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            Abstract
Sea ice is a critical component of the climate system: variations in sea-ice cover affect the albedo of polar regions, and also the rate of deepwater formation1,2. Changes in the sea-ice cover of the North Atlantic Ocean are thought to have been related to abrupt climate changes throughout the last glacial termination3, but reconstructions of sea-ice conditions are rare. Here we use the sedimentary abundance of the IP25 and brassicasterol biomarkers, produced by sea-ice-associated diatoms and open-water phytoplankton, respectively, to generate a record of sea-ice conditions in the northernmost Atlantic Ocean for the past 30,000 years. Our reconstruction shows that a stationary margin between sea-ice cover and the open ocean existed during the Last Glacial, although perennial sea-ice cover prevailed for most of the Last Glacial Maximum. An early warming about 14,000 years ago was associated with ice-free conditions; however, seasonal sea ice was present throughout the Holocene. We find temporal links between our record of sea ice and reconstructions of the amount of relatively warm Atlantic water advected into the Nordic Seas4,5. We therefore conclude that changes in sea-ice conditions are linked to regional and global climate anomalies and oceanographic circulation in the North Atlantic.
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                    Figure 1: Map showing the PS2837-5 core site in northern Fram Strait, major ocean currents and sea-ice margins14.


Figure 2: Temporal evolution of organic carbon9, brassicasterol9 and IP25 accumulation rates (fluxes), and δ18O values from the GISP2 ice core22.


Figure 3: Schematic illustrations of distinct sea-ice conditions at the PS2837-5 core site for selected time intervals.



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    

                                
                                
                                    
                                        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

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Seasonal sea-ice in the Arctic’s last ice area during the Early Holocene
                                        
                                    

                                    
                                        Article
                                         Open access
                                         20 March 2023
                                    

                                

                                Henrieka Detlef, Matt O’Regan, … Christof Pearce

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Sea ice-ocean coupling during Heinrich Stadials in the Atlantic–Arctic gateway
                                        
                                    

                                    
                                        Article
                                         Open access
                                         11 January 2024
                                    

                                

                                Naima El bani Altuna, Mohamed M. Ezat, … Tine L. Rasmussen

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Rudels, B. in The Arctic and Environmental Change (eds Wadhams, P., Dowdeswell, J. A. & Schofield, A. N.) 87–99 (Gordon and Breach, 1996).

                    Google Scholar 
                

	Dieckmann, G. S. & Hellmer, H. H. in Sea Ice (eds Thomas, D. N. & Dieckmann, G. S.) 1–21 (Blackwell, 2003).
Book 
    
                    Google Scholar 
                

	Severinghaus, J. P. & Brook, E. J. Abrupt climate change at the end of the last glacial period inferred from trapped air in polar ice. Science 286, 930–934 (1999).
Article 
    
                    Google Scholar 
                

	Koç, N., Jansen, E. & Haflidason, H. Paleoceanographic reconstructions of surface ocean conditions in the Greenland, Iceland and Norwegian seas through the last 14 kyr based on diatoms. Quat. Sci. Rev. 12, 115–140 (1993).
Article 
    
                    Google Scholar 
                

	Andersen, C., Koç, N., Jennings, A. & Andrews, J. T. Nonuniform response of the major surface currents in the Nordic Seas to insolation forcing: Implications for the Holocene climate variability. Paleoceanography 19, PA2003 (2004).
Article 
    
                    Google Scholar 
                

	Belt, S. T. et al. A novel chemical fossil of palaeo sea ice: IP25 . Org. Geochem. 38, 16–27 (2007).
Article 
    
                    Google Scholar 
                

	Massé, G. et al. Abrupt climate changes for Iceland during the last millennium: Evidence from high resolution sea ice reconstructions. Earth Planet. Sci. Lett. 269, 565–569 (2008).
Article 
    
                    Google Scholar 
                

	Volkman, J. K. et al. Microalgal biomarkers: A review of recent research developments. Org. Geochem. 29, 1163–1179 (1998).
Article 
    
                    Google Scholar 
                

	Birgel, D. & Hass, H. C. Oceanic and atmospheric variations during the last deglaciation in the Fram Strait (Arctic Ocean): A coupled high-resolution organic-geochemical and sedimentological study. Quat. Sci. Rev. 23, 29–47 (2004).
Article 
    
                    Google Scholar 
                

	Stein, R. & Fahl, K. Scientific cruise report of the arctic expedition ARK-XIII/2 of RV Polarstern in 1997. Ber. Polarforsch. 255, 98–136 (1997).

                    Google Scholar 
                

	Nørgaard-Pedersen, N. et al. Arctic Ocean during the Last Glacial Maximum: Atlantic and polar domains of surface water mass distribution and ice cover. Paleoceanography 18, 1063–1082 (2003).
Article 
    
                    Google Scholar 
                

	Andersen, E. S., Dokken, T. M., Elverhøi, A., Solheim, A. & Fossen, I. Late quaternary sedimentation and glacial history of the western Svalbard continental margin. Mar. Geol. 133, 123–156 (1996).
Article 
    
                    Google Scholar 
                

	Mangerud, J. et al. Fluctuations of the Svalbard–Barents sea ice sheet during the last 150,000 years. Quat. Sci. Rev. 17, 11–42 (1998).
Article 
    
                    Google Scholar 
                

	Sarnthein, M., Pflaumann, U. & Weinelt, M. Past extent of sea ice in the northern North Atlantic inferred from foraminiferal paleotemperature estimates. Paleoceanography 18, 1047–1058 (2003).

                    Google Scholar 
                

	Birgel, D. & Stein, R. in The Organic Carbon Cycle in the Arctic Ocean (eds Stein, R. & MacDonald, G. M.) (Springer, 2004).

                    Google Scholar 
                

	Knies, J. & Stein, R. New aspects of organic carbon deposition and its paleoceanographic implications along the northern Barents Sea margin during the last 30,000 years. Paleoceanography 13, 384–394 (1998).
Article 
    
                    Google Scholar 
                

	Smith, W. O. Jr, Baumann, M. E. M., Wilson, D. L. & Aletsee, L. Phytoplankton biomass and productivity in the marginal ice zone of the Fram Strait during summer 1984. J. Geophys. Res. 92, 6777–6786 (1987).
Article 
    
                    Google Scholar 
                

	Birgel, D., Stein, R. & Hefter, J. Aliphatic lipids in recent sediments of the Fram Strait/Yermak Plateau (Arctic Ocean): composition, sources and transport processes. Mar. Chem. 88, 127–160 (2004).
Article 
    
                    Google Scholar 
                

	Knies, J., Vogt, C. & Stein, R. Late Quaternary growth and decay of the Svalbard/Barents Sea ice sheet and paleoceanographic evolution in the adjacent Arctic Ocean. Geo-Mar. Lett. 18, 195–202 (1999).
Article 
    
                    Google Scholar 
                

	Stein, R. Arctic Ocean Sediments: Processes, Proxies, and Paleoenvironment (Elsevier, 2008).

                    Google Scholar 
                

	Knies, J., Kleiber, H.-P., Matthiessen, J., Müller, C. & Nowaczyk, N. Marine ice-rafted debris records constrain maximum extent of Saalian and Weichselian ice-sheets along the northern Eurasian margin. Glob. Planet. Change 31, 45–64 (2001).
Article 
    
                    Google Scholar 
                

	Grootes, P. M., Stuiver, M., White, J. W. C., Johnsen, S. & Jouzel, J. Comparison of oxygen isotope records from the GISP2 and GRIP Greenland ice cores. Nature 366, 552–554 (1993).
Article 
    
                    Google Scholar 
                

	Wollenburg, J. E., Knies, J. & Mackensen, A. High-resolution paleoproductivity fluctuations during the past 24 kyr as indicated by benthic foraminifera in the marginal Arctic Ocean. Palaeogeogr. Palaeoclimatol. Palaeoecol. 204, 209–238 (2004).
Article 
    
                    Google Scholar 
                

	Bondevik, S., Mangerud, J., Birks, H. H., Gulliksen, S. & Reimer, P. Changes in north Atlantic radiocarbon reservoir ages during the Allerød and Younger Dryas. Science 312, 1514–1517 (2006).
Article 
    
                    Google Scholar 
                

	Bradley, R. S. & England, J. H. The Younger Dryas and the sea of ancient ice. Quat. Res. 70, 1–10 (2008).
Article 
    
                    Google Scholar 
                

	Slubowska-Woldengen, M. et al. Time-slice reconstructions of ocean circulation changes on the continental shelf in the Nordic and Barents Seas during the last 16,000 cal yr BP. Quat. Sci. Rev. 27, 1476–1492 (2008).
Article 
    
                    Google Scholar 
                

	Hald, M. et al. Variations in temperature and extent of Atlantic Water in the northern North Atlantic during the Holocene. Quat. Sci. Rev. 26, 3423–3440 (2007).
Article 
    
                    Google Scholar 
                

	Kleiven, H. F. et al. Reduced north Atlantic deep water coeval with the Glacial Lake Agassiz freshwater outburst. Science 319, 60–64 (2008).
Article 
    
                    Google Scholar 
                

	Hebbeln, D., Dokken, T., Andersen, E. S., Hald, M. & Elverhøi, A. Moisture supply for northern ice-sheet growth during the Last Glacial Maximum. Nature 370, 357–360 (1994).
Article 
    
                    Google Scholar 
                

	Steinsund, P. I. & Hald, M. Recent calcium carbonate dissolution in the Barents Sea: Paleoceanographic applications. Mar. Geol. 117, 303–316 (1994).
Article 
    
                    Google Scholar 
                


Download references




Acknowledgements
We thank S. J. Rowland and D. Birgel for discussions on the use of selected biomarkers and for provision of some geochemical data from PS2837-5. Financial support was provided by the Deutsche Forschungsgemeinschaft, STE 412/24-1, the European Research Council (StG project 203441) and the UK Natural Environmental Research Council (NE/D013216/1).


Author information
Authors and Affiliations
	Alfred Wegener Institute for Polar and Marine Research, 27568 Bremerhaven, Germany
Juliane Müller & Rüdiger Stein

	LOCEAN, UMR7159 CNRS/UPMC/IRD/MNHN, 4 Place Jussieu, 75005 Paris, France
Guillaume Massé

	SEOES, University of Plymouth, Drake Circus, PL48AA Plymouth, UK
Guillaume Massé & Simon T. Belt


Authors	Juliane MüllerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Guillaume MasséView author publications
You can also search for this author in
                        PubMed Google Scholar



	Rüdiger SteinView author publications
You can also search for this author in
                        PubMed Google Scholar



	Simon T. BeltView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
All authors contributed equally to this work; S.T.B. and G.M. designed the analytical method; J.M. carried out experiments, analysed data and drafted the original manuscript; all authors interpreted the results and contributed to the final manuscript.
Corresponding author
Correspondence to
                Juliane Müller.


Rights and permissions
Reprints and permissions


About this article
Cite this article
Müller, J., Massé, G., Stein, R. et al. Variability of sea-ice conditions in the Fram Strait over the past 30,000 years.
                    Nature Geosci 2, 772–776 (2009). https://doi.org/10.1038/ngeo665
Download citation
	Received: 04 May 2009

	Accepted: 24 September 2009

	Published: 25 October 2009

	Issue Date: November 2009

	DOI: https://doi.org/10.1038/ngeo665


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

                
                    	
                            
                                
                                    
                                        Sea ice-ocean coupling during Heinrich Stadials in the Atlantic–Arctic gateway
                                    
                                

                            
                                
                                    	Naima El bani Altuna
	Mohamed M. Ezat
	Tine L. Rasmussen


                                
                                Scientific Reports (2024)

                            
	
                            
                                
                                    
                                        Coastal permafrost was massively eroded during the Bølling-Allerød warm period
                                    
                                

                            
                                
                                    	Alessio Nogarotto
	Riko Noormets
	Tommaso Tesi


                                
                                Communications Earth & Environment (2023)

                            
	
                            
                                
                                    
                                        Exploring late Pleistocene bioturbation on Yermak Plateau to assess sea-ice conditions and primary productivity through the Ethological Ichno Quotient
                                    
                                

                            
                                
                                    	Akanksha Singh
	Matt O’Regan
	Ludvig Löwemark


                                
                                Scientific Reports (2023)

                            
	
                            
                                
                                    
                                        Seasonal sea-ice in the Arctic’s last ice area during the Early Holocene
                                    
                                

                            
                                
                                    	Henrieka Detlef
	Matt O’Regan
	Christof Pearce


                                
                                Communications Earth & Environment (2023)

                            
	
                            
                                
                                    
                                        Climate changes modulated the history of Arctic iodine during the Last Glacial Cycle
                                    
                                

                            
                                
                                    	Juan Pablo Corella
	Niccolo Maffezzoli
	Alfonso Saiz-Lopez


                                
                                Nature Communications (2022)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Ancient ice
                

                
                
    
        
            Nature Geoscience
        
        Backstory
        
        
            30 Oct 2009
        
    


            

        

    


                        

                    
                        
                            
    
        
            
                
                    Tracking ancient sea ice
                

                
	Niels Nørgaard-Pedersen



                
    
        
            Nature Geoscience
        
        News & Views
        
        
            01 Nov 2009
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Press Releases
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Geoscience (Nat. Geosci.)
                
                
    
    
        ISSN 1752-0908 (online)
    
    


                
    
    
        ISSN 1752-0894 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    








