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Abstract  Öz 

The lower Cretaceous period marks a global interval of 

extensive source rock development and significant oil-

natural gas accumulation. The aim of this study is to reveal 

the depositional controls on organic matter enrichment in 

lower Cretaceous organic-bearing mudstones exposed 

around the Çukurca–Karabük area (western Pontides). In 

this study, origin, tectonic setting, paleoclimate, 

paleosalinity, detrital input, sedimentation rate, 

paleoproductivity, and paleoredox conditions were 

assessed. The findings indicate that the mudstones were 

deposited in the shallow marginal basin-shelf transition 

zone where brackish-saltwater marine conditions 

dominated. Semi-humid-semi-arid climate conditions and 

moderate chemical weathering were effective in deposition. 

It has been determined that paleoclimate and variable 

paleoproductivity factors do not play a primary role in 

organic matter accumulation, episodic oxygen deficiency 

developing under oxic–suboxic redox conditions 

contributes to the preservation of organic matter. 

Fluctuations in sedimentation rate both diluted the organic 

matter and increased oxidative degradation. However, 

identifying the dominant mechanisms controlling the 

organic matter accumulation and trace elements remains 

challenging due to the simultaneous and complex 

interaction of different oceanographic processes.  

 Alt Kretase dönemi, küresel ölçekte önemli petrol ve doğal 

gaz rezervlerinin oluştuğu ve kaynak kaya gelişiminin 

yaygın olduğu bir dönemdir. Bu çalışmanın amacı, Batı 

Pontidler’de Çukurca-Karabük bölgesi civarında 

yüzeyleyen alt Kretase yaşlı organik madde içeren 

çamurtaşlarında organik madde birikimini kontrol eden 

çökelme ortamı koşullarını ortaya koymaktadır. Çalışmada 

köken-tektonik ortam, paleoiklim, paleotuzluluk, detritik 

girdi, sedimantasyon hızı, paleoüretkenlik ve paleoredoks 

koşulları değerlendirilmiştir. Bulgular, çamurtaşlarının acı 

su–tuzlu denizel koşulların egemen olduğu sığ kenar 

havza–şelf geçiş zonunda çökelmiş olduğunu 

göstermektedir. Çökelmede yarı nemli–yarı kurak iklim 

koşulları ve orta dereceli kimyasal ayrışma etkili olmuştur. 

Paleoiklim ve değişken paleoüretkenlik faktörlerinin 

organik madde birikiminde birincil bir rol oynamadığı, 

oksik–suboksik redoks koşulları altında gelişen epizodik 

oksijen eksikliğinin organik madde korunmasına katkı 

sağladığı belirlenmiştir. Sedimantasyon hızındaki 

dalgalanmalar organik maddeyi hem seyreltmiş hem de 

oksidatif bozunmayı artırmıştır. Bununla birlikte, organik 

madde ve iz elementlerin birikimini kontrol eden baskın 

mekanizmaların tanımlanması, farklı oşinografik süreçlerin 

eşzamanlı ve karmaşık etkileşimi nedeniyle güçlüğünü 

korumaktadır. 

Keywords: Lower Cretaceous mudstones, Organic matter 

enrichments, Trace elements, Paleoenvironment, Karabük 

area (western Pontides)  

 Anahtar kelimeler: Alt Kretase çamurtaşları, Organik 

madde zenginleşmesi, İz elementler, Paleoortam, Karabük 

bölgesi (batı Pontidler) 

1 Introduction 

Fine-grained sedimentary rocks preserve the most 

complete records of Earth’s geological history [1–3], and 

their chemical compositions allow for the reconstruction of 

paleoenvironmental conditions [3, 4]. Numerous researchers 

have used the geochemical characteristics of these rocks to 

determine paleoenvironmental parameters [3, 5, 6]. In the 

characterization of depositional environments, paleoclimate 

[7–9], paleosalinity [10], paleoredox conditions [11–14], 

sea-level fluctuations [3, 15], paleoproductivity [8, 16–21], 

detrital input, and sedimentation rates [22–25] are commonly 

employed as key indicators. The accumulation, preservation, 

and enrichment of organic matter in the source rock are 

directly linked to depositional environment conditions [8, 19, 

25–27], and variations in these environmental conditions 

play a decisive role in the production, transport, deposition, 

and organic matter abundance [3, 9, 11, 15, 28, 29]. 

Moreover, the hydrocarbon potential of source rocks largely 

depends on their organic matter. Therefore, investigating the 

depositional factors that control the accumulation, 

preservation, and enrichment of organic matter is of both 

theoretical and practical importance for evaluating resource 

potential and identifying new exploration targets [30–32].   

This study focuses on lower Cretaceous organic-bearing 

mudstones exposed around the Çukurca–Karabük (Türkiye) 
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area within the western Pontides. The lower Cretaceous 

represents a period during which approximately 29% of the 

world’s original recoverable oil and natural gas reserves 

were formed and corresponds to one of the globally 

recognized anoxic stratigraphic intervals [33]. Although the 

sea level was relatively low during the early stages of this 

period, especially during the Aptian–Albian, which is critical 

in terms of both the expansion of epicontinental seas and the 

development of anoxic facies, it rose significantly [34]. 

Numerous studies around study area have been conducted by 

researchers on the general geology, sedimentology, and 

stratigraphy [35–53]. Moreover, several studies have 

examined the hydrocarbon source rock potential in the 

vicinity of the study area [42, 54–59]. However, the 

processes controlling organic matter enrichment in the lower 

Cretaceous mudstones forming the basis of this study have 

not yet been fully investigated. Therefore, these units 

constitute an important regional representative for 

understanding the characteristic depositional conditions of 

this period.  

The primary objective of this study is to elucidate the 

depositional environmental conditions that exerted control 

over the accumulation of organic matter in lower Cretaceous 

organic-bearing mudstones exposed in the vicinity of the 

Çukurca–Karabük (western Pontides) region. In this context, 

the origin and tectonic setting, paleoclimate and weathering, 

paleoredox conditions, paleosalinity, paleoproductivity, 

detrital input, and sedimentation rate were evaluated.  

A detailed characterization of these parameters in this 

study will not only shed light on the characteristics of 

hydrocarbon systems in comparable environments but also 

provide a scientific foundation for future investigations.   

2 Geological setting 

The İstanbul–Zonguldak Zone was formed through the 

amalgamation of pre-Ordovician metamorphic units, island-

arc volcanism, and oceanic fragments, and is subsequently 

characterized by a transgressive Paleozoic succession that 

developed between the Ordovician and Carboniferous [60, 

61]. This succession was deposited on an upper 

Neoproterozoic granitic and metamorphic basement [62, 63], 

deformed during the Carboniferous Variscan Orogeny, and 

is cut by late Permian granites [64–66]. Permo-Triassic 

sedimentary units unconformably cover this succession [63]. 

The study area is located within this zone on the 

Hercynian continental fragment in the northern part of the 

western Pontides (Figure 1), and the geological evolution of 

the unit parallels the development of Eurasia beginning in 

the early Paleozoic [68]. The closure of the Paleo-Tethys 

Ocean in the Late Jurassic led to the emplacement of the zone 

onto an ophiolitic sequence; during the Mesozoic, the 

Pontides were situated along the southern margin of the 

active continental edge of Laurasia, and in the Late 

Cretaceous they experienced a tectonic evolution concurrent 

with their separation from Laurasia and the opening of the 

oceanic back-arc basin of the Black Sea [63, 69–73]. 

 

 

Figure 1. Geological map of the study area (modified from [67]) 
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Figure 2. The generalized stratigraphic column section of 

the study area (modified from [67]) 

 

A generalized stratigraphic section of the study area is 

presented in Figure 2. Accordingly, the lowermost unit is the 

Precambrian Yedigöller formation, consisting of 

amphibolite, gneiss, migmatite, metaleucogranite, schist, 

and marble. This is overlain by the lower Ordovician 

Soğuksu formation (interbedded shale and sandstone) and 

the coeval Aydos formation (quartzitic conglomerate, 

sandstone, and mudstone).  

Above these lie the middle Ordovician–lower Devonian 

Ereğli formation (sandstone, shale, limestone), the lower 

Devonian Ferizli formation (dolomite, sandstone, oolitic and 

algal ironstone), and the lower Devonian–lower 

Carboniferous Yılanlı formation (limestone, dolomitic 

limestone, dolomite). At higher stratigraphic levels, the 

Dogger–Malm aged Bürnük formation (conglomerate, 

sandstone) occurs. Overlying these units is the lower 

Cretaceous Ulus formation, represented by alternating 

mudstone, shale, sandstone, and limestone, which in the 

central Pontides was previously referred to as the Çağlayan 

formation [74]. Within this formation, conglomerates are 

assigned to the Ahmetusta member, and limestones to the 

Sunduk member. The analyzed mudstone samples in this 

study were collected from this formation. Around the 

Çukurca-Karabük region, much of the land area is covered, 

only limited exposures are available. The outcropping 

mudstone samples examined in this study macroscopically 

display light to dark gray-greenish-brown color and contain 

intercalated silt and clay. The samples are fine- to-medium-

grained and moderately sorted. Laminations and bedding 

structures are indistinct (Figure 3). The samples exhibit 

moderate hardness and brittle behavior, and the presence of 

calcite veins indicates evidence for diagenetic processes. 

Interbedded hemipelagic limestones with micritic textures 

suggest deposition in relatively deeper marine settings with 

limited siliciclastic supply. The sandstone layers within the 

formation imply episodes of high-energy conditions, most 

likely associated with turbidity flows or storm-induced 

sedimentation.  

 

 

Figure 3. The vertical stratigraphic sections (base-to-top) 

from two different locations (1 and 2) as shown in the 

geological map of the study area 

 

This succession is followed by the upper Campanian–

Maastrichtian Abant formation (blocky flysch). The upper 

Danian–Ypresian Kışlaköy formation (conglomerate, 

sandstone, mudstone, limestone), the lower–middle Eocene 

Safranbolu formation (Nummulites-bearing, reefal 

limestone), and the Karabük formation (conglomerate, 
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sandstone, mudstone), which contains the Cerçen member, 

overlie this sequence. The stratigraphy continues with the 

middle Eocene Soğanlı formation (neritic limestone), the 

Akçapınar formation (dolomitic–argillaceous limestone, 

chert, gypsum), and the Yunuslar formation (conglomerate, 

sandstone, mudstone). The uppermost units include the 

Pliocene Örencik formation (conglomerate, sandstone, 

claystone), and Quaternary alluvium deposits [67]. 

3 Materials and methods 

In this study, thirteen outcrop mudstone samples from the 

lower Cretaceous strata were collected from two different 

locations around Çukurca-Karabük (western Pontides), with 

nine samples from the first location and four from the 

second. All collected mudstone samples were subjected to 

whole-rock geochemical analyses. The major oxides, 

together with the total organic carbon (TOC) and total sulfur 

(TS) values, trace elements, rare earth elements (REEs) 

results, and the calculated paleoenvironment proxies are 

presented in Tables 1, 2, 3, and 4. 

Major oxide analyses were carried out using an X-ray 

fluorescence spectrometer (XRF; Bruker S8 Tiger) within 

the wavelength range of 0.01-12 nm. Trace element 

concentrations were measured by inductively coupled 

plasma mass spectrometry (ICP-MS; Elan DRC-e-Perkin 

Elmer). For trace element analysis, approximately 50 mg of 

powdered sample underwent a two-stage acid digestion 

procedure. In the first stage, a mixture of HCl (6 mL, 37%), 

HNO₃ (2 mL, 65%), and HF (1 mL, 38–40%) was digested 

in a Teflon vessel (pressure- and temperature-controlled) at 

135 °C using a Berghoff microwave system. Subsequently, 

6 mL of 5% boric acid solution was added to the mixture. 

Analytical precision for both major and trace element 

analyses is approximately 5%. TS content was determined 

using a Leco SC 144 DR sulfur/carbon analyzer with an 

analytical precision >0.1%.  

All major, trace, REE, and TS analyses were conducted 

at the Istanbul Technical University Geochemistry Research 

Laboratories (ITU/JAL). In addition, Li, Be, Co, Ni, Cu, Zn, 

Pb, Ag, Se, Sr, and Re concentrations were determined using 

an inductively coupled plasma optical emission spectrometer 

(ICP-OES; Optima 7000-Perkin Elmer) at the Istanbul 

Technical University Environmental Engineering 

Department. Instrument calibrations for all analyses were 

performed using certified reference materials (CRMs), 

internal standards, and blank samples, and the accuracy of 

the results was ensured through quality control procedures. 

Besides, the TOC contents were performed by the Rock-Eval 

VI analyzer following the standard of IFP 160000 (Institut 

Français du Pétrole) with analytical precision within 3% in 

the Turkish Petroleum Research and Development Center.  

 

Table 1. Major oxides, TOC, and TS (contents in wt.%), the chemical index of alteration (CIA), and the index of compositional 

variability (ICV) of the studied mudstones 

Major 

element 
KGS1 KGS2 KGS3 KGS4 KGS5 KGS6 KGS7 KGS8 KGS9 KGS10 KGS11 KGS12 KGS13 

SiO2 68.0 69.8 67.5 66.2 56.6 64.0 67.8 67.4 66.9 56.7 66.1 65.7 56.5 

Al2O3 11.6 14.4 10.2 10.7 7.11 9.68 14.7 10.1 11.5 9.58 10.6 14.3 7.01 

Fe2O3 4.34 3.96 5.43 6.42 3.14 4.04 4.72 5.42 4.33 4.02 6.40 3.95 3.12 

MgO 1.47 1.57 1.52 1.70 0.95 1.20 1.48 1.50 1.45 1.19 1.69 1.55 0.94 

CaO 3.71 10.8 4.45 3.31 4.42 7.94 14.0 4.44 3.70 7.93 3.30 10.7 4.40 

Na2O 0.59 0.56 0.39 0.40 0.69 0.32 0.50 0.38 0.58 0.30 0.38 0.54 0.68 

K2O 2.20 2.76 2.26 2.14 2.32 2.28 2.71 2.25 2.19 2.26 2.13 2.75 2.31 

TiO2 0.51 0.77 0.55 0.56 0.45 0.52 0.76 0.54 0.49 0.51 0.55 0.76 0.44 

P2O5 0.10 0.09 0.11 0.09 0.10 0.11 0.09 0.10 0.08 0.10 0.09 0.09 0.10 

MnO 0.02 0.03 0.03 0.04 0.03 0.04 0.04 0.04 0.03 0.04 0.03 0.02 0.03 

Cr2O3 0.01 0.01 0.01 0.04 0.01 0.01 0.01 0.01 0.02 0.01 0.03 0.01 0.01 

K2O/Al2O3 0.19 0.19 0.22 0.20 0.33 0.24 0.18 0.22 0.19 0.24 0.20 0.19 0.33 

K2O/Na2O 3.73 4.93 5.79 5.35 3.36 7.13 5.42 5.92 3.78 7.53 5.61 5.09 3.40 

CIA 72.9 74.9 73.2 74.7 59.8 73.3 76.3 73.3 72.9 73.6 74.9 75.1 59.7 

ICV 1.11 1.42 1.43 1.36 1.69 1.69 1.65 1.44 1.11 1.70 1.37 1.41 1.70 

TOC 0.58 0.48 0.66 0.62 0.59 0.62 0.64 0.52 0.42 0.60 0.56 0.53 0.56 

TS 0.02 0.03 0.02 0.01 0.02 0.01 0.03 0.01 0.02 0.03 0.02 0.02 0.01 
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Table 2. Trace element contents of the studied mudstones (contents in ppm, except for Au in ppb) 

Trace 

element 
KGS1 KGS2 KGS3 KGS4 KGS5 KGS6 KGS7 KGS8 KGS9 KGS10 KGS11 KGS12 KGS13 

Sc 12.5 13.7 13.8 15.6 12.1 15.6 12.8 11.9 17.5 13.4 15.8 12.1 14.6 

Y 10.0 14.1 12.7 16.4 11.6 12.0 15.8 16.5 10.1 14.2 12.5 11.8 12.1 

Th 27.1 28.9 27.3 28.5 24.9 26.5 29.2 28.6 27.1 28.9 27.4 24.9 26.6 

Li 55.3 53.1 65.3 58.8 46.9 58.6 60.4 58.9 55.4 53.2 65.5 46.8 58.7 

Be 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Co 11.5 28.3 13.4 19.8 11.7 39.1 37.9 15.0 11.0 18.3 13.0 11.8 19.1 

Ni 33.5 57.5 55.7 30.4 21.0 32.4 35.4 30.5 33.6 57.6 35.6 21.1 32.3 

Cu 40.5 35.5 29.5 35.3 45.9 24.9 25.1 35.4 50.4 55.6 39.4 45.7 35.0 

Zn 84.2 95.6 81.9 112.2 82.1 92.6 229.2 112.3 84.3 95.7 82.0 82.2 92.7 

Ga 16.1 16.2 24.0 18.3 22.2 23.4 24.3 18.4 16.2 16.3 14.1 22.3 23.5 

As 10.3 48.0 10.0 2.56 9.53 27.6 9.51 2.59 10.4 48.2 10.1 9.56 27.7 

Se 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Rb 76.5 94.9 89.9 91.6 69.9 91.9 98.7 91.6 76.4 95.0 90.1 69.9 92.0 

Sr 148.6 121.3 132.0 141.6 129.4 169.2 165.5 140.6 147.5 120.1 132.0 160.1 170.1 

Ag 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cd 0.53 0.21 0.13 0.11 0.16 0.10 0.50 0.12 0.57 0.45 0.16 0.19 0.13 

In 0.04 0.00 0.03 0.02 0.02 0.01 0.00 0.05 0.07 0.03 0.06 0.05 0.04 

Cs 4.11 6.36 4.75 5.80 2.46 4.95 6.67 5.83 4.14 6.39 4.78 2.49 4.98 

Ba 427.1 277.9 244.7 548.3 568.9 425.1 173.7 548.4 427.2 278.9 245.8 570.1 426.1 

Tl 0.49 0.55 0.37 0.45 0.41 0.47 0.56 0.48 0.52 0.58 0.40 0.44 0.50 

Pb 20.9 18.4 68.5 23.8 21.6 25.1 27.6 23.9 21.0 18.6 68.6 21.6 25.2 

U 1.70 1.46 2.62 2.12 1.69 2.48 2.59 1.46 1.43 1.46 2.09 1.66 1.73 

Au; ppb 0.02 0.03 0.02 0.03 0.04 0.02 0.03 0.03 0.02 0.03 0.02 0.04 0.02 

Hf 1.57 2.36 1.84 2.05 1.71 1.59 2.54 2.08 1.60 2.39 1.87 1.74 1.62 

Ir ND ND 0.00 ND 0.01 ND 0.00 ND ND ND 0.03 0.04 ND 

Pd 0.13 0.08 0.10 0.09 0.09 0.12 0.08 0.12 0.16 0.11 0.13 0.12 0.15 

Pt 0.01 0.01 0.02 0.03 0.02 0.01 0.02 0.06 0.04 0.04 0.05 0.05 0.04 

Rh 0.24 0.07 0.11 0.12 0.22 0.11 0.05 0.15 0.27 0.10 0.14 0.25 0.14 

Ru ND ND ND ND ND ND ND ND ND ND ND ND ND 

Sb 0.34 0.41 0.59 0.43 0.37 0.33 0.47 0.46 0.37 0.44 0.62 0.40 0.36 

Sn 1.08 1.61 1.29 1.46 0.87 1.17 1.61 1.49 1.11 1.64 1.32 0.90 1.20 

Te ND ND ND ND ND ND ND ND ND ND ND ND ND 

V 152.0 152.0 224.0 223.9 150.0 282.6 283.2 129.3 125.0 183.2 156.4 168.9 169.0 

Nb 8.43 15.6 9.58 0.84 8.37 10.2 12.5 0.87 8.46 15.7 9.61 8.40 10.2 

Mo 0.41 0.63 4.53 0.98 0.88 1.01 4.50 0.48 0.67 0.91 0.44 0.66 0.51 

Mn 154.9 232.3 232.3 309.8 232.3 309.8 309.8 154.9 77.4 309.8 232.3 154.9 232.3 

Ta ND ND ND ND ND ND ND ND ND ND ND ND ND 

Re 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Zr 51.5 55.6 52.2 56.8 64.7 66.5 76.8 74.8 58.7 56.5 68.8 98.3 92.5 
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Table 3. REEs contents (in ppm) and calculated systematics of the studied mudstones 

  REE KGS1 KGS2 KGS3 KGS4 KGS5 KGS6 KGS7 KGS8 KGS9 KGS10 KGS11 KGS12 KGS13 

  La 48.6 56.2 47.8 50.8 45.0 58.3 66.4 50.6 48.9 55.9 48.0 45.3 58.1 

  Ce 32.0 51.1 30.6 35.6 27.0 29.2 51.1 35.4 32.3 50.8 30.8 27.3 39.0 

  Pr 4.02 6.02 4.37 5.15 3.54 4.25 6.04 4.95 4.32 5.72 4.57 3.84 4.05 

  Nd 14.4 23.1 17.4 21.2 14.0 16.5 22.4 21.0 14.7 22.8 17.6 14.3 16.3 

  Sm 2.84 4.37 3.23 4.18 3.52 3.40 4.32 3.98 3.14 4.07 3.43 3.82 3.20 

  Eu 0.80 0.94 0.89 0.94 1.06 0.79 0.84 0.74 1.10 0.64 1.09 0.94 0.69 

  Gd 2.38 3.67 2.44 3.33 2.62 2.68 3.89 3.13 2.68 3.37 2.64 2.92 2.48 

  Tb 0.40 0.41 0.38 0.52 0.34 0.41 0.62 0.32 0.70 0.41 0.58 0.64 0.51 

  Dy 2.04 2.91 2.42 3.06 2.28 2.24 3.25 2.86 2.34 2.61 2.62 2.58 2.04 

  Ho 0.38 0.60 0.47 0.63 0.43 0.43 0.62 0.43 0.68 0.40 0.67 0.63 0.43 

  Er 1.32 2.01 1.54 1.87 1.49 1.31 1.96 1.67 1.62 1.71 1.74 1.79 1.31 

  Tm 0.20 0.24 0.24 0.25 0.22 0.26 0.22 0.15 0.25 0.16 0.24 0.22 0.16 

  Yb 1.39 1.67 1.64 1.73 3.38 1.33 1.81 1.53 2.69 1.37 1.64 3.68 1.43 

  Lu 0.22 0.28 0.30 0.29 0.19 0.20 0.30 0.19 0.22 0.20 0.30 0.29 0.22 

R
E

E
 s

y
st

em
at

ic
s 

ΣREE 111.0 153.5 113.8 129.5 105.1 121.3 163.7 126.9 115.7 150.1 115.9 108.3 129.9 

ΣLREE 102.7 141.7 104.3 117.8 94.1 112.4 151.0 116.6 104.5 139.9 105.5 95.5 121.3 

ΣHREE 8.34 11.8 9.44 11.7 10.94 8.86 12.7 10.3 11.2 10.2 10.4 12.7 8.58 

LREE/HREE 12.3 12.0 11.0 10.1 8.6 12.7 11.9 11.3 9.3 13.7 10.1 7.5 14.1 

(La/Yb)NASC  3.43 3.31 2.86 2.89 1.31 4.30 3.61 3.26 1.79 4.01 2.88 1.21 4.00 

Eu/Eu* 0.94 0.71 0.96 0.77 1.07 0.80 0.62 0.64 1.16 0.53 1.10 0.86 0.75 

 

Table 4. The calculated paleoenvironment proxies of the studied mudstones 

  Parameters KGS1 KGS2 KGS3 KGS4 KGS5 KGS6 KGS7 KGS8 KGS9 KGS10 KGS11 KGS12 KGS13 

O
ri

g
in

 

Zr/Sc 4.10 4.05 3.78 3.64 5.36 4.25 6.00 6.29 3.35 4.22 4.36 8.15 6.32 

Th/Sc 2.16 2.10 1.98 1.83 2.06 1.70 2.28 2.40 1.55 2.16 1.73 2.06 1.82 

P
al

eo
cl

im
at

e
 Sr/Cu 3.67 3.42 4.48 4.01 2.82 6.79 6.59 3.98 2.93 2.16 3.35 3.50 4.87 

Rb/Sr 0.51 0.78 0.68 0.65 0.54 0.54 0.60 0.65 0.52 0.79 0.68 0.44 0.54 

Ga/Rb 0.21 0.17 0.27 0.20 0.32 0.25 0.25 0.20 0.21 0.17 0.16 0.32 0.26 

C-value 0.52 0.25 0.61 0.82 0.36 0.33 0.25 0.61 0.53 0.34 0.83 0.25 0.36 

P
al

eo
re

d
o

x
 

V/Cr 2.22 2.22 3.27 0.82 2.19 4.13 4.14 1.89 0.91 2.68 0.76 2.47 2.47 

Th/U 15.9 19.8 10.4 13.5 14.7 10.7 11.3 19.6 18.9 19.7 13.1 15.0 15.4 

Corg/P 34.3 31.6 35.5 40.8 34.9 33.4 42.1 30.8 31.1 35.5 36.8 34.9 33.1 

MoEF 0.04 0.06 0.45 0.10 0.09 0.45 0.10 0.05 0.07 0.09 0.04 0.07 0.05 

UEF 0.50 0.43 0.78 0.63 0.50 0.74 0.77 0.43 0.42 0.43 0.62 0.49 0.51 

P
al

eo
  

  
  
 

sa
li

n
it

y
 Sr/Ba 0.35 0.44 0.54 0.26 0.23 0.40 0.95 0.26 0.35 0.43 0.54 0.28 0.40 

Rb/K 0.004 0.004 0.005 0.005 0.004 0.005 0.004 0.005 0.004 0.005 0.005 0.003 0.005 

CaO/CaO+Fe 0.55 0.80 0.54 0.42 0.67 0.74 0.81 0.54 0.55 0.74 0.42 0.79 0.67 

P
al

eo
p
ro

d
u
ct

iv
it

y
 P/Al 0.007 0.005 0.009 0.007 0.012 0.009 0.003 0.008 0.006 0.009 0.007 0.005 0.012 

Cu/Al 0.0007 0.0005 0.0005 0.0006 0.0012 0.0005 0.0003 0.0007 0.0008 0.0011 0.0007 0.0006 0.0009 

Ni/Al 0.0005 0.0008 0.0010 0.0005 0.0006 0.0006 0.0005 0.0006 0.0006 0.0011 0.0006 0.0003 0.0009 

Ba/Al 0.007 0.004 0.005 0.010 0.015 0.008 0.002 0.010 0.007 0.006 0.004 0.008 0.011 

Babio 427.1 277.8 244.7 548.3 568.9 425.0 173.7 548.4 427.1 278.8 245.7 570.0 426.1 

D
et

ri
ta

l 
in

p
u

t 

Si/Al 5.10 3.30 5.84 5.46 9.52 5.84 4.07 5.89 5.14 5.89 5.51 3.32 9.64 

Ti/Al 0.05 0.06 0.06 0.06 0.07 0.06 0.06 0.06 0.05 0.06 0.06 0.06 0.07 

Zr/Al 0.0008 0.0007 0.0010 0.0010 0.0017 0.0013 0.0010 0.0014 0.0010 0.0011 0.0012 0.0013 0.0025 

Nb/Al 0.0001 0.0002 0.0002 0.0000 0.0002 0.0002 0.0002 0.0000 0.0001 0.0003 0.0002 0.0001 0.0003 

Th/Al 0.0004 0.0004 0.0005 0.0005 0.0007 0.0005 0.0004 0.0005 0.0004 0.0006 0.0005 0.0003 0.0007 
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4 Results and discussion 

4.1 Origin and tectonic setting  

The provenance of mudstones is a critical factor in the 

evaluation of oil-natural gas basins, as it influences source-

rock potential [25]. Tectonic setting exerts a significant 

influence on the origin of sedimentary rocks. The 

provenance, tectonic setting, and degree of weathering of 

clastic sediments can be inferred from their geochemical 

composition [75–77]. In this study, the SiO₂–

Log(K₂O/Na₂O) diagram [5] and La–Th–Sc tectonic 

discrimination diagram [29] were utilized. Based on the 

positions of the studied samples in these diagrams, the 

samples plot within the passive continental margin field on 

the SiO₂–Log(K₂O/Na₂O) diagram [5], whereas on the La–

Th–Sc ternary diagram [29] they fall within both passive 

and active continental margin fields (Figure 4 a,b).  

 

 

Figure 4. The tectonic classification diagrams; a) SiO2 

vs. Log (K2O/Na2O) [5], b) La–Th–Sc [29] 

 

This indicates a possible influence of volcanic or 

continental arc sources on the sediment supply [76], 

supporting previous studies suggesting that the Black Sea 

region was influenced by continental arc activity throughout 

the Cretaceous [66]. In addition, Zr/Sc–Th/Sc diagram [78] 

(Figure 5a) and Zr–TiO₂ binary plots [79] (Figure 5b) were 

employed. The positions of the samples on these diagrams 

indicate that the studied mudstones were predominantly 

derived from an intermediate-composition magmatic source 

and that sedimentary recycling did not occur.  

 

 

Figure 5. The plots of a) Zr/Sc vs. Th/Sc [78], b) Zr vs. 

TiO2 [79] 

 

Felsic rocks are typically characterized by high ratios of 

LREE/HREE and weak Eu anomalies, whereas mafic rocks 

exhibit low ratios of LREE/HREE and pronounced Eu 

anomalies [4]. The LREE enrichment and moderate Eu 

anomaly observed in the analyzed samples (Eu/Eu* = 0.53-

1.16; avg. 0.84; Table 3) predominantly reflect an 

intermediate-composition source, marking a transition from 

a passive to an active continental margin setting. 

4.2 Factors controlling the organic matter accumulation 

4.2.1 Paleoclimate and weathering 

Paleoclimatic conditions influence exogenic processes 

and thus control the development of sedimentary 

environments. The distribution, ratios, and relative 

concentrations of trace elements can be used as indicators 

for reconstructing paleoclimatic variations [25]. Among 

these, Sr/Cu and Rb/Sr ratios are widely employed as 

paleoclimatic proxies [80, 81]. Sr element tends to exhibit 

higher values under hot and arid conditions, whereas Cu 

element, being less mobile in aqueous environments, 

displays lower values in sediments. Accordingly, Sr/Cu 

ratios ranging between 1.3 and 5 indicate warm and humid 

paleoclimatic conditions, whereas values greater than 5 

reflect hot and arid climates [25, 82]. In addition, the Rb/Sr 

ratio can also be used as a paleoclimatic indicator, where 

low values correspond to warm climates and high values 

indicate cold climatic conditions [83]. The Sr/Cu and Rb/Sr 

ratios of the analyzed mudstones range from 2.16 to 6.79 

(avg. 4.04) and from 0.44 to 0.79 (avg. 0.61), respectively 

(Table 4). Based on the Sr/Cu and Rb/Sr values, together 

with the positions of the samples on the K₂O/Al₂O₃–Ga/Rb 

and Sr/Cu–Ga/Rb diagrams [84] (Figure 6a,b), it can be 

inferred that a transition from warm–humid to semi-arid 

climatic conditions prevailed during the deposition of the 

mudstones. Additionally, the C-value [Σ(Fe + Mn + Cr + Ni 

+ V + Co) / Σ(Ca + Mg + Na + Sr + Ba + K)] is also used as 

a paleoclimatic indicator, where C-values >0.8 indicate 

humid paleoclimate, 0.6 - 0.8 semi-humid climate, 0.4 - 0.6 

semi-arid to semi-humid climate, 0.2 - 0.4 semi-arid 

climate, and <0.2 arid climate [85]. The C-values of the 

studied samples range between 0.25 and 0.83, with an 

average value of 0.47 (Table 4), indicating semi-arid to 

semi-humid paleoclimatic conditions, which is consistent 

with the results obtained from ratios of Sr/Cu and Rb/Sr and 

the binary diagrams (Figure 6a,b).  

 

 

Figure 6. Paleoclimate discrimination diagrams; a) 

Sr/Cu vs. Ga/Rb [84], b) K2O/Al2O3 vs. Ga/Rb [84] 

 

The chemical weathering degree and paleoclimatic 

conditions in the source areas can be determined using the 

Chemical Index of Alteration (CIA). The CIA is calculated 

on a molar basis as [Al₂O₃ / (Al₂O₃ + CaO* + Na₂O + K₂O)] 

× 100 [86, 87], where the corrected CaO* value for silicate 

minerals follows the method proposed by [78]. CIA values 

between 50 and 65 indicate low degrees of chemical 

weathering under cold and arid climatic conditions; values 
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between 65 and 85 indicate moderate weathering under 

warm and humid climates; and values between 85 and 100 

reflect intense chemical weathering under warm and humid 

conditions [87–89]. During chemical weathering, immobile 

cations such as Al³⁺ and Ti⁴⁺ are retained, whereas mobile 

cations such as Na⁺ and Ca²⁺ are leached out [4, 90]. Large-

ion radius cations (e.g., Al, Mg, Cs) remain relatively stable, 

while smaller ions (e.g., Ca, Na, K) tend to dissolve and be 

removed; hence, element abundances depend on the 

intensity of weathering [87, 91–93]. The CIA values of the 

analyzed samples range from 59.7 to 76.3, with an average 

of 71.9 (Table 1). These values fall within the range of 65 - 

85 [87–89], are higher than those of the Upper Continental 

Crust (UCC, CIA = 56.9; [94]) and Post-Archean Average 

Australian Shale (PAAS, CIA = 69.0; [91]), and indicate 

moderate chemical weathering under semi-arid to warm-

humid paleoclimatic conditions. In addition, the 

compositional variability index (ICV = (Fe₂O₃ + K₂O + 

Na₂O + CaO + MgO + MnO + TiO₂) / Al₂O₃) is widely 

applied to estimate the initial composition of sediments and 

to determine the degree of sedimentary recycling [95–97]. 

An ICV value > 1 indicates first-cycle deposition, whereas 

ICV < 1 suggests that the sediments may have undergone 

significant chemical weathering or sedimentary recycling 

[95, 97]. The ICV values of the studied samples are greater 

than 1 (ranging from 1.11 to 1.70, with an average of 1.47; 

Table 1), indicating that sedimentary recycling did not 

significantly affect their composition. Additionally, the low 

Zr/Sc ratios (< 25; [78]) further support first-cycle 

deposition of the studied sediments. 

The A–CN–K (Al₂O₃ – CaO*+Na₂O – K₂O) ternary 

diagram is commonly used to distinguish between 

compositional variations related to chemical weathering and 

those related to source-rock composition. Although highly 

weathered products typically display CIA values aligned 

along a straight trend parallel to the A–CN edge 

(representing the ideal weathering trend) [87, 98], most of 

the data from the studied samples deviate from this 

theoretical trend, indicating K₂O addition due to diagenetic 

K-metasomatism [90, 97, 98] (Figure 7).  

Since K-metasomatism can lower CIA values by 

introducing K⁺, a correction is required to remove the 

influence of illitization [96–98]. Application of the 

corrected CIA formula (CIAcorr = [Al₂O₃ / (Al₂O₃ + CaO* + 

Na₂O + K₂Ocorr)] × 100) to the studied samples yields 

CIAcorr values ranging between 69.6 and 81.0 (avg. 78.2). 

Although these values show only minor differences from 

the original CIA values, they still fall within the 

intermediate range and indicate warm–humid climatic 

conditions. Therefore, the CIA index can be regarded as a 

reliable indicator for assessing weathering intensity and 

paleoclimatic conditions. Furthermore, extension of the 

linear trend parallel to the A–CN edge on the ternary plot 

suggests that the source rocks were close to granite and 

granodiorite composition, which is also supported by the 

provenance diagrams (Figure 7). 

 

 

Figure 7. The A-CN-K (Al2O3 - CaO* + Na2O - K2O) 

ternary diagrams, along with corresponding changes in 

the chemical index of alteration (CIA) [99]. 

Abbreviations: Ka; kaolinite, Chl; chlorite, Gi; gibbsite, 

Sm; smectite, Mu; muscovite, Pl; plagioclase, Kfs-K; 

feldspar 

 

 

Figure 8. The bivariate plots of TOC vs. paleoclimate (a, 

b), paleoredox (c-d), paleosalinity (e-f), and 

paleoproductivity (g-h-i-j) proxies 
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The paleoclimatic variations play an indirect role in the 

organic matter’ accumulation and preservation, influencing 

sediment input and water-column stratification. These 

conditions limit both the diversity and abundance of 

biological communities within the water masses [88]. 

Temperate and humid climatic conditions promote 

organism growth and enhance organic matter production 

compared to hot and arid climates [25, 100]. The lack of 

correlation between the paleoclimatic indicators (Sr/Cu and 

Rb/Sr) and TOC (Figure 8a,b) suggests that paleoclimatic 

conditions may not have played a significant role in organic 

carbon enrichment. 

The geochemical and mineralogical characteristics of 

sedimentary rocks are influenced by the chemical 

weathering degree in the source area [27]. Climatic 

conditions not only control the chemical weathering 

intensity [4, 101] but also influence the conditions 

governing organic matter enrichment [10, 19]. Based on 

CIA values (avg. 71.9) and the position of the samples on 

the A–CN–K diagram (Figure 7), the studied mudstones 

experienced moderate chemical weathering. Although the 

CIA index is widely used to evaluate the degree of chemical 

weathering, caution is required when directly linking it to 

paleoclimate because non-weathering factors such as origin, 

sedimentary recycling, and diagenetic processes may also 

influence the values [97]. Elevated CIA values may result 

from sedimentary recycling processes that increase clay 

mineral content. Therefore, additional proxies, ICV and 

Zr/Sc ratios, were also employed in this study. The high 

ICV values (avg. 1.47; Table 1) and low Zr/Sc ratios (avg. 

4.91; Table 4) indicate that the studied samples did not 

undergo significant sediment recycling and are consistent 

with a first-cycle sediment origin. 

4.2.2 Paleoredox condition 

Redox conditions, based on dissolved oxygen 

concentrations (mL O₂/L H₂O), can be classified as oxic 

([O₂] > 2), suboxic (2 > [O₂] > 0.2), anoxic ([O₂] < 0.2; no 

free H₂S in the water column), and euxinic ([O₂] = 0; free 

H₂S present in the water column) [28, 30, 102, 103]. The 

redox state of the water column controls the solubility, 

preservation, and oxidation states of redox-sensitive 

elements such as Mo, U, V, Zn, Ni, and Co, which are 

widely used as proxies to infer redox conditions in 

sedimentary environments [12, 27, 104–106]. In this study, 

considering the relatively low TOC (0.42 - 0.66, avg. 0.57 

wt.%) and TS (avg. 0.02 wt.%) values of the mudstones, it 

can be inferred that oxidizing conditions likely prevailed, 

and thus redox proxies considered reliable under oxic-

suboxic settings can be prioritized. Accordingly, V/Cr and 

Th/U ratios, trace-element enrichment factors (MoEF and 

UEF), and the Corg/P ratio were used in this assessment 

(Table 4).  

Although recent studies emphasize that universally 

applicable elemental thresholds for all systems do not exist 

[103, 107], earlier research proposed several diagnostic 

standards. Generally, Th/U > 2 and V/Cr < 4.25 indicate 

oxic–suboxic conditions, whereas Th/U < 2 and V/Cr > 4.25 

are typically associated with anoxic environments [104, 

108, 109]. In the studied mudstones, Th/U and V/Cr ratios 

range from 11.0 to 18.9 and 0.47 to 4.14, respectively, 

indicating oxic–suboxic conditions. Mo concentrations <25 

ppm generally suggest non-euxinic conditions, 25 - 100 

ppm indicate euxinic conditions, and >100 ppm reflect 

strongly euxinic environments [110]. The Mo contents of 

the studied samples range from 0.41 to 4.53 ppm (avg. 1.28 

ppm), all below 25 ppm, supporting non-euxinic conditions. 

Moreover, MoEF (avg. 0.13) and UEF (avg. 0.56) values are 

below the thresholds reported for the California Margin (<2 

and <5, respectively), consistent with oxic–suboxic 

conditions [27, 103, 111, 112]. Additionally, the molar 

Corg/P ratio is widely used to infer redox conditions in 

marine and lacustrine sediments [113]. Corg/P values <50 are 

typically associated with oxic conditions, whereas values 

>100 indicate anoxic settings [103, 114, 115]. The Corg/P 

values of the studied samples range from 30.8 to 42.1 (avg. 

35.0), supporting oxic conditions and corroborating the 

other redox proxies. 

Changes in paleoredox conditions within the 

depositional environment directly control the accumulation 

of organic matter [15, 99, 106]. Recent studies have 

emphasized that the reliability of redox proxies may vary 

among formations; therefore, their interpretation should 

rely on multiple parameters and comprehensive phase-

distribution assessments. Moreover, threshold values 

defined for one formation should not be directly applied to 

formations of different ages, depositional settings, or redox 

regimes [103, 107]. Although bimetal ratios (e.g., Ni/Co, 

V/(V+Ni), V/Sc, Mo/Mn, Cu/Zn) were widely used in 

earlier studies, they are now considered less reliable because 

both elements in each ratio are partially redox-sensitive and 

variably distributed among different sedimentary phases 

(organic matter, clay minerals, pyrite, etc.), which may 

prevent them from consistently reflecting redox signals. 

Instead, enrichment factors are recommended as more 

robust indicators [27, 107]. In this study, V/Cr, Th/U, and 

Corg/P ratios, along with MoEF and UEF enrichment factors 

were used to determine the depositional environments’ 

redox conditions, which were interpreted as oxic–suboxic. 

Such conditions negatively affected the organic matter 

preservation. Additionally, the weak (R² = 0.28) and 

moderate (R² = 0.59) correlations between TOC and MoEF 

and UEF, respectively (Figure 8c,d), suggest that organic 

matter underwent aerobic degradation during burial [27, 

116]. 

Under oxic conditions, V, Mo, and U occur in their high-

valence, water-soluble forms (V⁵⁺, Mo⁶⁺, U⁶⁺), making them 

more mobile in the water column. In contrast, under 

reducing conditions, these elements are converted to their 

lower-valence forms (V³⁺, Mo⁴⁺, U⁴⁺), which promotes their 

accumulation and retention in sediments [12, 99]. In this 

context, the weaker correlation between TOC and MoEF 

compared to UEF can be attributed to the fact that Mo 

enrichment typically requires strongly euxinic conditions 

with free H₂S, whereas U enrichment can occur under a 

broader range of suboxic to anoxic conditions. This 

supports the interpretation that suboxic rather than fully 

euxinic conditions prevailed in the depositional 
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environment; favorable for U accumulation but insufficient 

for significant Mo retention [12, 28]. Moreover, variations 

in oxygen levels within the water column lead to differing 

geochemical behaviors of Th and U. Under oxic conditions, 

U remains in the soluble U⁶⁺ form, while Th occurs as 

insoluble Th⁴⁺; under reducing conditions, Th remains 

stable, but U is reduced to insoluble U⁴⁺. Consequently, low 

Th/U ratios indicate reducing environments, whereas high 

ratios reflect oxidizing conditions [109]. In addition, high 

V/Cr ratios indicate decreasing oxygen levels [99, 104, 

109]. Cr element, however, is primarily of detrital origin 

and is generally unaffected by redox conditions [117]. 

Although weathering in organic-rich rocks, especially 

affecting the mobility and redistribution of trace elements 

associated with organic matter and sulfur phases, may alter 

absolute concentrations, relative stability of paleoredox 

proxies can be preserved when weathering intensity is 

limited [118]. Therefore, when interpreting data obtained 

from surface samples, both the degree of weathering and the 

preservation of organic matter should be considered. In this 

study, moderate weathering conditions prevailed, and the 

ratio-based proxies used (e.g., V/Cr, Th/U) as well as 

elemental enrichment factors (e.g., UEF, MoEF) can be 

regarded as largely retaining their interpretive reliability. 

Additionally, variability in elemental concentrations and 

certain inconsistent relationships in the study area may 

reflect fluctuations in oxygenation–reduction conditions. 

4.2.3 Paleosalinity 

Paleosalinity plays a key role in the organic matter 

preservation and in reconstructing past environmental 

conditions [25]. Sr and Ba are commonly used as 

paleosalinity indicators due to their contrasting geochemical 

behavior: under low-salinity conditions, Ba precipitates as 

BaSO₄ while Sr remains in solution; thus, Sr/Ba ratios 

increase with rising salinity [81, 119, 120]. The Sr/Ba ratio 

typically has values <0.2 in freshwater settings, 0.2–0.5 in 

brackish conditions, and >0.5 in saline marine environments 

[27, 121]. The Sr/Ba values of the examined mudstones 

range from 0.23 to 0.95, with an average of 0.43, indicating 

deposition under brackish to saline marine conditions 

(Table 2). However, caution is required in interpreting this 

ratio because Sr can also be associated with carbonates, 

influencing Sr/Ba values [27, 121]. 

Changes in salinity during deposition (especially in fine-

grained sediments such as shales and mudstones) can also 

be assessed using Rb/K and CaO/(CaO+Fe) ratios [121, 

122]. Because clay minerals can adsorb pore-water ions, 

these proxies, although semi-quantitative, allow 

differentiation of paleosalinity conditions into freshwater, 

brackish, and marine environments. Based on previous 

studies, intermediate Rb/K (40 - 60 ×10⁻⁴) and 

CaO/(CaO+Fe) (0.2-0.5) ratios indicate brackish 

conditions; low values (<40 ×10⁻⁴; <0.2) reflect freshwater; 

and high values (~60 ×10⁻⁴; >0.5) represent marine 

conditions [27, 122]. The Rb/K ratios of the studied 

mudstones range from 0.003 to 0.005 (avg. 0.004; Table 4), 

and their CaO/(CaO+Fe) ratios vary between 0.42 and 0.81 

(avg. 0.63; Table 4), supporting deposition under brackish 

to saline marine environments. 

High paleosalinity, together with increased paleodepth 

and limited hydrodynamic activity, promotes the 

development of anoxic redox conditions at the bottom of the 

water column, which in turn exerts a significant influence 

on the preservation of organisms within sediments [3, 18, 

123]. The examined samples were deposited in brackish to 

saline marine environments; however, the lack of 

correlation between TOC and the ratios of Rb/K, Sr/Ba, and 

CaO/(CaO+Fe) (Figure 8e,f) indicates that brackish–saline 

conditions did not have a significant impact on organic 

matter preservation. 

In addition, the Sr/Ba ratio was not considered in the 

interpretation because CaO contents in the samples 

exceeded the 4% threshold [121]. Carbonate-derived Sr can 

increase whole-rock Sr/Ba ratios, and thus reliable 

paleosalinity interpretations require the use of carbonate-

free clay fractions [124]. 

4.2.4 Paleoproductivity 

Paleoproductivity in marine environments is directly 

linked to nutrient availability in the water column and 

supports both the production and preservation of organic 

matter [88, 105, 113]. Bio-essential elements such as N, P, 

Ba, Ni, and Cu are widely used as proxies to evaluate 

paleoproductivity [105, 113, 115, 125]. In this study, the 

ratios of P/Al, Ni/Al, Cu/Al, and Ba/Al were used. The P/Al, 

Cu/Al, Ni/Al, and Ba/Al ratios of the analyzed mudstones 

range from 0.003 to 0.012 (avg. 0.008), 0.0003 to 0.0012 

(avg. 0.0007), 0.0003 to 0.0011 (avg. 0.0007), and 0.0022 

to 0.0151 (avg. 0.0074), respectively (Table 4). Some 

values are lower than those of Post-Archean Australian 

Shale (PAAS; 0.0078, 0.000893, 0.000714, and 0.0065, 

respectively; [94]), indicating fluctuations from low to high 

paleoproductivity levels. Additionally, Babio values can be 

used to evaluate primary productivity in the water column. 

In this study, Babio values were calculated using the formula 

Babio = Basample – Alsample × (Ba/Al)PAAS (0.0075). The Babio 

values of the samples range from 173.7 to 570.0 (avg. 397.0; 

Table 4), consistent with the results inferred from P/Al, 

Ni/Al, Cu/Al, and Ba/Al ratios. 

Ba in sediments is derived primarily from biological 

sources, benthic organism secretions, submarine 

hydrothermal inputs, and terrestrial aluminosilicates [30, 

126]. Caution is required when using Ba as a productivity 

indicator [126–128]. In some cases, Ba values may appear 

artificially low; under anoxic–suboxic conditions, biogenic 

Ba cannot be preserved in sediments and may be 

remobilized, resulting in reduced concentrations. 

Furthermore, under restricted environmental conditions, 

sulfate reduction by sulfate-reducing bacteria can lead to 

barite dissolution, lowering Babio content. Conversely, the 

more oxygenated conditions dominant in the study area 

suggest that sulfate reduction may not have occurred, and 

Ba was likely retained in sediments without remobilization. 

P is an essential nutrient for plankton [88], while Ni and Cu 

occur in organisms and are primarily delivered to sediments 

associated with organic matter [28, 30]. After deposition, 
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organic matter may degrade partially or completely; during 

this process, released Ni and Cu can be preserved in 

sediments as sulfide minerals [12, 30, 129]. 

In the studied samples, no significant correlation was 

observed between TOC and P/Al, Ni/Al, Cu/Al, and Ba/Al 

ratios (R2 = 0.07, 0.06, 0.02, and 0.002, respectively; Figure 

8g-j). This suggests that paleoproductivity in the water 

column did not play a dominant role in TOC enrichment. 

Additionally, fluctuations in productivity may have exerted 

a dilution effect on organic matter accumulation, limiting 

enrichment. 

4.2.5 Detrital input - sedimentation rate 

Si, Ti, Nb, Th, and Zr are considered indicators of 

terrigenous detrital input and provide important insights 

into the intensity of clastic influx [10, 112, 130, 131]. 

Increases in detrital input may be associated with tectonic 

activity, sea-level fall, paleoclimatic changes, or the 

combined influence of these processes [132]. Additionally, 

climatic fluctuations and salinity variations can also affect 

detrital supply. In the examined samples, Al-normalized Si, 

Ti, Zr, Nb, and Th ratios were used (Table 4). Variations in 

these ratios suggest that the depositional environment was 

influenced by low-to-moderate detrital input, likely 

controlled by episodic fluvial or eolian activity. 

REEs distributions and North American Shale 

Composite-normalized (La/Yb)NASC ratios are key 

indicators used to evaluate sedimentation rates in 

sedimentary basins [88]. Values close to 1 indicate high 

sedimentation rates, whereas values significantly above or 

below 1 reflect low sedimentation rates associated with 

strong REE fractionation. The (La/Yb)NASC ratios of the 

analyzed samples range from 1.21 to 4.30 (avg. 2.99; Table 

3), indicating fluctuating sedimentation rates throughout the 

depositional period. 

Terrigenous detrital input and sedimentation rate are key 

factors influencing organic matter enrichment [23, 25]. In 

this study, Si/Al, Zr/Al, Ti/Al, Nb/Al, and Th/Al ratios were 

used, and the results indicate that the depositional 

environment was affected by low-to-moderate detrital 

influx, likely controlled by episodic fluvial or eolian 

processes. Additionally, increased terrigenous input during 

deposition can be attributed to factors such as regional uplift 

and tectonism, sea-level fall during marine regression 

phases, paleoclimatic changes, or the combined influence of 

these processes [132]. Moreover, fluctuating paleoclimatic 

conditions and variations in water-column salinity may also 

contribute to changes in detrital supply. 

In environments with high sedimentation rates, 

sediments accumulate rapidly, limiting the interaction time 

between REEs and seawater, which results in weak REE 

fractionation; in contrast, low sedimentation rates lead to 

enhanced fractionation [88, 133]. The variable (La/Yb)NASC 

values observed in the studied mudstones (1.21-4.30; avg. 

2.99) indicate fluctuating sedimentation rates throughout 

deposition. Low sedimentation rates promote oxidative 

degradation of organic matter, whereas high sedimentation 

rates hinder its preservation due to dilution effects. This is 

consistent with REE adsorption behavior; rapid burial 

restricts sediment–seawater interaction, thereby limiting 

REE fractionation [88, 133]. Additionally, there is no 

distinct similar trend between Al-normalized Si, Ti, Nb, Zr, 

and Th values and TOC (Figure 9) was observed. This result 

suggests that variations in detrital input did not exert a 

dominant control on organic matter accumulation. These 

findings imply that moderately favorable sedimentation 

conditions conducive to organic matter preservation did not 

develop [22]. 

 

 

Figure 9. Distribution of detrital input proxies and TOC 

content of studied mudstones 

4.2.6 Depositional model for the studied mudstones 

The Cretaceous period is broadly characterized by 

globally high sea levels, warm climatic conditions, and 

oceanic anoxic events (OAEs). During this time, extensive 

and shallow shelf systems developed, promoting efficient 

organic matter preservation due to increased nutrient supply 

and reduced oxygenation in ocean waters [33, 134, 135]. 

However, in the study area, oxic–suboxic redox conditions, 

a paleoclimate shifting from warm–humid to semi-arid, 

brackish to saline marine settings, fluctuating 

paleoproductivity, and variable detrital input and 

sedimentation rates collectively indicate a depositional 

setting more consistent with a shelf-margin to shelf-

transition zone, rather than a broad passive shelf typical of 

global Cretaceous trends. Shelf-margin transition zones are 

characterized by dynamic depositional regimes in which 

sea-level oscillations, seasonal to mesoscale shifts in the 

oxygen minimum zone (OMZ) boundary, and detrital 

dilution may generate complex and heterogeneous 

paleoenvironmental signals [20, 97, 136]. Accordingly, 

similar to the study area, such settings may show fluctuating 

oxygenation between oxic and dysoxic conditions, variable 

productivity, and limited organic matter preservation when 

compared to classical continental shelf or deep-marine 

basin environments [137, 138]. The lack of correlation 

between TOC and proxies for paleoclimate, salinity, 

productivity, and detrital input (Figure 8) suggests that these 

factors did not play a dominant role in organic matter 

enrichment. Instead, fluctuations in productivity may have 

had a dilution effect rather than enhancing organic matter 

accumulation [116, 139], and variable detrital influx 

together with changing sedimentation rates likely exerted a 

dual control by promoting oxidative degradation while also 

diluting organic matter [23–25]. Despite this, paleoredox 

proxies indicate fluctuating redox conditions within an oxic 

to suboxic range. Periodic decreases in oxygen availability 

may have allowed for limited preservation of organic 
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matter; however, such conditions were insufficient for 

sustained accumulation. 

In summary, the studied mudstones were deposited in a 

shelf-margin to shelf-transition zone characterized by 

episodic redox fluctuations, variable productivity, and 

detrital input, together with fluctuating sedimentation rates. 

The environment was influenced by hydrodynamic 

processes capable of reaching the wave base and was 

governed by multiple controls, including depositional and 

diagenetic processes as well as climatic and provenance-

related factors. Accordingly, a schematic section of the 

depositional environment model was constructed (Figure 

10). 

 

 

Figure 10. A schematic section of the depositional 

environment model for the studied mudstones in the shelf 

setting during the early Cretaceous 

5 Conclusions 

This study aimed to characterize the depositional 

environmental conditions controlling organic matter 

accumulation in lower Cretaceous organic-bearing 

mudstones exposed around the Çukurca–Karabük area 

(western Pontides). 

The examined mudstones were deposited within a 

shallow marine shelf-margin to shelf-transition setting 

influenced by brackish–saline conditions under a semi-

humid to semi-arid paleoclimate with moderate chemical 

weathering. 

Proxies for paleoclimate and paleoproductivity indicate 

that neither factor played a primary role in organic matter 

enrichment; instead, both likely contributed to dilution of 

organic matter during deposition. 

Redox-sensitive indicators reveal predominantly oxic to 

suboxic conditions, with episodic oxygen deficiency 

permitting limited preservation of organic matter. Although 

such conditions were insufficient to sustain high levels of 

enrichment, intermittent oxygen restriction appears to have 

been the main control on organic matter preservation. 

Fluctuations in sedimentation rate exerted a dual 

influence: reduced sedimentation likely enhanced oxidative 

degradation and decreased preservation efficiency, whereas 

elevated rates may have limited organic matter 

accumulation through dilution. 

Overall, it is difficult to attribute organic carbon and 

trace element enrichment to a single controlling mechanism. 

Instead, multiple oceanographic processes operated 

concurrently and interacted in a complex manner during 

deposition.  

When considered as a whole, these depositional 

characteristics indicate that the studied lower Cretaceous 

mudstones experienced only limited organic matter 

preservation and enrichment, implying a generally low to 

moderate hydrocarbon generation potential. Rather than a 

single dominant mechanism, multiple interacting 

paleoenvironmental controls collectively constrained 

source rock quality. 
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