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1.  Purpose of the visit
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The visit to the School of Earth and Environmental Sciences (SEES), University of Portsmouth, United Kingdom, for a period of three months, was aimed at collaborating with Professor Andrew S. Gale. This visit enabled me to extend the research undertaken at the Institute of the Coastal Marine Environment (IAMC-CNR) in Naples, Italy, during my appointment as Early Stage Researcher at the IAMC-CNR, within the GTSnext Marie Curie ITN programme. Prof. Andrew S. Gale helped me to put my work on the astronomical tuning of Maastrichtian sections in Northern Spain and a Cenomanian section in Italy in a broader context and introduced me to experts in the field of Cretaceous carbon isotope stratigraphy.
2. Description of the work carried out during the visit

To improve the Geological Time Scale for the Maastrichtian, two sections in Northern Spain have been studied during my appointment as Early Stage Researcher. These Maastrichtian sections near the towns of Zumaia and Sopelana span the Cretaceous/Paleogene (K/Pg) boundary and consist of rhythmically bedded limestones and marls with occasionally intercalated turbidites. At the start of this visit, a cyclostratigraphic framework and orbital tuning of the Upper Maastrichtian Zumaia section has been obtained and a manuscript was in review at the journal Earth and Planetary Science Letters. During the visit, the reports from the reviewers were received, requesting major revision. The requested changes were made and a revised manuscript was resubmitted to the journal. 
To extend this astronomically tuned time-scale almost down to the base of the Maastrichtian, data from the Sopelana were subjected to time-series analyses to test the cyclostratigraphic interpretation. The extended cyclostratigraphic framework was presented at the High Fidelity meeting of the Geological Society and the European Geoscience Union General Assembly 2012. 
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Fig 2: Reflectance and magnetic susceptibility data and their time series analyses for the Sopelana section. From left to right: Redfit power spectrum (top), wavelet analyses, and band-pass filters of reflectance centred at 62 cm, 2.9 and 10 m, the reflectance record, the stratigraphic log, the magnetic susceptibility data, its band-pass filters centred at 10.7 m, 65 and 54 cm, and its Redfit power spectrum (top) and wavelet analyses.

Also, professor Andrew S. Gale convened a meeting with Silke Voigt and Nicolas Thibault, who have recently published high resolution Maastrichtian carbon isotope curves and correlations (Thibault et al. 2012; Voigt et al. 2012). During this meeting, a preliminary correlation was made with the combined carbon isotope curve from Zumaia and Sopelana to carbon isotope data from Ocean Drilling Programme (ODP) Sites in the Pacific Ocean and the North Atlantic. This correlation will enable to export the astronomical tuning of the Maastrichtian from the Spanish sections to other sections worldwide by use of additional isotopic, magnetostratigraphic and biostratigraphic data.

An additional goal of the visit was to astronomically tune the onset of the Cenomanian-Turonian Oceanic Anoxic Event 2 (OAE2) at the Furlo section in Italy. Rhythmically bedded limestones, grey and black cherts and black shales form a cyclic prologue to the deposition of the Bonarelli level, the Italian sedimentary expression of OAE2. The phase relation of black cherts and shales with the 405-kyr cycles of eccentricity has been the subject of debate and opposing mechanisms have been suggested as the origin of black chert deposition (Mitchell et al. 2008; Lanci et al. 2010). We generated high resolution datasets of colour reflectance, stable carbon and oxygen isotope that unequivocally demonstrate that black cherts were deposited during eccentricity maxima. These results have been presented at the European Geoscience Union General Assembly 2012 and the Geohistories of Gubbio Apennines meeting at Gubbio. Collaboration with David de Vleeschouwer allowed us to connect the Cenomanian Furlo dataset to the Turonian high resolution stable isotope stratigraphy at the nearby sections of Bottacione and Contessa. This ~5 Myr long combined cyclostratigraphy may potentially be anchored to the absolute timescale using the newly published Cenomanian-Turonian Boundary age near the GSSP in Colorado, USA, with a very small reported error, 93.9 ± 0.15 Ma (Meyers et al. 2011). However, this critically depends on the error in this age determination, the error in the astronomical solution, and the error in the cyclostratigraphic interpretation of the amount of time within the Bonarelli level, and these errors may need to be further constrained.
3. Description of the main results obtained
The manuscript on astronomical tuning of the Late Maastrichtian at Zumaia, N-Spain, was revised and resubmitted to the journal Earth and Planetary Science Letters. The cyclostratigraphic framework was extended downwards, almost with data from the nearby Sopelana section.  These data were subjected to time series analyses, which confirm the validity of the cyclostratigraphic interpretation (see figure on page 2). The results were astronomically tuned to the latest reconstruction of past eccentricity, La2011 (Laskar et al. 2011, and unpublished data). The combined cyclostratigraphy of the Zumaia and Sopelana sections spans almost the entire Maastrichtian, and astronomically tuned ages of magnetic reversals and biostratigraphic events can be correlated worldwide. A global correlation of the stable carbon isotope curve of Zumaia-Sopelana to North Atlantic and Pacific Sites is in preparation.
High resolution datasets from the Furlo section in Italy (see figure page 4) allow identifying the phase relationship between the deposition of black cherts and shales and eccentricity. These black levels, as well as the Bonarelli level itself, coincide with increased variability of the carbon and oxygen isotope records, indicating a large precessional amplitude during eccentricity maxima. The eccentricity minimum below the Bonarelli level is very pronounced, and lack black levels. This may indicate that the onset of OAE2 occurred in the first eccentricity maximum after a strong eccentricity minimum. This suggests, that even though the cause of the anoxic event may be related to factors such as volcanism, the exact timing is likely determined by astronomical forcing. Also, the mid-Cenomanian event can be identified in the carbon isotope curve, which occurred approximately 2 Myr before the onset of the OAE, which again may be related to orbital forcing. 
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Fig 3: Stable isotope and colour reflectance data from the Furlo section, with their time-series analyses. From bottom to top: bulk δ18O and its 4 and 1 m band-pass filters, the 4 and 1 m band-pass filters of δ13C, bulk  δ13C, the stratigraphic log, the 4 and 1 m band-pass filters of reflectance, the reflectance record, its cyclostratigraphic interpretation and its wavelet analyses.
The cyclostratigraphy of the Cenomanian of the Furlo section can be connected to the Turonian of the Bottacione and Contessa sections, and potentially anchored to the absolute time scale. David de Vleeschouwer used the phase relationship as established in Furlo for these sections, correlated the C/T boundary ages of Meyers et al. (2011), and investigated data from the Bonarelli level to arrive at an age estimate of the base of the Bonarelli level. The carbon isotope excursion of the mid-Cenomanian event provides an additional opportunity to correlate to radiometrically dated bentonites from the Western Interior Basin in the USA and thus provides an extra tie-point to anchor the ~ 5 Myr long astronomical tuning of the Furlo, Bottacione and Contessa sections to the absolute time scale. 

In summary, the following deliverables, as outlined in the grant application, were obtained:

· Two chapters for PhD thesis

· Publication in a peer-reviewed journal (currently in review)
· Training in disentangling orbital signals from paleoclimate data and understanding causal relationships

· A globally applicable astrochronology for the Maastrichtian

· An astronomically tuned Maastrichtian carbon isotope curve

· A cyclostratigraphic interpretation of the onset of Oceanic Anoxic event 2
4. Future collaboration with host institution 

The candidate will continue to collaborate with Professor Andrew S. Gale and his colleagues at the University of Portsmouth, as well as with his international contacts. Several joint manuscripts are in preparation on the Maastrichtian and Cenomanian astrochronologies and carbon isotope curves, and the candidate is preparing a thesis to graduate as a PhD at Portsmouth University later this year. 

5. Projected publications resulting and to result from the grant 

The following manuscript has been resubmitted:

Batenburg, S.J., Sprovieri, M., Gale, A.S., Hilgen, F., Hüsing, S., Liebrand, D. Lirer, F., Orue-Etxebarria, X., Pelosi, N., Smit, J., Cyclostratigraphy and astronomical tuning of the Late Maastrichtian at Zumaia (Basque country, Northern Spain). Accepted by Earth and Planetary Science Letters.

Additionally, a manuscript is in preparation for the cyclostratigraphy of the Zumaia and Sopelana sections combined, a manuscript on the correlation of Maastrichtian stable carbon isotope curves, and a manuscript on the cyclic onset of the Cenomanian Oceanic Anoxic Event 2 at Furlo, Italy.

Several conferences were attended, including the European Geosciences Union General Assembly 2012, for which the applicant convened a session and (co-) presented the following studies:

Batenburg, S.J., Montanari, S., Sprovieri, M., Hilgen, F.J., Coccioni, R., Gale, A.S. (2012). Astronomical tuning of black cherts in the Cenomanian Scaglia Bianca as precursors of the Bonarelli level (OAE2) at Furlo, Italy. Geophysical Research Abstracts Vol. 14, EGU 2012-6185.

Batenburg, S.J., Gale, A.S., Hilgen, F.J., Hüsing, S.K., Laskar, J., Orue-Etxebarria, X., Sprovieri, M., Voigt, S. (2012). Astronomical tuning and carbon isotope stratigraphy of the Maastrichtian in Sopelana and Zumaia (Basque country, N-Spain). Geophysical Research Abstracts Vol. 14, EGU 2012-498.

Sprovieri, M., Sabatino, N., Pelosi, N., Batenburg, S., Coccioni, R., Iavarone, M., Mazzola, S. (2012). Carbon cycles in Late Cretaceous time. Geophysical Research Abstracts Vol. 14, EGU 2012-8551.
6. Further comments

I would like to thank the European Science Foundation for the grant and for the fast and efficient handling.
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Fig 1: δ13C (‰VPDB) of bulk carbonate of Zumaia and Sopelana combined
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