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a b s t r a c t
Oceanic Anoxic Events (OAEs) represent brief periods of burial of large amounts of organic carbon in the
oceans during Cretaceous time. Burial of organic carbon, which preferentially sequestered isotopically lighter
carbon during OAEs, resulted in positive δ13C excursions of 2–3‰ recognizable in global ocean. These
deposits are typically dark–grey to black shales, considered to be the result of interaction between extreme
warm climate, ocean circulation, high bioproductivity and organic carbon preservation. Less interest has
been given to periods between OAEs, when oxic deep sea deposits such as red marls and red shales were
deposited during mid- and Late Cretaceous. The latter deposits are associated with very low content of
organic carbon and oxic depositional environments which dominated western Tethys in post Turonian time,
up to the early Eocene.
Feedbacks among geochemical cycles in response to decreasing global temperatures, increasing deep ocean
circulation forced by high-latitude deep water formation along the Antarctic margin, and widening and
deepening of the interconnections between the oceanic basins may have been responsible for the major
paleoceanographic change from deposition of organic carbon-rich black shales during mid-Cretaceous, to
world-wide deposition of Cretaceous Oceanic Red Beds (CORBs) in the Late Cretaceous. The presence of
CORBs sandwiched between mid-Cretaceous OAEs may reﬂect major climate and paleoceanographic
changes. In a contrast to extremely warm climates during the OAEs, the CORBs suggest cold periods, and
therefore oscillating climate shifts, that have seldom been considered during modeling of Cretaceous
greenhouse climate and global carbon cycling.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction
Earth's climate has oscillated between greenhouse (warm) and
icehouse (cold) modes during the Phanerozoic. At present, Earth is in
the midst of an icehouse climate, despite the rise of industrialization
during past two centuries, which has led to dramatic increase in
atmospheric CO2 from burning of fossils fuels. This, in turn, has led to
signiﬁcant global warming (e.g. Ruddiman, 2001). Global warming
could profoundly impact human civilization by major env\ironmental
changes, such as sea-level rise resulting in coastal ﬂooding, changes in
precipitation, desertiﬁcation, increased storm and hurricane frequency and changes of El Niño. Thus understanding of the ocean-climate
system during past greenhouse climate modes is essential for more
accurate prediction of future climate and environmental changes on a
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warming earth. One such period of a typical greenhouse, caused
largely by increases in CO2 from elevated global igneous activity, is the
Cretaceous–early Cenozoic era.
The mid-Cretaceous is marked by a major warming peak,
characterized by globally averaged surface temperatures more than
14 °C higher than those of today (Tarduno et al., 1998), absence of
permanent ice sheets (Frakes et al., 1992), and sea level 100–200 m
higher than that of today (Haq et al., 1987). Atmospheric carbon
dioxide levels are thought to have been 4 to 10 times higher than
those of the pre-industrial era (Berner and Kothavala, 2001; Bice and
Norris, 2002; Huber et al., 2002).
Black shales containing 2–30% organic carbon were episodically
deposited in oceanic and marginal basins during Cretaceous time and
are commonly referred to as “oceanic anoxic events” (OAEs) (Leckie et
al., 2002; Erba, 2004). The conditions of their deposition have been
intensively debated as to the relative importance of high marine
productivity versus oceanic water stratiﬁcation and stagnation. Even
though the concept of OAEs as a global phenomenon was put forward
30 years ago (Schlanger and Jenkyns, 1976), it still remains a topic of
intensive research due to the signiﬁcance of burial of large amount of
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organic matter in deep-sea sediments and of carbon cycling and its
effect on global climate. Eight intervals of the OAEs are recorded by
Cretaceous oceanic sediments, but only two of them — the OAE1a
(~ 122 Ma, with duration ~800 ky) and OAE2 (~ 93.5 Ma with duration
300 ky) have well documented global distribution (Leckie et al., 2002;
Erba, 2004).
Later in the Cretaceous, the climate cooled as carbon dioxide
levels in the atmosphere declined (Clarke and Jenkyns, 1999). The
largest drop in global temperature occurred in the early Campanian,
marking the transition from a “hot” to “cool” greenhouse climate
(Clarke and Jenkyns, 1999; Huber et al., 2002). Possible causes of the
decrease in atmospheric CO2 leading to global cooling are the

reduction in seaﬂoor volcanic activity (Larson, 1991) and burial of
large amounts of organic carbon (Berner, 2003). The latest
Cenomanian Anoxic Event (OAE2) resulted in burial of 1.6 × 1018
moles of organic carbon within 0.5 m.y., causing signiﬁcant depletion of CO2 in the ocean-atmospheric system (Arthur et al., 1988;
Kuypers et al., 1999). Post OAE2 depositional conditions in the
Tethys ocean changed dramatically, as deposition of black shales was
replaced by deposition of pelagic red beds (CORBs). The latter are
widely distributed Cretaceous oceanic deposits, as shown by
compilation of locations of CORBs (Figs. 1B and 2B) (Wang et al.,
2009), which lasted longer than the OAEs (Figs.1A and 2A) (Scott,
2009). However, earlier episodes of major climate change are

Fig. 1. Paleogeographic map showing the occurrence of OAE1a and CORBs at 120 Ma and 105 Ma. A) Distribution of OAE1a, early Aptian (120 Ma) data from published literature
(Appendix 1), keys for the symbols: ● – all three characteristics features of black shales, a high content of OM and excursions of δ13C; d – two of the three characteristics features;
○ – one of the three characteristics features; B) Distribution of CORBs at 105 Ma cited from Wang et al. (2009). The paleogeographic base map was downloaded from the website
www.odsn.de.
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Fig. 2. Paleogeographic map showing the localities and the correlation of OAE2 and CORBs in 80 Ma. A) Distribution of OAE2, Cenomanian–Turonian (93 Ma) data from published
literature (Appendix 1) keys for the symbols: ● – all three characteristics features of black shales, a high content of OM and excursions of δ13C; d – two of the three characteristics
features; ○ – one of the three characteristics features. B) Distribution of CORBs at 80 Ma cited from Wang et al. (2009). The paleogeographic base maps are downloaded from the
website www.odsn.de.

evidenced by episodic deposition of CORBs sandwiched between
OAEs in the mid-Cretaceous (Hu et al., 2006a). Such changes
document much more variable climatic conditions during the midCretaceous and a higher complexity of the ocean-climate-carbon
burial system than presented by system modeling.
Here we report on the distribution of CORBs in the Upper
Cretaceous sedimentary sequences of the oceanic basins, and explore
their relationship to the global paleoclimatic and paleoceanographic
changes that occurred during the Late Cretaceous. The aim is to
investigate the hypothesis that there was a causal relationship
between OAEs and CORBs and, if so, what the major drivers of such
change might have been. Future research will be oriented toward

correlating oceanic OAEs and CORBs with continental sequences, to
determine the climatic consequences of these events on land.
2. Temporal–spatial distribution of Cretaceous OAEs and CORBs
In order to compare the temporal and spatial relation between the
OAEs and the CORBs, we made a new compilation of their occurrence
and distribution. Since the OAEs have been studied for more than
30 years, the compilation relies mainly on published literature
(Appendix 1). OAEs occurred at least eight times during the
Cretaceous. The OAE1a and OAE2 represent global-scale anoxic events
associated with prominent positive excursions of δ13C and worldwide
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distribution of black shales. Data collected for the black shales of
OAE1a and OAE2 have focused on three features: lithofacies, high
content of organic matter (OM) and positive excursions of δ13C
(Arthur and Sageman, 1994) which are useful markers for OAE
recognition (e.g., Takashima et al., 2004).
The compilation utilized here for CORBs is based on a review paper
(Wang et al., 2009). To better show CORBs distribution, we plotted the
locations of oceanic red beds on two time slice paleogeographic maps
(Figs. 1B and 2B). The CORBs of mid-Cretaceous (Aptian–Cenomanian) were shown on the paleogeographic map of 105 Ma (Fig. 1B),
while the CORBs of Late Cretaceous (Turonian–Maastrichtian) were
shown on the paleogeographic map of 80 Ma (Fig. 2B). The CORBs
became increasingly widespread from the Aptian through the
Campanian, attaining global distribution during the Late Santonian
and Early Campanian (Figs. 1B and 2B) and continuing in western
Tethys up to the Early Eocene. CORBs were preferentially deposited in
the middle to low latitude basins of the Tethys, Atlantic, Indian, and
Panthalassic (Paciﬁc) Oceans. Outcrops of these red beds have been
found in the Tibetan Tethyan Himalaya, Caucasus, Turkey, Carpathians, and Alps and southern Europe (Spain, Italy). Localized
high latitude deposits are found in New Zealand and in the South
Atlantic (Figs. 1B and 2B). The depositional environments include
outer-shelf, continental slope, and deep sea. Because of local tectonics,
CORBs are exposed widely in the western Tethys, but are preserved
only as remnants in the orogenes of the eastern Tethys. They have also
been recovered from ODP/DSDP Legs in the abyssal plains of the
Atlantic and Paciﬁc Oceans. CORBs closely overlie OAE black shales at
many locations (see below).
The distribution of OAE1a and subsequent mid-Cretaceous CORBs
are shown on the paleogeographic reconstructions for 120 Ma and
105 Ma, respectively. They are found mainly in the Western Tethys,
Paciﬁc Ocean, Gulf of Mexico, and Atlantic Ocean (Fig. 1A), with the
western Tethys being the most studied region. Many mid-Cretaceous

CORBs occur in the Eastern Tethys and Indian Ocean, but no record of
OAE1a was found in these areas.
OAE2 and subsequent Late Cretaceous CORBs, plotted on 93 Ma
and 80 Ma paleogeographic maps, respectively, show co-occurrence
in Western Tethys, Atlantic Ocean, Eastern Tethys, Paciﬁc Ocean, and
Indian Ocean (Fig. 2A). The Western Interior Seaway and Arctic Ocean
are distinctive by recording the occurrence of OAE2 lacking associated
CORBs. On the other hand, CORBs are more commonly recorded in
deep oceanic sediments than deposits of OAE2.
3. Transition from oceanic anoxic events to red beds in Tethys
To better understand the relationship between the OAEs and CORBs,
we have studied two stratigraphic intervals in the Tethys realm in
detail: from OAE1a to Aptian oceanic red beds (ORB1; Hu et al., 2006),
and from OAE2 to Turonian oceanic red beds (ORB9; Hu et al., 2009).
3.1. OAE1a–ORB1 transition
3.1.1. Gorgo a Cerbara section, Italy
The Gorgo a Cerbara section is located 3 km west of the town of
Piobbico (Marche, Italy). OAE1a (the Selli Level) (Figs. 3A and 4) is
1.92 m thick and consists of laminated to bioturbated olive-grey,
greenish-grey and dark-grey to black mudstones and shales, with 20
thin (1 to 3 cm) greyish-yellow, olive-grey and medium- to dark-grey
radiolarian silty/sandy layers (Coccioni et al., 1987, 1989, 1992). TOC
contents of 16 samples from the Selli Level from the Gorgo a Cerbara
section ranged from 0.74–7.28% (Baudin et al., 1998). A 2.5 m thick
stratigraphic interval separates the Selli Level and ORB1 (Figs. 3A and 4).
It is lithologically characterized by bioturbated greenish-grey cherty
limestones, marly limestones with subordinate marls, in beds 1- to 30cm thick. ORB1 is over 15 m thick at the Gorge a Cerbara section. It is
dominated by bioturbated, dark red marlstone, red marly limestones

Fig. 3. Photos showing the sections studied. A – Gorgo a Cerbara section, central Italy; B – Mudurnu section, central Turkey; C – Vispi Quarry section, central Italy; D – Chuangde
section, south Tibet.
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Fig. 4. Stratigraphic log of the OAE1a–ORB1 transition in the Gorgo a Cerbara and Mudurnu sections (revised from Yilmaz, 2008).

and red calcareous shales with subordinate gray marlstones and marly
limestones, in beds 1- to 30-cm-thick. The gray beds are locally
interbedded with red beds in a cyclical manner. The red beds are
generally less calcareous than the gray beds. The contacts between red
beds and gray beds are commonly sharp. Within the intercalated gray
beds, the color becomes more reddish in zones a few mm-thick, both
near the base and the top of the beds. If we apply the 2.6 m/myr
sedimentation rate for the interval from the base of M0 (35.6 m) to the

top of the C. litterarius zone (40.8 m) of Coccioni et al. (1992), it took
about 0.95 myr for the change from the top of the Selli Level to the
deposition of ﬁrst reddish limestone of the ORB1 (Hu et al., 2006a).
3.1.2. Piobbico core, Italy
In the Piobbico core, the Selli Level is located in Unit 18, which is
about 2.36 m thick (73.47 m–75.83 m level of Erba, 1988). It is
composed of black shale in beds 1- to 15-cm-thick, with abundant
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pyrite nodules, radiolaria and ﬁsh remains. Overlying the Selli Level is
a zone about 3 m thick which consists of gray-green marly limestones
and limy marls in beds 2–20 cm thick. ORB1 in Piobbico Core
corresponds to Units 15 and 17 (53.14 m–70.65 m level of Erba,
1988) and is represented by dark-red and dark-brown marls and
marly limestones with few green-gray colored calcareous marls and
marly limestones. Black shales are absent throughout the ORB1
interval. If we apply the 2.3 m/myr sedimentation rate of the L. cabri–
G. algerianus zones of Tornaghi et al. (1989), it took about 1.2 myr for
the change from the top of the Selli Level to the ﬁrst reddish
limestones of ORB1 (Hu et al., 2006a).
3.1.3. Mudurnu, Turkey
In NW Turkey the Selli Level is about 2.2 m thick at Mudurnu
(Yilmaz, 2008) (Figs. 3B and 4). The black shales of the Selli Level
display cm-to m-scale cycles, shales with pyritized radiolaria, and
planktonic foraminifera with iron-coated chambers. The ORB1 is
about 2 m thick and was assigned to the G. algerianus–P. cheniourensis
zones. It consists of red to pink limestones (mainly packstones) and
marls. The ORB1 is cut by “Neptunian dyke”-like features disconformable with the overlying Upper Albian turbiditic strata (Yilmaz, 2008).
A stratigraphic zone between the Selli Level and CORB2 is about 22 m
thick and consists of whitish marly limestones interbedded with
calcareous marls and/or shales. Some calcareous turbiditic beds up to
few cm thick occur within this transitional zone. If we assume an
approximately 7.5 m/myr sedimentation rate for this strata, it took
about 2.9 myr for the change from the top of the Selli Level to the ﬁrst
reddish limestones of the ORB1 at the Mudurnu locality (Yilmaz,
2008).
3.2. OAE2–ORB9 transition
3.2.1. Vispi Quarry, Italy
In the Vispi Quarry near Gubbio, Italy, above the Bonarelli bed
4.3 m of white limestones limestone of the Scaglia Bianca grade into a
sequence of predominantly pinkish–reddish limestones and marls of
the Scaglia Rossa Formation (Hu et al., 2006a and references within)
(Figs. 3C and 5). Below the reddish limestone successions are two
transitional beds (the lower at 10.35–10.55 m and the higher at
10.63–10.83 m). Both transitional beds are whitish in color at the base
and gradually become increasing pinkish in color towards the top. The
strata above 10.83 m are pinkish to reddish. If we apply the 7.4 m/myr
sedimentation rate of the H. helvetica zone of Premoli Silva and Sliter
(1994), it took about 1.5 myr for the change from the top of the
Bonarelli Level to the predominantly red colored limestones of the
Scaglia Rossa Formation (ORB9) (Hu et al., 2006a).
3.2.2. Buchberg section, Austria
The Buchberg section, Austria, exposes a Cenomanian–Turonian
succession of limestones, marly limestones and marlstones with
Cenomanian strata being not fully exposed (Fig. 5) (Neuhuber et al.,
2007; Wagreich et al., 2009). Light grey limestones with dark grey
mottles alternate with medium and dark grey spotty marlstones at the
base of the section. They are overlain by grey and red limestones and
marlstones of Turonian age; pink marl is 2 to 3 m above beds of OAE2
and red limestone is 5 m above (Wagreich et al., 2009, Fig. 6). This
interval represents a duration of approximately 1.1–1.5 Myr (Neuhuber et al., 2007; Scott, 2009). At the top of the section the Ultrahelvetic
rocks are overthrusted by sandstone debris of the Rhenodanubian
Flysch Zone. The Ultrahelvetic section consists of alternating limestone–marl cycles with four transitions of grey-colored intervals into
red beds. In the lower part of the proﬁle, the red color is restricted to
marl beds whereas in the upper part of the section both marl and
limestone beds are red (Wendler et al., 2009). The bedding planes are
even to wavy planes and the beds tend to be more bioturbated at the

top of the proﬁle. The sediment accumulation rate of the red beds was
about 3 m/myr (Scott, 2009).
3.2.3. Chuangde section, Tibet
At the Chuangde locality (Fig. 3D) in southern Tibet, the 30-meterthick Chuangde Formation consists of reddish-colored mudstone
intercalated with pelagic marlstone, limestone, and radiolarian chert.
The strata were deposited in a slope-basin environment (Wang et al.,
2005). They conformably overlie the black shales of the Gyabula
Formation, interpreted as corresponding to mid-Cretaceous OAEs
(Wang et al., 2001; Wan et al., 2003). The red beds contain abundant
planktonic foraminifera dated as Late Santonian to Early Campanian
(Wan et al., 2005). The sediment accumulation rate of the red beds
was about 2.66 m/myr (Scott, 2009), which is higher than that of
modern un-compacted oceanic red clays (Glasby, 1991). Deposition of
the Chuangde CORB began approximately 9 myr after the OAE2 event
and about 1 myr after OAE3, which is not recorded in this Tibet section
(Scott, 2009). To test the hypothesis a section where the Chuangde
overlies a complete Santonian interval is needed.
4. Paleoceanographic response to the OAE2–ORB9 transition: a
case study from Chuangde section, Tibet
Due to its characteristic reddish color, the Chuangde Formation is a
marker unit in the Gyangze area (Wang et al., 2005). It consists of
reddish-colored mudstone intercalated with pelagic marlstone,
limestone, and radiolarian chert; its basal and upper contacts are
distinct and sharp. The color of the red beds, no matter what is the
lithology, is uniformly red. This is not the result of modern
weathering, but is a depositional feature. Unlike terrigenous red
beds, there are no oxidized ferric rims on the particle margins. X-Ray
diffraction demonstrates that the red coloration is the result of minute
non-crystalline hematite particles dispersed throughout the red
beds (Hu et al., 2006b), as is similarly the case in coeval CORBs from
Italy and Turkey (Channel et al., 1982; Eren and Kadir, 2001). The Fe3 /
(Fe2+ + Fe3+) ratio ranges from 0.51 in the black shale to 0.99 in the
red unit with a maximum Fe2O3 level as high as 10% in the red shales
(Wang et al., 2005).
The ratio between the reactive iron species (Fecarb: carbonateassociated iron; Feox: ferric iron oxides-goethite and hematite;
Femag: magnetite; Fepy: pyrite; FeHR: the sum of the four iron
species) and total iron (FeT) can reﬂect the change of iron species in
different depositional environments (Lyons and Severman, 2006).
Those ﬁve ratios were determined by using a sequential chemical
extraction method (Poulton and Canﬁeld, 2005) on samples from
Gyabula and Chuangde formations.
The average of Feox/FeT, Femag/FeT, FeHR/FeT ratios are 0.296,
0.067, 0.37, respectively, in the red beds of Chuangde Formation,
which contrast with mean ratios of 0.10, 0.028 and 0.l61 in the black
shales of Gyabula Formation (Fig. 6). Fecarb/FeT and Fepy/FeT ratios in
the black shales are 0.031 and 0.0015, much higher than that of red
beds (0.006 and 0 on average). Most of the iron in different reactive
iron species in marine sediments is ultimately derived from
continental iron oxides (Raiswell and Canﬁeld, 1998). Assuming
that weathering conditions in the source area have not changed
greatly during the Cretaceous (Hu et al., 2006b), the much lower Feox/
FeT, Femag/FeT, FeHR/FeT and higher Fecarb/FeT and Fepy/FeT in the
black shales of the Gyabula Formation might reﬂect the dissolution of
iron oxides, with later partial escape of ferrous iron from sediment–
water interface, and/or formation of carbonate-associated iron and
pyrite under dysoxic–anoxic conditions within the upper layers of the
sediment and probably in the bottom waters (Canﬁeld, 1989). The
Feox/FeT of red beds (0.295 on average) makes up 80% of the
difference of FeHR/FeT between the Gyabula and Chuangde formations, and is not only higher than in the Gyabula Formation (0.10), but
even higher than in modern continental margin and deep sea
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Fig. 5. Stratigraphic log of the OAE2–ORB9 transition in Vispi Quarry (revised from Hu et al., 2006a) and Bechberg section (from Neuhuber et al., 2007).

33

34

C. Wang et al. / Sedimentary Geology 235 (2011) 27–37

Fig. 6. Correlation and Variations of reactive iron burial records between black shales and CORBs and phosphorus (P), carbon isotope and Ba/Al in Chuangde section, South Tibet.
Fecarb, Feox, Femag, Fepy and FeHR are carbonate-associated iron, ferric iron-oxides (goethite and hematite), magnetite, pyrite and total reactive iron (the sum of Fecarb, Feox,
Femag, Fepy) respectively. Shaded area is the red beds of the Chuangde formation.

sediments (0.28 and 0.25, respectively) (Poulton and Raiswell, 2002).
It is also higher than in the Jurassic and Cretaceous non-red normal
marine sediments (0.16) in Western Europe (Poulton and Raiswell,
2002). This suggests that the ferric iron oxides in the red Chuangde
Formation most probably formed during the syn-depositional to early
diagenesis stage, similar to that in coeval CORBs in Italy (Channel et
al., 1982) and Turkey (Eren and Kadir, 2001). Oxygen is the most
abundant oxidant in the ocean (Froelich et al., 1979), and presence of
iron oxides in pelagic red beds is an indicator that they formed in a
highly oxic environment. The investigation of CORBs from the Eastern
Alps, Austria also supports the hypothesis of highly oxic conditions for
CORBs deposition (Neuhuber et al., 2007). Due to the close relation
between the iron and phosphorus cycles, we also analyzed the total
phosphorus in the black shales and red beds. Total phosphorus is
higher in the Chuangde Formation (Fig. 6); which may be due to a
greater amount of phosphorus being absorbed onto the iron oxides in
the red beds (Slomp et al., 1996).
The organic carbon level in Chuangde Formation is extremely low,
about 0.01–0.14% or even below the detection limit (Wang et al.,
2005). In the black shale of Gyabula Formation, the organic carbon
content averages about 0.5% (Wang et al., 2005). Low organic carbon
content is a common feature of CORBs everywhere, being 0.3%, 0.07–
0.17% and 0–0.005% in red beds from North Atlantic, Italy and
Exmouth Plateau of Australia (Wang et al., 2009). Positive δ13Ccarb and
δ13Corg excursions occur in the mid-Cretaceous black shales (Wang et
al., 2001), while negative δ13Ccarb and δ13Corg excursions take place in
the Upper Cretaceous red-beds, coincident with lower fractions of
biogenic barite (Wang et al., 2005; Zou et al., 2005). These differences
point to lower primary productivity in the ocean and less burial of
organic matter when Chuangde Formation was deposited. Paleontological data from western Tethys also suggest a decrease of paleoproductivity in the ocean when the red beds were deposited (Kuhnt
and Holbourn, 2005).

5. CORBs as a possible consequence of OAEs
Based on data reviewed above, here we propose the hypothesis that
deposition of the Cretaceous oceanic red beds was a possible consequence of the Cretaceous oceanic anoxic events (Fig. 7). Enhanced
amounts of organic carbon and pyrite burial during the Cretaceous OAEs
(especially globally distributed OAE1a and OAE2) as indicated by sharp
increases in 13C/12C isotope ratio in marine carbonate organic matter
would have resulted in a large and abrupt fall in atmospheric CO2
concentration (Arthur et al., 1988). For example, the OAE2 would have
deposited about 1.6 ×1018 moles of organic carbon within 0.5 myr
(Arthur et al., 1988). This led to a profound decrease (26% to 40–80%) in
atmospheric pCO2 (Kuypers et al., 1999; Barclay et al., 2010), enabling the
appearance of plants using a CO2-concentrating mechanism (C4-type),
which is illustrated by a North African plant community (Kuypers et al.,
1999). The decrease in ρCO2 probably induced signiﬁcant global climatic
cooling. But, it is still unknown that for how long the enhanced burial of
organic carbon will result in decrease in ρCO2 and global climatic cooling.
Recently, a remarkable large cooling (5–11 °C) was discovered within the
OAE2 interval which was interpreted to be response to the associated
ρCO2 drop (Sinninghe Damsté et al., 2010). They argued that the
response of ρCO2 drop and climatic cooling to enhanced burial of organic
carbon during OAEs are probably concurrent and relatively short in time.
Another view focused on the relative long time interval after the OAEs.
For examples, the Late Aptian after the Early Aptian OAE1a and the latest
Cenomanian OAE2 are in fact considered to be two cold snaps during the
greenhouse Cretaceous. Direct evidence for Late Aptian global cooling is
indicated by occurrences of glendonites and ice-rafted debris in the
Canadian Sverdrup Basin, the West Svalbard Basin (Kemper, 1987) and in
southeast Australia (Frakes et al., 1995). Isotopic evidence for a cool Late
Aptian includes data from south temperate belemnites (Pirrie et al.,
1995), glendonites (De Lurio and Frakes, 1999) and carbon isotopes
(Weissert and Lini, 1991). Recently, Late Aptian global cooling was
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Fig. 7. Simpliﬁed hypothesis model for the transition from Cretaceous OAEs to CORBs.

suggested by a decline of Tethyan taxa of calcareous nannofossil
assemblages and a subsequent biogeographic expansion of species of
high latitudinal afﬁnities (Mutterlose et al., 2009). Another “cool” period
during the Cretaceous is the middle to late Turonian, with evidence from
a positive oxygen isotopic excursion in marine limestones (Voigt and
Wiese, 2000), brachiopods (Voigt et al., 2004) and foraminifers
(Bornemann et al., 2008), an incursion of boreal faunas (ammonites,
echinoids and inoceramids) into lower latitudes (Wiese and Voigt, 2002),
data from organic geochemical proxy (TEX86) (Forster et al., 2007), and
an Upper Turonian sequence boundary on the eastern U.S. continental
shelf and elsewhere that represents sea level fall of 25–30 m that may be
related to glacio-eustasy (Miller et al., 2003). Moreover, Bornemann et al.
(2008) suggest that short periods of glaciation may have existed during
middle Turonian, with ice sheets of about half the size of the modern
Antarctic ice cap. We also note that one of the possible mechanisms for
global cooling after the OAEs would be the general reduction in seaﬂoor
volcanic activity (Larson, 1991).
Global cooling would have enhanced formation of cold deep water,
increasing its oxidizing capacity due to the greater content of
dissolved oxygen. Furthermore, enhanced organic carbon burial
during the Cretaceous OAEs would result in an equal addition of O2
to the atmospheric oxygen reservoir, assuming a CO2-to-O2 photosynthetic ratio of 1:1 (Arthur et al., 1988, p.716). This would also have
increased the oxidation potential of oceanic deep water. Therefore, an
increase in pO2 and global climate cooling with increased cold deep
water formation resulting from organic carbon burial during the OAEs
would have increased the oxidizing capacity of oceanic deep water
and promoted formation of oceanic red beds. As we stated above, the
transition from OAE1a to ORB1 during the Aptian took a relatively
short time of 0.95–1.2 myr in western Tethys (Italy), and 2.9 myr in
middle Tethys (Turkey). The transition from OAE2 to ORB9 took about
1.1 myr in western Tethys (Italy and Austria), but required a long time
(N 9 myr) in Eastern Tethys (south Tibet). This model provides an
effective mechanistic explanation for the development of CORBs, but
it remains speculative pending further data collection.
During Late Cretaceous, especially Late Santonian–Campanian, the
dissolved oxygen values remained relatively high as indicated by
study of morphologic characteristics of benthic foraminifers in the
global ocean (Kaiho, 1994). Besides well-oxygenated, cold deep
water, several other processes may have contributed to the formation
of CORBs. During the Late Santonian–Campanian when CORBs had a
nearly worldwide distribution (Scott, 2009; Wang et al., 2009)
(Fig. 1), bio-available phosphorus was at a low level (Főllmi, 1996).
If bio-available phosphorus can be considered a ﬁrst-order approx-

imation of the total reactive phosphorus in the ocean (Főllmi, 1996),
then the phosphorus reservoir in the Late Cretaceous was much lower
than in the mid-Cretaceous, resulting in lower productivity. At the
same time, the negative trend of the carbon isotope curve from pelagic
carbonates is consistent with a global negative excursion (Jarvis et al.,
2002). This is in contrast to the positive carbon isotope excursion
associated with the mid-Cretaceous black shales (Leckie et al., 2002;
Erba, 2004). Most of the organic carbon exported from the photic zone
to the deeper waters was oxidized and only a small amount was
buried. Geochemical modeling (Hanson and Wallmann, 2003) has
shown that the organic carbon burial rate decreased during the latest
Santonian to middle Campanian from an already low Turonian–early
Santonian level, to a minimum at about 80 Ma. This shift is consistent
with the signiﬁcant global increase in inorganic/organic-carbon burial
ratios of 68 × 1018/16 × 1018 kg yr− 1 (4.25:1) in the Early Cretaceous
to 133 × 1018/20 × 1018 kg yr− 1 (6.65/1) in the Late Cretaceous
(Budyko et al., 1987).
The oxic, lower productivity ocean can be further explained by the
global climatic–oceanic change that occurred during the Late
Cretaceous time. With global cooling (Huber et al., 2002) from a
“hot-” to a “cool-” greenhouse climate during Turonian to Campanian
(Clarke and Jenkyns, 1999), the equator-to-pole temperature gradient
increased, progressively favoring the formation of large volumes of
deep water at high-latitudes, particularly along the Antarctic margin
(Otto-Bliesner et al., 2002), and increasing the turnover rates of the
ocean. The largest drop in the global temperature occurred in early
Campanian, with the change from “hot” to “cool” greenhouse climate
(Clarke and Jenkyns, 1999; Huber et al., 2002), which may have led to
increased oceanic turnover and therefore a well-ventilated deep
ocean. Opening of the deep connection between the North and South
Atlantic Oceans in the Campanian allowed deep waters generated in
the southern hemisphere to circulate throughout the Atlantic basins
(Poulsen et al., 2001). Furthermore, widening and deepening of the
passages between Antarctica, Africa, and India, and between India and
Australia allowed deep waters generated along the Antarctic margin
to enter the Eastern Tethys and Panthalassic Oceans. The cooler high
latitude deep waters introduced more oxygen to the deep ocean, so
that more organic matter was oxidized, and iron oxides formed at the
sediment–seawater interface. More phosphorus was adsorbed onto
the iron-oxides and buried, slowing the regeneration of phosphorus
from the sediments to the seawater (Colman and Holland, 2000). At
the same time, continental input of phosphorus to the ocean
decreased as result of cooler climate (Főllmi, 1996). The decrease of
phosphorus cycling from the land to the ocean combined with the
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reduced inventory of reactive phosphorus forced lower productivity
in the ocean (Tyrrell, 1999).
The greenhouse climate of the mid-Cretaceous was likely related
to major global volcanism and associated outgassing of CO2. OAEs may
be recognized as a negative feedback in response to sudden warming
episodes preventing further acceleration of warming through removing the organic carbon from the ocean–atmosphere (CO2), via
increased productivity cycle, with organic carbon being buried in
the deep ocean. However, the presence of oxic sediments (CORBs)
within transition zones between individual OAEs indicate development of longer cooling-climate periods, therefore sharp swings in
mid-Cretaceous climate, not considered by Cretaceous climate
modelers. Such climate oscillations predate a change to predominantly cooler (icehouse) climate after Turonian time. Other paleoceanographic changes simultaneously were occurring at southern
hemisphere and may have played roles as important as the climate
change.
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