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            Abstract
The bend in the Hawaiian-Emperor seamount chain is a prominent feature usually attributed to a change in Pacific plate motion âˆ¼47â€‰Myr ago. However, global plate motion reconstructions fail to predict the bend. Here we show how the geometry of the Hawaiian-Emperor chain and other hotspot tracks can be explained when we combine global plate motions with intraplate deformation and movement of hotspot plumes through distortion by global mantle flow. Global mantle flow models predict a southward motion of the Hawaiian hotspot. This, in combination with a plate motion reconstruction connecting Pacific and African plates through Antarctica, predicts the Hawaiian track correctly since the date of the bend, but predicts the chain to be too far west before it. But if a reconstruction through Australia and Lord Howe rise is used instead, the track is predicted correctly back to 65â€‰Myr ago, including the bend. The difference between the two predictions indicates the effect of intraplate deformation not yet recognized or else not recorded on the ocean floor. The remaining misfit before 65â€‰Myr ago can be attributed to additional intraplate deformation of similar magnitude.
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                    Figure 1: Northâ€“south mantle cross-section at 155Â°â€‰W.[image: ]


Figure 2: Computed hotspot motion and tracks for the moving-source model.[image: ]


Figure 3: Diagram showing relative plate motion chains considered for times older than chron 20 (43â€‰Myr ago).[image: ]


Figure 4: South Pacific reconstructions at chron 31y (68â€‰Myr ago).[image: ]


Figure 5: Age progression along hotspot tracks.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Dynamics of the abrupt change in Pacific Plate motion around 50 million years ago
                                        
                                    

                                    
                                        Article
                                        
                                         23 December 2021
                                    

                                

                                Jiashun Hu, Michael Gurnis, â€¦ R. Dietmar MÃ¼ller

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Hotspot motion caused the Hawaiian-Emperor Bend and LLSVPs are not fixed
                                        
                                    

                                    
                                        Article
                                         Open access
                                         29 July 2019
                                    

                                

                                Richard K. Bono, John A. Tarduno & Hans-Peter Bunge

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Closure of the Proterozoic Mozambique Ocean was instigated by a late Tonian plate reorganization event
                                        
                                    

                                    
                                        Article
                                         Open access
                                         20 April 2021
                                    

                                

                                Alan S. Collins, Morgan L. Blades, â€¦ John D. Foden

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Morgan, W. J. Deep mantle convection plumes and plate motions. Am. Assoc. Petrol. Geol. Bull. 56, 203â€“213 (1972)

                    Google ScholarÂ 
                

	Molnar, P. & Stock, J. Relative motions of hotspots in the Pacific, Atlantic and Indian oceans since late Cretaceous time. Nature 327, 587â€“591 (1987)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Tarduno, J. A. et al. The Emporer Seamounts: A record of southward motion of the Hawaiian hotspot plume in Earth's mantle. Science 301, 1064â€“1069 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Besse, J. & Courtillot, V. Apparent and true polar wander and the geometry of the geomagnetic field in the last 200 million years. J. Geophys. Res. 107, 2300 doi:10.1029/2000JB000050 (2002)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Clague, D. A. & Dalrymple, G. B. in The Eastern Pacific Ocean and Hawaii, vol. N of The Geology of North America (eds Winterer, E. L., Hussong, D. M. & Decker, R. W.) 188â€“217 (GSA, Boulder, CO, 1989)

                    Google ScholarÂ 
                

	Sharp, W. D. & Clague, D. A. An older, slower Hawaii-Emperor bend. Eos 83(Fall Meet. Suppl.) Abstract T61C-04 (2002)

	Steinberger, B. Plumes in a convecting mantle: models and observations for individual hotspots. J. Geophys. Res. 105, 11127â€“11152 (2000)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Courtillot, V., Davaille, A., Besse, J. & Stock, J. Three distinct types of hotspots in the Earth's mantle. Earth Planet. Sci. Lett. 205, 295â€“308 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Steinberger, B. Motion of the Easter Island hotspot relative to hotspots on the Pacific plate. Geochem. Geophys. Geosyst. 3, 8503 doi:10.1029/2002GC000334 (2002)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Vink, G. E. A hotspot model for Iceland and the VÃ¸ring Plateau. J. Geophys. Res. 89, 9949â€“9959 (1984)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Hofmann, C. et al. Timing of the Ethiopian flood basalt event and implications for plume birth and global change. Nature 389, 838â€“841 (1997)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Rochette, P. et al. Magnetostratigraphy and timing of the Oligocene Ethiopian traps. Earth Planet. Sci. Lett. 164, 497â€“510 (1998)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Coulie, E. et al. Comparative K-Ar and Ar/Ar dating of Ethiopian and Yemenite Oligocene volcanism: Implications for timing and duration of the Ethiopian Traps. Earth Planet. Sci. Lett. 206, 477â€“492 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Courtillot, V. & Renne, P. On the ages of flood basalt events. C.R. Geosci. 335, 113â€“140 (2003)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Steinberger, B. & O'Connell, R. J. Advection of plumes in mantle flow: implications for hotspot motion, mantle viscosity and plume distribution. Geophys. J. Int. 132, 412â€“434 (1998)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Steinberger, B. & O'Connell, R. J. in The History and Dynamics of Global Plate Motions, vol. 121 of Geophysical Monograph Series (eds Richards, M. A., Gordon, R. G. & van der Hilst, R. D.) 377â€“398 (AGU, Washington DC, 2000)
BookÂ 
    
                    Google ScholarÂ 
                

	Antretter, M., Riisager, P., Hall, S., Zhao, X. & Steinberger, B. in Origin and Evolution of the Ontong Java Plateau (eds Fitton, G., Mahoney, J., Wallace, P. & Saunders, A.) Geol. Soc. Lond. Spec. Pub. 229, 21â€“30 (2004)

                    Google ScholarÂ 
                

	Cande, S. C., Raymond, C. A., Stock, J. & Haxby, W. F. Geophysics of the Pitman Fracture Zone and Pacificâ€“Antarctic plate motions during the Cenozoic. Science 270, 947â€“953 (1995)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Cande, S. C., Stock, J. M., Mueller, R. D. & Ishihara, T. Cenozoic motion between East and West Antarctica. Nature 404, 145â€“150 (2000)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Nankivell, A. P. Tectonic Evolution of the Southern Ocean Between Antarctica, South America and Africa over the Past 84 Ma Thesis, Univ. Oxford (1997)

                    Google ScholarÂ 
                

	Tikku, A. A. & Cande, S. C. On the fit of Broken Ridge and Kerguelen Plateau. Earth Planet. Sci. Lett. 180, 117â€“132 (2000)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gaina, C. et al. The tectonic history of the Tasman Sea; a puzzle with 13 pieces. J. Geophys. Res. 103, 12413â€“12433 (1998)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Sutherland, R. The Australiaâ€“Pacific boundary and Cenozoic plate motions in the SW Pacific; some constraints from Geosat data. Tectonics 14, 819â€“831 (1995)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Wood, R. A., Lamarche, G., Herzer, R. H., Delteil, J. & Davy, B. Paleogene seafloor spreading in the southeast Tasman Sea. Tectonics 15, 966â€“975 (1996)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	King, P. R. & Thrasher, G. P. Cretaceousâ€“Cenozoic Geology and Petroleum Systems of the Taranaki Basin, New Zealand (Institute of Geological and Nuclear Sciences Monograph 13, Lower Hutt, New Zealand, 1996)

                    Google ScholarÂ 
                

	Heinemann, J. et al. Constraints on the proposed Marie Byrd Landâ€“Bellingshausen plate boundary from seismic reflection data. J. Geophys. Res. 104, 25321â€“25330 (1999)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Raymond, C. A., Stock, J. M. & Cande, S. C. in The History and Dynamics of Global Plate Motions, vol. 121 of Geophysical Monograph Series (eds Richards, M. A., Gordon, R. G. & van der Hilst, R. D.) 359â€“376 (AGU, Washington DC, 2000)
BookÂ 
    
                    Google ScholarÂ 
                

	Sleep, N. H. Ridge-crossing mantle plumes and gaps in tracks. Geochem. Geophys. Geosyst. 3, 8505 doi:10.1029/2001GC000290 (2002)
ADSÂ 
    
                    Google ScholarÂ 
                

	Ebinger, C. & Sleep, N. Cenozoic magmatism throughout east Africa resulting from impact of one large plume. Nature 395, 788â€“791 (1998)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Behrendt, J. C. et al. Geophysical studies of the west Antarctic rift arm. Tectonics 10, 1257â€“1273 (1991)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Cooper, A. K., Barker, P. F. & Brancolini, G. E. Geology and Seismic Stratigraphy of the Antarctic margin, vol. 68 of Antarctic Research Series (AGU, Washington DC, 1995)

                    Google ScholarÂ 
                

	McCarron, J. J. & Larter, R. D. Late Cretaceous to early Tertiary subduction history of the Antarctic Peninsula. J. Geol. Soc. Lond. 155, 255â€“268 (1998)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Storey, B. C. & Nell, P. A. R. Role of strike-slip faulting in the tectonic evolution of the Antarctic Peninsula. J. Geol. Soc. Lond. 145, 333â€“337 (1988)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Marks, K. M. & Stock, J. M. Early Tertiary gravity field reconstructions of the Southwest Pacific. Earth Planet. Sci. Lett. 152, 267â€“274 (1997)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Sutherland, R. Basement geology and tectonic development of the greater New Zealand region: an interpretation from regional magnetic data. Tectonophysics 308, 341â€“362 (1999)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Laird, M. G. in South Pacific Sedimentary Basins, vol. 2 of Sedimentary Basins of the World (ed. Ballance, P. F.) 37â€“49 (Elsevier, Amsterdam, 1993)

                    Google ScholarÂ 
                

	Cook, R. A., Sutherland, R. & Zhu, H. Cretaceousâ€“Cenozoic Geology and Petroleum Systems of the Great South Basin, New Zealand (Institute of Geological and Nuclear Sciences Monograph 20, Lower Hutt, New Zealand, 1999)

                    Google ScholarÂ 
                

	Stock, J. & Molnar, P. Revised history of early Tertiary plate motion in the south-west Pacific. Nature 325, 495â€“499 (1987)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Dick, H. J. B., Lin, J. & Schouten, H. An ultraslow-spreading class of ocean ridge. Nature 426, 405â€“412 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Molnar, P. Continental tectonics in the aftermath of plate tectonics. Nature 335, 131â€“137 (1988)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Hall, C. E., Gurnis, M., Sdrolias, M., Lavier, L. L. & Mueller, R. D. Catastrophic initiation of subduction following forced convergence across fracture zones. Earth Planet. Sci. Lett. 212, 15â€“30 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zatman, S., Gordon, R. G. & Richards, M. A. Analytic models for the dynamics of diffuse oceanic plate boundaries. Geophys. J. Int. 145, 145â€“156 (2001)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Wessel, P. & Smith, W. H. F. Free software helps map and display data. Eos 72, 441 (1991)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Sandwell, D. T. & Smith, W. H. F. Marine gravity anomaly from Geosat and ERS 1 satellite altimetry. J. Geophys. Res. 102, 10039â€“10054 (1997)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Watts, A. B., Weissel, J. K., Duncan, R. A. & Larson, R. L. Origin of the Louisville Ridge and its relationship to the Eltanin Fracture Zone System. J. Geophys. Res. 93, 3051â€“3077 (1988)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Koppers, A. A. P., Duncan, R. A. & Steinberger, B. The implications of a non-linear 40Ar/39Ar age progression along the Louisville seamount trail for models of fixed and moving hotspots. Geochem. Geophys. Geosyst. 5 doi:10.1029/2003GC000671 (2004)

	Duncan, R. A. & Hargraves, R. B. 40Ar/39Ar geochronology of basement rocks from the Mascarene Plateau, Chagos Bank and the Maldive Ridge. Proc. Ocean Drill. Program Sci. Res. 115, 43â€“51 (1990)

                    Google ScholarÂ 
                

	Hofmann, C., FÃ©raud, G. & Courtillot, V. 40Ar/39Ar dating of mineral separates and whole rocks from the Western Ghats lava pile: further constraints on the duration and age of the Deccan Traps. Earth Planet. Sci. Lett. 180, 13â€“27 (2000)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	O'Connor, J. M. & le Roex, A. P. South Atlantic hot spot-plume systems: 1. Distribution of volcanism in time and space. Earth Planet. Sci. Lett. 113, 343â€“364 (1992)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	O'Connor, J. M. & Duncan, R. A. Evolution of the Walvis Ridge â€“ Rio Grande Rise hot-spot system: Implications for African and South American plate motions over plumes. J. Geophys. Res. 95, 17475â€“17502 (1990)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank P. Molnar, J. Stock, T.H. Torsvik and R.A. Duncan for comments on the manuscript, and N. Sleep for a review. R.S. was supported by the NZ Foundation for Research Science and Technology, the Marsden Fund, and a Caltech Visiting Associate award. R.J.O. received support from the NSF.


Author information
Author notes	Bernhard Steinberger
Present address: Bayerisches Geoinstitut, UniversitÃ¤t Bayreuth, D-95440, Bayreuth, Germany

	Bernhard Steinberger
Present address: Norges geologiske undersÃ¸kelse, N-7491, Trondheim, Norway

	After 1 August 2004


Authors and Affiliations
	Institute for Frontier Research on Earth Evolution (IFREE), Japan Agency for Marine-Earth Science and Technology (JAMSTEC) (previously Japan Marine Science and Technology Center), 2-15 Natsushima-cho, 237-0061, Yokosuka, Japan
Bernhard Steinberger

	Institute of Geological and Nuclear Sciences, PO Box 30-368, Lower Hutt, New Zealand
Rupert Sutherland

	Department of Earth and Planetary Sciences, Harvard University, 20 Oxford Street, Cambridge, Massachusetts, 02138, USA
Richard J. O'Connell


Authors	Bernhard SteinbergerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Rupert SutherlandView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Richard J. O'ConnellView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                Bernhard Steinberger.


Ethics declarations

              
                Competing interests

                The authors declare that they have no competing financial interests.

              
            

Supplementary information

Supplementary Information
This contains: Supplementary Methods (a more detailed description of the computation of mantle flow and resulting hotspot motion), Supplementary Discussion (on the relation between the stress field in Antarctica inferred from the mantle flow model and the Antarctic deformation inferred from our plate chain model 2), references for the above sections, Supplementary Table S1 (relative plate motions in the Antarctic-Australian region), Supplementary Figure S1 (referred to only in the Supplementary Methods) and Supplementary Figures S2 and S3 (referred to only in the Supplementary Discussion). (PDF 152 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Steinberger, B., Sutherland, R. & O'Connell, R. Prediction of Emperor-Hawaii seamount locations from a revised model of global plate motion and mantle flow.
                    Nature 430, 167â€“173 (2004). https://doi.org/10.1038/nature02660
Download citation
	Received: 04 March 2004

	Accepted: 12 May 2004

	Issue Date: 08 July 2004

	DOI: https://doi.org/10.1038/nature02660


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

                
                    	
                            
                                
                                    
                                        Regression analysis and variable selection to determine the key subduction-zone parameters that determine the maximum earthquake magnitude
                                    
                                

                            
                                
                                    	Atsushi Nakao
	Tatsu Kuwatani
	Shotaro Akaho


                                
                                Earth, Planets and Space (2023)

                            
	
                            
                                
                                    
                                        Deconstructing plate tectonic reconstructions
                                    
                                

                            
                                
                                    	Maria Seton
	Simon E. Williams
	Karin Sigloch


                                
                                Nature Reviews Earth & Environment (2023)

                            
	
                            
                                
                                    
                                        Dynamics of the abrupt change in Pacific Plate motion around 50 million years ago
                                    
                                

                            
                                
                                    	Jiashun Hu
	Michael Gurnis
	R. Dietmar MÃ¼ller


                                
                                Nature Geoscience (2022)

                            
	
                            
                                
                                    
                                        Continental tapering of South America caused asymmetric non-uniform opening of the South Atlantic Ocean
                                    
                                

                            
                                
                                    	Dengliang Gao


                                
                                Communications Earth & Environment (2022)

                            
	
                            
                                
                                    
                                        Linking the Wrangellia flood basalts to the GalÃ¡pagos hotspot
                                    
                                

                            
                                
                                    	J. Gregory Shellnutt
	Jaroslav Dostal
	Tung-Yi Lee


                                
                                Scientific Reports (2021)

                            


                

            

        
    

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



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                     Kinks and circuits
                

                
	Norman H. Sleep



                
    
        
            Nature
        
        News & Views
        
        
            08 Jul 2004
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    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 (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	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 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 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
            
        


    









    [image: ]







[image: ]
