithic fragments could also indicate 
contributions from recycled sedimentary sources or extensional settings 
where basement blocks are rapidly exhumed [11, 13]. However, the 
specific combination of angular feldspar grains, volcanic lithic 
fragments, and limited chemical alteration strongly favours the active 
margin interpretation over passive margin or cratonic sources. This is 
because: (1) volcanic lithics indicate syn-depositional arc magmatism 
rather than limited intraplate volcanism [10], (2) fresh angular feldspars 
suggest first-cycle derivation with minimal weathering unlike the 
mature assemblages typical of passive margins [14, 15], (3) framework 
compositions plot in the magmatic arc field on provenance diagrams 
(Figure 6) consistent with active continental margin settings [11, 16], 
and (4) the absence of sedimentary lithic fragments excludes recycled 
orogen sources [17]. These characteristics collectively distinguish active 
margin settings from extensional or cratonic alternatives. 

XRD analyses complement petrographic data, confirming the 
presence of quartz, feldspar, clay minerals (including illite and 
muscovite), and minor calcite. The relatively sharp diffraction peaks of 
quartz and feldspar indicate well-crystallized detrital grains, while the 
broader peaks associated with clay minerals imply diagenetic 
transformation processes during burial [18, 19]. The occurrence of 
calcite suggests limited carbonate cementation, likely derived from 
groundwater during early diagenesis. 

Diagenetic Processes: The presence of illite and muscovite as 
identified by XRD analysis warrants detailed discussion regarding their 
origin. While muscovite likely represents detrital mica derived from 
metamorphic sources or igneous sources, illite formation can occur 
through diagenetic alteration of detrital feldspars and other 
aluminosilicate minerals during burial. The broad XRD peaks associated 
with clay minerals suggest lower crystallinity typical of diagenetic rather 
than detrital origin, indicating burial temperatures in the range of 60-
120 °C [19]. This temperature range is consistent with the moderate 
burial depths expected in foreland basin settings and supports the 
interpretation of post-depositional alteration processes. 

The partial kaolinization of feldspars observed in thin sections may 
represent either surficial weathering in the source area or early 
diagenetic alteration in the depositional environment. The limited 
extent of this alteration suggests relatively arid source area conditions 
or rapid burial that prevented extensive chemical weathering. 

Folk's rock classification method is widely utilized, particularly for 
sandstones, as it defines rock types based on the relative proportions of 
feldspar, quartz, and lithic fragments [9]. Upon examination of the 
tabular data, it is observed that the majority of the samples fall within 
the Feldspathic Litharenite group, while the remaining samples are 
distributed in the Lithic Arkose and Arkose fields (Table 2). 

Grain size analysis shows that the sandstones range from fine- to 
medium-grained, with occasional coarse fractions. This texture suggests 
deposition under fluctuating energy conditions, possibly in fluvial-
deltaic systems where episodic high-energy flows transported sediments 
across short distances. While finer grains are indicative of deposition in 
lower energy settings such as floodplains or delta fronts, the presence of 
angular lithic fragments points to a relatively immature sedimentary 
system with limited abrasion [20]..
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Table 2. Petrographic characteristics and compositional classification of sandstone samples. 

Sample ID Mean Grain Size (mm) 
Grain Size Classification 

(Folk, 1974; Tucker, 2001) 

Folk Compositional Classification 

 (Folk, 1974) 

AR1 0.51 Coarse sand Feldspathic Litharenite 

AR2 0.71 Coarse sand Lithic Arkose 

AR3 0.53 Coarse sand Feldspathic Litharenite 

KO1 0.32 Medium sand Feldspathic Litharenite 

KO2 0.38 Medium sand Lithic Arkose 

KO4 0.51 Coarse sand Lithic Arkose 

U1 0.18 Fine sand Feldspathic Litharenite 

U3 0.10 Very fine sand Lithic Arkose 

U4 0.50 Medium-Coarse sand Feldspathic Litharenite 

U5 0.04 Coarse silt Arkose 

U6 0.50 Medium-Coarse sand Feldspathic Litharenite 

KA1 0.50 Medium-Coarse sand Feldspathic Litharenite 

KA2 0.53 Coarse sand Feldspathic Litharenite 

KA4 0.04 Coarse silt Arkose 

 
Moreover, the combination of angular lithic fragments, abundant 

feldspar, and varied grain size supports the interpretation of a 
tectonically active basin margin, where active uplift and erosion 
dominate sediment supply. Such characteristics are typical of foreland 
basins or arc-adjacent depocenters [21]. These findings are consistent 
with regional tectonic reconstructions that suggest the Zonguldak Basin 
was influenced by the closure of the Intrapontide Ocean and subsequent 
collisional events during the Paleozoic–Mesozoic transition [22]. 

Taken together, the mineralogical and textural characteristics of the 
studied sandstones support a depositional setting marked by active 
tectonism, rapid erosion, and short transport, highlighting the role of 
orogenic processes in shaping the sedimentological character of the 
Zonguldak Basin. 

3.3. X-Ray diffraction (XRD) results and integration with petrography 

To partially investigate the mineralogical composition and assess 
potential diagenetic alterations, X-Ray Diffraction (XRD) analyses were 
performed on four representative sandstone samples: AR-1 (Armutçuk), 
KA-1 (Karadon), KO-2 (Kozlu), and U-4 (Üzülmez). While increasing 
the number of XRD analyses would enhance statistical reliability, the 
four samples analyzed provide representative coverage of the major 
formations and lithofacies present in the study area. Additional XRD 
analyses were not feasible due to practical constraints including sample 
availability and analytical costs 

The XRD diffractograms (Figures 4 and 5) reveal the presence of 
major mineral phases consistent with the petrographic findings. Peak 
identification and d-spacing assignments are as follows: 

 

Detailed Peak Analysis: 
Quartz: Primary peaks at d = 3.31-3.33 Å (101 reflection), 4.21-4.24 Å 

(100 reflection), and 1.82 Å (110 reflection). 
Feldspar minerals: Characteristic peaks at d = 4.20-4.40 Å 

corresponding to (100) and (110) planar reflections of both plagioclase 
and alkali feldspar. 

Clay minerals (illite/muscovite): Diagnostic peaks at d = 3.16-3.17 Å 
(002 reflection) and 10.0 Å (001 reflection). 

Calcite: Minor peaks at d = 2.43-2.44 Å (202 reflection) and 3.04 Å 
(104 reflection) 

 

The sharp, well-defined peaks for quartz and feldspar indicate high 
crystallinity typical of detrital grains derived from igneous and 
metamorphic sources. In contrast, the broader, lower-intensity peaks for 
clay minerals suggest diagenetic origin and lower crystallinity, 
consistent with formation during burial processes rather than 
inheritance from source rocks [23, 24]. 

Correlation with Petrographic Data: The XRD results corroborate the 

modal analysis data obtained via petrography (Table 1) for the four 
analyzed samples. The high relative intensities of quartz and feldspar 
peaks are consistent with the significant presence of these minerals 
observed under the microscope in these specific samples. The detection 
of illite and muscovite by XRD confirms the presence of mica observed 
petrographically (Table 1). The minor calcite peak corresponds to the 
sparse carbonate grains (calcite) noted in thin sections, particularly in 
samples from the Üzülmez and Karadon regions (e.g. Figure 2f, h). 

Crystallinity: Analysis of peak shapes provides further insights for the 
analyzed samples. The relatively sharp diffraction peaks for quartz and 
feldspar indicate well-crystallized detrital grains, supporting their 
primary origin from stable source rocks (likely felsic igneous or high-
grade metamorphic terrains, as inferred from lithic fragment 
compositions and consistent with provenance interpretations in Section 
3.4. [10]). 

Quantitative Considerations and Sample Limitations: While XRD 
provides qualitative and semi-quantitative information, precise 
quantification of mineral proportions requires specialized techniques 
(e.g. Rietveld refinement) which were not applied in this study. 
Importantly, XRD analysis was limited to four bulk powder samples due 
to practical constraints, and no oriented clay-fraction preparations, 
glycolation, or thermal treatments were performed. Therefore, the XRD 
results offer only a preliminary mineralogical characterization of these 
four samples and cannot be extrapolated to basin-scale interpretations. 
The relative peak intensities are consistent with the general 
mineralogical trends identified in the petrographic analysis (Table 1) for 
these specific samples only. Integrating these findings with the broader 
petrographic dataset (n = 14) provides complementary information, but 
petrographic observations remain the primary basis for basin-wide 
sedimentary interpretations.  

This combined petrographic and XRD approach confirms the 
presence and dominance of quartz and feldspar and the occurrence of 
lithic fragments (validated petrographically) in the analyzed samples. 
These mineralogical constraints complement the subsequent tectonic 
provenance analysis presented in section 3.4. 

3.4. Tectonic Regime and Rock Provenance 

The Zonguldak Basin is one of Turkey's most significant coal-bearing 
regions, located along the southern coast of the Black Sea [25, 26]. This 
area has been subjected to various tectonic regimes since the Paleozoic 
and Mesozoic periods [27, 28]. Considering the coalification processes 
during the Carboniferous period and the impact of an active tectonic 
regime since the Cretaceous [22, 29], the region serves as an example of 
orogenic processes and active continental margin evolution. The quartz 
content (32.46%) is at a moderate level, indicating that the basin is in a 
transition process from a passive to an active continental margin and 
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may also be associated with active tectonic environments [7, 13]. The 
high feldspar content (22.10%) suggests that the rocks originated from 
young continental crust, influenced by active continental margins or 
orogenic processes [30, 31]. The presence of rock fragments and 
volcanic lithics (21.46%) supports the existence of Cretaceous and post-
Cretaceous volcanic activity in the Zonguldak Basin [32, 33]. 

The Qm-F-Lt ternary diagram provides critical insights into the 
tectonic setting of the source area for the studied sandstones (Figure 6) 
[10, 11]. The 14 samples display a coherent compositional trend, with the 
majority plotting within the Dissected Arc field and subordinate 
samples falling in the Transitional Arc field. This distribution pattern 
indicates derivation from a magmatic arc terrane that has undergone 
significant tectonic uplift and erosional unroofing. 

The majority of samples plotting in the Dissected Arc field suggests 
that the source area was characterized by deeply eroded volcanic-
plutonic complexes, where extensive denudation has exposed 
intermediate to felsic plutonic rocks (granitoids, tonalites, 
granodiorites) beneath the volcanic cover [13]. This interpretation is 
supported by the relatively high feldspar content and the presence of 
diverse lithic fragments, which are typical of mature arc systems 
subjected to prolonged erosion and tectonic exhumation [7, 30]. 
Additionally, several samples plotting in the Transitional Arc field 
indicate a mixed provenance involving both volcanic and plutonic 
sources, suggesting that the source terrane retained partial volcanic 
cover during sedimentation and reflecting intermediate stages of arc 
dissection [17]. This transitional character may also imply temporal or 
spatial variations in the degree of arc maturity and erosional depth 
within the source region [34], indicating a complex and evolving 
magmatic arc system that supplied sediment to the basin. 

 

 
Figure 4. D(Å) angles based on x-ray diffraction (XRD) analysis results. 

 

 

 
Figure 5. X-ray diffraction (xrd) analysis result graph based on miller indices. 

Independent detrital zircon U–Pb data from the Upper 
Carboniferous Kozlu Sandstone (Kozlu, Zonguldak) show ages between 
2371–315 Ma, dominated by a late Neoproterozoic–early Cambrian 
population (740–495 Ma; ~74%), with subordinate Ordovician–
Carboniferous grains (485–315 Ma; ~12%) and minor Paleoproterozoic 
ages.” [35]. 

When the tectonic setting of the study area is evaluated in 
conjunction with the global movements of the continents and the source 
rock and provenance analyses derived from the examined sandstones, it 
is suggested that the source rock evolved from a subduction zone 
developed over Avalonia (Figure 7a, 7b) to an erosion region along the 
advancing thrust zone (Figure 7c). Therefore, the granitic masses shown 
in red in Figure 7C, which are rich in feldspar, one of the primary 
components of the sandstones, emerge as the main source of the 
sedimentary material. This is consistent with the provenance analysis of 
the sandstones. 

Based on the provenance analysis, it is observed that the examined 
sandstone samples are located within the Transitional Arc and Dissected 
Arc regions. The Transitional Arc environment indicates a provenance 
type associated with the magmatic arc system, where rock fragments 
(lithics) still play a significant role. This supports the hypothesis that the 
granitic masses eroded from Avalonia could have weathered into the 
source rock for the sandstones. [35]. 

On the other hand, the samples from the Dissected Arc environment 
represent more eroded and weathered magmatic rocks. This suggests 
that the source has been exposed to chemical and physical weathering 
for a longer period, and that the sandstones originated from 
metamorphic and granitic rocks. In particular, the high feldspar content 
demonstrates that the magmatic rocks in the source region have 
weathered and contributed to the sedimentation process. 

Moreover, the formation of the economically significant coal seams 
in the Zonguldak Basin is considered a result of the development of 
swamp environments during the closure of the Rheic Ocean. During the 
Carboniferous period, large amounts of organic material accumulated 
under the swamp conditions in the region and gradually underwent 
coalification [36]. Thus, with the closure of the Rheic Ocean, the active 
tectonic processes in the region shaped the depositional environments 
of the basin and created favourable conditions for coal formation. 

In the later stages of tectonic evolution, the collision of the Hun 
Continent, thought to have included the Kırşehir Massif and Konya 
regions, with Laurentia + Avalonia resulted in the Variscan orogeny 
(Figure 7d). During the Cimmerian orogeny, Gondwana also joined this 
collision, leading to the formation of Pangea [35]. 

 
 

 
 

Figure 6. Quartz, feldspar, and rock fragment tectonic ternary diagram [10] 



146 Z. S. Güloğlu et. al.  / Int. J. Min. & Geo-Eng. (IJMGE), 60-2 (2026) 139-14891-199 

 

Both the Variscan orogeny and the Cimmerian orogeny caused the 
tectonic positions of the sandstones examined in this study to align with 
their present-day positions (Figure 7e). Temporal Evolution and Source 
Area Development: The paleotectonic reconstruction (Figure 7) 
suggests that the source rock evolved from a subduction zone developed 
over Avalonia to an erosion region along an advancing thrust zone [37, 
43-45]. The granitic masses rich in feldspar emerge as the main source 
of sedimentary material, consistent with the observed provenance 
signatures. This interpretation aligns with broader models of Variscan 
orogenic evolution in the region [37]. 

 

 
Figure 7. Global plate movements and the position of the study area during the 
Paleozoic era (a) Cambrian – Ordovician: opening of the Rheic ocean, and 
subduction of the Iapetus ocean. (b) Silurian – Devonian: separation of the Hun 
Continent from Gondwana, and the beginning of the Paleotethys opening. (c) 
Carboniferous: completion of the closure of the Rheic ocean, the start of the 
closure of the Paleotethys, and the birth of the Neotethys. (d) Permian: collision 
of the Hun Continent with Laurentia – Avalonia. (e) Triassic – Jurassic: collision 
of Gondwana with other continents during the Cimmerian Orogeny, leading to 
the formation of Pangea. (the figure is adapted from [37,43-45]). 

4. Conclusion 

The mineralogical and petrographic properties of sandstone samples 
collected from the Zonguldak Basin have been examined in detail 
through modal analysis, petrographic microscopy, and XRD techniques. 
The majority of the samples are classified as Feldspathic Litharenite, 
Arkose, and Lithic Arkose, indicating that they were derived from multi-
source terranes and deposited in dynamic, high-energy environments. 
The high abundance of lithic fragments and feldspar components 
reflects the proximity of tectonically active orogenic sources, such as 
magmatic arcs and uplifted continental blocks [10, 38]. 

X-Ray Diffraction (XRD) results confirmed the presence of quartz, 
feldspar, clay minerals, and calcite as major mineral phases. While the 
XRD analysis was limited to four samples due to practical constraints, 
these samples provide representative coverage of the major formations 
and show consistent mineralogical trends that support the provenance 
interpretations. The mineral assemblage suggests that, in addition to 
detrital input from granitic and metamorphic sources, the rocks also 
underwent post-depositional diagenetic processes, such as feldspar 
alteration and clay formation, indicative of burial or early compaction 
stages [19]. 

The arc-related signature observed in the samples is consistent with 
derivation from magmatic arc complexes associated with subduction 
zone settings [39, 40]. In the regional context of the study area, this 
provenance pattern likely reflects erosion of the Sakarya Zone to the 
north, which hosts extensive Late Cretaceous to Paleocene magmatic 
rocks related to the northward subduction and subsequent closure of 
the Neotethys Ocean [22, 28, 32]. The tectonic uplift and unroofing of 
these arc complexes would have supplied abundant feldspathic and 
lithic-rich detritus to the adjacent sedimentary basin  [33, 41]. 

The proximity of some samples to the Continental Block field 
suggests a subordinate contribution from continental basement rocks, 
possibly representing input from uplifted crustal blocks or back-arc 
regions where arc-derived material mixed with older continental 
sources [31, 40]. 

In conclusion, this study demonstrates the value of integrated 
petrographic and mineralogical analysis for understanding basin 
evolution in active tectonic settings. The results provide a foundation 
for future studies aimed at understanding the broader implications of 
Variscan and Alpine orogenic processes in the development of 
Paleozoic-Mesozoic sedimentary basins in the eastern Mediterranean 
region. 
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