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            Abstract
A thin outer ice shell on Jupiter's large moon Europa would imply easy exchange between the surface and any organic or biotic material in its putative subsurface ocean1,2,3,4. The thickness of the outer ice shell is poorly constrained, however, with model-dependent estimates ranging from a few kilometres5,6 to ten or more kilometres7. Here I present measurements of depths of impact craters on Europa, Ganymede and Callisto that reveal two anomalous transitions in crater shape with diameter. The first transition is probably related to temperature-dependent ductility of the crust at shallow depths (7â€“8â€‰km on Europa). The second transition is attributed to the influence of subsurface oceans on all three satellites3,8,9, which constrains Europa's icy shell to be at least 19â€‰km thick. The icy lithospheres of Ganymede and Callisto are equally ice-rich, but Europa's icy shell has a thermal structure about 0.25â€“0.5 times the thicknesses of Ganymede's or Callisto's shells, depending on epoch. The appearances of the craters on Europa are inconsistent with thin-ice-shell models1 and indicate that exchange of oceanic and surface material could be difficult.
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                    Figure 1: Impact crater landforms on the icy galilean satellites, representing the major morphologic types.[image: ]


Figure 2: Depth/diameter measurements for fresh impact craters on the icy galilean satellites.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Plutoâ€™s ocean is capped and insulated by gas hydrates
                                        
                                    

                                    
                                        Article
                                        
                                         20 May 2019
                                    

                                

                                Shunichi Kamata, Francis Nimmo, â€¦ Atsushi Tani

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Vestiges of a lunar ilmenite layer following mantle overturn revealed by gravity data
                                        
                                    

                                    
                                        Article
                                        
                                         08 April 2024
                                    

                                

                                Weigang Liang, Adrien Broquet, â€¦ Alexander J. Evans

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Evidence for a hot start and early ocean formation on Pluto
                                        
                                    

                                    
                                        Article
                                        
                                         22 June 2020
                                    

                                

                                Carver J. Bierson, Francis Nimmo & S. Alan Stern

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Greenberg, R. Tides and the biosphere of Europa. Am. Sci. 90, 48â€“55 (2002)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Pappalardo, R. et al. Does Europa have a subsurface ocean? Evaluation of the geologic evidence. J. Geophys. Res. 104, 24015â€“24056 (1999)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kivelson, M. et al. Galileo magnetometer measurements: A stronger case for a subsurface ocean on Europa. Science 289, 1340â€“1343 (2000)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zimmer, C., Khurana, K. & Kivelson, M. Subsurface oceans on Europa and Callisto: Constraints from Galileo magnetometer observations. Icarus 147, 329â€“347 (2000)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Greenberg, R., Geissler, P., Tufts, B. R. & Hoppa, G. Habitability of Europa's crust: The role of tidal-tectonic processes. J. Geophys. Res. 105, 17551â€“17562 (2000)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Hoppa, G., Tufts, B. R., Greenberg, R. & Geissler, P. Formation of cycloidal features on Europa. Science 285, 1899â€“1903 (1999)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Rathbun, J., Musser, G. & Squyres, S. Ice diapirs on Europa: Implications for liquid water. Geophys. Res. Lett. 25, 4157â€“4160 (1998)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Kivelson, M., Khurana, K. & Volwerk, M. Icarus (in the press)

	Kivelson, M. et al. Europa and Callisto: Induced or intrinsic fields in a periodically varying plasma environment. J. Geophys. Res. 104, 4609â€“4625 (1999)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	McKinnon, W. Convective instability in Europa's floating ice shell. Geophys. Res. Lett. 26, 951â€“954 (1999)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Pike, R. in Mercury (eds Vilas, F., Chapman, C. & Matthews, M.) 165â€“273 (Univ. Arizona Press, Tucson, 1988)

                    Google ScholarÂ 
                

	Schenk, P. Ganymede and Callisto: Complex crater formation and planetary crusts. J. Geophys. Res. 96, 15635â€“15664 (1991)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	McKinnon, W. & Melosh, H. J. Evolution of planetary lithospheres: Evidence from multiring basins on Ganymede and Callisto. Icarus 44, 454â€“471 (1998)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Moore, J. M. et al. Large impact features on Europa: Results from the Galileo nominal mission. Icarus 135, 127â€“145 (1998)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Moore, J. M. et al. Large impact features on Europa: Results from the Galileo GEM mission. Icarus 151, 93â€“111 (2001)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Turtle, E. & Pierazzo, E. Thickness of a Europan ice shell from impact crater simulations. Science 294, 1326â€“1328 (2001)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Williams, K. & Zuber, M. Measurement and analysis of lunar basin depths from Clementine data. Icarus 131, 107â€“122 (1998)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Melosh, H. J. Impact Cratering (Oxford Press, Oxford, 1989)

                    Google ScholarÂ 
                

	Schenk, P. Central pit and dome crater: Exposing the interiors of Ganymede and Callisto. J. Geophys. Res. 98, 7475â€“7498 (1993)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Schenk, P. & Ridolfi, F. Morphology and scaling of ejecta deposits on icy satellites. Geophys. Res. Lett. (in the press)

	Dombard, A. & McKinnon, W. Long-term retention of impact crater topography on Ganymede. Geophys. Res. Lett. 27, 3663â€“3666 (2000)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Durham, W., Kirby, S. & Stern, L. Creep of water ices under planetary conditions: A compilation. J. Geophys. Res. 102, 16293â€“16301 (1997)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Turtle, E. & Ivanov, B. Numerical simulations of crater excavation and collapse on Europa: Implications for ice thickness. Lunar Planet. Sci. XXXIII abstr. no. 1431 (2002).

	Melosh, H. J. & Gaffney, E. Acoustic fluidization and the scale dependence of impact crater morphology. J. Geophys. Res. 88, A830â€“A834 (1983)
ArticleÂ 
    
                    Google ScholarÂ 
                

	McKinnon, W. & Schenk, P. Estimates of comet fragment masses from impact crater chains on Callisto and Ganymede. Geophys. Res. Lett. 22, 1829â€“1832 (1995)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Anderson, J., Lau, E., Sjogren, W., Schubert, G. & Moore, W. Gravitational constraints on the internal structure of Ganymede. Nature 384, 541â€“543 (1996)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Anderson, J. et al. Shape, mean radius, gravity field and internal structure of Callisto. Icarus 153, 157â€“161 (2001)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Passey, Q. & Shoemaker, E. in Satellites of Jupiter (ed. Morrison, D.) 379â€“433 (Univ. Arizona Press, Tucson, 1982)

                    Google ScholarÂ 
                

	Collins, G., Head, J., Pappalardo, R. & Spaun, N. Evaluation of models for the formation of chaotic terrain on Europa. J. Geophys. Res. 105, 1709â€“1716 (2000)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
This work was supported by NASA Planetary Geology and Geophysics.


Author information
Authors and Affiliations
	Lunar and Planetary Institute, 3600 Bay Area Boulevard, Houston, Texas, 77058, USA
Paul M. Schenk


Authors	Paul M. SchenkView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                Paul M. Schenk.


Ethics declarations

              
                Competing interests

                The author declares that he has no competing financial interests.

              
            

Rights and permissions
Reprints and permissions


About this article
Cite this article
Schenk, P. Thickness constraints on the icy shells of the galilean satellites from a comparison of crater shapes.
                    Nature 417, 419â€“421 (2002). https://doi.org/10.1038/417419a
Download citation
	Received: 21 January 2002

	Accepted: 08 April 2002

	Issue Date: 23 May 2002

	DOI: https://doi.org/10.1038/417419a


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

                
                    	
                            
                                
                                    
                                        Planned Geological Investigations of the Europa Clipper Mission
                                    
                                

                            
                                
                                    	I. J. Daubar
	A. G. Hayes
	R. Pappalardo


                                
                                Space Science Reviews (2024)

                            
	
                            
                                
                                    
                                        Salts and organics on Ganymedeâ€™s surface observed by the JIRAM spectrometer onboard Juno
                                    
                                

                            
                                
                                    	Federico Tosi
	Alessandro Mura
	Diego Turrini


                                
                                Nature Astronomy (2023)

                            
	
                            
                                
                                    
                                        Convection in a volatile nitrogen-ice-rich layer drives Plutoâ€™s geological vigour
                                    
                                

                            
                                
                                    	William B. McKinnon
	Francis Nimmo
	K. E. Smith


                                
                                Nature (2016)

                            
	
                            
                                
                                    
                                        The missing large impact craters on Ceres
                                    
                                

                            
                                
                                    	S. Marchi
	A. I. Ermakov
	C. T. Russell


                                
                                Nature Communications (2016)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            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: ]
