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            Abstract
The abundances of oxygen isotopes in the most refractory mineral phases (calcium-aluminium-rich inclusions, CAIs) in meteorites1 have hitherto defied explanation. Most processes fractionate isotopes by nuclear mass; that is, 18O is twice as fractionated as 17O, relative to 16O. In CAIs 17O and 18O are nearly equally fractionated, implying a fundamentally different mechanism. The CAI data were originally interpreted as evidence for supernova input of pure 16O into the solar nebula1, but the lack of a similar isotope trend in other elements argues against this explanation2. A symmetry-dependent fractionation mechanism3,4 may have occurred in the inner solar nebula5, but experimental evidence is lacking. Isotope-selective photodissociation of CO in the innermost solar nebula6 might explain the CAI data, but the high temperatures in this region would have rapidly erased the signature7. Here we report time-dependent calculations of CO photodissociation in the cooler surface region of a turbulent nebula. If the surface were irradiated by a far-ultraviolet flux âˆ¼103 times that of the local interstellar medium (for example, owing to an O or B star within âˆ¼1â€‰pc of the protosun), then substantial fractionation of the oxygen isotopes was possible on a timescale of âˆ¼105â€‰years. We predict that similarly irradiated protoplanetary disks will have H2O enriched in 17O and 18O by several tens of per cent relative to CO.
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                    Figure 1: Model results for the time evolution of molecular abundances and isotope ratios at the nebula midplane at a heliocentric distance of 30â€‰ au.[image: ]


Figure 2: 
                        The time evolution of the non-mass-dependent oxygen isotope component of total nebular H
                        
                        2
                        O for a range of FUV flux enhancement factors.
                      [image: ]


Figure 3: 
                        Three-isotope plot (Î´
                        17
                        O
                        
                        SMOW
                         versus Î´
                        18
                        O
                        
                        SMOW
                        ) of total nebular H
                        
                        2
                        O at the midplane, with time labelled along the trajectory.
                      [image: ]


Figure 4: Three-isotope plot of total nebular H2O in the model, including an estimate of wavelength-dependent absorption by H2.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The origin of s-process isotope heterogeneity in the solar protoplanetary disk
                                        
                                    

                                    
                                        Article
                                        
                                         09 December 2019
                                    

                                

                                Mattias Ek, Alison C. Hunt, â€¦ Maria SchÃ¶nbÃ¤chler

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Mass-independent fractionation of titanium isotopes and its cosmochemical implications
                                        
                                    

                                    
                                        Article
                                        
                                         16 March 2020
                                    

                                

                                FranÃ§ois Robert, Romain TartÃ¨se, â€¦ Marc Chaussidon

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        A Solar System formation analogue in the Ophiuchus star-forming complex
                                        
                                    

                                    
                                        Article
                                        
                                         16 August 2021
                                    

                                

                                John C. Forbes, JoÃ£o Alves & Douglas N. C. Lin

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Clayton, R. N., Grossman, L. & Mayeda, T. K. Component of primitive nuclear composition in carbonaceous meteorites. Science 182, 485â€“488 (1973)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Clayton, R. N. Oxygen isotopes in meteorites. Annu. Rev. Earth Planet. Sci. 21, 115â€“149 (1993)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Thiemens, M. H. & Heidenreich, H. E. Mass independent fractionation of oxygen: a novel isotope effect and its possible cosmochemical implications. Science 219, 1073â€“1075 (1983)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gao, Y. Q. & Marcus, R. A. Strange and unconventional isotope effects in ozone formation. Science 293, 259â€“263 (2001)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Marcus, R. A. Mass-independent isotope effect in the earliest processed solids in the solar system: A possible chemical mechanism. J. Chem. Phys. 121, 8201â€“8211 (2004)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Clayton, R. N. Self-shielding in the solar nebula. Nature 415, 860â€“861 (2002)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lyons, J. R. & Young, E. D. Towards an evaluation of self-shielding at the X-point as the origin of the oxygen isotope anomaly in CAIs. Lunar Planet. Sci. Conf. XXXIV, abstr. 1981 (2003)

	Bally, J. & Langer, W. D. Isotope-selective photodissociation of carbon monoxide. Astrophys. J. 255, 143â€“148 (1982)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Federman, S. R. et al. Further evidence for chemical fractionation from ultraviolet observations of carbon monoxide. Astrophys. J. 591, 986â€“999 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	van Dishoeck, E. F. & Black, J. H. The photodissociation and chemistry of interstellar CO. Astrophys. J. 334, 771â€“802 (1988)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yurimoto, H. & Kuramoto, K. Molecular cloud origin for the oxygen isotope heterogeneity in the solar system. Science 305, 1763â€“1766 (2004)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lyons, J. R. & Young, E. D. Evolution of oxygen isotopes in the solar nebula. Lunar Planet. Sci. Conf. XXXV, abstr. 1970 (2004)

	Aikawa, Y. & Herbst, E. Two-dimensional distributions and column densities of gaseous molecules in protoplanetary disks. Astron. Astrophys. 371, 1107â€“1117 (2001)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Allende Prieto, C., Lambert, D. L. & Asplund, M. A reappraisal of the solar photospheric C/O ratio. Astrophys. J. 573, L137â€“L140 (2002)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Le Teuff, Y. H., Millar, T. J. & Markwick, A. J. The UMIST database for astrochemistry 1999. Astron. Astrophys. Suppl. Ser. 146, 157â€“168 (2000)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hasegawa, T. I., Herbst, E. & Leung, C. M. Models of gas-grain chemistry in dense interstellar clouds with complex organic molecules. Astrophys. J. 82, 167â€“195 (1992)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Willacy, K., Klahr, H. H., Millar, T. J. & Henning, Th. Gas and grain chemistry in a protoplanetary disk. Astron. Astrophys. 338, 995â€“1005 (1998)
ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	van Zadelhoff, G. J., Aikawa, Y., Hogerheijde, M. R. & van Dishoeck, E. F. Axi-symmetric models of ultraviolet radiative transfer with applications to circumstellar disk chemistry. Astron. Astrophys. 397, 789â€“802 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Markwick, A. J., Ilgner, M., Millar, T. J. & Henning, Th. Molecular distributions in the inner regions of protostellar disks. Astron. Astrophys. 385, 632â€“646 (2002)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Stone, J. M., Gammie, C. F., Balbus, S. A. & Hawley, J. F. in Protostars and Planets IV (eds Manning, V., Boss, A. P. & Russell, S. S.) 589â€“611 (Univ. Arizona Press, Tucson, 2000)

                    Google ScholarÂ 
                

	Lee, H. H., Herbst, E., Pineau des ForÃªts, G., Roueff, E. & Le Bourlot, J. Photodissociation of H2 and CO and time dependent chemistry in inhomogeneous interstellar clouds. Astron. Astrophys. 311, 690â€“707 (1996)
ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Adams, F. C., Hollenbach, D., Laughlin, G. & Gorti, U. Photoevaporation of circumstellar disks due to external far-ultraviolet radiation in stellar aggregates. Astrophys. J. 611, 360â€“379 (2004)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Young, E. D. & Russell, S. S. Oxygen reservoirs in the early solar nebula inferred from an Allende CAI. Science 282, 452â€“455 (1998)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Cuzzi, J. N. & Zahnle, K. J. Material enhancement in protoplanetary nebulae by particle drift through evaporation fronts. Astrophys. J. 614, 490â€“496 (2004)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Gammie, C. F. Layered accretion in T Tauri disks. Astrophys. J. 457, 355â€“362 (1996)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Cuzzi, J. N., Dobrovolskis, A. R. & Hogan, R. C. in Chondrules and the Protoplanetary Disk (eds Hewins, R. H., Jones, R. H. & Scott, E. R. D.) 35â€“43 (Cambridge Univ. Press, Cambridge, 1996)

                    Google ScholarÂ 
                

	Clayton, R. N. & Mayeda, T. K. The oxygen isotope record in Murchison and other carbonaceous chondrites. Earth Planet. Sci. Lett. 67, 151â€“161 (1984)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Choi, B. G., Krot, A. N., McKeegan, K. D. & Wasson, J. T. Extreme oxygen-isotope compositions in magnetite from unequilibrated ordinary chondrites. Nature 392, 577â€“579 (1998)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Young, E. D. The hydrology of carbonaceous chondrite parent bodies and the evolution of planet progenitors. Phil. Trans. R. Soc. Lond. A 359, 2095â€“2110 (2001)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Navon, O. & Wasserburg, G. J. Self-shielding in O2: a possible explanation for oxygen isotope anomalies in meteorites? Earth Planet. Sci. Lett. 73, 1â€“16 (1985)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
J.R.L. thanks K. McKeegan, J. Cuzzi and A. Boss for discussions, and P. Plavchan for assistance with IDL. J.R.L. acknowledges funding from the NASA Origins Program and from the UCLA Center for Astrobiology. E.D.Y. acknowledges support from the UCLA Center for Astrobiology.Author Contributions J.R.L. conceived and carried out the calculations presented here, using a modified version of a photochemical code provided by J. Kasting. The paper was written by J.R.L. and E.D.Y.


Author information
Authors and Affiliations
	Institute of Geophysics and Planetary Physics, 
J. R. LyonsÂ &Â E. D. Young

	Department of Earth and Space Sciences, University of California, Los Angeles, California, 90095, USA
J. R. LyonsÂ &Â E. D. Young


Authors	J. R. LyonsView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	E. D. YoungView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                J. R. Lyons.


Ethics declarations

              
                Competing interests

                Reprints and permissions information is available at npg.nature.com/reprintsandpermissions. The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Methods
A detailed description of the mathematics used in this work, including the following: the 1-D continuity equation for chemical volume fractions; the photodissociation loss rates for CO isotopologues, including the shielding functions; the power law expressions for the CO shielding functions including the correction terms to account for H2 absorption; the calculation of oxygen isotope Î´-values. (DOC 85 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Lyons, J., Young, E. CO self-shielding as the origin of oxygen isotope anomalies in the early solar nebula.
                    Nature 435, 317â€“320 (2005). https://doi.org/10.1038/nature03557
Download citation
	Received: 27 December 2004

	Accepted: 10 March 2005

	Issue Date: 19 May 2005

	DOI: https://doi.org/10.1038/nature03557


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

                
                    	
                            
                                
                                    
                                        Carbonate record of temporal change in oxygen fugacity and gaseous species in asteroid Ryugu
                                    
                                

                            
                                
                                    	Wataru Fujiya
	Noriyuki Kawasaki
	Hisayoshi Yurimoto


                                
                                Nature Geoscience (2023)

                            
	
                            
                                
                                    
                                        Origin of life-forming volatile elements in the inner Solar System
                                    
                                

                            
                                
                                    	Michael W. Broadley
	David V. Bekaert
	Bernard Marty


                                
                                Nature (2022)

                            
	
                            
                                
                                    
                                        Incorporation of 16O-rich anhydrous silicates in the protolith of highly hydrated asteroid Ryugu
                                    
                                

                            
                                
                                    	Ming-Chang Liu
	Kaitlyn A. McCain
	Yuichi Tsuda


                                
                                Nature Astronomy (2022)

                            
	
                            
                                
                                    
                                        What is the Oxygen Isotope Composition of Venus? The Scientific Case for Sample Return from Earthâ€™s â€œSisterâ€� Planet
                                    
                                

                            
                                
                                    	Richard C. Greenwood
	Mahesh Anand


                                
                                Space Science Reviews (2020)

                            
	
                            
                                
                                    
                                        Exploring the Bimodal Solar System via Sample Return from the Main Asteroid Belt: The Case for Revisiting Ceres
                                    
                                

                            
                                
                                    	Thomas H. Burbine
	Richard C. Greenwood


                                
                                Space Science Reviews (2020)

                            


                

            

        
    

            
                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

                
                    
                        
                            
                                Collection

                                
                                    The Kavli Prize 2018
                                

                            
                        

                    
                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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: ]
