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            Abstract
The circulation of Antarctic Intermediate Water is thought to make an important contribution to the global ocean–climate system, but the details of this interaction are not fully understood. Furthermore, the behaviour of Antarctic Intermediate Water under glacial and interglacial conditions is not well constrained. Here we present a 25,000-year-long record of neodymium isotopic variations—a tracer of water-mass mixing—from the middle depths of the tropical Atlantic Ocean. Our data reveal abruptly enhanced northward advection of Antarctic Intermediate Water during periods of reduced North Atlantic overturning circulation during the last deglaciation. These events coincide with an increase in the formation of Antarctic Intermediate Water and warming in the southwest Pacific Ocean, which suggests a tight link with Southern Hemisphere climate. In contrast, the initial incursion of southern source water into the North Atlantic ∼19,000 years ago coincided with weak Antarctic Intermediate Water formation in the Pacific and reduced overturning in the North Atlantic. We conclude that reduced competition at intermediate water depth at this time allowed expansion of Antarctic Intermediate Water into the North Atlantic. This early incursion of Antarctic Intermediate Water may have contributed to freshening of the North Atlantic, perhaps spurring the subsequent collapse of North Atlantic deep convection.
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                    Figure 1: Locations of intermediate-water cores MD99-2198 and KNR159-5-36GGC.[image: ]


Figure 2: Atlantic intermediate-water records.[image: ]


Figure 3: Comparison of Atlantic and Pacific intermediate-water records.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Five million years of Antarctic Circumpolar Current strength variability
                                        
                                    

                                    
                                        Article
                                         Open access
                                         27 March 2024
                                    

                                

                                Frank Lamy, Gisela Winckler, … Xiangyu Zhao

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Decreased Indian Ocean Dipole variability under prolonged greenhouse warming
                                        
                                    

                                    
                                        Article
                                         Open access
                                         01 April 2024
                                    

                                

                                Soong-Ki Kim, Hyo-Jin Park, … Jong-Seong Kug

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The microbial carbon pump and climate change
                                        
                                    

                                    
                                        Article
                                        
                                         15 March 2024
                                    

                                

                                Nianzhi Jiao, Tingwei Luo, … Carol Robinson

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Broecker, W. S. Massive iceberg discharges as triggers for global climate change. Nature 372, 421–424 (1994).
Article 
    
                    Google Scholar 
                

	Blunier, T. & Brook, E. J. Timing of millennial-scale climate change in Antarctica and Greenland during the last glacial period. Science 291, 109–112 (2001).
Article 
    
                    Google Scholar 
                

	Pahnke, K., Zahn, R., Elderfield, H. & Schulz, M. 340,000-year centennial-scale marine record of Southern Hemisphere climatic oscillation. Science 301, 948–952 (2003).
Article 
    
                    Google Scholar 
                

	Pahnke, K. & Zahn, R. Southern Hemisphere water mass conversion linked with North Atlantic climate variability. Science 307, 1741–1746 (2005).
Article 
    
                    Google Scholar 
                

	Keeling, R. F. & Stephens, B. B. Antarctic sea ice and the control of Pleistocene climate instability. Paleoceanography 16, 112–131 (2001).
Article 
    
                    Google Scholar 
                

	Saenko, O. A., Weaver, A. J. & Gregory, J. M. On the link between the two modes of the ocean thermohaline circulation and the formation of global-scale water masses. J. Clim. 16, 2797–2801 (2003).
Article 
    
                    Google Scholar 
                

	Weaver, A. J., Saenko, O. A., Clark, P. U. & Mitrovica, J. X. Meltwater pulse 1A from Antarctica as a trigger of the Boelling/Alleroed warm interval. Science 299, 1709–1713 (2003).
Article 
    
                    Google Scholar 
                

	Stouffer, R. J., Seidov, D. & Haupt, B. J. Climate response to external sources of freshwater: North Atlantic versus the Southern Ocean. J. Clim. 23, 436–448 (2007).
Article 
    
                    Google Scholar 
                

	Marchitto, T. M. Jr., Curry, W. B. & Oppo, D. W. Millennial-scale changes in North Atlantic circulation since the last glaciation. Nature 393, 557–561 (1998).
Article 
    
                    Google Scholar 
                

	Zahn, R. & Stüber, A. Suborbital intermediate water variability inferred from paired benthic foraminiferal Cd/Ca and δ13C in the tropical West Atlantic and linking with North Atlantic climates. Earth Planet. Sci. Lett. 200, 191–205 (2002).
Article 
    
                    Google Scholar 
                

	Came, R. E., Oppo, D. W. & Curry, W. B. Atlantic Ocean circulation during the Younger Dryas: Insights from a new Cd/Ca record from the western subtropical South Atlantic. Paleoceanography 18, PA1086 (2003).
Article 
    
                    Google Scholar 
                

	Rickaby, R. E. M. & Elderfield, H. Evidence from the high-latitude North Atlantic for variations in Antarctic Intermediate water flow during the last deglaciation. Geochem. Geophys. Geosyst. 6, Q05001 (2005).
Article 
    
                    Google Scholar 
                

	Goldstein, S. L. & Hemming, S. R. in Long-Lived Isotopic Tracers in Oceanography, Paleoceanography, and Ice-Sheet Dynamics Vol. 6 (eds Holland, H. D., Turekian, K. K. & Elderfield, H.) 453 (Elsevier, 2003).

                    Google Scholar 
                

	Rutberg, R. L., Hemming, S. R. & Goldstein, S. L. Reduced North Atlantic Deep Water flux to the glacial Southern Ocean inferred from neodymium isotope ratios. Nature 405, 935–938 (2000).
Article 
    
                    Google Scholar 
                

	Piotrowski, A. M., Goldstein, S. L., Hemming, S. R. & Fairbanks, R. G. Intensification and variability of ocean thermohaline circulation through the last deglaciation. Earth Planet. Sci. Lett. 225, 205–220 (2004).
Article 
    
                    Google Scholar 
                

	Goldstein, S. L. & O’Nions, R. K. Nd and Sr isotopic relationships in pelagic clays and ferromanganese deposits. Nature 292, 324–327 (1981).
Article 
    
                    Google Scholar 
                

	Jeandel, C., Bishop, J. K. & Zindler, A. Exchange of neodymium and its isotopes between seawater and small and large particles in the Sargasso Sea. Geochim. Cosmochim. Acta 59, 535–547 (1995).
Article 
    
                    Google Scholar 
                

	Tachikawa, K., Athias, V. & Jeandel, C. Neodymium budget in the modern ocean and paleo-oceanographic implications. J. Geophys. Res. 108, 3254 (2003).
Article 
    
                    Google Scholar 
                

	Oppo, D. W. & Horowitz, M. Glacial deep water geometry: South Atlantic benthic foraminiferal Cd/Ca and δ13C evidence. Paleoceanography 15, 147–160 (2000).
Article 
    
                    Google Scholar 
                

	Jeandel, C. Concentration and isotopic composition of Nd in the South-Atlantic Ocean. Earth Planet. Sci. Lett. 117, 581–591 (1993).
Article 
    
                    Google Scholar 
                

	Piepgras, D. J. & Wasserburg, G. J. Rare earth element transport in the western North-Atlantic inferred from Nd isotopic observations. Geochim. Cosmochim. Acta 51, 1257–1271 (1987).
Article 
    
                    Google Scholar 
                

	Tachikawa, K., Jeandel, C. & Roy-Barman, M. A new approach to the Nd residence time in the ocean: The role of atmospheric inputs. Earth Planet. Sci. Lett. 170, 433–446 (1999).
Article 
    
                    Google Scholar 
                

	Spivack, A. J. & Wasserburg, G. J. Neodymium isotopic composition of the Mediterranean outflow and the eastern North Atlantic. Geochim. Cosmochim. Acta 52, 2767–2773 (1988).
Article 
    
                    Google Scholar 
                

	Abouchami, W. et al. Secular changes of lead and neodymium in central Pacific seawater recorded by a Fe–Mn crust. Geochim. Cosmochim. Acta 61, 3957–3974 (1997).
Article 
    
                    Google Scholar 
                

	van de Flierdt, T. et al. Temporal stability of the neodymium isotope signature of the Holocene to glacial North Atlantic. Paleoceanography 21, PA4102 (2006).
Article 
    
                    Google Scholar 
                

	Foster, G. L., Vance, D. & Prytulak, J. No change in the neodymium isotope composition of deep water exported from the North Atlantic on glacial–interglacial timescales. Geology 35, 37–40 (2007).
Article 
    
                    Google Scholar 
                

	McManus, J. F. et al. Collapse and rapid resumption of Atlantic meridional circulation linked to deglacial climate changes. Nature 428, 834–837 (2004).
Article 
    
                    Google Scholar 
                

	Goldstein, S. L. et al. Quantifying changes in the global thermohaline circulation: A circum-Antarctic perspective. US Geol. Survey. The National Academies USGS OF-2007-1047, Extended Abstract 209 (2007).

	Boyle, E. A. & Keigwin, L. North Atlantic thermohaline circulation during the past 20,000 years linked to high-latitude surface temperature. Nature 330, 35–40 (1987).
Article 
    
                    Google Scholar 
                

	Curry, W. B. & Oppo, D. W. Glacial water mass geometry and the distribution of δ13C of ΣCO2 in the western Atlantic Ocean. Paleoceanography 20, PA1017 (2005).
Article 
    
                    Google Scholar 
                

	Bertram, C. J., Elderfield, H. & Shackleton, N. J. Cadmium/calcium and carbon isotope reconstructions of the glacial northeast Atlantic Ocean. Paleoceanography 10, 563–578 (1995).
Article 
    
                    Google Scholar 
                

	Albarède, F., Goldstein, S. L. & Dautel, D. The neodymium isotopic composition of manganese nodules from the Southern and Indian oceans, the global oceanic neodymium budget, and their bearing on deep ocean circulation. Geochim. Cosmochim. Acta 61, 1277–1291 (1997).
Article 
    
                    Google Scholar 
                

	Sigman, D. M., Lehman, S. J. & Oppo, D. W. Evaluating mechanisms of nutrient depletion and 13C enrichment in the intermediate-depth Atlantic during the last ice age. Paleoceanography 18, PA1072 (2003).
Article 
    
                    Google Scholar 
                

	Cao, L., Fairbanks, R. G., Mortlock, R. A. & Risk, M. J. Radiocarbon reservoir age of high latitude North Atlantic surface water during the last deglacial. Quat. Sci. Rev. 26, 732–742 (2007).
Article 
    
                    Google Scholar 
                

	Robinson, L. F. et al. Radiocarbon variability in the western North Atlantic during the last deglaciation. Science 310, 1469–1473 (2005).
Article 
    
                    Google Scholar 
                

	Zahn, R. et al. Thermohaline instability in the North Atlantic during meltwater events: Stable isotope and ice-rafted detritus records from core SO75-26KL, Portuguese margin. Paleoceanography 12, 696–710 (1997).
Article 
    
                    Google Scholar 
                

	Bostock, H. C., Opdyke, B. N., Gagan, M. K. & Fifield, L. K. Carbon isotope evidence for changes in Antarctic Intermediate Water circulation and ocean ventilation in the southwest Pacific during the last deglaciation. Paleoceanography 19, PA4013 (2004).
Article 
    
                    Google Scholar 
                

	Hüls, M. & Zahn, R. Millennial-scale sea surface temperature variability in the western tropical North Atlantic from planktonic foraminiferal census counts. Paleoceanography 15, 659–678 (2000).
Article 
    
                    Google Scholar 
                

	Hall, I. R. et al. Accelerated drawdown of meridional overturning in the late-glacial Atlantic triggered by transient pre-H event freshwater perturbation. Geophys. Res. Lett. 33, L16616 (2006).
Article 
    
                    Google Scholar 
                

	Knutz, P. C. et al. Multidecadal ocean variability and NW European ice sheet surges during the last deglaciation. Geochem. Geophys. Geosyst. 3, Q1077 (2002).
Article 
    
                    Google Scholar 
                

	Peck, V. L. et al. High resolution evidence for linkages between NW European ice sheet instability and Atlantic Meridional Overturning Circulation. Earth Planet. Sci. Lett. 243, 476–488 (2006).
Article 
    
                    Google Scholar 
                

	Clark, P. U., McCabe, A. M., Mix, A. C. & Weaver, A. J. Rapid rise of sea level 19,000 years ago and its global implications. Science 304, 1141–1144 (2004).
Article 
    
                    Google Scholar 
                

	Bindoff, N. L. & Church, J. A. Warming of the water column in the southwest Pacific Ocean. Nature 357, 59–62 (1992).
Article 
    
                    Google Scholar 
                

	Banks, H. T. et al. Are observed decadal changes in intermediate water masses a signature of anthropogenic climate change? Geophys. Res. Lett. 27, 2961–2964 (2000).
Article 
    
                    Google Scholar 
                

	Stuiver, M. & Reimer, P. J. Extended 14C database and revised CALIB radiocarbon calibration program. Radiocarbon 35, 215–230 (1993).
Article 
    
                    Google Scholar 
                

	Hughen, K. A. et al. Marine04 marine radiocarbon age calibration, 0–26 cal kyr BP. Radiocarbon 46, 1059–1086 (2004).
Article 
    
                    Google Scholar 
                

	Labeyrie, L., Cortijo, E., Jansen, E. & Shipboard Science Party, MD114/IMAGES V cruise report, Institut Polaire Francais Paul-Émile Victor (IPEV), les rapports de campagnes à la mer, OCE/2003/02, 850 (2003).

	Rühlemann, C. et al. Warming of the tropical Atlantic Ocean and slowdown of thermohaline circulation during the last deglaciation. Nature 402, 511–514 (1999).
Article 
    
                    Google Scholar 
                

	Garcia, H. E., Locarnini, R. A., Boyer, T. P. & Antonov, J. I. World Ocean Atlas 2005, Vol. 4: Nutrients (Phosphate, Nitrate, Silicate), NOAA Atlas NESDIS 64, (ed. S. Levitus) 396 (US Government Printing Office, 2006).

	Schlitzer, R. Ocean Data View, &lt;http://odv.awi.de&gt; (2007).


Download references




Acknowledgements
We thank R. Zahn (Universitat Autonoma de Barcelona, Spain) and D. Oppo (Woods Hole Oceanographic Institution, USA) for providing core material, S. Gitt (UNC Chapel Hill) for laboratory assistance and R. Mortlock (LDEO) for running the stable isotope mass spectrometer. K.P. thanks T. van de Flierdt, D. Zylberberg and Y. Cai for introducing her to laboratory procedures and methods. This study was supported by a Lamont Postdoctoral Fellowship to K.P., and grants from the US National Science Foundation and National Oceanographic and Atmospheric Administration. The data will be made available on the NOAA Paleoclimatology website (www.ngdc.noaa.gov/paleo/data.html). This is LDEO contribution no. 7214.


Author information
Authors and Affiliations
	Lamont-Doherty Earth Observatory of Columbia University, Palisades, New York 10964, USA
Katharina Pahnke, Steven L. Goldstein & Sidney R. Hemming

	Department of Earth and Environmental Sciences, Columbia University, New York 10027, USA
Steven L. Goldstein & Sidney R. Hemming


Authors	Katharina PahnkeView author publications
You can also search for this author in
                        PubMed Google Scholar



	Steven L. GoldsteinView author publications
You can also search for this author in
                        PubMed Google Scholar



	Sidney R. HemmingView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
Samples were processed and analysed by K.P. All authors contributed to the discussion and interpretation of the results.
Corresponding author
Correspondence to
                Katharina Pahnke.


Supplementary information

Supplementary Information
Supplementary Information (PDF 3099 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Pahnke, K., Goldstein, S. & Hemming, S. Abrupt changes in Antarctic Intermediate Water circulation over the past 25,000 years.
                    Nature Geosci 1, 870–874 (2008). https://doi.org/10.1038/ngeo360
Download citation
	Received: 25 April 2008

	Accepted: 21 October 2008

	Published: 23 November 2008

	Issue Date: December 2008

	DOI: https://doi.org/10.1038/ngeo360


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

                
                    	
                            
                                
                                    
                                        Arctic and Antarctic forcing of ocean interior warming during the last deglaciation
                                    
                                

                            
                                
                                    	Joseph A. Stewart
	Laura F. Robinson
	Daniel J. Fornari


                                
                                Scientific Reports (2023)

                            
	
                            
                                
                                    
                                        Hydroclimate response of spring ecosystems to a two-stage Younger Dryas event in western North America
                                    
                                

                            
                                
                                    	Jeffrey S. Pigati
	Kathleen B. Springer


                                
                                Scientific Reports (2022)

                            
	
                            
                                
                                    
                                        Solenosmilia variabilis-bearing cold-water coral mounds off Brazil
                                    
                                

                            
                                
                                    	J. Raddatz
	J. Titschack
	A. Bahr


                                
                                Coral Reefs (2020)

                            
	
                            
                                
                                    
                                        Strong and deep Atlantic meridional overturning circulation during the last glacial cycle
                                    
                                

                            
                                
                                    	E. Böhm
	J. Lippold
	M. Deininger


                                
                                Nature (2015)

                            
	
                            
                                
                                    
                                        Abrupt pre-Bølling–Allerød warming and circulation changes in the deep ocean
                                    
                                

                            
                                
                                    	Nivedita Thiagarajan
	Adam V. Subhas
	Jess F. Adkins


                                
                                Nature (2014)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: 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


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    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
            
        


    









    [image: ]







[image: ]
