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            Abstract
The pH of the ocean is controlled by the chemistry of calcium carbonate. This system in turn plays a large role in regulating the CO2 concentration of the atmosphere on timescales of thousands of years and longer. Reconstructions of ocean pH and carbonate-ion concentration are therefore needed to understand the ocean's role in the global carbon cycle. During the Last Glacial Maximum (LGM), the pH of the whole ocean is thought to have been significantly more basic1, as inferred from the isotopic composition of boron incorporated into calcium carbonate shells, which would partially explain the lower atmospheric CO2 concentration at that time. Here we reconstruct carbonate-ion concentration—and hence pH—of the glacial oceans, using the extent of calcium carbonate dissolution observed in foraminifer faunal assemblages as compiled in the extensive global CLIMAP data set2. We observe decreased carbonate-ion concentrations in the glacial Atlantic Ocean, by roughly 20 µmol kg-1, while little change occurred in the Indian and Pacific oceans relative to today. In the Pacific Ocean, a small (5 µmol kg-1) increase occurred below 3,000 m. This rearrangement of ocean pH may be due to changing ocean circulation from glacial to present times, but overall we see no evidence for a shift in the whole-ocean pH as previously inferred from boron isotopes1.
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                    Figure 1: Foraminifer abundance in core-top sediments versus sea surface temperature and carbonate-ion saturation at the sea floor.[image: ]


Figure 2: Vertical profiles of carbonate-ion concentration in the modern and glacial Atlantic and combined Indian and Pacific oceans.[image: ]


Figure 3: Vertical profiles of carbonate-ion saturation (ΔCO32-) in three regions for the modern and Last Glacial Maximum.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Ocean Carbon Storage across the middle Miocene: a new interpretation for the Monterey Event
                                        
                                    

                                    
                                        Article
                                         Open access
                                         09 January 2020
                                    

                                

                                S. M. Sosdian, T. L. Babila, … C. H. Lear

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Deep Atlantic Ocean carbon storage and the rise of 100,000-year glacial cycles
                                        
                                    

                                    
                                        Article
                                        
                                         08 April 2019
                                    

                                

                                J. R. Farmer, B. Hönisch, … J. Kim

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Uncovering the Ediacaran phosphorus cycle
                                        
                                    

                                    
                                        Article
                                        
                                         31 May 2023
                                    

                                

                                Matthew S. Dodd, Wei Shi, … Timothy W. Lyons

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Sanyal, A., Hemming, N. G., Hanson, N. & Broecker, W. S. Evidence for a higher pH in the glacial ocean from boron isotopes in foraminifera. Nature 373, 234–236 (1995).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	CLIMAP Project Members. Seasonal reconstruction of the Earth's surface at the last glacial maximum. Geol. Soc. Am. Map Chart Ser. MC-36, 1–18 (1981).

                    Google Scholar 
                

	Mix, A. C. Influence of productivity variations on long-term atmospheric CO2. Nature 337, 541–544 (1989).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Ravelo, A. C., Fairbanks, R. G. & Philander, S. G. H. Reconstructing topical Atlantic hydrography using planktonic foraminifera and an ocean model. Paleoceanography 5, 409–431 (1990).
Article 
    ADS 
    
                    Google Scholar 
                

	Prell, W. L. The stability of low-latitude sea-surface temperatures: An evaluation of the CLIMAP reconstruction with emphasis on the positive SST anomalies. (Report TR025, Department of Energy, Washington DC, 1985).

	Millero, F. J. The effect of pressure on the solubility of minerals in water and seawater. Geochim. Cosmochim. Acta 46, 11–22 (1982).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Mucci, A. The solubility of calcite and aragonite in seawater at various salinities, temperatures, and one atmosphere total pressure. Am. J. Sci. 283, 780–799 (1983).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Duplessey, J. C. et al. Deep water source variations during the last climatic cycle and their impact on the global deep water circulation. Paleoceanography 3, 343–360 (1988).
Article 
    ADS 
    
                    Google Scholar 
                

	Oppo, D. W. & Horowitz, M. Glacial deep water geometry: South Atlantic benthic foraminiferal Cd/Ca and δ13C evidence. Paleoceanography 15, 147–160 (2000).
Article 
    ADS 
    
                    Google Scholar 
                

	Yu, E.-F., Bacon, M. P. & Francois, R. Similar rates of modern and last glacial ocean thermohaline circulation inferred from radiochemical data. Nature 379, 689–694 (1996).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Winguth, A., Archer, D. & Maier-Reimer, E. in Inverse Methods in Global Biogeochemical Cycles (eds Kasibhatla, P. et al.) (AGU Press, Washington DC, 2000).

                    Google Scholar 
                

	Kennett, J. P. & Ingram, B. L. A 20,000 year record of ocean circulation and climate change from the Santa Barbara Basin. Nature 377, 510–514 (1995).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Ganeshram, R. S., Pedersen, T. F., Calvert, S. E. & Murray, J. W. Large changes in oceanic nutrient inventories from glacial to interglacial periods. Nature 376, 755–758 (1995).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Altabet, M. A., Francoise, R., Murray, D. M. & Prell, W. L. Climate-related variations in denitrification in the Arabian Sea from sediment 15N/14N ratios. Nature 373, 506–509 (1995).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Archer, D., Winguth, A., Lea, D. & Mahowald, N. What caused the glacial/interglacial atmospheric pCO2 cycles? Rev. Geophys. 38, 159–189 (2000).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Farrell, J. W. & Prell, W. L. Climate change and CaCO3 preservation: an 800,000 year bathymetric reconstruction from the central equatorial Pacific Ocean. Paleoceanography 4, 447–466 (1989).
Article 
    ADS 
    
                    Google Scholar 
                

	Peterson, L. C. & Prell, W. L. in The Carbon Cycle and Atmospheric Carbon Dioxide: Natural Variations Archean to Present (eds Sundquist, E. T. & Broecker, W. S.) 251–269 (American Geophysical Union, Washington DC, 1985).

                    Google Scholar 
                

	Curry, W. B. & Lohmann, G. P. in The Carbon Cycle and Atmospheric Carbon Dioxide: Natural Variations Archean to Present (eds Sundquist, E. T. & Broecker, W. S.) 285–301 (American Geophysical Union, Washington DC, 1985).

                    Google Scholar 
                

	Howard, W. R. & Prell, W. L. Late Quaternary CaCO3 production and preservation in the Southern Ocean: Implications for oceanic and atmospheric carbon cycling. Paleoceanography 9, 453–482 (1994).
Article 
    ADS 
    
                    Google Scholar 
                

	Crowley, T. J. in The Carbon Cycle and Atmospheric Carbon Dioxide: Natural Variations Archean to Present (eds Sundquist, E. T. & Broecker, W. S.) 271–284 (American Geophysical Union, Washington DC, 1985).

                    Google Scholar 
                

	Archer, D. & Maier-Reimer, E. Effect of deep-sea sedimentary calcite preservation on atmospheric CO2 concentration. Nature 367, 260–263 (1994).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Archer, D. An atlas of the distribution of calcium carbonate in deep sea sediments. Glob. Biogeochem. Cycles 10, 159–174 (1996).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Overpeck, J. T., Webb, T. & Prentice, I. C. Quantitative interpretation of fossil pollen spectra: dissimilarity coefficients and the method of modern analogs. Quat. Res. 23, 87–108 (1985).
Article 
    
                    Google Scholar 
                

	Emerson, S. & Bender, M. L. Carbon fluxes at the sediment water interface of the deep sea: Calcium carbonate preservation. J. Mar. Res. 39, 139–162 (1981).
CAS 
    
                    Google Scholar 
                


Download references




Acknowledgements
We thank D. Lea, S. Lehman, R. Toggweiler and D. Sigman for helpful suggestions.


Author information
Authors and Affiliations
	NOAA Paleoclimatology Program and University of Colorado, 325 Broadway, Boulder, 80303, Colorado, USA
David M. Anderson

	Department of Geophysical Sciences, University of Chicago, 5734 S. Ellis Ave., Chicago, 60637, Illinois, USA
David Archer


Authors	David M. AndersonView author publications
You can also search for this author in
                        PubMed Google Scholar



	David ArcherView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding author
Correspondence to
                David M. Anderson.


Rights and permissions
Reprints and permissions


About this article
Cite this article
Anderson, D., Archer, D. Glacial–interglacial stability of ocean pH inferred from foraminifer dissolution rates.
                    Nature 416, 70–73 (2002). https://doi.org/10.1038/416070a
Download citation
	Received: 03 August 2001

	Accepted: 09 January 2002

	Issue Date: 07 March 2002

	DOI: https://doi.org/10.1038/416070a


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

                
                    	
                            
                                
                                    
                                        Last glacial atmospheric CO2 decline due to widespread Pacific deep-water expansion
                                    
                                

                            
                                
                                    	J. Yu
	L. Menviel
	J. F. McManus


                                
                                Nature Geoscience (2020)

                            
	
                            
                                
                                    
                                        ForCenS, a curated database of planktonic foraminifera census counts in marine surface sediment samples
                                    
                                

                            
                                
                                    	Michael Siccha
	Michal Kucera


                                
                                Scientific Data (2017)

                            
	
                            
                                
                                    
                                        Sensitivity of coccolithophores to carbonate chemistry and ocean acidification
                                    
                                

                            
                                
                                    	L. Beaufort
	I. Probert
	C. de Vargas


                                
                                Nature (2011)

                            
	
                            
                                
                                    
                                        Atmosphere and ocean chemistry
                                    
                                

                            
                                
                                    	Richard E. Zeebe
	Thomas M. Marchitto


                                
                                Nature Geoscience (2010)

                            
	
                            
                                
                                    
                                        CO2 Air–Sea Exchange due to Calcium Carbonate and Organic Matter Storage, and its Implications for the Global Carbon Cycle
                                    
                                

                            
                                
                                    	Abraham Lerman
	Fred T. Mackenzie


                                
                                Aquatic Geochemistry (2005)

                            


                

            

        
    

            
                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
	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


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — 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: ]
