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Abstract Aptian is characterized by widespread deposi-

tion of organic-rich sediment. The Aptian bitumen lime-

stone horizon, which is thin decimetre-thick sequences,

locally crops out in the Kırcaova area, Eastern Black Sea

Region (Eastern Pontides). They are well correlated with

Aptian bitumen limestone in the other Tethys Reams. They

are proposed as episodes of increased organic matter.

However, background factors controlling organic matter

enrichment are poorly known. In this study, we present

new inorganic geochemistry, including trace elements, rare

earth elements (REE), redox-sensitive elements (RSE),

stable-isotopes (d18O and d13C), and total organic carbon

(TOC). We integrated new geochemical data with existing

stratigraphy, paleontology, and organic chemistry data to

provide new insight into the depositional environment and

paleoclimate conditions during Aptian. The lacustrine

bitumen limestone (LBL) samples have varied d13C (ave. -

1.45%) and d18O (ave.-4.50%). They possess distinct REE

patterns, with an average of REE (ave. 14.45 ppm) and

Y/Ho (ave. 35) ratios. In addition, they have variable Nd/

YbN (0.28–0.81; ave. 0.56) and Ce/Ce* (0.68–0.97; ave.

0.86), and relatively high Eu*/Eu (1.23–1.53; ave. 1.35).

They display seawater signatures with reduced oxygen

conditions. The enrichment in RSE (Mo, Cu, Ni, and Zn)

and the low Mo/TOC (0.70–3.69; ave. 2.41) support a

certain degree of water restriction. The high Sr/Ba, Sr/Cu,

Ga/Rb, and K/Al records of the LBL facies suggest hot

house climatic conditions. The sedimentary environment

was probably an isolated basin that is transformed from the

marine basin. In addition to depositional conditions, the

regional parameters such as the climate, increased run-off

period, nutrient levels, alkalinity level, and dominant car-

bonate producers favored the enrichment in organic matter

of LBL facies. Thus, extreme greenhouse palaeoclimate

conditions have an important role in organic matter

enrichment in the isolated basin. Our results are con-

formable with the published data from marine, semi-re-

stricted basin, and lacustrine settings in the different parts

of the Tethys margin. Thus, this approach provides the first

insight into the Aptian greenhouse paleo-climate condi-

tions of the Eastern Black Sea Region, NE Turkey.

Keywords Aptian � Paleoclimate � Sedimentary

conditions � Geochemistry � REE � C and O isotopes �
Limestone � Eastern Black Sea

1 Introduction

Lacustrine carbonates are widely exposed all over the

world and serve as significant archives of Earth’s history.

They usually host a wide spectrum of hydrocarbon

deposits. The enrichment of organic matter in sediments is

an important biogeochemical process and it can be asso-

ciated with not only the paleoenvironmental conditions

such as temperature and oxygenation level but also with the

primary source (Arthur and Sageman 1994; Burdige 2007).

Several hypotheses have been proposed to understand their

genesis which is still hotly debated. Two commonly dis-

cussed models are the preservation (e.g., Demaison and

Moore 1980; Arthur and Sageman 1994; Mort et al. 2007)

and the productivity (e.g., Pedersen and Calvert 1990;
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Sageman et al. 2003) models. In the preservation model,

the isolation of the benthic environment beneath a per-

manent pycnocline leads to bottom water anoxia. A modern

example of this is the Black Sea, organic matter preser-

vation occurs under conditions of balanced diminution and/

or lack of aerobic decomposition. On the other hand, the

productivity model relates to increases in primary pro-

ductivity in surface waters, which subsequently result in

elevated benthic oxygen demand exceeding its resupply

through water column mixing in the natural system (Mur-

phy et al. 2000). However, recently a great amount of

research has highlighted the influence of other processes

such as clastic input, weathering processes, climatic con-

ditions, water-level fluctuations, and water circulation on

the sequestration of organic matter (e.g., Sageman et al.

2003; Rimmer 2004; Riquier et al. 2006). Advancements in

sedimentology have provided new clues into the back-

ground controls for the deposition of organic-rich carbon-

ates. Nowadays, the rare earth elements (REEs) contents of

carbonates have been widely used by sedimentologists to

asses syn-sedimentary conditions and diagenetic paragen-

esis of extensive carbonate bodies (Nothdurft et al. 2004;

Frimmel 2009; Özyurt et al. 2020; Gong et al. 2021). In

addition, the REE chemistry of carbonates has proven to be

an important proxy for constraining the tectonic setting of

sedimentary basins (Bau 1991, 1996; Nothdurft et al. 2004;

Zhang et al. 2017; Özyurt et al. 2020, 2023; Satish-Kumar

et al. 2021).

The rare earth elements (REEs), as coherent series of

elements, exhibit similar physical–chemical behaviors in a

natural aqueous system, but the abundances of REEs (from

Lu to La) are preferentially fractionated along the series,

resulting in the preferential removal of the light REEs

(LREE) compared to the heavy REEs (HREE) in seawater

(e.g., Sholkovitz et al. 1994; Sholkovitz and Shen 1995;

Byrne and Sholkovitz 1996). Generally, REEs exist in

stable trivalent (3 ?) oxidation states, with the exceptions

of Ce (Ce3?, Ce4?) and Eu (Eu2?, Eu3?), which can be

formed as multivalent under different redox states of the

natural system (Elderfield 1988). The redox state of sea-

water controls the oxidization of Eu and reduction of Ce

(Bau 1991). Under anoxic conditions, depletion of the Ce

can be weakened due to the redox reactions, oxidizing

Ce3? to insoluble Ce4?. Thus dissolved Ce3? is partially

scavenged from seawater (German and Elderfield 1989; de

Baar et al. 1991; Koeppenkastrop and Eric 1992; Sholk-

ovitz et al. 1994). Hence, the fractionation and distribution

of REE and Y in carbonates can be important proxies for

paleoenvironmental conditions of depositional environ-

ments (Bau 1996; Webb and Kamber 2000; Franchi 2018;

Redivo et al. 2019; Liu et al. 2019; Özyurt et al. 2020,

2023). In addition, the REE indices, which are integrated

with sedimentological data, C/O isotopes and TOC

contents, can deepen our understanding of the paleoenvi-

ronmental factors controlling the enrichment of organic

matter. During the Early Aptian to Albian, the Eastern

Pontide Basin (EPB), northeastern Türkiye, was predomi-

nantly characterized by the deposition of outer platforms to

slope facies. Although the Aptian records an episode of

environmental change from the inner platform to the outer

platform (Özyurt et al. 2020, 2022). However, there are

exceptional occurrences of Aptian laminated black lime-

stone, known as lacustrine bituminous limestone (LBL) in

the Kırcaova of the Eastern Black Sea region (Kara-Gülbay

et al. 2012). The LBL facies is described as an Aptian

bitumen horizon, which can be correlated with other Tethys

Realms, including Slovenia, Greece, and Germany (Kır-
macı et al. 1996; Koch and Zimmerle 1996; Koch et al.

2008). Therefore, the LBL strata have the potential to

record paleogeography and paleo-climate controls of the

organic matter enrichment in the lacustrine basin of Eastern

Pontides (NE Turkey). However, detailed inorganic

chemistry data for these strata remain largely unexplored,

except for organic geochemistry, sedimentology, and

paleontological data (Kırmacı et al. 1996; Koch and Zim-

merle 1996; Koch et al. 2008; Kara-Gülbay et al. 2012).

Therefore, we present the new geochemical data set (C/O

isotope, trace elements including RSE, REE) to reveal new

implications for the paleo-environment (salinity, paleore-

dox, clastic flux) and paleo-climate conditions.

1.1 Stratigraphy

The Variscan orogeny in the Black Sea region shares many

similarities with Central Europe (Okay and Topuz 2017).

However, the tectono-sedimentary evolution of the Tethys

in the Eastern Black Sea Region is complicated (Okay and

Şahintürk 1997; Okay and Nikishin 2015). The Eastern

Black Sea region (Eastern Pontides) is mainly divided into

two subzones, including the Northern and Southern Zone

based on the distribution of different rock associations

(Okay and Şahintürk 1997). The Northern Zone is domi-

nantly composed of the late Cretaceous and middle Eocene

volcanic and volcaniclastic rocks, whereas Southern Zone

mainly consists of Mesozoic to Eocene sedimentary rocks

(Okay and Şahintürk 1997; Şen 2007; Temizel et al. 2012).

The Hercynian basement rocks in the Eastern Pontides

comprise a pre-Carboniferous high-degree metamorphic

complex, an early Carboniferous granodiorite-dacite com-

plex, Late Carboniferous–Early Permian shallow-water

clastic sedimentary sequences, and a Permo-Triassic

metabasic phyllite-marble unit (e.g. Okay and and

Şahintürk 1997, Topuz et al. 2007; Kaygusuz et al. 2012).

These heterogeneous basement rocks are overlain by the

Early–Middle Jurassic volcano-sedimentary succession

(e.g. Sengör et al. 1980; Görür 1988; Kandemir and Yılmaz
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2009; Dokuz et al. 2010). The succession shows variations

in thickness, ranging from 2 to 1500 m, and consists

mainly of conglomerates, sandstone, coal seams, basalt-

andesite and pyroclasts, marl, claystone, siltstone, sand-

stone, micritic limestone alternations, and red limestone

with Ammonitico-Rosso facies (Okay and Şahintürk 1997;

Kandemir and Yılmaz 2009). The highly variable thickness

within a short distance indicates rift-related topography

(Kandemir and Yılmaz 2009; Kandemir et al. 2022).

During the Late Jurassic–Early Cretaceous, Eastern Pon-

tides witnessed a relatively stable tectonic regime and

equatorial–subequatorial paleoclimate conditions, which

facilitated to deposition of the platform carbonates (Görür

1988; Kırmacı et al. 1996, 2018; Okay and Sahintürk 1997;

Taslı 1991, 1997, 1999; Koch et al. 2008; Özyurt 2019;

Özyurt et al. 2019a, b, c ). These carbonates display a wide

range of microfacies, ranging from supratidal to slope (e.g.,

Kırmacı et al. 1996; Koch et al. 2008; Özyurt et al. 2020;

2022). Although, the age of the Berdiga Fm. carbonates

remain debated due to a paucity of biostratigraphic marker

species (Vincent et al. 2018). Numerous Earth scientists

have variously proposed that sedimentation started in the

Aalenian-Bajocian (Pelin 1977), Callovian (Robinson et al.

1995), Oxfordian or latest Oxfordian (Koch et al. 2008;

Akdoğan et al. 2018), Kimmeridgian (Dokuz and Tanyolu

2006; Taslı et al. 1999). In recent studies, the upper part is

represented by allochthonous bioclastic wackestone with

chert nodules and it is usually assigned to the Aptian-

Albian (Taslı 1991; Kırmacı et al. 1996; Koch et al. 2008;

Özyurt et al. 2020, 2022). The extensional tectonic regime

triggered the drowning of the carbonates and influenced the

sedimentation on the Berdiga carbonate platform during

the Cretaceous in time and space (Eren and Tasli 2002;

Taslı et al. 1999). The erosion or hard ground structure

developed on the structural heights, and sedimentation

continued until the Cenomanian or Turonian (Pelin 1977;

Eren and Tasli 2002; Özyurt et al. 2023). During the

extensional regime, the transitional environment has turned

into an isolated basin on the structural high area. The

Aptian laminated thin-bedded black limestones are depos-

ited in an isolated basin, which is transformed from a

lagoon environment. These Aptian laminated thin-bedded

black limestones locally occur in the uppermost part of the

Berdiga Fm. (Kırmacı et al. 1996; Kara-Gülbay et al. 2012;

Özyurt et al. 2020, 2022). Overlying the Berdiga Forma-

tion, the Upper Cretaceous sedimentary sequence is mainly

composed of deep-marine lithofacies with interbedded

volcaniclastics. The lower part of the sequence is repre-

sented by yellowish-colored calcirudite, calcarenite, calci-

lutite, and sandy limestone (Kındıralık dere Fm.; Pelin

1977). The sediments pass upward into the thin-bedded

Globutuncana-bearing pelagic limestones, marly limestone,

and marl (Elmalı dere Fm.; Pelin 1977). The upper part of

the sequence is composed of sandstone, siltstone, marl,

clayey limestone, and volcaniclastics (Tepeköy Fm.; Pelin

1977). This Late Cretaceous sedimentary sequence is

described as rift sediment due to (1) rapid lateral changes in

facies and thickness and (2) hardground structures within

the sequence (Eren and Tasli 2002; Kandemir and Yılmaz

2009; Türk-Öz and Özyurt 2019; Özyurt et al. 2023). The

sedimentary sequence changes into magmatic rocks,

including basalt, andesite, dacite, rhyolite, and, pyroclas-

tics, and a wide range of intrusive rocks, toward the

northern part of the Eastern Pontides (e.g., Kaygusuz and

Aydınçakır 2009; Karslı et al. 2010). The Upper Creta-

ceous rocks are cut or overlain by basalt-andesite and

associated pyroclastic rocks and Nummulite-bearing lime-

stone of the Eocene Alibaba Formation (Arslan and

Aliyazıcıoğlu 2001; Kaygusuz et al. 2009; 2012; Eyuboglu

et al. 2013).

2 Samples and methods

The Upper Jurassic–Lower Cretaceous carbonates are

widely exposed in the Eastern Pontides, particularly in the

southern part. However, the bituminous limestone strata of

the Berdiga Formation are rarely preserved in the Eastern

Pontides. One of the typical exposures of LBL strata is

found in the Kırcaova area of the southern part. The studied

stratigraphic section is represented by a 6 m thick, dark

grey-colored micritic limestone. Twelve outcrop samples

are collected from a 6-m-thick section. Well-preserved

micritic limestone samples were selected for detailed trace

element and isotope analyses. They were examined under a

polarising microscope to determine the microfacies.

Microfacies types were described based on Dunham (1962)

and interpreted according to Flügel (2012). Representative

thin sections and a mirror-image slab of each thin section

were polished to evaluate (i) weathering (ii) the presence of

clay minerals (iii) micro-fissures filled with calcites or

clastic components and (iv) fracturing during geochemical

sampling. We selected the most representative LBL sam-

ples that do not display petrographic evidence of diagenetic

alteration, recrystallization, cementation, secondary min-

erals, or autogenetic minerals such as glauconite. Their

micritic ortho-chem parts were carefully sampled by using

the micro-drilling method.

The stable isotope analyses (d18O and d13C) were con-

ducted at the Sedimentary laboratories of the University of

Windsor (ON, Canada). Carbonate powders were reacted

with 100% phosphoric acid at 70 �C using a Gasbench II

connected to a Thermo Fisher Delta V Plus mass spec-

trometer. All values are reported per mil relative to V-PDB.

Reproducibility and accuracy were monitored by replicate

analysis of laboratory standards calibrated by assigning
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d13C values of ? 1.95% to NBS19 and -46.6% to LSVEC

and d18O values of -2.20% to NBS19 and -23.2% to

NBS18. Reproducibility for d13C and d18O was ± 0.0 9

and ± 0.0y (1 SD), respectively.

Major and trace element analyses of the selected sam-

ples were conducted by ACME Analytical Laboratories,

Ltd. (Canada). Major elements were analyzed by X-ray

fluorescence in fused LiBO2/Li2B4O7 disks using a Sie-

mens SRS-3000 X-ray fluorescence spectrometer with an

Rh-anode X-ray tube as a radiation source. X-ray absorp-

tion/enhancement effects were corrected using the Traill

and Lachance (1966) method, included in the SRS-3000

software. The detection limit was 0.01% for SiO2, CaO,

Al2O3, Na2O, K2O, MnO, P2O5, and TiO2: 0.04% for

Fe2O3, and 0.002% for Cr2O3. Trace element content

including rare earth elements (REE), and redox-sensitive

elements (RSE) in the carbonates was determined by

inductively coupled plasma–mass spectrometry (ICP–MS).

Analyses used * 0.2 g of powdered sample digested in

10 mL 8 N HNO3, of which 1 mL was diluted with 8.8 mL

deionized water and 0.1 mL HNO3. To monitor the pre-

cision and accuracy, 1 mL of an internal standard (in-

cluding Bi, Sc, and In) was added to the solution. For more

details on these methods, please see the website of http://

acmelab.com. Detection limits for Ba, Ni, and Sc are 1, 20,

and 1 lg/g, respectively. Detection limits for Hf, Zr, Y, La,

and Ce are 0.1 lg/g. Detection limits for Th and Nd are 0.2

and 0.3 lg/g, respectively. Detection limits for Tm, Tb,

and Lu are 0.01 lg/g; for Pr, Eu, and Hu are 0.02 lg/g; for

Er is 0.03 lg/g; for Sm, Gd, Dy, and Yb are 0.05 lg/g.
P

REE or total REE content includes rare earth elements

from La to Lu and Y are separately illustrated in Table 1.

CeN/CeN * = CeN/(0.5LaN ? 0.5PrN); EuN/EuN-

* = EuN/[(SmN 9 0.67) ? (TbN 9 0.33)], where N

refers to normalization to post-Archean Australian Shale

(PAAS-normalized value) (Taylor and McLennan 1985).

The equations of (i) Eu/Eu* ratio = EuN/(SmN ? GdN)0.5,

(ii) Pr anomaly = Pr/Pr* = PrN/(0.5CeN ? 0.5NdN), (iii)

La anomaly = La/La* = LaN/(3PrN - 2NdN), and (iv) Ce

anomaly = Ce/Ce* = 3CeN/(2LaN ? NdN) are used to

express Eu, Pr, La, and Ce anomalies in the studied lime-

stones (Bau and Dulski 1996; Shields and Stille 2001).

3 Results

The underlying facies are represented by reworked skeletal

grainstone/packstone microfacies and sponge spicule

wackestone/mudstone microfacies. The studied strata

overlie the underlying facies with a sharp contact, which

implies disconformity. The LBL facies are composed of

thin to medium layered, black to dark gray bituminous

limestones and clayey limestone layers. The lower part is

represented by thin to medium layered, bioclastic wacke-

stone, whereas the middle to upper levels comprises thin to

very thin bedded, bioclastic lime mudstone that interca-

lated with clayey limestone. The samples contain gas-

tropod, ostracod, and characean stems, and benthic

foraminifera such as miliolid. Koch and Zimmerle (1996)

indicated that Aptian LBL forms a marker horizon in the

field (Figs. 1, 2, 3, 4).

3.1 Stable isotopes (d18O and d13C)

Their stable isotopes (d18O and d13C) are illustrated in

Table 1. The d13C values of the bituminous limestone

samples ranging from - 2.19% to - 0.90 % with an

average of -1.45 % are slightly lower than those of the

Belemnite shells (0.10 and 1.84 %). The d18O data (-4.90

to -3.53 with ave. -4.50) are slightly lower than those of

belemnite fossils (-3.49 to -1.75, with an average of -2.75;

Özyurt et al. 2022).

3.2 Major-trace elements and TOC values

Major, trace, and rare earth elements are presented in

Tables 1 and 2. The studied samples show similar CaCO3

contents ranging from 98.71 to 99.38 wt.%. They exhibit

low-Mg calcite characteristics with MgCO3 values between

0.62 and 1.29 wt.%. They have significantly high Fe

(0.19–0.88 wt.% with ave. 0.56%) and high Mn (0.05–0.20

wt.% with ave. 0.10 wt.%) and variable Na (0.01–0.02%)

contents. Further, they have relatively high Sr

(499–879 ppm; average 712 ppm). They have total carbon

(12.06 to 13.17 wt.%, with ave. 12.39 wt.%), total organic

carbon (TOC; 0.43 to 1.46 wt.%, with ave. 0.78 wt.%), and

total S content (0.03–0.11 wt.%, with ave. 0.05 wt.%).

They exhibit low Zr, Sc, Hf, and Sc contents. Their redox-

sensitive trace elements (RSE; Mo, Cu, Ni, and Zn) are

represented in Table 2. The total rare earth elements

(
P

REE) of bituminous limestone samples range from 2.68

to 39.90 ppm (ave. of 12.80 ppm), which are higher than

the REE concentrations of belemnite samples (0.32–0.54).

The average
P

REE contents in the bituminous limestone

samples are significantly low compared to those in the

Post-Archean Australian Shale (PAAS) (183 ppm; Taylor

and McLennan 1985), North American Shale Composite

(NASC) (173 ppm; Boynton 1984). They have chondritic

Y/Ho ratios varying between 29.17 and 50.00 with an

average of 35. The normalized REE patterns display LREE

depletion relative to the HREEs (ave. 0.62 of La/YbN and

mean 0.54 of Nd/YbN); positive La anomaly (ave. 2.82 of

La*/La); positive Eu anomaly (Eu/Eu*; 1.23–1.53, with

ave. 1.34); and slightly flattened Ce anomaly (Ce/

Ce*;0.68–0.97, with ave. 0.88) (Fig. 5).
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Table 1 Trace element and isotope values of the studied LBL strata. Bdl: Below detection limit

Sample LBL-1 LBL-2 LBL-3 LBL-4 LBL-5 LBL-6 LBL-7 min max ave

d13C -2.19 -1.50 -1.10 -2.10 -0.90 -0.91 -1.10 -2.19 -0.90 -1.40

d18O -3.53 -4.66 -4.20 -4.40 -4.90 -4.50 -4.70 -4.90 -3.53 -4.50

SiO2 0.96 0.67 0.66 0.60 3.21 2.75 4.16 0.60 4.16 1.86

Al2O3 0.25 0.15 0.15 0.16 0.95 0.84 1.34 0.15 1.34 0.55

Fe2O3 0.38 0.76 0.78 0.19 0.58 0.37 0.88 0.19 0.88 0.56

MgO 0.83 0.92 0.93 1.02 0.74 0.80 0.82 0.74 1.02 0.87

CaO 53.65 53.64 53.60 53.85 51.29 51.25 50.36 50.36 53.85 52.52

Na2O 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.02 0.02

K2O 0.04 0.02 0.02 0.02 0.13 0.10 0.19 0.02 0.19 0.07

TiO2 0.01 bdl bdl bdl 0.05 0.04 0.07 0.01 0.07 0.04

P2O5 0.03 0.02 0.03 0.03 0.05 0.04 0.03 0.02 0.05 0.03

MnO 0.20 0.14 0.14 0.05 0.05 0.05 0.05 0.05 0.20 0.10

Ba 8.00 11.00 14.00 9.00 18.00 21.00 19.00 8.00 21.00 14.29

Sc bdl bdl bdl bdl 1.00 bdl 2.00 1.00 2.00 1.50

LOI 43.50 43.60 43.60 43.90 42.80 43.60 41.90 41.90 43.90 43.27

Sum 99.92 99.91 99.90 99.89 99.88 99.88 99.88 99.88 99.92 99.89

Co 0.50 0.50 0.20 0.50 2.20 1.80 2.20 0.20 2.20 1.13

Cs 0.20 0.10 0.20 0.20 1.70 1.20 1.80 0.10 1.80 0.77

Ga 0.50 0.50 0.50 0.60 1.20 0.70 1.40 0.50 1.40 0.77

Hf bdl bdl bdl bdl 0.20 0.20 0.30 0.20 0.30 0.23

Nb 0.20 0.20 0.10 0.10 0.80 0.60 0.90 0.10 0.90 0.41

Rb 1.90 1.30 1.10 1.20 5.30 4.40 8.20 1.10 8.20 3.34

Sr 499 623 629 706 801 879 765 499 879 700

U 1.80 1.80 1.80 2.50 4.30 4.60 3.00 1.80 4.60 2.83

V 8.00 8.00 10.00 15.00 24.00 23.00 31.00 8.00 31.00 17.00

Zr 3.40 3.20 3.00 9.70 8.40 7.00 11.20 3.00 11.20 6.56

Y 1.90 1.00 1.10 12.30 2.10 1.30 3.50 1.00 12.30 3.31

La 1.10 0.70 0.60 5.60 2.00 1.50 3.50 0.60 5.60 2.14

Ce 1.60 0.80 1.00 7.90 3.40 2.50 5.30 0.80 7.90 3.21

Pr 0.18 0.11 0.10 0.91 0.35 0.26 0.61 0.10 0.91 0.36

Nd 0.50 0.50 0.50 4.20 1.50 1.30 2.50 0.50 4.20 1.57

Sm 0.13 0.09 0.07 1.19 0.37 0.17 0.48 0.07 1.19 0.36

Eu 0.04 0.03 0.03 0.37 0.08 0.06 0.13 0.03 0.37 0.11

Gd 0.21 0.13 0.18 1.91 0.28 0.24 0.52 0.13 1.91 0.50

Tb 0.03 0.02 0.02 0.30 0.04 0.03 0.07 0.02 0.30 0.07

Dy 0.27 0.11 0.13 1.95 0.32 0.19 0.50 0.11 1.95 0.50

Ho 0.05 0.02 0.03 0.42 0.07 0.04 0.12 0.02 0.42 0.11

Er 0.18 0.09 0.10 1.27 0.21 0.14 0.30 0.09 1.27 0.33

Tm 0.02 0.01 0.01 0.19 0.03 0.02 0.04 0.01 0.19 0.05

Yb 0.14 0.07 0.09 1.20 0.17 0.13 0.29 0.07 1.20 0.30

Lu 0.03 0.01 0.01 0.19 0.02 0.02 0.04 0.01 0.19 0.05

TOT/C 12.23 12.21 12.31 12.42 12.35 13.17 12.06 12.06 13.17 12.39

TOT/S 0.03 0.03 0.03 0.04 0.05 0.11 0.07 0.03 0.11 0.05

TOC 0.71 0.48 0.45 0.43 1.11 1.46 0.84 0.43 1.46 0.78

Mo 0.70 1.50 1.20 0.30 4.10 4.20 2.60 0.30 4.20 2.09

Cu 1.20 1.20 1.40 0.80 4.90 3.50 5.80 0.80 5.80 2.69

Pb 0.60 0.40 0.40 0.30 1.40 0.90 2.50 0.30 2.50 0.93

Zn 2.00 3.00 3.00 1.00 7.00 6.00 12.00 1.00 12.00 4.86

Ni 2.80 4.20 4.10 0.90 7.60 4.40 7.80 0.90 7.80 4.54

TOT/C Total carbon. TOT/S Total sulfur
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4 Discussion

4.1 Clastic influx

The REE composition of carbonate can be easily influ-

enced by non-carbonate materials, which contain relatively

high REE concentrations. These non-carbonate materials

mainly include terrigenous detritus (Webb and Kamber

2000; Nothdurft et al. 2004; Frimmel 2009), Fe–Mn oxides

(Banner et al. 1988; Bau 1996; Frimmel 2009) and phos-

phates (German and Elderfield 1990; Reynard et al. 1999).

In addition, organic matter can also absorb REE contents.

The presence of a non-carbonate component can be

detected through insoluble elements such as Sc, Th, and Hf,

which are enriched in terrigenous detritus such as clay

minerals (Webb and Kamber 2000; Özyurt et al. 2020).

Firstly, the RREE concentrations of the LBL samples are

lower than those of terrigenous sediments (marine car-

bonate is usually \ 100 ppm, Qing and Mountjoy 1994; Li

et al. 2017). Their RREE concentrations are in accordance

with shallow marine carbonates (Özyurt et al. 2020).

Although Y/Ho ratios display chondritic values (29–50)

which are lower than marine carbonates. The studied LBL

samples have significantly lower mean concentrations of

Sc, Th, and Hf compared to the upper crust (i.e., Sc =

14.9 ppm, Th = 2.30 ppm, Hf = 5.80 ppm; Taylor and

Mclennan 1985).

4.2 Depositional environment

The LBL facies is represented by black to dark gray bitu-

minous limestones and clayey limestone. These facies are

described as an Aptian bitumen horizon (Kırmacı et al.

1996; Koch and Zimmerle 1996). The LBL facies in

Eastern Pontides are well correlated with the bituminous

limestone in W-Slovenia based on paleontological and

stratigraphical data (Koch and Zimmerly 1996). Although,

the shallow-marine index fossils of the bitumen horizon in

Eastern Pontides differ from those in W-Slovenia. In both

areas, the bituminous limestone strata contain characeans,

indicating periodic deposition in a freshwater environment

(Koch and Zimmerly 1996; Kırmacı et al. 1996). Previous

studies have analyzed their organic chemistry and molec-

ular parameters, suggesting that the source of the bitumi-

nous limestones contains a mixture of aquatic (algal and

bacterial) and terrigenous organic matter (Kara-Gülbay

et al. 2012).

The studied limestone samples exhibit characteristics of

low Mg-calcite with the chemical formula of

Ca98.81–99.52Mg0.48–1.19(CO3). Low-Mg calcite is consid-

ered to be more stable relative to High-Mg calcitic and

aragonitic components (e.g., Hashim and Kaczmarek

2020). The d13C values (- 2.19 to - 0.90, - 1.40%)

slightly overlap with the measured d13C values of the

Aptian carbonate and foraminifera (0 to 4.0 %, Veizer

et al. 1999; Huck et al., 2011). The d18O data (- 4.90

to - 3.53 with ave. -4.50) are slightly lower than those of

belemnite fossils (- 3.49 to - 1.75, with an average

of - 2.75; Özyurt et al. 2022), which implies diagenetic

influence or freshwater involvements or high T. They have

low Mn/Sr ratios of less than 3, confirming a high degree of

preservation of primary geochemical signatures (Veizer

and Hoefs 1976). They are mainly represented by a (1) low

REE content (mean 12.80 ppm), (2) LREE depletion rel-

ative to the HREEs (ave. 0.62 of La/YbN and mean 0.54 of

Nd/YbN), (3) positive La anomaly (ave. 2.82 of La*/La)

and (4) chondritic Y/Ho (29.17–50.00, with an average 35).

The REE chemistry of the LBL facies well conforms with

marine sediments. However, their Sr (499–879 with ave.

701 ppm) contents are strongly higher than carbonates

formed in normal seawater (Sr & 250 ppm; Tucker and

Wright 2009; Swart et al. 2005). Their Sr contents overlap

with seawater with very high salinities derived from the

hypersaline sabkhas (&550 ppm; Tucker and Wright

2009). Thus, diagnostic seawater signature with high Sr

reflects an isolated basin that was transformed from a

marine to a lagoon setting. Besides, the low Mo/TOC

(0.70–3.69; ave. 2.41) supports a certain degree of water

restriction (Algeo and Rowe 2012).

On the other hand, the geochemical characteristics of

carbonates have been widely used as an important proxy

for constraining the tectonic setting of sedimentary basins

(Bau 1996; Nothdurft et al. 2004; Zhang et al. 2017; Satish-

Kumar et al. 2021). A recent review by Zhang et al. (2017)

focused on the chemistry of a wide range of limestones

deposited in various plate tectonic settings. In this contri-

bution, the researchers proposed that the geochemical tra-

ces can be successfully applied to differentiate the

carbonates accumulated in passive and active continental

margins, oceanic highs and islands in open oceans, and

inland basins. They suggested that REE patterns such as

La/SmN, Sm/YbN, Eu/Eu*, and Ce/Ce* values that are

combined with immobile elements (i.e. Zr, Ti, La, and Sc)

can provide a better understanding of the depositional

setting of carbonate rocks. It is also noted that the inland

carbonates are highlighted by relatively elevated Eu/Eu*

values (average 3.74). The studied samples display rela-

tively lower Eu/Eu* ratios (1.23–1.53 with an average of

1.35) compared to inland carbonates. However, they are

mostly plotted in the field of inland and margin carbonates

(Fig. 5f–g). Their Zr/Ti values are higher than margin

carbonates and they are mostly compatible with inland

carbonates. Hence, REE chemical evidence confirms a

deposition of the LBL in an inland environment.
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4.3 Redox conditions

The redox-sensitive trace elements (RSE) such as Fe, Mn,

Mo, Cu, Ni, and Zn have been widely used as a potential

proxy for the redox status of depositional setting (Tri-

bovillard et al. 2006; Scott et al. 2008; Sahoo et al. 2012;

Miller et al. 2017). These elements tend to form soluble

oxyanions under oxic conditions whereas become less

soluble under oxygen deficiency conditions (e.g., Bruland

and Lohan 2006). This causes RSE enrichments in sedi-

mentary basins with oxygen-depleted conditions (Scott

et al. 2008; Sahoo et al. 2012; Miller et al. 2017). The Mn

a

b

Permo-T

T

Eocene sequences

= ==
=

= =
=

=

Fig. 1 a A global tectonic map

displaying the main tectonic

units in Europe and the Black

Sea region. B Balkanides, BM

Bohemian Massif, Is Istanbul

Zone, GC Greater Caucasus,

IAE Izmir–Ankara–Erzincan,

LC Lesser Caucasus, Ms.

Moravia–Silesia, Rh Rhodope

Massif, RH Rheno-Hercynian,

St Strandja Massif (Okay and

Topuz 2017). b Generalized

geologic map of Eastern

Pontides, Eastern Black Sea

region (modified Okay and

Şahintürk 1997)
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and Fe contents of the studied samples are relatively higher

than marine sediments (vary from 3 to 50 ppm; Veizer

2018), implying an increase in Mn and Fe contents or

reducing conditions (Brand and Veizer 1980; Swart

et al.2015). Their Mo, Cu, Zn, and Ni contents are higher

than those of marine setting (Table 2; Özyurt in prep.). The

other important indicator of oxygenated conditions can be

considered a pronounced negative Ce/Ce* anomaly

(Nozaki 2001; Shields and Webb 2004; Bau et al. 2010).

The studied LBL samples display a lack of significant

negative-Ce anomalies implying low oxygenated condi-

tions (e.g., Özyurt et al. 2020). Their Pr/Ph values (Apr.

1.3; Kara-Gülbay et al. 2012) further confirm the oxygen-

depleted conditions.

4.4 Paleoclimate conditions

Paleoclimatic conditions play an important role in water

chemistry, organism types, paleosalinity, and pH of the

lacustrine basin (Rohais et al. 2019; Wu et al. 2021; Kong

et al. 2022). Sr/Cu has been widely used as a paleoclimate

indicator (Wang et al. 2018a, b; Xu et al. 2021). According

to Lerman and Wang (1989), Sr/Cu ratios that are lower

than 5.0 imply a warm-humid climate, whereas ratios

higher than 5.0 indicate a warm-humid climate. Later, Jia

et al. (2013) argue against the borderline, because Sr and

Cu contents can be influenced by the basin geomorphology

such as scale and water depth for lacustrine sediment. They

have proposed that the Sr/Cu ratio lower than 10 implies a

warm and moist climate, but Sr/Cu ratio higher than 10

suggests a hot and arid climate. The studied LBL samples

possess strongly high Sr/Cu ratios (ave. 402.06) which

mostly show hot and arid climate conditions. In addition,

Sr and Ba are alkaline-Earth metals that display different

geochemical fractionation in a sedimentary environment.

Sr/Ba can be used as important paleoclimate parameters

(Meng et al. 2012). The Sr/Ba ratios much less than 0.5

indicate low salinity seawater on the shelf with unrestricted

marine environmental conditions and less water evapora-

tion. The high Sr/Ba values are used as indicators of high

salinity environmental conditions or hot arid paleoclimatic

conditions climate, whereas a low Sr/Ba value represents
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Fig. 2 Geological map of the Kırcaova (Gümüşhane) area (modified from Kırmacı et al. 1996). Insets displaying the general lithofacies

distribution in the Berdiga Fm (Kırmacı et al. 1996). The black ellipsis shows LBL strata. The stratigraphic section of LBL strata

123

978 Acta Geochim (2023) 42:971–987



low salinity or warm humid climate. The LBL samples

display high Sr/Ba (40.26–78.47; ave. 52.74), confirming

Cretaceous conditions. Despite the high Sr, Sr/Cu, and Sr/

Ba of the studied LBL samples suggesting extreme hot-

house and dry climatic conditions, no syn-sedimentary

dolomite or evaporites are observed in the studied

 6 m

a

b

c d

Fig. 3 a Geological field view

of Berdiga Fm. and LBL strata,

b general view of the

approximately 6 m thick, dark

grey LBL strata, c the lower part

of thin to medium bedded

limestone facies, and d upper

part of the laminated LBL strata

Table 2 Redox sensitive elements (RSE) and correlation with Berdiga Fm

LBL samples Inner Platform Carbonates (Özyurt et al. 2020)

LBL-1 LBL-2 LBL-3 LBL-4 LBL-5 LBL-6 LBL-7 min max ave Min Max

Co 0.50 0.50 0.20 0.50 2.20 1.80 2.20 0.20 2.20 1.13 0.40 0.70

Mo 0.70 1.50 1.20 0.30 4.10 4.20 2.60 0.30 4.20 2.09 0.20 0.40

Cu 1.20 1.20 1.40 0.80 4.90 3.50 5.80 0.80 5.80 2.69 0.40 0.90

Zn 2.00 3.00 3.00 1.00 7.00 6.00 12.00 1.00 12.00 4.86 2.00 7.00

Ni 2.80 4.20 4.10 0.90 7.60 4.40 7.80 0.90 7.80 4.54 1.80 2.00
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section. The extremely high values of Sr-depended indi-

cators can be related to their carbonate dominant lithology,

because Ca and Sr display similar electronegativities, ionic

radii, and ionization character, and Sr tends to be incor-

porated in carbonate minerals.

On the other hand, Ga and Al have a close association

with the fine-grained aluminosilicate fraction, and these

elements are commonly enriched in kaolinite linked to

warm and humid and warm climate conditions (e.g.,

Hieronymus et al. 2001; Roy and Roser 2013). Rb and P

are linked to illite, which implies low chemical weathering

under cold and dry climatic conditions (e.g., Ratcliffe et al.

2010). Thus, their relative enrichment has been widely

used as weathering and paleoclimatic indicators (Beck-

mann et al. 2005; Xu et al. 2022). The studied samples

have low Ga/Rb (0.16–0.50; an average of 0.31) and high

K/Al ratios (0.12–0.16; an average of 0.14) might indicate

a trend into hot and semi-humid conditions. Our results are

broadly consistent with published data from the Aptian

strata and with estimates for mid-Cretaceous latitudinal

gradients (Larson and Erba 1999; Leckie et al. 2002; Jen-

kyns 2010; Föllmi 2012; Lechler et al. 2015; Navarro-

Ramirez et al. 2017).

4.5 Organic matter enrichment

The LBL horizons consist of thin, bituminous decimetre-

thick sequences (e.g., Kırmacı et al. 1996; Kirmaci et al.

1996). They are well correlated with Aptian bitumen

limestone in the other Tethys Reams of N Germany,

Slovenia, Greece, and Türkiye (Koch and Zimmerle 1996).

These horizons are considered episodes of increased

organic matter (Koch and Zimmerle 1996; Kara-Gülbay

et al. 2012). The microfacies, fossil assemblage, and REEs

of the studied LBL samples suggest an isolated basin with

high alkalinity and nutrient levels. Although, the basin

periodically can be supplied by fresh water through run-off

or river. The studied rocks display low Zr, and Hf contents

which support input of rainwater instead of river flux that

can release considerably high amounts of REE, Zr, Hf, and

Sc. The high Sr, Na, Sr/Cu, K/Al, and low Ga/Rb suggest

extreme hothouse climatic conditions.

During an extremely hothouse climatic event, evapora-

tion increased, leading to the high concentration of the

isolated basin and a sudden rise in paleosalinity. Subse-

quently, the hot and semi-arid palaeoclimate weakened

slightly, and gradually increasing run-off resulted in a

period of high rainfall (Luz 1979; Pratt 1984). In this

context, the run-off cycle had a strong influence on the

periodic freshwater supply to the environment, in which

characian fossils enriched in the surface water (Kırmacı
et al. 1996; Kara-Gülbay et al. 2012). This also raised

nutrient levels in the environment, resulting in high pro-

ductivity (Jenkyns 1999; Leckie et al. 2002; Erba 2004).

Freshwater formed lighter water above the denser saline

water below (Luz 1979; Pratt 1984; Waples 2013). The

oxygen could not be introduced to the lower water layer

where the LBL sedimentation was occurring. The

a

c

Fig. 4 Microfacies

microphotographs of GBL strata

(a–d). a Wackestone–mudstone

with allochthonous bioclasts

including ostracod and

characean stems, b Wackestone

with gastropods, c, d
Wackestone-mudstone LBL

strata with ostracod and

gastropods. Ch: characean, G:

gastropods
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difference in chemistry between fresh water and saline

fluids with higher density also led to water stratifications

(Arthur and Natland 1979). This was probably followed by

steady stratification, which results in the anoxic bottom

water, increasing the preservation potential of organic

matter (Wang et al. 2018a, b). Meanwhile, the oxygen

content of bottom water decreased, which resulted in the

enrichment of RSE, Ce/Ce* values, and TOC

values (Fig. 6).

Overall, a greenhouse climate was accompanied by high

primary productivity. The combination of these sedimen-

tary processes favored the deposition of organic-rich

limestone in the lacustrine settings of the Eastern Black Sea

Region (Fig. 6). Our results are conformable with the

published data from marine (e.g., Jenkyns 2010; Heimhofer

et al. 2004; Quijano et al. 2012; Bottini et al. 2015; Basi-

lone 2021; Fang et al. 2021), semi-restricted basin (e.g.,

Sanchez-Hernandez and Florentin 2016; Socorro

et al. 2017; Socorro and Maurrasse 2019) and lacustrine

settings (e.g., Zhang et al. 2020; Deconinck et al. 2021) in

the different parts of the Tethys margin.

5 Conclusion

The sedimentological and geochemical analyses of the

Aptian LBL facies allow us to reconstruct sedimentary

conditions as outlined in Fig. 6.

Our primary results are as follows:

1. The LBL facies were deposited in the isolated basin

with oxygen-depleted conditions.

2. The LBL facies record hot and semi-arid to semi-

humid climate conditions. The periodic change in

paleoclimate causes enhanced weathering, resulting in

a high run-off and freshwater supply. The weathering

processes lead to the nutrient flux into the depositional

T

, Sr/Cu and Sr/Ba
Low REE, Zr, Sc, Hf
La/Ybn, Nd/Yb*, La/La*

TOC, Ce/Ce*,
Mo, Cu, Zn, and Ni  

, Sc and Hf

LBL

Neotethys Ocean

Sakarya Zone

Greater Causus

Central Iran

Alborz
Kopet Farah

Lut block

Kermanshash

Old trapped crust

30

20

10

O

O

O

Neotethys Ocean

N S

APTIAN

Not scale

Not scale

by the marine

LBL

Fig. 6 a The paleogeographic map displays the Aptian evolution the of Neotethys Ocean (modified from Karslı et al. 2021). Star mark study

area. b Diagrammatic sketches illustrate a conceptual model for paleogeography and paleoclimate factors controlling the organic matter

enrichment. The marine environment was transformed into a lagoon environment with a lack of marine influence or possible lacustrine setting.

The geochemistry of the LBL records of the Aptian hot house climate conditions with periodic change. In this context, the run-off cycle had a

strong influence on the periodic freshwater supply to the environment, in which characian fossils enriched in the surface water. This also raised

nutrient levels in the environment, resulting in high bio-productivity. The period of high rainfall resulted in a freshwater supply with low salinity

to the depositional environment, leading to water column stratifications. High-salinity stratified water columns occurred in the bottom water with

suboxic to relatively anoxic conditions. This led to a high preservation rate of TOC at the bottom
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environment through time. This increases bio-produc-

tivity within the shallow zone of the water columns, as

supported by relatively high TOC content.

3. The water column exhibits high salinity and is suboxic

to relatively anoxic conditions at the bottom. These

bottom water conditions contribute to the preservation

of organic matter during sedimentation.

4. The regional parameters such as the climate, increased

run-off period, nutrient levels, alkalinity level, and

dominant carbonate producers (algal organisms and

other saprofer) favored the enrichment in organic-rich

facies during the Aptian.

5. Extreme Cretaceous conditions are important factors

controlling organic matter enrichment. Our results are

conformable with the published data in the different

parts of the Tethys margin. Therefore, this approach

may provide the first insight into the paleo-climate

conditions for the Eastern Black Sea (NE Turkey).
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Kandemir R, Özyurt M, Karsli O (2022) Sedimentological and

geochemical characteristics of Lower Jurassic Sandstones from
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Kara-Gülbay R, Kırmacı MZ, Korkmaz S (2012) Organic geochem-

istry and depositional environment of the Aptian bituminous
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Şen C (2007) Jurassic volcanism in the Eastern Pontides: is it rift

related or subduction related? Turkish J Earth Sci 16(4):523–539

Sengör AC, Yilmaz Y, Ketin I (1980) Remnants of a pre–Late

Jurassic ocean in northern Turkey: fragments of Permian-

Triassic Paleo-Tethys? Geol Soc Am Bull 91(10):599–609

Shields GA, Webb GE (2004) Has the REE composition of seawater

changed over geological time?. Chem Geol 204(2004):103–107

Shields G, Stille P (2001) Diagenetic constraints on the use of cerium

anomalies as palaeoseawater redox proxies: an isotopic and REE

study of Cambrian phosphorites. Chem Geol 175(1–2):29–48

Sholkovitz ER, Landing WM, Lewis BL (1994) Ocean particle

chemistry: the fractionation of rare earth elements between

suspended particles and seawater. Geochim Cosmochim Acta

58(6):1567–1579

Sholkovitz E, Shen GT (1995) The incorporation of rare earth

elements in modern coral. Geochim Cosmochim Acta

59(13):2749–2756

Socorro J, Maurrasse FM (2019) Continuous accumulation of organic

matter-rich sediments associated with Oceanic Anoxic Event 1a

in the El Pujal section, Organyà Basin, Catalunyà Spain and its
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Taslı K (1997) Doğu Pontidlerde Malm volkanizmasının varlığına
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