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a b s t r a c t

We performed a detailed study of the stratigraphic transition from the early Aptian oceanic anoxic event
1a (OAE1a) to the oceanic red bed 1 (ORB1) along the pelagic Yenicesihlar section in the Mudurnu region
of central Turkey. The Selli-equivalent level of the OAE1a (approximately 2.1 m thick) consists of black to
dark-grey shales interbedded with grey marlstones with total organic carbon contents up to 2.05%. The
carbon isotopic record shows a negative excursion (C3 stage, 0.58 m in thick) at the bottom of the Selli-
equivalent black shales and a stepwise positive excursion (C4 to C6 stages, 1.52 m in thick) within the
Selli-equivalent black shales. The OAE1a-ORB1 transitional interval (w20.3 m in thick) displays an
alternation of light-grey limestones with grey marls or shales that links the anoxic environment of the
Selli-equivalent black shales at the bottom and the highly oxic environment of the ORB1 at the top. The
OAE1a-ORB1 transition corresponds to stable carbon isotopic C7 and C8 stages, and based on the
cyclostratigraphy, the transition lasted for approximately 1.3 Myr, which is very close to the duration of
the OAE1a (1.1e1.3 Myr). The d18O values in the transitional interval are variable and generally show an
increase towards the ORB1, when the climate became relatively cool.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The mid-Cretaceous is marked by major perturbations in the
global climate, the ocean and the carbon cycle (e.g., Leckie et al.,
2002; Jenkyns, 2003; Wagreich et al., 2011), as evidenced by
intervals of significant, widespread environmental changes repre-
sented by geologically brief (�1Myr; Bralower et al., 1994) episodes
known as oceanic anoxic events (OAEs) (Schlanger and Jenkyns,
1976; Jenkyns, 1980; Arthur et al., 1990; Jenkyns, 2010). The early
Aptian OAE1a is a significant Cretaceous anoxic event that occurred
in oceans worldwide and is characterised by a global distribution of
organic-rich deposits (i.e., the Selli level; Coccioni et al., 1989;
Jenkyns, 2003), extreme greenhouse conditions (e.g., Dumitrescu
et al., 2006; Ando et al., 2008), increases in continental weath-
ering and runoff (Michalík et al., 2008; Najarroa et al., 2011),
a biocalcification crisis (Erba, 1994; Erba et al., 2010), and major
perturbations in global carbon cycling (e.g., Menegatti et al., 1998;
Weissert and Erba, 2004; Méhay et al., 2009).

The onset of the OAE1a coincides with a pronounced, short-
lived negative d13C excursion in global oceanic and terrestrial
isotopic carbon compositions (e.g., Menegatti et al., 1998; van
Breugel et al., 2007; Millán et al., 2009). A massive release of
isotopically light CO2 from volcanic sources or by the oxidation of
methane during the dissociation of marine gas hydrates has been
proposed to explain this negative excursion (Jahren et al., 2001;
Wagner et al., 2007; Méhay et al., 2009). The negative excursion
in d13C is followed by a shift towards positive values as a result of
increased organic carbon burial during the deposition of organic
matter and black-shale formation (e.g., Bralower et al., 1994;
Menegatti et al., 1998). It has been suggested that the OAE1a was
initially triggered by increased global temperatures due to high
atmospheric CO2 levels linked to the emplacement of the large
igneous provinces of the Ontong Java Plateau (e.g., Larson and Erba,
1999; Méhay et al., 2009; Tejada et al., 2009; Kuroda et al., 2011).

Most previous studies have been performed on the OAE1a black
shales or on the record preceding the OAE1a (e.g., Keller et al., 2011;
Kuhnt et al., 2011; Stein et al., 2011 and references therein). Less
attention has been paid to the changes after the OAE1a. The
Cretaceous oceanic red beds (CORBs, Hu et al., 2005) were formed
in the Tethyan Ocean shortly after the OAE1a, during the late Aptian
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(Hu et al., 2006a;Wang et al., 2011). In the UmbriaeMarche basin of
Italy, eight pinkish, reddish, or maroon bands and zones occur in
the interval from the Selli level (OAE1a) to the Bonarelli level
(OAE2), which suggests variable palaeoceanographic conditions
and perhaps indirectly indicates changes in palaeoclimate
(Hu et al., 2006a). Similarly, the formation of red-bed facies
occurred 1.1e1.5 Myr after the latest Cenomanian Bonarelli level of
OAE2, as recorded in many Tethyan marine successions (Hu et al.,
2006a, 2009; Wagreich et al., 2009; Wang et al., 2011). To date,
the transition and environmental changes from the black shales of
the OAE1a to red-bed facies have not been well documented. In an
effort to better understand the palaeoenvironmental changes
during the transition from the OAE1a to the ORB1, we herein report
a continuous pelagic stratigraphic succession in central Turkey
(Fig. 1).

2. Geological setting

The study area is located near the town of Mudurnu in central
Turkey (Fig. 1). This area is situated on the Sakarya zone of Pontides
(Okay and Tuysuz, 1999), which is delimited by Tethyan suture
zones including the Intra-Pontide suture zone to the north and the
Izmir-Ankara-Erzincan suture zone to the south (Sengor and
Yilmaz, 1981; Okay and Tuysuz, 1999). The studied stratigraphic
section lies in the Mudurnu basin, in the central part of the Sakarya
zone, which was situated in the southern margin along the Sakarya
continent during the Cretaceous (Kocyigit et al., 1991; Gorur and
Tuysuz, 2001). The Mesozoic-Cenozoic sedimentary succession
over the Palaeozoic to the Triassic metamorphic basement char-
acterises the Mudurnu basin. The Upper Jurassic to Cretaceous
successions consist of pelagic shelf carbonates, cherts, and volca-
niclastics and are overlain by Upper Cretaceous slope and basinal
deposits (Altiner et al., 1991). Lower Cretaceous (Berriasian to late
Aptian) pelagic carbonates alternating with black shales/
mudstones belong to the Sogukcam Limestone (Altiner et al., 1991;

Yilmaz, 2008). The overlying Albian-Santonian Yenipazar Forma-
tion is characterised by turbidites/volcano-turbidites and pelagic
carbonates (Yilmaz, 2008). The boundary between the Sogukcam
Limestone and the Yenipazar Formation in the Mudurnu basin is
a disconformity, where the topmost layer of the Sogukcam Lime-
stone is cut across by structures similar to ‘Neptunian dykes’
(Yilmaz, 2008).

3. Stratigraphy and petrology

The studied Yenicesihlar section (E40�30000.5400, N31�7029.0500,
elevation 725 m; Fig. 1B) is a sequence approximately 33 m thick
within the upper part of the Sogukcam Limestone (Fig. 2A). This
sectionwas described at the centimetre scale in the field, and a total
of 173 samples, at a resolution of 10e20 cm, were taken for labo-
ratory analyses. The studied stratigraphic section of the Sogukcam
Limestone can be further divided into four stratigraphic units
(Fig. 2A): 1) Unit 1, 7.1 m thick, consisting of light grey to yellowish
grey bioturbated limestones occasionally interbedded with thin
beds of calcareous shales and marlstones; 2) Unit 2, 2.1 m thick,
black or dark grey shales with greymarlstones and limestonesdthe
black shales were within the planktonic foraminifera zone of
G. blowi (early Aptian), and their presence was interpreted as an
equivalent of the OAE1a (Yilmaz et al., 2004; Yilmaz, 2008); 3) Unit
3, approximately 20.3 m thick, displays an alternation of white to
light-grey bioturbated limestones with very thinly bedded
(1e5 cm) grey calcareous marls or shalesdin some parts,
centimetre-thick brownish grey, parallel laminated, silty lime-
stones occur, which may be interpreted as calci-turbidites; 4) Unit
4, approximately 3.5 m thick, pinkish to light brownish limestones.
The top of the measured section shows ‘Neptunian dyke’-like
structures and represents the boundary of the Sogukcam Limestone
and the overlying Yenipazar Formation. The reddish unit 4 was
assumed to be equivalent to the late Aptian oceanic red beds
(ORB1) (Yilmaz, 2008) (Fig. 2C).

Microscopic analyses in thin sections and the identification of
sedimentary structures in the field indicate the following facies
types:

1) Wackestone/packstone: red coloured, bioturbated, bioclastic
packstone with abundant bivalve (Fig. 3A) or planktonic forami-
nifera including glauconite and iron oxide minerals (Fig. 3B) are
found at the top of the section in stratigraphic unit 4. White-beige
coloured packstones/wackestones with planktonic foraminifera
(Fig. 3C) or abundant radiolaria (Fig. 3D) are observed throughout
the section, with an alternation of black shales and marls, and can
be more clearly observed in stratigraphic unit 3. These facies carry
important information in terms of understanding deposition of
pelagic red beds.
2) Black shale: thicker black shale facies intervals are observed
within the lower part of the measured section, and thinner facies
are observed as alternating beds with limestones along the section;
the best examples can be observed in stratigraphic unit 2. The black
shales (Fig. 3E) are composed of organic matter, calcareous/sili-
ceous silt, glauconite and a few pyritised radiolaria. Bioturbation is
not dominantly recorded. Thin lamination can be observed in some
places.
3) Marl: bluish coloured, thin-bedded marls are observed as
alternating layers with thicker limestones. The marls display
planktonic foraminifera as a biogenic component and some silici-
clastic silt contribution. This facies can be observed in three
stratigraphic units; the upper part of unit 1, the lower and upper
parts of unit 2, and the lower part of unit 3.
4) Limemudstone: white-beige coloured, medium to thick, bedded
lime mudstones include planktonic foraminifera (Fig. 3F) and

Fig. 1. A) Geographic location of the study region in Turkey; B) geographic location of
the Yenicesihlar section near Mudurnu.

X. Hu et al. / Cretaceous Research 38 (2012) 40e51 41



Author's personal copy

sporadic radiolaria. This facies can be best observed in the lower
part of stratigraphic unit 1 and upper part of unit 3.

Along the stratigraphic section, there was no record of intense
diagenetic masking on the microfacies, but some calcite growths
were recognised within planktonic foraminiferal chambers.

4. Analytical methods

4.1. Total organic carbon (TOC)

The TOC of 67 samples from the Yenicesihlar section was
determined on the LECO CS-200 carbon-sulphur instrument at the
Wuxi research institute of petroleum geology of SINOPEC, China.

4.2. Diffuse reflectance spectrophotometry (DRS)

Samples from the Yenicesihlar section were studied by the DRS
method following the procedures described in Ji et al. (2002).
Samples were ground to <38 mm, and spectral slides were
prepared. Ground samples were suspended in distilled water to
produce a slurry on glass microslides, which were then smoothed,
dried slowly at low temperature (<40 �C), and analysed in
a PerkineElmer Lambda 6 spectrophotometer with a diffuse
reflectance attachment (a reflectance sphere), with scanning from
400 to 2500 nm, at the Institute of surficial geochemistry at Nanjing
University. Data processing was restricted to the visible range

(400e700 nm). The data are reported as percent reflectance rela-
tive to the Spectralon@ standard. First-derivative values (percent
per nanometre) were calculated at 10 nm intervals to enhance the
variability of the reflectance data.

4.3. Spectral analyses

The studied section is dominated by centimetre- to
decimetre-thick beds. Spectral analyses of bed thickness across
the interval representing the transition from the OAE1a to the
ORB1 were performed, using the technique of Muller and
MacDonald (2000), to detect dominant sedimentary cycles. This
technique involves linear interpolation of raw depth series of bed
thickness, detrending, and Fast Fourier Transforms (FFTs) of the
prepared series. FFTs of the prepared series were performed in
the depth domain to yield a set of spectral peaks. A band-pass
filter of 1/3000 to 1/10 cycles/mm was applied to remove low
and high frequencies that are likely far beyond orbital frequency
bands. In addition, a Monte Carlo approach was employed to
estimate noise levels, in which FFTs on 1000 randomly generated
datasets were combined to construct a 95% confidence curve
(Mader et al., 2004). Only spectral peaks standing above the
noise level are considered statistically significant cycles.
Following the approach of Fischer (1991), the wavelength ratios
of the identified significant cycles are compared with the peri-
odicity ratios of the orbital cycles to determine whether the
sedimentary cycles represent orbital cycles. Similar ratios in the

Fig. 2. Field photos in the Yenicesihlar section. A) Panoramic photograph of the Yenicesihlar section, showing the transition from the early Aptian OAE1a to the first red beddORB1.
The positions of photographs B and C are marked. The person in the photograph (at w1.7 m tall) provides a scale. B) close-up photograph of the early Aptian OAE1a, which is
approximately 2.1 m in stratigraphic thickness; C) close-up photo of the ORB,1 showing the pinkish-red limestones. The short, red paint line above the pale reddish number
represents the stratigraphic disconformity between the Sogukcam Limestone and the Yenipazar Formation. A hammer and a pencil are shown as scales. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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depth and time domains and the characteristic features of their
modulation patterns, such as precession by eccentricity, consti-
tute the basis for interpreting the identified sedimentary cycles
as orbital cycles. An orbital timescale can be established once
orbital cycles are recognised.

4.4. Stable carbon and oxygen isotopes

The sampled lithologies include homogeneous light-grey,
marly, micritic limestones without apparent late diagenetic
cementation, grey, calcareous marlstones and shales. Stable carbon

Fig. 3. Photomicrographs of microfacies in the Mudurnu section. The lengths of the scale bars are indicated in each photograph. A) red-coloured bioclastic packstone (sample
MYU-1); B) red-coloured packstone with abundant planktonic foraminifera (sample MYU-2); C) wackestone with planktonic foraminifera (sample MY-131); D) packstone with
abundant radiolaria (sample MY-143); E) silty black shale with iron and glauconite (sample MY-53); F) lime mudstone with planktonic foraminifera (sample: MY-2). Abbreviations:
bv, bivalve shell; G, glauconite; Hm: haematite; pf, planktonic foraminifera; Rd, radiolaria.

X. Hu et al. / Cretaceous Research 38 (2012) 40e51 43
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and oxygen isotopic compositions of 163 whole rock samples were
analysed using a Finnigan MAT Delta Plus XP mass spectrometer
equipped with an automated carbonate reaction device (Gasbench
II) at the State Key Laboratory for Mineral Deposits Research,
Nanjing University, China. Samples were subsequently reacted
with purified orthophosphoric acid at 70 �C and analysed in-line
using the mass spectrometer. The data are expressed as per-mil
deviations from the Peedee belemnite (PDB) standard. Duplicate
measurements of the same working standards yielded identical
values to within the limits of analytical precision (1s): 0.05& for
d13C and 0.07& for d18O.

5. Results

5.1. Total organic carbon

The TOC values of the grey limestones from unit 1 (14 samples)
are very low, at 0.02e0.03% (Fig. 4). In total, 27 samples with TOC
values were taken from unit 2dthe Selli-equivalent black shale
(Fig. 4). The TOC values of the grey limestones are very low
(0.02e0.08%, 7 samples). The dark grey shales have TOC values
varying from 0.13 to 0.42% (11 samples). The black shales have high
TOC values, ranging from 0.9 to 2.05% (5 samples). At the bottom of

Fig. 4. Geochemical profiles of the measured Yenicesihlar stratigraphic section: TOC and stable isotopes (d13C and d18O). The planktonic foraminiferal zones are taken from Yilmaz
(2008). The determination of d13C and d18O stages follows Menegatti et al. (1998).
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the Selli-equivalent black shale, the TOC value abruptly increases
to 1.57%. The TOC values of the grey limestones from unit 3
(22 samples) are very low, at 0.02e0.07% (Fig. 4). Two grey shales
have TOC values of 0.06e0.11%, and one dark grey sample has a TOC
value of 0.44%. The TOC value of the grey limestone in unit 4 is
0.04%, whereas the light brownish sample has a low TOC value of
0.01% (Fig. 4).

5.2. Diffuse reflectance spectrophotometry

As documented by Deaton and Balsam (1991), haematite and
goethite can easily be identified in the first-derivative curves of DRS
data. Haematite is associated with a single prominent peak, at
either 565 or 575 nm, and goethite has two first-derivative peaks,
with the primary peak at 535 nm and a secondary peak at 435 nm
(Balsam and Deaton, 1991; Deaton and Balsam,1991; Li et al., 2011).
The heights of both haematite and goethite peaks increase as the
concentrations of these minerals increase (Deaton and Balsam,
1991; Li et al., 2011).

Light brownish limestones from the ORB1 (unit 4) in the Yeni-
cesihlar section contain haematite based on the interpretation of
the DRS data, which show a single prominent peak between 560
and 570 nm in the first-derivative curves (Fig. 5). The curves of the
ORB1 are very similar to those of the reddish limestones in the
Gubbio, Italy (Hu et al., 2009). Both the light-grey limestones and

the black shales from the Yenicesihlar section lack both haematite
and goethite minerals because there are no peaks corresponding to
haematite or goethite in the first-derivative DRS curves (Fig. 5).

5.3. Cyclostratigraphy

Bed thickness data for the studied section are shown in Fig. 6A.
To stabilise the variance of the series (Weedon, 2003), the raw
thickness measurements are log-transformed (Fig. 6B). Spectral
analysis of the log-transformed thickness series of the section
reveals dominant cycles with wavelengths of w 2,226, 1,548, 559,
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422, 359, and 262 mm. It is well known that orbital cycles operate
in several modes, particularly for obliquity and precession (Hinnov,
2004). For example, the obliquity has a primary mode of 41 kyr but
can also have modes of 54 kyr, 39 kyr, and 29 kyr. Precession can
occur at modes of 24, 22, 19, and 17 kyr. The short eccentricity
displays principal modes of 95 and 125 kyr, but modes can also
occur with 99 kyr and 131 kyr periodicities (Hinnov, 2004). Cycles
of 559 and 262mmyield awavelength ratio of 2.13, which is similar
to the value of 2.16 for the 41:19 kyr periodicity ratio of the
obliquity and precession cycles. Cycles of 422 and 359 mm yield
a wavelength ratio of 1.18, resembling the 1.208 ratio of the 29 kyr
obliquity and the 24 kyr precession. Cycles of 2226 and 1548 mm
exhibit awavelength ratio of 1.438, which is comparable to the ratio
of 1.316 for the 125 kyr and 95 kyr periodicities and similar to the
1.379 ratio of 131 kyr and 95 kyr orbital cycles. In essence, the 2226
and 1548 mm cycles occur in the short eccentricity frequency band
andmay thus represent short eccentricity cycles in the sedimentary
record. Similarly, the 559 and 422 mm cycles probably represent
obliquity signals, and the 359 and 262mm cycles most likely record
precession. To examine this interpretation, a band-pass filter was
applied to extract the 359 and 262 mm cycles representing the
precession. As shown in Fig. 6D, a striking modulation pattern
appears, inwhich the short wavelength cycles are superimposed on
the long wavelength cycles, and 4e8 short wavelength cycles are
typically bundled to form a w 2 m cycle. This modulation pattern
mimics that of the modulation of precession by eccentricity,
lending strong support to the above interpretation.

5.4. Stable carbon and oxygen isotopes

All the d13C values vary from þ1.4& to þ5.0&, and the d18O
values vary from �4.6& to �1.6&. A cross-plot of carbon- and
oxygen-isotope values shows no significant trends and lacks
a pronounced slope (R2 ¼ 0.168; Fig. 7) observed in many so-called
“mixing lines” produced by the addition of variable quantities of
isotopically homogeneous cement to isotopically homogeneous
skeletal calcite (e.g., Marshall, 1992). This type of isotopic signature
in the studied section may be considered to be a record of primary
palaeoceanographic information.

The stable carbon isotopes of whole rocks can be divided into
nine stages (C1eC9, Fig. 4), following the classification of Menegatti
et al. (1998). The d13C values first remain stable and vary
from þ2.8& to þ3.2& in stage C1 and then decrease slowly to the

value of þ2.5&. At the bottom of the Selli-equivalent black shales,
the d13C value sharply falls to þ1.8&, which marks the C2/C3
boundary. Within the C3 stage, the d13C values remain at 1.4
to þ1.8&, with one peak at þ2.0& to þ2.4& (Fig. 8). Subsequently,
the d13C values show an abrupt step-like positive shift from þ1.8&
to þ3.6& in C4 (Fig. 8). In the C5 stage, the d13C values remain
at þ3.3& to þ3.8&. There is a second abrupt increase from þ3.8&
to þ4.6& in the C6 stage (Fig. 8). In the C7 stage, the d13C values
remain at þ4.1& to þ5.0&, which is regarded as a carbon isotopic
plateau. Subsequently, the d13C values gradually decrease (C8) and
approximate the pre-excursion level of w3.2& (C9) (Fig. 4). The
carbon isotopic stages C3 through C6 are closely related to the Selli-
equivalent black shales (Fig. 4).

The d18Oprofile showsoxygen isotopic variationsbetween�4.6&
and �1.6& (Fig. 4). The d18O values were �2.0 to �2.5& during the
earliest Aptian, and shifted towards more negative values, reaching
as low as �4.6& during the OAE1a (Fig. 8). Just 7 cm below the
bottom of the Selli-equivalent black shales, the d18O values start to
decrease. The d18O valueswithin the Selli-equivalent black shales are
variable and can be further divided into 4 decreasingeincreasing
couplets (Fig. 8). After the OAE1a, the d18O values are variable and
generally show an increase towards the ORB1, where the d18O values
have less negative values (�2.1 to �1.6&, Fig. 4).

6. Discussion

6.1. Palaeoenvironmental changes from the OAE1a to the ORB1

Facies analysis along the measured stratigraphic section
revealed that pelagic carbonate deposition took place around an
upper slope environment before the OAE1a anoxic conditions
occurred. There was no coarse siliciclastic input from terrestrial
sources. Muddy carbonates were generally bioturbated, and
nearly all bioturbations were filled with dark-coloured muds that
were probably derived from the overlying black shales. During
anoxic conditions, bioturbating organisms were not active due to
low oxygen level, and organic muds with few biota were
deposited. Following the anoxic conditions, carbonates with
planktonic organisms covered the slope with alternations of
pelagic limestones and black shales, indicating that changing
environmental conditions were repeated frequently. For a certain
period, carbonates display a less frequent alternation with black
shales on the pelagic environment. The reddish pelagic lime-
stones (unit 4, ORB1) are similar to the Scaglia Rossa facies in
Italy. It has been well documented that the reddish limestones of
the Scaglia Rossa facies in Italy were deposited in highly oxic
environments, most probably due to high dissolved-oxygen
content at the sediment-water interface and/or low bio-
productivity (Hu et al., 2005, 2006a, 2006b, 2009; Wang et al.,
2004, 2005, 2009; Cai et al., 2009). The reddish colour of the
Cretaceous pelagic limestones in central Italy is due to the
occurrence of iron oxides, mainly haematite (Cai et al., 2009; Hu
et al., 2009), in the form of authigenic nano-grains formed in oxic
conditions at the time when the red limestones were deposited
(Cai et al., 2012). In unit 4 of the studied section, the reddish
limestones show characteristic peaks of haematite mineral
(Section 5.2), which implies an oxic environment for this strati-
graphic interval.

The palaeoenvironmental changes from the OAE1a to the ORB1
in central Turkey are similar to those observed for central Italy (see
Hu et al., 2006a), where the Selli-equivalent black shales are
separated from the ORB1 by a grey limestone interval. This interval
is approximately 2.5 m thick in the Gorgo a Cerbara section (Wang
et al., 2011) and approximately 3 m thick in the Piobbico core (Erba,
1988).
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Fig. 7. Cross-plot of stable carbon and oxygen isotopes (d13C vs. d18O).

X. Hu et al. / Cretaceous Research 38 (2012) 40e5146



Author's personal copy

6.2. Duration of the transition from the OAE1a to ORB1

It is well known that the periodicities of obliquity and preces-
sion vary with time, and those of the eccentricity remain constant
in the geologic past (Laskar et al., 2004). The periodicity of the
precession was approximately 20.3 kyr at 120 Ma according to
Berger and Loutre (1994). The studied section consists of cm- to
dm-thick beds of limestones and marls and a condensed unit of
black shales. The thickness of individual beds in depths of the
section from 0 m to 23.24 m was measured, except for the black
shale unit, where laminae and/or very thin beds were grouped
during measurements. Spectral analysis of the thickness of the
measured section reveals dominant sedimentary cycles that are
tentatively interpreted as orbital cycles (section 5.3). The isolated
cycles representing precession display a modulation pattern in
which precession is modulated by short eccentricity (Fig. 6D). Both
cycles representing precession and short eccentricity can be used to
estimate their durations. Because the black shale unit is highly
condensed and because laminae and/or very thin beds were
grouped, it is not possible to use these cycles to estimate durations
for the black shales.

The transition from the OAE1a to the ORB1 is defined from
9.22 m to 29.56 m in the section and corresponds to carbon isotope
stages C7 and C8 in the chemostratigraphy (Fig. 4). The lower part

(9.22e23.24 m) of the transition interval contains approximately
47 precession cycles, corresponding to w 950 kyr, or 8.5 short
eccentricity cycles, corresponding to w 850 kyr. Therefore, the
lower part (9.22 me23.24 m) of the transitional interval
represents w 900 kyr on average. The mean sedimentation rate of
the stage is calculated as w1.56 cm/kyr. The mean sedimentation
rates of the strata adjacent to the OAE1a interval in a pelagic setting
of the Cismon section and in a hemipelagic depositional environ-
ment of the Santa Rosa section are estimated to be nearly 1.0 cm/
kyr and w 2.1 cm/kyr, respectively (Li et al., 2008). The estimated
1.56 cm/kyr sedimentation rate for the pelagic setting of the Yeni-
cesihlar section is thus compatible with the sedimentation rates at
Cismon (Italy) and Santa Rosa (Mexico), which may provide addi-
tional support for the interpretation that the dominant sedimen-
tary cycles represent orbital variations. Assuming that these cycles
persist throughout the rest of the section, the upper part
(23.24 me29.56 m) of the transitional interval would represent
w400 kyr. Thus, the duration of the transition from the OAE1a to
the ORB1would bew 1.3Myr. The transitional interval from the top
of the Selli-equivalent black shales to the bottom of the ORB1
corresponds to the carbon isotopic stages C7 and C8 (Fig. 4). The C7
stage containsw 34 precession cycles, corresponding tow 690 kyr,
or w 6 short eccentricity cycles, corresponding to w 600 kyr. Thus,
the C7 stage persisted for w 650 kyr. Because the transition from

Fig. 8. Geochemical profiles of TOC and stable isotopes (d13C and d18O) near the OAE1a of the Yenicesihlar section.
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OAE1a to ORB1 that contains carbon isotope stages C7 and C8
occurred over 1.3 Myr, as estimated above, the negative shift of the
C8 stage thus lasted for w 650 kyr. It is interesting to note that the
duration of OAE1a (C3 to C6 stages) has been estimated at
approximately 1.11 Myr (Malinverno et al., 2010) or 1.27 Myr (Li
et al., 2008), which is very close to the w 1.3 Myr duration of the
OAE1a-ORB1 transitional interval reported herein. This concor-
dance appears to suggest that, from the carbon isotope perspective,
the system requires similar amounts of time for recovery (i.e.,
passage from stage C7 to C8) to that of the perturbation associated
with the OAE1a (stages C3 to C6), although detailed recovery
dynamics remain elusive.

6.3. Carbon isotopes and the OAE1a-ORB1 transition

The carbon isotopic record from the bottom of the OAE1a to the
bottom of the ORB1 shows four distinct stages: 1) a negative
excursion (C3, 0.58 m); 2) a positive excursion (C4 to C6, 1.52 m);
3) an isotopic plateau (C7, 9.48 m); and 4) an isotopic decrease
(C8, 10.86 m) (Fig. 4).

It has been documented for a long time that the OAE1a is char-
acterised by a pronounced negative carbon isotope excursion
preceding the d13C increase (e.g., Menegatti et al., 1998; Bellanca
et al., 2002; Herrle et al., 2004; Ando et al., 2008; Kuhnt et al.,
2011; Fig. 9). Putative processes supplying isotopically light
carbon at the onset of the OAE1a include large-scale volcanogenic
carbon dioxide emission and/or the dissociation of gas hydrates
and/or thermal metamorphism of coals, either singly or in combi-
nation (e.g., Erba, 1994; Larson and Erba, 1999; Jahren et al., 2001;

Tejada et al., 2009; Kuhnt et al., 2011). A crucial point in this
debate is the duration of the negative d13C excursion because
volcanic CO2 (d13C: e5& to �7&) would need to be released over
a longer time span to produce the same isotopic effect as a short-
lived CH4 release (d13C: �60&) (Wagner et al., 2007; Méhay et al.,
2009). Previous studies suggested that the main negative carbon
isotopic shift of the OAE1a begins at the lowest stratigraphic levels
of the organic-rich black shale, at the levelwhere TOC values start to
rise (Menegatti et al., 1998; Jenkyns, 2010). However, our new high-
resolution carbon isotope records from Turkey indicate that the
negative carbon isotopes remain for 58 cm, which would last for
0.32 kyr if we take 1.2 Ma (Li et al., 2008; Malinverno et al., 2010) as
themean duration of theOAE1a (Table 1). Our data are in agreement
with the data for France reported by Kuhnt et al. (2011), where the
C3 stage lasted >100 ka. The long duration and relatively low
amplitude (0.7&) of the negative d13C excursion favours the
hypothesis that enhanced volcanic CO2 emission and/or pulsed
methane dissociationwere instrumental in triggering the OAE1a, as
previously suggested by other authors (Erba,1994; Larson and Erba,
1999; Tejada et al., 2009). It should be noted that the amplitude of
the negative d13C excursion in the Mudurnu is similar to those from
the Cismon in Italy (Menegatti et al., 1998), Sicilyin SW Italy
(Bellanca et al., 2002) and SE France (Herrle et al., 2004; Kuhnt et al.,
2011) but smaller than that from the Deep Sea Drilling Project
(DSDP) site 463 in the Pacific Ocean (Ando et al., 2008; Fig. 9).

The positive carbon isotope shift at the onset of the OAE1a has
previously been regarded as abrupt (Menegatti et al., 1998) or
continuous (Li et al., 2008). As shown in Fig. 8, the record in the
Mudurnu shows a subsequent shift towards more positive values

Fig. 9. Aptian chemostratigraphic correlation of stable carbon isotopes from the Yenicesihlar section (this study, central Turkey) with those of the Roter Sattel section, Switzerland
(Menegatti et al., 1998), the La Bédoule, France (Kuhnt et al., 2011) and the Cismon section, Italy (Menegatti et al., 1998).
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(C4-C5-C6), reaching the peak values of the early Aptian d13C-
positive excursion (C7). The increase in the d13C values in stages C4
(from þ1.4& to þ3.6&) and C6 (from þ3.8& to þ4.6&) occurs at
stratigraphic thicknesses of 60 cm and 52 cm, respectively (Fig. 8). If
we take 1.2 Ma (Li et al., 2008; Malinverno et al., 2010) as the mean
duration of the OAE1a, then the C4 and C6 stages would last for
approximately 0.33 kyr and 0.29 kyr, respectively. The stepwise
positive shift may have been caused by periodic increases in
organic carbon burial in the black shales during the OAE1a (Berger
and Vincent, 1986; Menegatti et al., 1998; Kuhnt et al., 2011).

The d13C values remain at a high plateau (C7) in a stratigraphic
interval of 9.46 m (Fig. 4), which lasts for 650 kyr (section 6.2). The
duration of the steadily high d13C values implies that mass and
isotopic steady-state conditions were established. Assuming
a gradually decreasing primary productivity during the deposition
of the C7 stage, the extraction of 12C into the sedimentary carbon
sink would be balanced by the gradually decreasing flux of isoto-
pically light carbon into the surface water reservoir.

Subsequently, the d13C values gradually decreased (stage C8)
and approximated the pre-excursion level of w3.2& (stage C9)
(Fig. 9). The gradual decrease in d13C from þ4.9& to þ3.2& occurs
in thickness of 10.86 m, corresponding to a duration of w650 kyr
(section 6.2). This long duration does not support an abrupt
response for the carbon isotopic decrease. Instead, gradually
diminishing organic carbon burial could have resulted in a gradual
decrease in d13C values. Enhanced amounts of organic carbon and
pyrite burial during the OAE1a would have resulted in a large
decrease in atmospheric CO2 concentration (Arthur et al., 1988),
inducing significant global climatic cooling. Global cooling would
have enhanced formation of the cold deep water, increasing its
oxidising capacity due to the greater content of dissolved oxygen
(Wang et al., 2011). Such an increase in the oxidising capacity of
deep oceanic water would reduce the burial of organic carbon and
promote the formation of oceanic red beds.

6.4. Oxygen isotopes as climate indicators?

The approximation of palaeoclimatic conditions constitutes an
important tool to discriminate the palaeoenvironmental changes
from the OAE1a to the ORB1. However, post-depositional processes
may have altered the original geochemical signal of the rock record,
and it is thus essential to assess the diagenetic state of the sedi-
mentary succession before making any palaeoenvironmental
interpretation. First, the oxygen-isotope composition of the

Yenicesihlar section is characterised by slightly negative values and
a lack of correlation with the d13C record (R2 ¼ 0.168 for the whole
section in the Fig. 7; R2 ¼ 0.345 for the 6e10 interval on the Fig. 8).
The relatively low oxygen-isotope ratios, which depart from the
typical values found in poorly consolidated Cretaceous pelagic
sediments (Jenkyns et al., 1994; Clarke and Jenkyns, 1999), neces-
sarily imply a considerable diagenetic overprint. However, an
overall pattern of increasingly lower d18O values with depth caused
by burial diagenesis is not presented in the Yenicesihlar section.
Second, the relatively good correlation between the d18O record of
the Yenicesihlar sectionwith the d18O records of the Cismon in Italy
(Menegatti et al., 1998), the Gorgo a Cerbara in Italy (Stein et al.,
2011) and DSDP 453 in the Pacific Ocean (Ando et al., 2008)
suggests that the characteristic form of this oxygen-isotopic curve
reflects primary seawater values, with any diagenetic effects simi-
larly affecting the section in a generally consistent manner.
Consequently, we refrain from inferring the palaeotemperature
from these isotopic data and only consider the long-term trends.

Just 7 cm below the bottom of the Selli-equivalent black shales,
the d18O values start to decrease (Fig. 8), probably indicating
a warming event. A similar trend towards higher temperatures
around the onset of the OAE1a followed by a cooling phase is
observed in thewhole-rock and belemnite records of the Vocontian
Basin, in southeastern France (Godet et al., 2006; Bodin et al., 2009),
and the d18O record of the Gorgo a Cerbara (Italy) (Stein et al., 2011).
This significant rise in the d18O record was found just below the
OAE1a at DSDP Site 463 (in the central Pacific Ocean), which
corresponds to a temperature increase of 8 �C according to Ando
et al. (2008).

The d18O values within the Selli-equivalent black shales are
variable and can be further divided into four decreasingeincreasing
couplets (Fig. 8), which probably represent warmecool climate
cycles. Using the TEX86 palaeothermometer, Dumitrescu et al.
(2006) reported that sea-surface temperatures during the OAE1a
at Shatsky Rise in the tropical Pacific were high, ranging from 30 to
36 �C, and include two prominent cooling episodes of 4 �C. Kuhnt
et al. (2011) also reported transient climate cooling during the
initial d13C increase within the OAE1a in southeastern France.

After the OAE1a, the d18O values are variable and generally show
an increase towards the ORB1, where the d18O values reach the
highest values, which may represent the coolest climate in the late
Aptian. The late Aptian is, in fact, considered to be one of the cold
snaps during the greenhouse Cretaceous. Direct evidence for late
Aptian global cooling is indicated by occurrences of glendonites and
ice-rafted debris in Canada and in southeastern Australia (Frakes
et al., 1995). Isotopic evidence for a cool late Aptian includes data
from south temperate belemnites, glendonites and carbon isotopes
(Weissert and Lini, 1991). A recent study reported that late Aptian
global cooling is suggested bya decline of Tethyan taxa of calcareous
nannofossil assemblages and a subsequent biogeographic expan-
sion of species of high latitudinal affinities (Mutterlose et al., 2009).

7. Conclusions

The Yenicesihlar section documents the stratigraphic and
palaeoenvironmental changes from the OAE1a to the ORB1 during
the Aptian.

1) The OAE1a interval is approximately 2.1 m thick and consists of
black to dark grey shales with grey marlstones. The black shales
have high contents of organic matter, with TOC values up to 2.05%.
The OAE1a-ORB1 transitional interval (w20.3 m thick) displays an
alternation of light grey limestones with very thin-bedded grey
marls or shales. The ORB1 (approximately 3.5 m thick) consists of
pinkish to light brownish limestones.

Table 1
Summaries of stratigraphic positions, thicknesses and estimated durations of the
OAE1a, the ORB1, and selected intervals.

Stage Stratigraphic
position (m)

Thickness
(m)

Duration
(myr)

Sedimentation
rate (m/myr)

ORB1 29.56e32.96 3.4 e e

OAE1a-ORB1
transitional
interval

9.22e29.56 20.34 w1.3 15.6

OAE1a 7.12e9.22 2.1 1.1 to 1.3a 1.7e1.9
C9 29.56e32.96 3.4 e e

C8 18.70e29.56 10.86 0.65 16.7
C7 9.22e18.70 9.48 0.65 14.6
C6 8.70e9.22 0.52 0.29 1.8b

C5 8.30e8.70 0.4 0.22
C4 7.70e8.30 0.6 0.33
C3 7.12e7.70 0.58 0.32
C2 5.59e7.12 1.53 e e

C1 0e5.59 5.59 e e

a Li et al. (2008) and Malinverno et al. (2010).
b Taken 1.2 Ma as the mean duration of the OAE1a.
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2) The redox conditions changed from anoxic in the OAE1a black
shales to oxic in the transitional interval and finally to a highly oxic
environment in the ORB1 interval. The high organic carbon content
and pyritisation within the black shales of the OAE1a indicated an
anoxic environment. The ORB1 represents a highly oxic environ-
ment, as haematites were determined from the reddish limestones
in the DRS curves.
3) The carbon isotopic record shows several perturbations in the
OAE1a-ORB1 transitional interval including a negative excursion
(C3, 0.58 m) in the lower part of the Selli-equivalent black shales,
a stepwise positive excursion (C4 to C6, 1.52 m) within the Selli-
equivalent black shales, a positive carbon isotopic plateau (C7,
9.48 m) in the lower part of the transitional interval, and a carbon
isotopic decrease in the upper part of the transitional interval (C8,
10.86 m). The long duration and relatively low amplitude (0.7&) of
the negative d13C excursion (C3) in Turkey favours the hypothesis
that enhanced volcanic CO2 emission and/or pulsed methane
dissociation were instrumental in triggering the OAE1a. The step-
wise positive shift (C4-C5-C6 stages) may have been caused by
periodic increases in organic carbon burial in the black shales.
4) The OAE1a to ORB1 transition interval corresponds to carbon
isotope stages C7 and C8, which lasted for approximately 1.3 Myr.
This duration is very close to the duration of the OAE1a
(1.1e1.3 Myr). The C7 stage of positive carbon isotopic plateau
persisted for w 650 kyr, and the negative carbon isotopic shift of
the C8 stage also lasted for w 650 kyr. The C7 stage, with steadily
high d13C values, implies that mass and isotopic steady-state
conditions were established. The gradual decrease in d13C in stage
C8 may have resulted in the reduced burial of organic carbon
because a highly oxic environment prevailed.
5) A significant rise in the d18O record was found just below the
Selli-equivalent black shales, likely indicating a warming event.
The d18O values within the Selli-equivalent black shales are vari-
able and can be further divided into four decreasinge
increasing couplets (Fig. 8), which probably represent
warmecool climate cycles. After the OAE1a, the d18O values are
variable and generally show an increase towards the ORB1. The
ORB1, with high d18O values, may have formed in a time of cool
climatic conditions during the late Aptian.

The transition interval from the OAE1a to ORB1 is consistent
with changes in the climate and isotope record and is the key to
understanding the carbon cycles related to the Cretaceous oceanic
anoxic events and the Cretaceous oceanic red beds.
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