







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 30 July 2014



                    Antarctic glaciation caused ocean circulation changes at the Eocene–Oligocene transition

                    	A. Goldner1,2, 
	N. Herold3 & 
	M. Huber3,4 



                    

                    
                        
    Nature

                        volume 511, pages 574–577 (2014)Cite this article
                    

                    
        
            	
                        9722 Accesses

                    
	
                        127 Citations

                    
	
                            79 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Climate and Earth system modelling
	Cryospheric science
	Palaeoceanography
	Palaeoclimate


    


                
    
    
        
            
                
                    
                        
                    
                
            
            
                
                    An Erratum to this article was published on 28 January 2015

                
            
        

    

    
    

                
            


        
            Abstract
Two main hypotheses compete to explain global cooling and the abrupt growth of the Antarctic ice sheet across the Eocene–Oligocene transition about 34 million years ago: thermal isolation of Antarctica due to southern ocean gateway opening1,2,3,4, and declining atmospheric CO2 (refs 5, 6). Increases in ocean thermal stratification and circulation in proxies across the Eocene–Oligocene transition have been interpreted as a unique signature of gateway opening2,4, but at present both mechanisms remain possible. Here, using a coupled ocean–atmosphere model, we show that the rise of Antarctic glaciation, rather than altered palaeogeography, is best able to explain the observed oceanographic changes. We find that growth of the Antarctic ice sheet caused enhanced northward transport of Antarctic intermediate water and invigorated the formation of Antarctic bottom water, fundamentally reorganizing ocean circulation. Conversely, gateway openings had much less impact on ocean thermal stratification and circulation. Our results support available evidence that CO2 drawdown—not gateway opening—caused Antarctic ice sheet growth, and further show that these feedbacks in turn altered ocean circulation. The precise timing and rate of glaciation, and thus its impacts on ocean circulation, reflect the balance between potentially positive feedbacks (increases in sea ice extent and enhanced primary productivity) and negative feedbacks (stronger southward heat transport and localized high-latitude warming). The Antarctic ice sheet had a complex, dynamic role in ocean circulation and heat fluxes during its initiation, and these processes are likely to operate in the future.
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                    Figure 1: Atlantic Ocean δ18O records compiled for the EOT.[image: ]


Figure 2: Ocean temperature and δ18O anomalies.[image: ]


Figure 3: Diagnostics for the mechanism for deep ocean cooling due to glaciation.[image: ]


Figure 4: Zonally averaged poleward ocean heat transport.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Ocean temperature and δ18O anomalies.
a–c, Zonally averaged temperature anomalies (°C) averaged over all longitudes: Glaciated minus unglaciated cases (CO2 constant at 560 p.p.m.) (a), 1,120 minus 560 p.p.m. CO2 cases (both unglaciated) (b), and unglaciated case with 1,120 p.p.m. CO2 minus glaciated case with 560 p.p.m. CO2 (c). d–f, δ18O comparisons (per mil) zonally averaged over the Atlantic basin; otherwise as in a–c.


Extended Data Figure 2 Ocean temperature and δ18O anomalies in Atlantic Ocean basin due to Southern Ocean gateway opening.
a, Temperature anomaly (°C) for both gateways opened minus both gateways closed. b, Temperature anomaly for DP and TG closed minus DP open and TG closed. c, Temperature anomaly for DP and TG open minus TG closed DP open. d–f, As in a–c, except for δ18O.


Extended Data Figure 3 Absolute sea-ice and anomalous sea surface temperature.
a, b, Sea ice fraction for glaciated (a) and unglaciated (b) cases. c, Glaciated minus unglaciated sea surface temperature anomaly. All simulations with 1,120 p.p.m. CO2.


Extended Data Figure 4 Absolute salinity fields.
Salinity (colour contour) and salinity flux (vectors) for glaciated late Eocene (a) and unglaciated cases (b) at 1,120 p.p.m. CO2.


Extended Data Figure 5 Absolute sea level pressure and surface wind.
Sea level pressure (colour contour) and surface wind (vectors) for glaciated (a) and unglaciated (b) cases at 1,120 p.p.m. CO2.


Extended Data Figure 6 Absolute Ekman pumping and transport.
Ekman pumping contour and Ekman transport overlaid as vectors for glaciated (a) and unglaciated (b) cases at 1,120 p.p.m. CO2. See the calculations for Ekman pumping and transport in Methods.


Extended Data Figure 7 Absolute ocean currents.
Zonally averaged ocean currents (meridional and vertical) across the Atlantic Ocean. The vertical ocean velocities are scaled by a constant coefficient (500) for plotting purposes. Glaciated (a) and unglaciated (b) cases at 1,120 p.p.m. CO2.


Extended Data Figure 8 Meridional overturning circulation.
Zonally averaged meridional overturning circulation anomaly for glaciated (a) unglaciated, (b) and glaciated minus unglaciated (c) case anomaly at 1,120 p.p.m. CO2.


Extended Data Figure 9 Depth–latitude plot for the non-interpolated and interpolated δ18O proxy record anomalies.
a, Raw δ18O anomalies. b, Interpolated δ18O anomalies (see Extended Data Table 1).


Extended Data Table 1 Site locality name, palaeolatitude, palaeolongitude, palaeodepth and δ18OFull size table
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