Ocean circulation as mechanism and Pacific nutrients as fuel for OAE 2
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Figure 1 Graphical abstract (flux diagram showing the relation between forcing mechanisms, processes and products related to productivity-driven
oceanic anoxic events). Note the much larger size of the ‘oceanic hemisphere’ compared to the ‘continental hemisphere’. Comparison with Fig. 2 shows
that preservation of organic matter was favoured in the newly formed ocean basins.
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Figure 2 Reconstructed palaeogeographic map at ca. 90 Ma showing the location of Large Igneous Provinces (LIPs) and of known OAE 2-related depos-
its. Filled circles indicate dark-coloured, organic-rich sediments and open circles indicate organic-poor sediments. Numbers correspond to DSDP and
ODP drilling sites. The distribution of continental masses is based on Scotese (2004) and the map with its LIP distribution is a modification based on Ut-
sunomiya et al. (2007). Black shales compiled by Kuroda and Ohkouchi (2006) with alterations.
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Figure 3 Transatlantic correlation of key Cenomanian/Turonian localities. Epicontinental sea sections (Pueblo, Halle-Hesseltal) have low total organic
carbon (TOC) throughout. Open ocean sections show a west to east time lag in the onset of organic matter deposition. North Atlantic open ocean
sections (Demerara and Tarfaya) also maintain these high TOC values throughout the OAE (yellow box) while Gubbio only has high TOC values during
the Bonarelli Level (light grey box).
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INTRODUCTION The hypothesis that large 1igneous events caused the environmental
responses that ultimately led to oceanic anoxic events (OAESs) 1s plausible but not proven. One of
the problems related to this hypothesis concerns the link between volcanic nutrient input into the
marine realm and enhanced marine productivity (Fig. 1); oceanic plateaux roughly coeval with
OAE 2, for instance, are located in the Pacific Ocean while OAE 2 1s best developed in the North At-
lantic Basin (Fig. 2). Here we develop on the ideas of previous authors and explore the hypothesis
that volcanism in the Pacific provided the fuel for OAE 2 by leading to nutrient storage in the deep
Pacific. Based on climate modelling (Figs. 6-8), we propose that changing ocean circulation
provided the link between large igneous events and productivity-driven OAEs (Figs. 4, 5).
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Figure 4 Deep sea sedimentation patterns
at the Cenomanian/Turonian boundary.
Surface circulation shown as red arrows.
Upwelling shown as purple/red arrows. Five key
OAE 2 localities are shown with a schematic rep-
resentation of their sedimentary sequences.

In the deep Pacific, brown and red sediments
comprise the whole of the sedimentary se-
quence. Locally, on the flanks and tops of oce-
anic plateaux and within oxygen minimum
zones (OMds), black shales are found. These
black shales are related to the passage of sea-
mounts under the equatorial divergence zone.
The bulk of OAE 2-related black shales are
found in the equatorial North Atlantic. In the
northern North Atlantic, black shales alternate
with drab mudstones and have lower TOC. In
the western Tethys, OAE 2 is represented by a
single horizon, the Bonarelli Level.

This map 1s a modification of Blakey’s mid-
Cretaceous map (105 Ma); for the original see
http://jan.ucc.nau.edu/~rcb7/105marect.jpg.
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CONCLUSIONS Black shales 1initially
formed in the SW North Atlantic and later in the
northern North Atlantic and western Tethys
‘ (Figs. 3-5). Elemental anomalies show the
Wester » p same spatial pattern: highest anomalies are
| found in the western parts of the North Atlantic
and decrease towards the east. Proxy data are
consistent with introduction of nutrient-rich
intermediate water from the Pacific (Fig.
6a), through the Central American Seaway, that
upwelled along the southern margins of the
basin (Fig. 7) before being transported to-
Saharan wards the rest of the basin as surface water
(Figs. 5, 6a). The main drivers of the OAE 2-
related carbon cycle perturbation were the

North Atlantic deposits.

Figure 5 North Atlantic palaeogeography during the mid-Cretaceous. Surface circulation shown as red arrows (where dashed, inferred). Upwelling
zones given by the circle pattern (black stands for documented upwelling and white for inferred).

Numbers in red stand for elemental anomalies in OAE 2 black shales all relative to the highest anomaly found at Pueblo (Orth et al., 1993).

Localities represented with a circle: pre-OAE 2 onset of black shale deposition; square: simultaneous onset; triangle: later onset (Fig. 3).
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METHODS/RESULTS To investigate whether ocean circulation 1s the mechanism behind
black shale deposition during OAE 2, a global coupled climate model (CCSM 3) was used and an
equilibrium simulation performed for the Cenomanian/Turonian (~90 Ma). General circulation
patterns (Figs. 6 a, b) were investigated, as well as the connectivity with surrounding basins and
the character of the connection. Upwelling was simulated (Figs. 7, 8) in order to track where inter-
mediate water was brought to the surface. Our results are consistent with geologic proxy data
(Figs. 3-5) that show a west to east time lag in the onset of organic matter deposition for the North
Atlantic. The southern basins (5. Atlantic and proto-Indian oceans) show a sluggish and poorly de-
veloped circulation. Black shales found in these basins are likely related to this potential anoxia
(Fig. 1) and did not contribute significantly to the global carbon cycle perturbation.
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Figures 6a and 6b Modelled annual velocity (vectors, in cm.s-1) at the surface (top panel), at ~1 km depth (middle panel) and at ~4 km depth (bottom
panel). The results are a 5-year average over model years 1496—-1500. Colours denote salinity (in g/kg). Prescribed surface boundary conditions (e.g. to-
pography and vegetation) are mainly based on Scotese (2001). See also Sewall et al. (2007) for a detailed description of boundary conditions. The pat-
tern observed for the North Atlantic relative to the Pacific, with a connection via the Central American Seaway, is an estuarine circulation.
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Figure 7 Modelled annual vertical ve-
locity (in cm.s-1) at 50 m depth. Positive locity (in cm.s-1) at 50 m depth in the
velocities denote upwelling (red and Southern Ocean. Positive velocities denote
yellow). upwelling (red and yellow).

Figure 8 Modelled annual vertical ve-

References:

Bowman, A. R. and Bralower, T. ]. (2005) Paleoceanographic significance of high-resolution carbon isotope records across the Cenomanian-Turonian boundary in the Western Interior
and New Jersey coastal plain, USA. Marine Geol., 217:305-321.

Caron, M. (2006) High-resolution stratigraphy of the Cenomanian-Turonian boundary interval at Pueblo (USA) and wadi Bahloul (Tunisia) stable isotope and bio-events correlation.
Geobios, 39:171-200.

Hardas, P. and Mutterlose, J. (2006) Calcareous nannofossil biostratigraphy of the Cenomanian/Turonian boundary interval of ODP Leg 207 at the Demerara Rise. Rev. Micropal.,

Sewall and Caroline Slomp for discussions. The authors referred to in Fig. 3 are thanked for kindly providing 49:165.179.
their data_ ]‘org- Mutterlose iS thanked for information on nannOfOSSi].S. MiChael I{].lph'lJ.lS iS thanked fOI teChni- Kuroda, J. and Ohkouchi, N.(2006) Implication of spatiotemporal distribution of black shales deposited during the Cretaceous Oceanic Anoxic Event-2. Paleo. Res., 10(4):345-358.

cal model support. Nikki Bos and Filipa Quintas for technical help with poster and figure design.

Acknowledgments:

Orth, C.]J. et al. (1993) Elemental abundance anomalies in the late Cenomanian extinction interval: a search for the source(s). Earth Planet. Sci. Lett., 117:189-204.
Scotese, C.R. (2001) Atlas of the Earth History. Vol. 1, Paleogeography, 1. PALEOMAP Project, Arlington, TX, 52 pp.
Scotese, C. R. (2004) A continental drift flipbook.]. Geol., 112:729-741.

This prOjeCt is funded bY Senter Novem. Sewall, J. O. et al. (2007) Climate model boundary conditions for four Cretaceous time slices. Clim. Past., 3: 647-657.
s

Tsikos, H. et al. (2004) Carbon-isotope stratigraphy recorded by the Cenomanian-Turonian Oceanic Anoxic Event: correlation and implications based on three key localities. J1. Geol.
Soc., 161:711-719.

Voigt, S. et al. (2007) Late Cenomanian to Middle Turonian high-resolution carbon isotope stratigraphy: New data from the Munsterland Cretaceous Basin, Germany. Earth Planet. Sci.
Lett., 253:196-210.

Utsunomiya et al. (2007) History of the Pacific superplume: implications for Pacific paleogeography since the Late Proterozoic. in Yuen et al. (eds.) Superplumes, 363—-408.

Corresponding Author: Jodo Trabucho Alexandre, jp.trabucho@geo.uu.nl




