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a b s t r a c t

We performed a detailed study of the stratigraphic transition of Oceanic Anoxic Event 1a (OAE1a) to
oceanic red bed 1 (ORB1) from the classic Gorgo a Cerbara section in the Umbria region of central Italy.
We focused on a 25.5-m-thick stratigraphic succession, from which we analyzed 305 samples for total
organic carbon (TOC), CaCO3, magnetic susceptibility, diffuse reflectance spectrophotometry and the
stable carbon and oxygen isotopic composition of both bulk samples and organic matter. In the Gorgo a
Cerbara section, the Selli Level of OAE1a (~1.81 m thick) consists of laminated to bioturbated dark gray to
black mudstones and shales with medium to dark gray radiolarian-rich silty to sandy layers and a
maximum TOC content of 20.22%. The carbon isotopic values show a negative excursion (C3 stage,
~0.14 m) at the base of the Selli Level, followed by a stepwise positive excursion (C4eC6 stages, ~1.67 m)
in the upper part of the Selli Level. The transition from OAE1a to ORB1 (~3.19 m thick) is characterized by
bioturbated greenish gray cherty limestones and marly limestones with subordinate marls, corre-
sponding to stable carbon isotopic C7 stage and lasts for ~0.75 Ma. The ORB1 interval (~13.15 m) consists
of reddish marly claystones, dark-red marlstones, red marly limestones and red calcareous shales which
indicate a highly oxic environment. Our results reveal a stepwise transition from a predominantly
mesotrophic and dysoxic to anoxic environment at the time that the OAE1a black shales were deposited
to an oligotrophic and oxic environment during the transitional interval and finally to highly oxic con-
ditions during the ORB1 interval. The nannoconid crisis occurs at the top of the C2 stage, just 0.34 m
below the negative excursion in d13C isotopic values. The massive CaCO3 dissolution phase occurs 0.25 m
above the negative excursion; it persisted for 0.85 Ma and probably resulted from excess CO2, ocean
acidification, and carbonate compensation depth (CCD) shoaling. Deposition of massive black shales
occurs at the base of the C6 stage and lasted for 0.4 Ma.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The early Aptian was marked by major perturbations in the
global carbon cycle associated with considerable environmental
change (Leckie et al., 2002; Jenkyns, 2003; Wagreich et al., 2011).
These perturbations are expressed by positive excursions in the
d13C values of both carbonates and organic carbon, and theymay be
coeval with the widespread deposition of laminated organic-rich
sediments that represent oceanic anoxic events (OAEs; Schlanger
and Jenkyns, 1976). The early Aptian includes one of the most
significant and intensively studied of these events, OAE1a, which is
also called the “Selli Event” (Arthur et al., 1990; Erba, 1994;
Menegatti et al., 1998; Mehay et al., 2009; Tejada et al., 2009;
Erba et al., 2010). Geologic evidence suggests that OAE1a was
characterized by the deposition of organic-rich sediments in
pelagic basins, extreme greenhouse conditions (Dumitrescu et al.,
2006), increases in continental weathering and runoff (Najarro
et al., 2011), and a negative excursion in the carbon isotopic
values of carbonate and organic carbon material, followed by a
pronounced positive excursion (Menegatti et al., 1998). Further,
OAE1a is coeval with significant sea-level rise and amajor change in
nannofossil assemblages (Erba, 1994; Menegatti et al., 1998), which
may indicate a period of ocean acidification (Erba et al., 2010). The
mechanism that triggered OAE1a is thought to be a phase of intense
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volcanism that included the emplacement of the Ontong-Java
Plateau, a large igneous province (LIP; Weissert and Erba, 2004;
Mehay et al., 2009; Tejada et al., 2009).

Most previous studies have examined the OAE1a black shales or
the record preceding OAE1a (Kuhnt et al., 2011; Stein et al., 2011
and references therein). Less attention has focused on the
changes after OAE1a, with the exception of studies of the Yenice-
sihlar section in central Turkey. Oceanic red beds (ORBs) were
formed in the Tethyan Ocean during the late Aptian shortly after
OAE1a (Hu et al., 2006, 2012; Wang et al., 2011). To date, the
environmental changes associated with the transition between the
OAE1a black shales and the ORBs have not been well documented
(Patruno et al., 2015). To better understand the paleoenvironmental
changes during the transition from OAE1a to the first reddish
limestones of ORB1 (Hu et al., 2006), this study examines a classic
pelagic stratigraphic section in central Italy and compares it to the
Yenicesihlar section.

2. Geologic setting

The Cretaceous pelagic sequence of the Umbria-Marche Basin
was deposited near the northern edge of a “promontory” of the
African plate (the “Adria continental microplate”; Satolli et al.,
2007; Patruno et al., 2015). The basement of the Umbria-Marche
Apennines is continental, with Upper Jurassic to lower Miocene
pelagic strata overlying a Triassic to Lower Jurassic carbonate
platform. During the latest phase of the Alpine-Himalayan orogeny
during the Miocene (Centamore et al., 2002), the basin was
involved in tectonic compression and became part of the Alpine-
Apennine orogen.

The Lower Cretaceous sedimentary succession that crops out in
the Umbria-Marche Basin has been subdivided into two discrete
formations based on color changes, carbonate content and the
presence or absence of chert and black shales: the Maiolica (upper
Tithonian-lower Aptian) and Marne a Fucoidi (lower Aptian-upper
Albian) formations. The Maiolica Formation consists primarily of
whitish to medium-gray pelagic limestones; near the top of the
formation, these include beige to black chert nodules to layers and
dark-gray to black, organic-rich horizons with variable carbonate
content. The overlying Marne a Fucoidi Formation is a more shale-
rich sequence of dark-gray to black calcareous shales, light-green-
gray marly limestones containing intervals of interbedded red
and green marlstones, as well as calcareous mudstones.

3. Stratigraphy and sedimentary petrology

The Gorgo a Cerbara section is located in the Umbria Marche
Basin in the northern Apennines of central Italy, 4 km east of the
town of Piobbico along the Candigliano River (Fig. 1). It is a key
reference section for the Tethyan domain, and the proposed GSSP
stratotype for the Barremian/Aptian boundary (Channell et al.,
2000; Gradstein et al., 2012). There is detailed and integrated
magnetostratigraphy, chemostratigraphy and cyclostratigraphy for
the entire section (Herbert et al., 1995; Channell et al., 2000;
Speranza et al., 2005; Tejada et al., 2009; Stein et al., 2011). In
addition, a calcareous nannofossil and planktic foraminiferal
biostratigraphic framework has been established, along with am-
monites, calpionellids, palynomorph and radiolarians (Coccioni
et al., 1992; Erba, 1994; Coccioni et al., 2006; Coccioni et al., 2012;
Patruno et al., 2015; Unida and Patruno, 2015).

The measured section is approximately 25.5 m thick, and the
sequence encompasses the transition between the Maiolica and
Marne a Fucoidi formations, as well as between OAE1a and ORB1.
Detailed descriptions of the section's lithostratigraphy can be
found in Patruno et al. (2015) and Unida and Patruno (2015)
(Fig. 2). The uppermost part of the Maiolica can be divided into
lithozones I and II, which consist of rhythmic alternations of
white-grayish medium pelagic limestones with black clay layers,
greenish-gray marly limestones and dark cherts (Fig. 3a). The
lowermost part of the Marne a Fucoidi can be divided into seven
lithozones (lithozones IIIeIX) according to Patruno et al. (2015).
Lithozone III is the lowermost part of the Marne a Fucoidi and is
characterized by whitish pelagic limestone. Subsequently, the
Lower Transition Interval of lithozone IV is 0.26 m (Patruno et al.,
2015) or 0.34 m thick (this study) and is dominated by white-
grayish cherty limestones. Lithozone V (the Selli Level) is
1.81 m thick and consists of black or dark-gray shales intercalated
with gray marlstones and silty-sandy beds (Fig. 3b); the black
shales lie within the Leupoldina cabri planktic foraminiferal bio-
zone (early Aptian) and have been correlated to OAE1a (Patruno
et al., 2015). Lithozones VI and VII are 3.19 m thick and include
greenish-gray bioturbated limestones with very thinly bedded
gray calcareous marls or shales. In some areas, centimeter-thick
brownish-gray, parallel-laminated, silty limestones occur; these
may be calci-turbidites (Fig. 3c). Lithozone VIII mainly consists of
reddish marly claystones; lithozone IX is dominated by bio-
turbated dark-red marlstones, red marly limestones and red
calcareous shales with subordinate gray marlstones and marly
limestones that occur in beds from 1 to 30 cm thick (Fig. 3d). The
reddish lithozones VIII-IX are assumed to be equivalent to the
late Aptian ORB1 (Hu et al., 2006).

4. Analytical methods

This section was described at the centimeter scale in the field. A
total of 305 samples were collected for laboratory analysis at a
resolution of 10e20 cm. We follow the lithozones proposed by
Patruno et al. (2015), setting meter 0 to correspond with the top of
the highest Maiolica-like bed, which is thick and whitish (Bed A).
However, we use our own thickness measurements.

4.1. Total organic carbon (TOC)

Samples for TOC analysis were first treatedwith 10% HCl at 60 �C
to remove carbonate, then washed with distilled water to remove
HCl. Next, the samples were dried overnight at 50 �C and measured
using a LECOCS-200 carbon-sulfur instrument at the Wuxi
Research Institute of Petroleum Geology at SINOPEC, China. The
standard deviation of the TOC measurements is lower than ±0.10%.

4.2. Calcium carbonate

Calcium carbonate analyses were performed on 83 bulk rock
samples that were powdered from polished surfaces using a
dental drill. The calcium carbonate content was measured using
an NFP18-508 calcimeter at the State Key Laboratory of Marine
Geology of Tongji University, China. The method measures the
CO2 volume produced by the complete dissolution of pre-
weighed samples (100 ± 1 mg each) in 10% vol. HCl. The total
carbonate content (wt.% CaCO3) was computed with a precision
of 1% using formulas that take into account the pressure and
temperature of the laboratory, the amount of bulk sample used,
and the volume of CO2 evolved in the calcimeter. Pure calcium
carbonate standards were measured every ten samples to ensure
proper calibration.

4.3. Bulk stable carbon and oxygen isotopic compositions

The carbon and oxygen stable isotopic compositions of 253
whole rock samples were determined using a Finnigan MAT Delta
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Fig. 1. A) Location of the Gorgo a Cerbara section; B) Schematic geographic map of the Gorgo a Cerbara-Mount Nerone seamount area, after Patruno et al. (2015).
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Plus XP mass spectrometer equipped with an automated carbonate
reaction device (Gasbench II) at the State Key Laboratory for Min-
eral Deposits Research of Nanjing University, China. Samples were
initially reacted with purified orthophosphoric acid at 70 �C and
then analyzed in-line using the mass spectrometer. The results are
expressed as permil deviations relative to the PeeDee belemnite
(PDB) standard. Duplicate measurements of working standards
yielded identical values within the limits of analytical precision
(1s): 0.05‰ for d13C and 0.07‰ for d18O.

4.4. Organic stable carbon isotopic composition

The stable isotopic composition of the organic carbon fractions
of samples was also determined. The samples were decalcified with
10% HCl and analyzed using a Finnigan MAT Delta Plus XL, C003
mass spectrometer at the Wuxi Research Institute of Petroleum
Geology of SINOPEC, China. The results are reported relative to PDB
with a standard error of <0.05.

4.5. Diffuse reflectance spectrophotometry (DRS)

Sixteen samples from the Gorgo a Cerbara section were
analyzed with DRS, following the procedures described in Ji et al.
(2002). Samples were ground to <38 mm, after which the powder
was suspended in distilled water to produce a slurry on a glass
microslide. This slurry was smoothed, dried slowly at low tem-
perature (<40 �C), and analyzed with a Perkin-Elmer Lambda 6
spectrophotometer equipped with a diffuse reflectance attachment
(a reflectance sphere) that scanned from 400 to 2500 nm at the
Institute of Surficial Geochemistry of Nanjing University. Data
processing was restricted to the visible range (400e700 nm). The
data are reported as percent reflectance relative to the Spectralon
standard. First derivative values (percent per nanometer) were
calculated at 10 nm intervals to enhance the variability of the
reflectance data.

4.6. Magnetic susceptibility

A total of 302 samples were collected at approximately 2-cm
intervals using non-magnetic 8.0 cm3 plastic cubes for magnetic
susceptibility analysis. Each plastic cube was gently pushed into
sediments with the arrow at the bottom of the plastic cube pointing
up-section, after which it was carefully removed to avoid distur-
bance. Analyses were performed using a Kappa bridge KLY-3 sus-
ceptibility meter at the State Key Laboratory for Mineral Deposits
Research of Nanjing University, China.



Fig. 2. Stratigraphic position of major litho-and bio-horizons in the Gorgo a Cerbara section according to the stratigraphic measurements of this study and Patruno et al. (2015). PF
indicates planktic foraminifera and CN indicates calcareous nannofossils.



Fig. 3. Field photos in the Gorgo a Cerbara section. A). Whitish pelagic limestone and the darker interval in the upper part of the Maiolica Formation; B). The Selli Level interval; C)
The transition interval between the Selli Level and ORB1; D) Red marly sediments representing the lower part of ORB1.
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5. Results

5.1. Total organic carbon

The TOC values of the gray limestones from lithozones IV and III
(n ¼ 5) are extremely low, with values ranging from 0.01 to 0.02%
(Fig. 4). In total,15 samples were analyzed for TOC from lithozone V,
the Selli Level (Fig. 4). The TOC values of this lithozone's dark-gray
marls and black shales range from <1.00% to 20.22%; the maximum
values occur in the upper part of the Selli Level. The TOC values of
the gray limestones from lithozones VI and IX are very low, ranging
from 0.01 to 0.05% (n ¼ 72) (Fig. 4).
5.2. CaCO3 content

The CaCO3 content of the gray limestones from lithozone IV
ranges from 38.0 to 62.0%. The CaCO3 content abruptly de-
creases from 51.7% in the uppermost part of the lithozone IV to
23.1% in the base of the Selli Level. The samples from the Selli
Level are virtually devoid of carbonate except for the basal part
of the Selli Level and some upper layers, from which values
range between 10.2 to 59.0% and 4.0 to 16.7%, respectively. In
the uppermost part of the Selli Level, the CaCO3 content in-
creases abruptly from 4.0 to 46.8%, after which it varies be-
tween 41.9 and 75.6% with an average CaCO3 value of 51.9% in
lithozones VI to VII (Fig. 4).
5.3. Stable carbon and oxygen isotopic values

The carbon stable isotopic values (d13Ccarb) of whole rocks can be
used to divide the sequence into nine stages (C1eC9, Fig. 5),
following the classification of Menegatti et al. (1998). Through out
most of the C1 stage, the d13Ccarb values remain relatively stable,
varying from2.0 to2.7‰. In theuppermostpartof stageC1, however,
the d13Ccarb values gradually increase, reaching amaximum of 3.0‰
at the top of lithozone III (Bed A). The d13Ccarb values then decrease
gradually to 2.43‰ during the C2 stage. At the base of the Selli Level,
which is equivalent to the C3 stage, d13Ccarb values abruptly fall to
1.0‰ which may, at least in part, be a reflection of the relatively
limited number of samples suitable for d13Ccarb analysis. During the
C4 stage, the d13Ccarb values undergo a step-like positive shift from
1.4 to 1.8‰ (Fig. 4 and 5). During the C5 stage, the d13Ccarb values
remain between 1.6 and 1.8‰. There is a second abrupt increase
from 1.0‰ to 4.31‰ during the C6 stage. During the C7 stage, which
is regarded as a carbon isotopic plateau, the d13Ccarb values range
from 3.55 to 4.64‰ with an average value of 4.28‰. Subsequently,
the d13Ccarb values gradually decrease from 3.85‰ to 2.47‰ during
stage C8, and, during stage C9, they slowly increase from2.5 to 3.9‰
which are higher than before the excursion (Fig. 5).

The organic carbon isotopic values (d13Corg) of whole rocks can
also be used to divide the sequence into five stages (C3eC8, Fig. 4).
These data can help illuminate the carbonate-poor intervals of
stages C3eC6, which have few d13Ccarb data. At the base of the Selli
Level, the d13Corg value falls sharply to �28.8‰ (Fig. 4).



Fig. 4. Geochemical results, including TOC, CaCO3, magnetic susceptibility, and carbon stable isotopic values of both bulk and organic matter near OAE1a in the Gorgo a Cerbara
section.
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Subsequently, the d13Corg values vary consistently between �28.8
and�27.7‰ during the C4 and C5 stages. Subsequently, as with the
d13Ccarb values, the d13Corg values exhibit an abrupt increase
from �27.8 to �24.9‰ during the C6 stage in the upper part of the
Selli Level. During the C7 stage, the d13C values are relatively stable,
varying from �22.5 to �26.2‰. The structure and trend of the
d13Corg values is generally similar to the d13Ccarb values. However,
during the C8 stage, the d13Ccarb values gradually decrease, while
the d13Corg values remain stable between stages C7 and C8.

In contrast to the d18C values, the d18O values exhibit more
variation throughout the section, ranging from �4.2 to �1.3‰
(Fig. 5). The d18O values are �1.48 to �3.53‰ below the Selli Level
and decrease up-section (Fig. 5). After OAE1a, the d18O values are
variable, though they generally increase (Fig. 5). These trends are
also apparent in strata from Cismon, in northern Italy; from Sicily,
in southern Italy (Bellanca et al., 2002); from La B�edoule in south
eastern France (Herrle et al., 2004; Kuhnt et al., 2011); and from
Yenicesihlar, in central Turkey (Hu et al., 2012).

5.4. Magnetic susceptibility (c)

Magnetic susceptibility (c) data for the section are shown in
Fig. 5. From lithozones I to III, c values were generally low, varying
between �7.89 � 10�9 and 4.99 � 10�9 m3/kg, with an average
value of 0 m3/kg. At the bottom of lithozone IV, c first increases and
then decreases; it reaches a maximum of 35.54 � 10�9 m3/kg that
corresponds to the C2 stage. During the C3 stage, c values increase
abruptly at the base of the Selli Level to a maximum of
52.51 � 10�9 m3/kg. Within the Selli Level, c values first decrease
abruptly to 22.96 � 10�9 m3/kg during the C4 stage; during the C5
stage, they vary between 16.24 � 10�9 and 28.56 � 10�9 m3/kg. At
the top of the Selli Level, corresponding to stage C6, c values
gradually increase to a value of 55.34 � 10�9 m3/kg. After this, c
values decrease abruptly during the C7 stage and lithozones VI and
VII, varying between 0.86 � 10�9 and 22.81 � 10�9 m3/kg. The C8
stage is characterized by a gradual increase in c values and during
the C9 stage, they decrease to values ranging from 10.29 � 10�8 to
9.74 � 10�9 m3/kg in lithozones VIII and IX. In general, the trend in
c values is similar to the trend in d13Ccarb values (Fig. 5).

The carbonate content and magnetic susceptibility values of
the sediment are inversely correlated (r2 ¼ �0.64, Fig. 6), which
confirms that the magnetic susceptibility primarily reflects the
clay content of most sediments (Martinez et al., 2012; Ghirardi
et al., 2014). However, the magnetic susceptibility is probably
also influenced by the presence of pyrite in the Gorgo a Cerbara
samples.



Fig. 5. Geochemical profiles of magnetic susceptibility and stable isotopic values of the measured Gorgo a Cerbara stratigraphic section. The planktic foraminiferal zones are taken
from Patruno et al. (2015). The determination of bulk-rock d13C stages follows Menegatti et al. (1998).



Fig. 6. Plot of CaCO3 content versus magnetic susceptibility in the Gorgo a Cerbara
section.

Fig. 7. First derivatives from the diffuse reflectance spectrometry (DRS) analyses for
the dark red marly limestones (upper), light gray limestones (middle) and dark-gray to
black shales (lower) from the Gorgo a Cerbara section. Note the peak at approximately
565 nm in the red marly limestones, which represents hematite.
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5.5. Diffuse reflectance spectrophotometry

Hematite and goethite can be easily identified from the first
derivative curves of the DRS data (Deaton and Balsam, 1991). He-
matite is associated with a single prominent peak at either 565 or
575 nm. Goethite has two first derivative peaks, including a pri-
mary peak at 535 nm and a secondary peak at 435 nm (Deaton and
Balsam, 1991). The heights of the hematite and goethite peaks in-
crease with the content ratios of these minerals (Deaton and
Balsam, 1991). The DRS data shows that the dark-red marly lime-
stones from lithozones VIIIeIX in the Gorgo a Cerbara section
contain hematite; there is a single prominent peak between
560 nm in the first derivative curves (Fig. 7). The curves of ORB1 are
very similar to those from reddish limestones in Gubbio, Italy (Hu
et al., 2009) and Yenicesihlar (Turkey, Hu et al., 2012). There are
no peaks in the DRS data for samples from the light-gray limestones
from lithozones VIeVII and the black shales from lithozone V in the
Gorgo a Cerbara section. This lack of peaks suggests that these
strata do not have hematite or goethite (Fig. 7).
6. Discussion

6.1. Paleoenvironmental changes from OAE1a to ORB1

Our field observations and lithofacies analyses provide insight
into the paleoenvironmental evolution of the Gorgo a Cerbara
section from OAE1a to ORB1 during the Aptian. The pre-OAE1a
interval includes lithozones II to IV and is characterized by the
rhythmic alternation initially between oligotrophic conditions and
oxygenated water with k-selected nannoconids and Rhizammina
followed by temporarily dysoxic condition with dominant radio-
larians in lithozone I, after that there is a decrease in nannoconids
and an increase in micropaleontological taxa indicative increasing
eutrophy in lithozones II to IV (Patruno et al., 2015). There was no
coarse siliciclastic input from terrestrial sources, as evidenced by
low and stable magnetic susceptibility values (Fig. 5). The abun-
dance presence of benthic and planktic foraminifera, as well as low
TOC and c values indicates low organic carbon flux and high dis-
solved oxygen levels.

OAE1a (lithozone V, the Selli Level) is virtually devoid of car-
bonate, as evidenced by its CaCO3 content (Fig. 4). The lack of
benthic foraminifera indicates an anoxic environment (Patruno
et al., 2015). Barren calcareous plankton assemblages together
with abundant radiolarians, resulted in TOC values that fluctuate
between 0.33% and 20.22%; this is consistent with the results of
Baudin et al. (1998), Menegatti et al. (1998), Danelian et al. (2002)
and Stein et al. (2011). These environmental conditions may have
resulted from the proximal volcanic phase of the Ontong-Java
Plateau, as documented by very low 187Os/188Os ratios (Tejada
et al., 2009; Bottini et al., 2012). Together, the high organic car-
bon content and magnetic susceptibility values, the low carbonate
content and the lack of benthic foraminiferawithin the black shales
of OAE1a indicate an anoxic environment.

The transitional interval that separates the Selli Level and ORB1
includes lithozones VI and VII. An increase in the abundance and
diversity of both planktic foraminifera and nannofossils takes pla-
ces in this interval, together with a return of nannoconids (Coccioni
et al., 1992; Patruno et al., 2015). Similarly, benthic foraminiferal
levels recover and the assemblage diversifies throughout this in-
terval, while radiolarians decline. The abundance and diversity of
planktic microfossils, nannofossils and benthic foraminifera,
together with low TOC values, higher carbonate content and low
magnetic susceptibility values suggest a shift from anoxic condi-
tions to eutrophic and dysoxic conditions during this interval.

The ORB1 interval includes lithozones VIII to IX. During this
interval, both planktic and benthic foraminiferal assemblages are
dominated by well-developed, large and calcareous species
(Patruno et al., 2015), which indicate eutrophic and well-
oxygenated conditions. The reddish limestones have peaks char-
acteristic of hematite (Fig. 7), which is similar to the reddish
limestone Sogukcam facies in Turkey. This facies also has hematite
peaks and has been interpreted as an oxic environment (Hu et al.,
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Fig. 8. Plot of measured bulk rock carbon versus oxygen stable isotopic values (d13Ccarb vs. d18Ocarb) in the Gorgo a Cerbara section.
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2012) because of authigenic nano-grains formed under oxic con-
ditions at the same time the red limestones were deposited (Cai
et al., 2012).

In Gorgo a Cerbara section, lithological variations and shifts in
planktic and benthic organisms reveal a stepwise transition from a
predominantly oligotrophic and oxic environment (pre-OAE1a, in
the late Barremian) to an increasingly mesotrophic and dysoxic to
anoxic environment (duringOAE1a, in the early Aptian) and back to
oligotrophic and oxic conditions (post OAE1a, during the late
“middle Aptian” and ORB1).

6.2. Carbon isotopic values and the OAE1a-ORB1 transition

A cross-plot of d13Ccarb values and d18O values does not show a
correlation between the oxygen and carbon isotopic values
(r2 ¼ 0.000027; Fig. 8). Furthermore, the plot does not show the
pronounced slope characteristic of a “mixing line” produced by the
addition of variable quantities of isotopically homogeneous cement
to isotopically homogeneous skeletal calcite (Marshall, 1992). Most
of the d13Ccarb values fall between 1.0 and 4.6‰, and most of the
d18O values range from �4.2 to �1.3‰ (Fig. 8). These are compa-
rable to records from contemporaneous basins elsewhere in the
Tethyan realm (Weissert and Erba, 2004; F€ollmi et al., 2006). This
isotopic signature may be considered to be a record of primary
paleoceanographic information.

The chronostratigraphic framework established for the Gorgo a
Cerbara section by Patruno et al. (2015) was used to infer the
duration of carbon isotope stages C1 to C9 (Table 1). Using the
timescale of Malinverno et al. (2012), Patruno et al. (2015) assigned
an age of 120.76 Ma and a duration of 1.11 Ma to the onset a
duration of 1.11 Ma to the OAE1a, respectively. The carbon isotopic
record can be subdivided into three distinct stages from the bottom
of OAE1a to the bottom of ORB1. These include a negative excursion
during C3 (0.14 m), a positive excursion during C4 to C6 (1.67 m)
and an isotopic plateau during C7 (3.19 m) (Figs. 4 and 5).

Many studies have shown that OAE1a is characterized by a
pronounced negative carbon isotope excursion preceding the in-
crease in d13C values. The negative d13C excursion occurs at 0.34 m
just below the base of the Selli Level in the Gorgo a Cerbara section.
Taking 1.11 Ma as the mean duration of OAE1a (Malinverno et al.,
2012), the excursion lasted for 0.09 Ma. Our data are in agree-
ment with those of Stein et al. (2011) (Table 1). The negative d13C
excursion can be explained by the addition of relatively light carbon
to the atmosphere and oceans; this could indicate episodes of
intensified volcanic activity associated with the formation of the
Ontong-Java Plateau, as has already been proposed for the negative
excursion near the base of the Selli Level (Weissert and Erba, 2004;
Mehay et al., 2009; Tejada et al., 2009; Erba et al., 2016). The
stepwise increase in d13C values during stages C4eC6 occurs at a
stratigraphic thickness of 1.67 m and lasted for approximately
1.02 Ma (Malinverno et al., 2012). This continuous positive shift is
consistent with the reports of Li et al. (2008) and Hu et al. (2012)
and may have been caused by periodic increases in organic car-
bon burial in the black shales during OAE1a (Menegatti et al., 1998;
Kuhnt et al., 2011). The relatively stable values during the C7 stage
occur at a stratigraphic level of 3.19 m (Figs. 4 and 5) and lasted for
0.75 Ma (Patruno et al., 2015). The duration of these high d13C
values implies that mass and isotopic steady-state conditions were
established. Assuming gradually decreasing primary productivity
during the C7 stage, the extraction of 12C into sedimentary carbon
reservoirs would be balanced by the decreasing flux of isotopically
light carbon into surface water reservoirs. Therefore, d13C values
gradually decreased during the C8 stage to approach pre-excursion
values, ranging from 3.85 to 2.47%.



Table 1
Stratigraphic thicknesses and estimated durations of OAE1a, the transition interval and the C stages of the Gorgo a Cerbara section in central Italy (this study, Stein et al., 2011,
and Patruno et al., 2015) with those of the Yenicesihlar section (Hu et al., 2012). Absolute ages follow the timescale of Malinverno et al. (2012).

Gorgo a Cerbara, Italy Yenicesilar, Turkey

Lithologic
unit

Patruno et al. (2015) This study Stein et al. (2011) Hu et al. (2012)

Lithozone Thickness
(m)

Duration
(myr)

Thickness
(m)

Carbon
isotopic
Stage

Duration
(myr)

Thickness
(m)

Carbon
isotopic
Stage

Duratio n
(myr)

Thickness
(m)

Carbon
isotopic
Stage

Duration
(myr)

ORB1 IX 13.33 4.1 13.15 C8eC9 4.2 3.4 C9
VIII 0.81 0.1

Upper
transition

VII 2.47 0.68 3.19 C7 0.75 20.34 C7eC8 1.3
VI 0.29 0.07

OAE1a,
Selli Level

V 1.9 1.11 1.81 0.93 C6 1.11 0.57 1.68 0.96 C6 0.63 2.1 0.52 C6 1.11 0.29
0.63 C5 0.39 0.55 C5 0.36 0.4 C5 0.22
0.11 C4 0.07 0.07 C4 0.05 0.6 C4 0.33
0.14 C3 0.09 0.1 C3 0.07 0.58 C3 0.32

Lower
transition

IV 0.26 0.033 0.34 C1eC2
III 0.58 0.207 5.53

Maiolica II 4.49 0.86
I 8.93 0.74
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These stable isotopic values and the C stages identified in the
Gorgo a Cerbara section are similar to the results of Stein et al.
(2011). They analyzed stable isotopic values and identified the C
stages in the same section, but only focused on the record up to the
OAE1a black shales; they did not evaluate the changes after OAE1a,
especially during the transition from OAE1a to ORB1 (Fig. 9). In
general, the record presented in our study is consistent with the
previouslymentioned records from Cismon (Menegatti et al., 1998),
Sicily (Bellanca et al., 2002), La B�edoule (Herrle et al., 2004; Kuhnt
et al., 2011), and Yenicesihlar (Hu et al., 2012) (Fig. 9). The major
difference between the Gorgo a Cerbara section and these sections
is the duration of the transition from OAE1a to ORB1. The transition
interval spans approximately 3.19 m in the Gorgo a Cerbara section,
lasting for 0.75 Ma and corresponding to carbon isotope stage C7 in
the chemostratigraphy (Figs. 4 and 5). In contrast, the transition
interval from OAE1a to ORB1 in the Yenicesihlar section (Hu et al.,
2012) is approximately 20.34 m thick, lasting for approximately
1.3 Ma and corresponding to stages C7 and C8 (Fig. 9). If the end of
the deposition of the Selli Level was synchronous around the globe,
then the onset of ORB1 deposition was not isochronous, at least
between the Yenicesihlar and Gorgo a Cerbara sections. Our results
show that deposition of ORB1 in the Gorgo a Cerbara section
occurred 0.55 Ma earlier than deposition of the Yenicesihlar section
(Hu et al., 2012). This difference suggests that, from a carbon iso-
topic perspective, the system required different amounts of time to
recover to the state that existed prior to the C3 perturbation.

6.3. Chronostratigraphy of the early Aptian paleoceanographic
events

Combined stratigraphic, sedimentological, micropaleontolog-
ical, and geochemical data allows us to construct a sequence of
events during the late Barremian-early Aptian interval of the Gorgo
a Cerbara section that includes the nannoconid crisis, negative d13C
excursions, black-shale deposition and CaCO3 dissolution associ-
ated with OAE1a (Fig. 10).

The nannoconid crisis is the most dramatic change in marine
biota associated with OAE1a. It occurs just prior to the Selli Level
interval and corresponds to the Lower Critical Interval of Coccioni
et al. (2006) and lithozone IV of Patruno et al. (2015) in the Gorgo
a Cerbara section (Fig. 10). It has been widely documented in the
Tethyan realm, Boreal realm, as well as in the Atlantic and Pacific
oceans (Menegatti et al., 1998; Channell et al., 2000; Bellanca et al.,
2002; Erba and Tremolada, 2004; Erba et al., 2016). Our results
allow a more precise placement of this event at the top of the C2
chemostratigraphic segment (Figs. 4 and 5), as has also been re-
ported by Erba et al. (1999). According to the chronostratigraphic
studies of Patruno et al. (2015), the late C2 interval, which includes
the onset of the nannoconid crisis, corresponds to an interval be-
tween 120.793 and 120.76 Ma (i.e., the onset of the Selli Level). The
diversification of new coccolith taxa and the biocalcification crisis
of the heavily calcified nannoconids may be linked to rapidly rising
CO2 derived from the Ontong Java Plateau emplacement (Erba,
2004; Tejada et al., 2009; Patruno et al., 2015; Erba et al., 2016).

The negative d13C excursion occurs at 0.34 m in the Gorgo a
Cerbara section (Fig. 10) just below the base of the Selli Level, was
assigned to stage C3 by Menegatti et al. (1998). The excursion is
concurrent with an abrupt increase in magnetic susceptibility
values and a decrease in CaCO3 content (Fig. 4). Following the
timescale of Malinverno et al. (2012) and the reports of Patruno
et al. (2015), the carbon isotope excursion (i.e., the Selli Level
event) occurred at 120.76 Ma concurrent with the initiation of
black-shale deposition and carbonate dissolution. Both calcareous
nannofossils and planktic foraminifera are rare to absent and poorly
preserved during the C3 interval with the exception of a temporary
increase shortly after the beginning of OAE1a, as corroborated by
bulk rock CaCO3 content. Within the core of the Selli Level
(0.59e1.97 m), a massive carbonate dissolution phase is observed
as a result of excess CO2, ocean acidification, and CCD shoaling
(Malinverno et al., 2010). This acidification occurred 0.15 Ma after
the beginning of OAE1a and lasted for 0.84 Ma assuming that the
mean duration of OAE1a is 1.11 Ma. The acidification is evidenced
by the absence or rarity of calcareous nannofossils in sediments
(Leckie et al., 2002; Patruno et al., 2015). The lysocline then rapidly
deepened during the final phase of stage C6, as suggested by the
increase in CaCO3 and the presence of calcareous plankton (Patruno
et al., 2015). Rapid and massive carbon inputs has been shown to
result from such an oscillation of the lysocline in carbon cycle
models that include a weathering feedback. Massive black-shale
deposition occurred at the base of the C6 stage and lasted for
0.4 Ma, which is corroborated by TOC and d13Corg values (Fig. 4).
Enhanced primary productivity and nutrient availability are the
generally accepted explanation for organic carbon burial and
preservation or black-shale deposition (Erba, 2004). These features
can be corroborated by maxima in both the Corg/Ptot ratios and the
concentration of redox-sensitive elements (Stein et al., 2011).



Fig. 9. Chemostratigraphic correlation of Aptian carbon stable isotopic values from the Gorgo a Cerbara section in central Italy (this study and Stein et al., 2011), the Yenicesihlar section (Hu et al., 2012), the Roter Sattel section in
Switzerland (Menegatti et al., 1998), the La B�edoule section in France (Kuhnt et al., 2011), and the Cismon section in Italy (Menegatti et al., 1998).
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Fig. 10. Chronostratigraphy of early Aptian paleoceanographic events based on the results of this study and Patruno et al. (2015) for the Gorgo a Cerbara section. Absolute ages
follow the timescale of Malinverno et al. (2012).
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The increase in d13C values extends well above the Selli Level
and lasted for 0.75 Ma, as documented by high d13C values during
the C7 stage. This was concurrent with the return of both planktic
foraminifera and various nanofloras and was followed by the
deposition of dark red marlstones, red marly limestones and red
calcareous shales (ORB1).
7. Conclusions

Combined stratigraphical, sedimentological, micropalaeonto-
logical and geochemical data allowed us to reconstruct in detail the
paleoceanographic changes and chronostratigraphy from the
OAE1a to the ORB1 during the Aptian.

1) OAE1a (the Selli Level) is approximately 1.81 m thick and con-
sists of laminated to bioturbated olive gray, greenish gray and
dark gray to black mudstones and shales. The black shales have
high organic matter contents, with TOC values as high as 20.22%.
The transition from OAE1a to ORB1 is approximately 3.19 m
thick. It is lithologically characterized by bioturbated greenish
gray cherty limestones and marly limestones with subordinate
marls. ORB1 is over 13.15 m thick and is dominated by bio-
turbated strata, dark-red marlstones, red marly limestones and
red calcareous shales with subordinate gray marlstones and
marly limestones. The environment shifted from anoxic (during
deposition of the OAE1a black shales) to oxic (during the tran-
sitional interval) and finally to highly oxic (during the ORB1
interval). The high organic carbon content and pyritization
within the black shales of OAE1a suggest an anoxic environ-
ment. ORB1 represents a highly oxic environment, as shown by
the hematite in the reddish limestones.

2) Carbon stable isotopic values from the bottom of OAE1a to the
bottom of ORB1 shows several fluctuations, including a negative
excursion (during stage C3, at 0.14 m) at the base of the Selli
Level, a stepwise positive excursion (during stages C4 to C6, at
1.67 m) in the upper part of the Selli Level black shales and a
positive carbon isotopic plateau (during stage C7, at 3.19 m)
during the transitional interval. The stepwise positive shift may
have been caused by periodic increases in organic carbon burial
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in the black shales. The consistently high d13Ccarb values during
the C7 stage suggest that mass and isotopic steady-state con-
ditions were established.

3) The transition interval from OAE1a to ORB1 lasts for 0.75 Ma in
the Gorge a Cerbara section of Italy while it lasted for approxi-
mately 1.3 Ma in the Yenicesihlar section of Turkey. If the end of
the deposition of the Selli Level was synchronous, then the onset
of ORB1 deposition was not isochronous, indicating that, from a
carbon isotopic perspective, the system required different
amounts of time to recover to the state that existed prior to the
stable carbon perturbation.

4) The nannoconid crisis occurred at the top of the C2 stage, just
0.34 m below the negative excursion in d13C isotopic values. The
massive CaCO3 dissolution phase associated with OAE1a occurs
0.25 m above the negative excursion in d13C isotopic values. It
lasted for 0.85 Ma as a result of excess CO2, ocean acidification,
and CCD shoaling. Massive black shale deposition occurred at
the base of the C6 stage and lasted for 0.4 Ma.
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