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            Abstract
The rise in atmospheric CO2 concentrations observed at the end of glacial periods has, at least in part, been attributed to the upwelling of carbon-rich deep water in the Southern Ocean1,2. The magnitude of outgassing of dissolved CO2, however, is influenced by the biological fixation of upwelled inorganic carbon and its transfer back to the deep sea as organic carbon. The efficiency of this biological pump is controlled by the extent of nutrient utilization, which can be stimulated by the delivery of iron by atmospheric dust particles3. Changes in nutrient utilization should be reflected in the Î´13C gradient between intermediate and deep waters. Here we use the Î´13C values of intermediate- and bottom-dwelling foraminifera to reconstruct the carbon isotope gradient between thermocline and abyssal water in the subantarctic zone of the South Atlantic Ocean over the past 360,000 years. We find millennial-scale oscillations of the carbon isotope gradient that correspond to changes in dust flux and atmospheric CO2 concentrations as reported from Antarctic ice cores4,5. We interpret this correlation as a relationship between the efficiency of the biological pump and fertilization by dust-borne iron. As the correlation is exponential, we suggest that the sensitivity of the biological pump to dust-borne iron fertilization may be increased when the background dust flux is low.
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                    Figure 1: The South Atlantic overturning circulation.


Figure 2: The palaeocenaographic records of MD02-2588.



                


                
                    
                
            

            
                References
	Anderson, R. F. et al. Wind-driven upwelling in the southern ocean and the deglacial rise in atmospheric CO2 . Science 323, 1443â€“1448 (2009).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Skinner, L. C., Fallon, S., Waelbroeck, C., Michel, E. & Barker, S. Ventilation of the deep southern ocean and deglacial CO2 rise. Science 328, 1147â€“1151 (2010).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Martin, J. H. Glacialâ€“interglacial CO2 change: The iron hypothesis. Paleoceanography 5, 1â€“13 (1990).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Lambert, F. et al. Dust-climate couplings over the past 800,000 years from the EPICA Dome C ice core. Nature 452, 616â€“619 (2008).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Ahn, J. & Brook, E. J. Atmospheric CO2 and climate on millennial time scales during the last glacial period. Science 322, 83â€“85 (2008).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Petit, J. R. et al. Climate and atmospheric history of the past 420,000 years from the Vostok ice core, Antarctica. Nature 399, 429â€“436 (1999).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Toggweiler, J. R., Russell, J. L. & Carson, S. R. Midlatitude westerlies, atmospheric CO2, and climate change during the ice ages. Paleoceanography 21, PA2005 (2006).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Marinov, I., Gnanadesikan, A., Toggweiler, J. R. & Sarmiento, J. L. The Southern Ocean biogeochemical divide. Nature 441, 964â€“967 (2006).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Lynch-Stieglitz, J. et al. Atlantic meridional overturning circulation during the last glacial maximum. Science 316, 66â€“69 (2007).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Hain, M. P., Sigman, D. M. & Haug, G. H. Carbon dioxide effects of Antarctic stratification, North Atlantic Intermediate Water formation, and subantarctic nutrient drawdown during the last ice age: Diagnosis and synthesis in a geochemical box model. Glob. Biogeochem. Cycle 24, GB4023 (2010).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Charles, C. D. et al. Millennial scale evolution of the Southern Ocean chemical divide. Quat. Sci. Rev. 29, 399â€“409 (2010).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Fischer, H. et al. The role of Southern Ocean processes in orbital and millennial CO2 variations: A synthesis. Quat. Sci. Rev. 29, 193â€“205 (2010).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Ninnemann, U. S. & Charles, C. D. Changes in the mode of Southern Ocean circulation over the last glacial cycle revealed by foraminiferal stable isotopic variability. Earth Planet. Sci. Lett. 201, 383â€“396 (2002).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Hodell, D. A., Venz, K. A., Charles, C. D. & Ninnemann, U. S. Pleistocene vertical carbon isotope and carbonate gradients in the South Atlantic sector of the Southern Ocean. Geochem. Geophys. Geosyst. 4, 1004 (2003).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Ninnemann, U. S. & Charles, C. D. Regional differences in quaternary subantarctic nutrient cycling: Link to intermediate and deep water ventilation. Paleoceanography 12, 560â€“567 (1997).

                    Google ScholarÂ 
                

	Curry, W. B. & Crowley, T. J. The Î´13C of equatorial Atlantic surface waters: Implications for ice age p CO 2 levels. Paleoceanography 2, 489â€“517 (1987).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Pena, L. D., Cacho, I., Ferretti, P. & Hall, M. A. El Nino Southern Oscillation like variability during glacial terminations and interlatitudinal teleconnections. Paleoceanography 23, PA3101 (2008).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Spero, H. J. & Lea, D. W. The cause of carbon isotope minimum events on glacial terminations. Science 296, 522â€“525 (2002).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Lisiecki, L. E., Raymo, M. E. & Curry, W. B. Atlantic overturning responses to Late Pleistocene climate forcings. Nature 456, 85â€“88 (2008).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Curry, W. B. & Oppo, D. W. Glacial water mass geometry and the distribution of Î´13C of CO2 in the western Atlantic Ocean. Paleoceanography 20, PA1017 (2005).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Boyle, E. A. Vertical oceanic nutrient fractionation and glacial/interglacial CO2 cycles. Nature 331, 55â€“56 (1988).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Matsumoto, K., Sarmiento, J. L. & Brzezinski, M. A. Silicic acid leakage from the Southern Ocean: A possible explanation for glacial atmospheric p CO 2 . Glob. Biogeochem. Cycles 16, 1031 (2002).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Robinson, R. S. et al. Diatom-bound 15N/14N: New support for enhanced nutrient consumption in the ice age subantarctic. Paleoceanography 20, PA3003 (2005).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Kohfeld, K. E., Quere, C. L., Harrison, S. P. & Anderson, R. F. Role of marine biology in glacialâ€“interglacial CO2 cycles. Science 308, 74â€“78 (2005).
ArticleÂ 
    
                    Google ScholarÂ 
                

	De Baar, H. J. W., Gerringa, L. J. A., Laan, P. & Timmermans, K. R. Efficiency of carbon removal per added iron in ocean iron fertilization. Mar. Ecol. Prog. Ser. 364, 269â€“282 (2008).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Martinez-Garcia, A. et al. Southern Ocean dust-climate coupling over the past four million years. Nature 476, 312â€“315 (2011).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Barker, S. et al. 800,000 years of abrupt climate variability. Science 334, 347â€“351 (2011).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Stephens, B. B. & Keeling, R. F. The influence of antarctic sea ice on glacialâ€“interglacial CO2 variations. Nature 404, 171â€“174 (2000).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Mulitza, S. et al. Late Quaternary Î´13C gradients and carbonate accumulation in the western equatorial Atlantic. Earth Planet. Sci. Lett. 155, 237â€“249 (1998).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Martinez-Garcia, A. et al. Links between iron supply, marine productivity, sea surface temperature, and CO2 over the last 1.1 Myr. Paleoceanography 24, PA1207 (2009).
ArticleÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank the International Marine Past Global Changes Study (IMAGES) and Institut Polaire FranÃ§ais Paul Emile Victor (IPEV) for making the RV Marion Dufresne available and for technical support. We are indebted to G.Â Uenzelmann-Neben for generously providing geophysical survey data. J.Â Becker and H.Â Medley are thanked for technical assistance. We acknowledge financial support from the UK Natural Environment Research Council (NERC) and NERC Radiocarbon Laboratory (I.R.H. and P.D.), the Spanish Ministerio de EducaciÃ³n y Ciencia (MEC) (R.Z. and P.D., postdoctoral research grant EX-2004â€“0918), The Seventh Framework Programme PEOPLE Work Programme Grant 238512 (I.R.H., R.Z. and M.Z., Marie Curie Initial Training Network â€˜GATEWAYSâ€™, www.gateways-itn.eu) and the Climate Change Consortium of Wales (M.Z. and I.R.H.; www.c3wales.org).


Author information
Author notes	Paula Diz
Present address: Present address: Department of Xeociencias MariÃ±as e OrdenaciÃ³n do Territorio, Facultade de Ciencias do Mar, University of Vigo, 36310 Vigo, Spain, 


Authors and Affiliations
	School of Earth and Ocean Sciences, Cardiff University, Cardiff, CF10 3AT, UK
Martin Ziegler,Â Paula DizÂ &Â Ian R. Hall

	InstituciÃ³ Catalana de Recerca i Estudis AvanÃ§ats (ICREA), 08010 Barcelona, Spain
Rainer Zahn

	Institut de CiÃ¨ncia i Tecnologia Ambientals (ICTA), y Departament de FÄ±Â´sica, Universitat AutÃ²noma de Barcelona, 08193 Bellaterra, Spain
Rainer Zahn


Authors	Martin ZieglerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Paula DizView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Ian R. HallView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Rainer ZahnView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
I.R.H. and R.Z. collected the core material. P.D. performed preparation for foraminiferal stable isotope analysis. Stable isotope analyses were carried out in Cardiff University under the guidance of I.R.H. All authors contributed to data analysis and interpretation. M.Z. wrote the manuscript with contributions from all other authors.
Corresponding authors
Correspondence to
                Martin Ziegler or Ian R. Hall.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Information
Supplementary Information (PDF 11132 kb)


Supplementary Information
Supplementary Information (XLSX 166 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Ziegler, M., Diz, P., Hall, I. et al. Millennial-scale changes in atmospheric CO2 levels linked to the Southern Ocean carbon isotope gradient and dust flux.
                    Nature Geosci 6, 457â€“461 (2013). https://doi.org/10.1038/ngeo1782
Download citation
	Received: 30 November 2012

	Accepted: 28 February 2013

	Published: 07 April 2013

	Issue Date: June 2013

	DOI: https://doi.org/10.1038/ngeo1782


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

                
                    	
                            
                                
                                    
                                        A global synthesis of high-resolution stable isotope data from benthic foraminifera of the last deglaciation
                                    
                                

                            
                                
                                    	Juan Muglia
	Stefan Mulitza
	Ning Zhao


                                
                                Scientific Data (2023)

                            
	
                            
                                
                                    
                                        The PaleoJump database for abrupt transitions in past climates
                                    
                                

                            
                                
                                    	Witold Bagniewski
	Denis-Didier Rousseau
	Michael Ghil


                                
                                Scientific Reports (2023)

                            
	
                            
                                
                                    
                                        Antarctic icebergs reorganize ocean circulation during Pleistocene glacials
                                    
                                

                            
                                
                                    	Aidan Starr
	Ian R. Hall
	Martin Ziegler


                                
                                Nature (2021)

                            
	
                            
                                
                                    
                                        Strong glacial-interglacial variability in upper ocean hydrodynamics, biogeochemistry, and productivity in the southern Indian Ocean
                                    
                                

                            
                                
                                    	Deborah Tangunan
	Melissa A. Berke
	Hucai Zhang


                                
                                Communications Earth & Environment (2021)

                            
	
                            
                                
                                    
                                        Varied contribution of the Southern Ocean to deglacial atmospheric CO2 rise
                                    
                                

                            
                                
                                    	Andrew D. Moy
	Martin R. Palmer
	Thomas B. Chalk


                                
                                Nature Geoscience (2019)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    When the dust settles
                

                
	Eun Young Kwon
	Eric D. Galbraith



                
    
        
            Nature Geoscience
        
        News & Views
        
        
            30 May 2013
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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 â€” 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
            
        


    









    








