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            Abstract
Oceanic sediments from long cores drilled on the Lomonosov ridge, in the central Arctic1, contain ice-rafted debris (IRD) back to the middle Eocene epoch, prompting recent suggestions that ice appeared in the Arctic about 46 million years (Myr) ago2,3. However, because IRD can be transported by icebergs (derived from land-based ice) and also by sea ice4, IRD records2,3 are restricted to providing a history of general ice-rafting only. It is critical to differentiate sea ice from glacial (land-based) ice as climate feedback mechanisms vary and global impacts differ between these systems: sea ice directly affects ocean–atmosphere exchanges5, whereas land-based ice affects sea level and consequently ocean acidity6. An earlier report3 assumed that sea ice was prevalent in the middle Eocene Arctic on the basis of IRD, and although somewhat preliminary supportive evidence exists2, these data are neither comprehensive nor quantified. Here we show the presence of middle Eocene Arctic sea ice from an extraordinary abundance of a group of sea-ice-dependent fossil diatoms (Synedropsis spp.). Analysis of quartz grain textural characteristics further supports sea ice as the dominant transporter of IRD at this time. Together with new information on cosmopolitan diatoms and existing IRD records2, our data strongly suggest a two-phase establishment of sea ice: initial episodic formation in marginal shelf areas ∼47.5 Myr ago, followed ∼0.5 Myr later by the onset of seasonally paced sea-ice formation in offshore areas of the central Arctic. Our data establish a 2-Myr record of sea ice, documenting the transition from a warm, ice-free3 environment to one dominated by winter sea ice at the start of the middle Eocene climatic cooling phase7.
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                    Figure 1: 
                        Idealized palaeogeography of the Arctic region for the early middle Eocene during the phase of biosilica production and preservation at the Lomonosov ridge (∼50–45 Myr ago).
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Figure 2: 
                        SEM image of part of an aggregate of near-whole needle-shaped 
                        Synedropsis
                         sp. valves.
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Figure 3: 
                        IRD and sea-ice diatom abundance in the ACEX cores.
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Figure 4: 
                        Results of IRD analysis in a short core interval.
                      [image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Seasonal sea ice persisted through the Holocene Thermal Maximum at 80°N
                                        
                                    

                                    
                                        Article
                                         Open access
                                         15 June 2021
                                    

                                

                                Anna J. Pieńkowski, Katrine Husum, … Riko Noormets

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Millennial-scale variations in Arctic sea ice are recorded in sedimentary ancient DNA of the microalga Polarella glacialis
                                        
                                    

                                    
                                        Article
                                         Open access
                                         09 January 2024
                                    

                                

                                Sara Harðardóttir, James S. Haile, … Sofia Ribeiro

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        First marine cryptotephra in Antarctica found in sediments of the western Ross Sea correlates with englacial tephras and climate records
                                        
                                    

                                    
                                        Article
                                         Open access
                                         23 July 2019
                                    

                                

                                Alessio Di Roberto, Ester Colizza, … Gerhard Kuhn

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Backman, J., Moran, K., McInroy, D. B., Mayer, L. A. & the Expedition 302 Scientists Proc. IODP 302, 10.2204/iodp.proc.302.2006 (2006).
Book 
    
                    Google Scholar 
                

	St John, K. Cenozoic ice-rafting history of the central Arctic Ocean: terrigenous sands on the Lomonosov Ridge. Paleoceanography 23 PA1S05 10.1029/2007PA001483 (2008)
Article 
    
                    Google Scholar 
                

	Moran, K. et al. The Cenozoic palaeoenvironment of the Arctic Ocean. Nature 441, 601–605 (2006)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Nurnberg, D. et al. Sediments in Arctic sea ice: implications for entrainment, transport, and release. Mar. Geol. 119, 185–214 (1994)
Article 
    ADS 
    
                    Google Scholar 
                

	DeConto, R., Pollard, D. & Harwood, D. Sea ice feedback and Cenozoic evolution of Antarctic climate and ice sheets. Paleoceanography 22 PA3214 10.1029/2006PA001350 (2007)
Article 
    ADS 
    
                    Google Scholar 
                

	Merico, A., Tyrrell, T. & Wilson, P. A. Eocene/Oligocene ocean de-acidification linked to Antarctic glaciation by sea level fall. Nature 452, 979–982 (2008)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Zachos, J. et al. Trends, rhythms, and aberrations in global climate 65 Ma to present. Science 292, 686–693 (2001)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	DeConto, R. M. & Pollard, D. Rapid Cenozoic glaciation of Antarctica induced by declining atmospheric CO2 . Nature 421, 245–249 (2003)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	DeConto, R. M. et al. Thresholds for Cenozoic bipolar glaciation. Nature 455, 652–656 (2008)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Eldrett, J. S. et al. Continental ice in Greenland during the Eocene and Oligocene. Nature 466, 176–179 (2007)
Article 
    ADS 
    
                    Google Scholar 
                

	Bohaty, S. M. et al. Coupled greenhouse warming and deep-sea acidification in the middle Eocene. Paleoceanography 24 PA2207 10.1029/2008PA001676 (2009)
Article 
    ADS 
    
                    Google Scholar 
                

	Armand, L. K. & Leventer, A. in Sea Ice: An Introduction to its Physics, Chemistry, Biology and Geology (eds Thomas, D. N. & Dieckmann, G. S.) 333–372 (Blackwell Science, 2003)
Book 
    
                    Google Scholar 
                

	Backman, J. et al. Age model and core-seismic interpretation for the Cenozoic Arctic Coring Expedition sediments from the Lomonosov Ridge. Paleoceanography 23 PA1S03 10.1029/2007PA001476 (2008)
Article 
    
                    Google Scholar 
                

	Darby, D. A. Arctic perennial ice cover over the last 14 million years. Paleoceanography 23 PA1S07 10.1029/2007PA001479 (2008)
Article 
    
                    Google Scholar 
                

	Krylov, A. A. et al. A shift in heavy and clay mineral provenance indicates a middle Miocene onset of a perennial sea ice cover in the Arctic Ocean. Paleoceanography 23 PA1S06 10.1029/2007PA001497 (2008)
Article 
    
                    Google Scholar 
                

	Stickley, C. E. et al. A siliceous microfossil view of middle Eocene Arctic environments: a window of biosilica production and preservation. Paleoceanography 23 PA1S14 10.1029/2007PA001485 (2008)
Article 
    
                    Google Scholar 
                

	Brinkhuis, H. et al. Episodic fresh surface waters in the early Eocene Arctic Ocean. Nature 441, 606–609 (2006)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Suto, I., Jordan, R. W. & Watanabe, M. Taxonomy of middle Eocene diatom resting spores and their allied taxa from IODP sites in the central Arctic Ocean (the Lomonosov Ridge). Micropaleontology 55, 259–312 (2009)

                    Google Scholar 
                

	Barron, J. A. & Baldauf, J. G. in Siliceous Microfossils (eds Blome, C. D. et al.) 107–118 (Short Courses in Paleontology, Vol. 8, Paleontological Society, 1995)

                    Google Scholar 
                

	Hasle, G. R., Medlin, L. K. & Syvertsen, E. E. Synedropsis gen. nov., a genus of araphid diatoms associated with sea ice. Phycologia 33, 248–270 (1994)
Article 
    
                    Google Scholar 
                

	Riebesell, U., Schloss, I. & Smetacek, V. Aggregation of algae released from melting sea ice: implications for seeding and sedimentation. Polar Biol. 11, 239–248 (1991)
Article 
    
                    Google Scholar 
                

	Stein, R., Boucsein, B. & Meyer, H. Anoxia and high primary productivity in the Paleogene central Arctic Ocean: first detailed record from the Lomonosov Ridge. Geophys. Res. Lett. 33 L18606 10.1029/2006GL026776 (2006)
Article 
    ADS 
    
                    Google Scholar 
                

	Pearson, P. N. & Palmer, M. R. Atmospheric carbon dioxide concentrations over the past 60 million years. Nature 406, 695–699 (2000)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Lowenstein, T. K. & Demicco, R. V. Elevated Eocene atmospheric CO2 and its subsequent decline. Science 313, 1928 (2006)
Article 
    CAS 
    
                    Google Scholar 
                

	Abbot, D. S., Huber, M., Bousquet, G. & Walker, C. C. High-CO2 cloud radiative forcing feedback over both land and ocean in a global climate model. Geophys. Res. Lett. 36 L05702 10.1029/2008GL036703 (2009)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Dunhill, G. Comparison of sea-ice and glacial-ice rafted debris: grain size, surface features, and grain shape. US Geol. Surv. Open File Rep. OF 98-0367, 1–82 (1998)

                    Google Scholar 
                

	Williams, A. T. & Morgan, P. Scanning electron microscope evidence for offshore-onshore sand transport at Fire Island, New York, USA. Sedimentology 40, 63–77 (1993)
Article 
    ADS 
    
                    Google Scholar 
                

	Tripati, A. et al. Evidence for glaciation in the Northern Hemisphere back to 44 Ma from ice-rafted debris in the Greenland Sea. Earth Planet. Sci. Lett. 265, 112–122 (2008)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Waddell, L. M. & Moore, T. C. Salinity of the Eocene Arctic Ocean from isotope analysis of fish bone carbonate. Paleoceanography 23 PA1S12 10.1929/2007PA001451 (2008)
Article 
    
                    Google Scholar 
                

	Gleason, J. D. et al. Early to middle Eocene history of the Arctic Ocean from Nd-Sr isotopes in fossil fish debris, Lomonosov Ridge. Paleoceanography 24 PA2215 10.1029/2008PA001685 (2009)
Article 
    ADS 
    
                    Google Scholar 
                

	Helland, P. E. & Diffendal, R. F. Probable glacial climatic conditions in source areas during deposition of parts of the Ash Hollow Formation, Ogallala Group (Late Tertiary), of Western Nebraska. Am. J. Sci. 293, 744–757 (1993)
Article 
    ADS 
    
                    Google Scholar 
                


Download references




Acknowledgements
This research used samples and data provided by the Integrated Ocean Drilling Program (IODP). C.E.S. and N.K. acknowledge funding by VISTA (Norwegian Academy of Science and Letters and StatoilHydro) and the Research Council of Norway. We thank R. M. DeConto, M. P. Olney, S. M. Bohaty, A. Davies, M. A. Pearce, F. Sangiorgi, H. Brinkhuis, P. K. Bijl, J. Backman, J. Pike and A. E. S. Kemp for discussions. C.E.S. thanks StatoilHydro, Bergen for access to facilities, J. A. Barron, E. Fourtanier, I. Suto and J. Onodera for preliminary talks, and W. Hale for facilitating sample collection.
Author Contributions C.E.S. wrote the manuscript except for the sections on IRD and surface textures, which were written by K.S.J. and S.P. The manuscript incorporates comments by all authors, who also advised on its contents, structure and remit. Diatom analysis and light microscope imaging was undertaken by C.E.S.; statistical work on the surface textures was carried out by S.P.; R.B.P. and C.E.S. imaged Synedropsis spp. in the SEM at the NOCS; L.E.K. and K.S.J. undertook SEM analysis of surface textures; and SEM observations on Synedropsis spp. were also performed by R.W.J. and N.K.


Author information
Authors and Affiliations
	Department of Geology, University of Tromsø, N-9037 Tromsø, Norway
Catherine E. Stickley & Nalân Koç

	Department of Geology and Environmental Science, James Madison University, Harrisonburg, Virginia 22807, USA, 
Kristen St John & Lance E. Kearns

	Norwegian Polar Institute, Polar Environmental Centre, N-9296 Tromsø, Norway, 
Catherine E. Stickley & Nalân Koç

	Department of Earth and Environmental Sciences, Yamagata University, Yamagata 990-8560, Japan
Richard W. Jordan

	Department of Earth and Environmental Studies, Montclair State University, Montclair, New Jersey 07043, USA, 
Sandra Passchier

	National Oceanography Centre, Southampton, University of Southampton, Southampton SO14 3ZH, UK
Richard B. Pearce


Authors	Catherine E. StickleyView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kristen St JohnView author publications
You can also search for this author in
                        PubMed Google Scholar



	Nalân KoçView author publications
You can also search for this author in
                        PubMed Google Scholar



	Richard W. JordanView author publications
You can also search for this author in
                        PubMed Google Scholar



	Sandra PasschierView author publications
You can also search for this author in
                        PubMed Google Scholar



	Richard B. PearceView author publications
You can also search for this author in
                        PubMed Google Scholar



	Lance E. KearnsView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding author
Correspondence to
                Catherine E. Stickley.


Supplementary information

Supplementary Information
This file contains Supplementary Discussion, Supplementary Figures S1-S5 with Legends and additional references. (PDF 8303 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


About this article
Cite this article
Stickley, C., St John, K., Koç, N. et al. Evidence for middle Eocene Arctic sea ice from diatoms and ice-rafted debris.
                    Nature 460, 376–379 (2009). https://doi.org/10.1038/nature08163
Download citation
	Received: 05 January 2009

	Accepted: 21 May 2009

	Issue Date: 16 July 2009

	DOI: https://doi.org/10.1038/nature08163


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Warm deep-sea temperatures across Eocene Thermal Maximum 2 from clumped isotope thermometry
                                    
                                

                            
                                
                                    	Tobias Agterhuis
	Martin Ziegler
	Lucas J. Lourens


                                
                                Communications Earth & Environment (2022)

                            
	
                            
                                
                                    
                                        Paleocene-Eocene volcanic segmentation of the Norwegian-Greenland seaway reorganized high-latitude ocean circulation
                                    
                                

                            
                                
                                    	Jussi Hovikoski
	Michael B. W. Fyhn
	Peter Alsen


                                
                                Communications Earth & Environment (2021)

                            
	
                            
                                
                                    
                                        Opposite response modes of NADW dynamics to obliquity forcing during the late Paleogene
                                    
                                

                            
                                
                                    	Hojun Lee
	Kyoung-nam Jo
	Sangmin Hyun


                                
                                Scientific Reports (2020)

                            
	
                            
                                
                                    
                                        On the causes of Arctic sea ice in the warm Early Pliocene
                                    
                                

                            
                                
                                    	Caroline Clotten
	Ruediger Stein
	Stijn De Schepper


                                
                                Scientific Reports (2019)

                            
	
                            
                                
                                    
                                        Evidence for ephemeral middle Eocene to early Oligocene Greenland glacial ice and pan-Arctic sea ice
                                    
                                

                            
                                
                                    	Aradhna Tripati
	Dennis Darby


                                
                                Nature Communications (2018)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
The arrival of Arctic ice
Sea ice has not always existed in the Arctic and indeed little is known about the sea-ice history of this climatically sensitive region. The recent discovery of ice-rafted debris in middle Eocene ocean sediments prompted suggestions that ice appeared in the Arctic about 46 million years ago, but it is important to distinguish between land-based glacial ice and sea ice as the source of the debris because each kind of ice has different climate implications. Now the analysis of an oceanic sediment core from the ACEX project reveals vast quantities of well-preserved fossils of the needle-like diatom Synedropsis spp., which relied on sea ice for its survival, at about 260 metres below the sea floor of the central Arctic. This, in combination with detailed grain analysis, suggests that sea ice was the dominant source of ice-rafted debris at around 47.5–45.5 million years ago. The results push back the first appearance of ice in the Arctic by 1.25 million years, and the first appearance of sea-ice diatoms by 16 million years.
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