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            Abstract
The oxygenation of the deep ocean in the geological past has been associated with a rise in the partial pressure of atmospheric molecular oxygen (O2) to near-present levels and the emergence of modern marine biogeochemical cycles1,2,3,4,5. It has also been linked to the origination and diversification of early animals3,5,6,7. It is generally thought that the deep ocean was largely anoxic from about 2,500 to 800 million years ago1,2,3,4,5,6,7,8,9,10,11,12, with estimates of the occurrence of deep-ocean oxygenation and the linked increase in the partial pressure of atmospheric oxygen to levels sufficient for this oxygenation ranging from about 800 to 400 million years ago3,5,7,11,13. Deep-ocean dissolved oxygen concentrations over this interval are typically estimated using geochemical signatures preserved in ancient continental shelf or slope sediments, which only indirectly reflect the geochemical state of the deep ocean. Here we present a record that more directly reflects deep-ocean oxygen concentrations, based on the ratio of Fe3+ to total Fe in hydrothermally altered basalts formed in ocean basins. Our data allow for quantitative estimates of deep-ocean dissolved oxygen concentrations from 3.5 billion years ago to 14 million years ago and suggest that deep-ocean oxygenation occurred in the Phanerozoic (541 million years ago to the present) and potentially not until the late Palaeozoic (less than 420 million years ago).
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                    Figure 1: Average Fe3+/Î£Fe ratios of basalts from specific ophiolites and drilled oceanic crust.


Figure 2: Histograms of Fe3+/Î£Fe ratios from individual samples as a function of time period.


Figure 3: Comparison of Fe3+/Î£Fe ratios from ophiolite basalts versus continental volcanic rocks (including subaerial volcanics).


Figure 4: Calculated deep-ocean O2 concentrations versus time compared to previous estimates of ð�‘�O2,atm.
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Extended Data Figure 1 Relationships between Fe3+/Î£Fe, total iron, and sample age.
a, Fe3+/Î£Fe versus total Fe for all ophiolite basalt data. The regression line (dotted grey line) is a linear regression through all data with a 95% confidence interval shaded in grey. b, Total Fe versus age for all ophiolite data. The regression line (dotted grey line) is a linear regression through all data with a 95% confidence interval shaded in grey. Combination of the regression lines in a and b indicates a maximum shift in Fe3+/Î£Fe ratios over the past 3.5 billion years of 0.04â€‰Â±â€‰0.03 (2Ïƒ).


Extended Data Figure 2 Fe3+/Î£Fe versus total Fe for Precambrian ophiolite basalts.
The regression line (dotted grey line) is a linear regression through Precambrian ophiolite basalts with a 95% confidence interval shaded in grey. The slope is not distinguishable from 0 at the 2Ïƒ level. If secondary metamorphic reduction occurred in these samples, we would expect samples with less Fe to be consistently lower in Fe3+/Î£Fe ratios than samples with more Fe. This is not observed, indicating that such metamorphic reduction has not obviously affected the Fe3+/Î£Fe ratios of samples.


Extended Data Table 1 Tukeyâ€“HSD pairwise comparison test of average mean ophiolite Fe3+/Î£Fe ratios for the given age binsFull size table


Extended Data Table 2 Wilcoxon pairwise comparison test (with Holm P-adjustment correction) of average mean ophiolite Fe3+/Î£Fe ratios for the given age binsFull size table
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        Editorial Summary
Oxygen in the deep
Oxygenation of the deep ocean associated with a rise in atmospheric oxygen levels in the geological past is thought to signal the emergence of modern marine biogeochemical cycles. Estimates of the timing of deep-ocean oxygenation and the related increase in atmospheric oxygen levels range from about 800 to 400 million years ago and are generally based on geochemical signatures that indirectly reflect the geochemical state of the deep ocean. This paper presents a more direct, quantitative constraint on the deep-ocean oxygen content from the Archaean to the Cenozoic based on the oxidation state of iron in submarine basalts. The authors suggest that deep-ocean oxygenation occurred in the Phanerozoic and probably not until the late Palaeozoic, less than 420 million years ago.

show all

    

    
    

    
        
            
                
                    
                        
                            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
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    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
            
        


    









    








