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            Abstract
The global mid-ocean ridge system is the most extensive magmatic system on our planet and is the site of 75 per cent of Earthâ€™s volcanism1. The vertical extent of mid-ocean-ridge magmatic systems has been considered to be restricted: even at the ultraslow-spreading Gakkel mid-ocean ridge under the Arctic Ocean, where the lithosphere is thickest, crystallization depths of magmas that feed eruptions are thought to be less than nine kilometres2. These depths were determined using the volatile-element contents of melt inclusions, which are small volumes of magma that become trapped within crystallizing minerals. In studies of basaltic magmatic systems, olivine is the mineral of choice for this approach2,3,4,5,6. However, pressures derived from olivine-hosted melt inclusions are at odds with pressures derived from basalt major-element barometers7 and geophysical measurements of lithospheric thickness8. Here we present a comparative study of olivine- and plagioclase-hosted melt inclusions from the Gakkel mid-ocean ridge. We show that the volatile contents of plagioclase-hosted melt inclusions correspond to much higher crystallization pressures (with a mean value of 270 megapascals) than olivine-hosted melt inclusions (with a mean value of 145 megapascals). The highest recorded pressure that we find equates to a depth 16.4 kilometres below the seafloor. Such higher depths are consistent with both the thickness of the Gakkel mid-ocean ridge lithosphere and with pressures reconstructed from glass compositions. In contrast to previous studies using olivine-hosted melt inclusions, our results demonstrate that mid-ocean-ridge volcanoes may have magmatic roots deep in the lithospheric mantle, at least at ultraslow-spreading ridges.
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                    Fig. 1: Textural complexity of olivine and plagioclase and melt-inclusion distribution and associations.


Fig. 2: Volatile contents of Gakkel Ridge olivine- and plagioclase-hosted melt inclusions.


Fig. 3: Compositional relationships of plagioclase- and olivine-hosted melt inclusions.


Fig. 4: Crystallization depth and pressures recorded in olivine.


Fig. 5: Comparison of crystallization depths recorded in melt inclusions.



                


                
                    
                
            

            
                Data availability

              
              Source Data for all figures are provided with the paper and also in the Supplementary Information tables. The data are also available from EarthChem at https://doi.org/10.1594/IEDA/111315.
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Extended data figures and tables

Extended Data Fig. 1 Sample locations along the Gakkel Ridge.
Green symbols show new plagioclase- and olivine-hosted melt-inclusion analysis; orange symbols show new plagioclase-hosted melt-inclusion data supplemented by olivine-hosted melt-inclusion data from ref. 3; purple and yellow symbols indicate data from ref.Â 2Â and from ref. 3, respectively. AVR, axial volcanic ridge; SM, seamount; BR, basement ridge; DSF, deep seafloor. IBCAO bathymetric data are from ref. 45. The Global Multi-Resolution Topography (GMRT) synthesis46 base map underlies the IBCAO bathymetry. The map was made using GeoMapApp (http://www.geomapapp.org).


Extended Data Fig. 2 Textural complexity of olivine and plagioclase and melt-inclusion distribution.
Backscattered-electron images of plagioclase (aâ€“c) and olivine (dâ€“f). Plagioclase can be unzoned (c) or show patchy zoningÂ (a) or reverse and normal zoning (b); plagioclase shows both internal (a, b) and external (c) resorption. Olivine is present in poly- and mono-mineral glomerocrysts (d, e) and as individual skeletal crystals (f); reverse (d) and normal (e) zoning is present. Scale bars are all 100Â Î¼m. Dashed red and yellow lines in a, b and d show the locations of resorption. Numbers correspond to the analysed melt inclusions highlighted in Supplementary Table 2. O and P refer to host olivine and plagioclase crystals, respectively; in d, a melt inclusion has been analysed from olivine within a polymineralic glomerocryst or clot.


Extended Data Fig. 3 Relationship between melt-inclusion size and CO2 content.
Both plagioclase- and olivine-hosted melt inclusions show no relationship between melt inclusion size and CO2 content.

                          Source Data
                        


Extended Data Fig. 4 Crystallization depths recorded by melt inclusions from individual samples.
Within each sample, plagioclase records greater crystallization depths than olivine. The three individual samples are from the 31Â°Â E basement ridge (HLY0102-D95-11 and HLY0102-D48-SGB) and 3Â°Â E seamount (HLY0102-D27-8).

                          Source Data
                        


Extended Data Fig. 5 Textural relationship of high-pressure olivine-hosted melt inclusion.
a, Phase map showing the association of the high-pressure olivine-hosted melt inclusion (MI)Â with plagioclase. White lines delineate grain boundaries. Plagioclase exhibits complex zoning (such as oscillatory (OZ) and patchy zoning (PZ) in b and c). Plagioclase exhibits both internal and external resorption (IR and ER, respectively) in b and c. Large amoeboid melt inclusions (c) also suggest the occurrence of resorption. Plagioclase melt inclusions were microcrystalline and hence were not analysed for their volatile contents. Scale bars are 500Â Î¼m. For information relating to phase map acquisition, see ref. 37.


Extended Data Fig. 6 Calibration curves for CO2 and H2O analysis.
Calibration curves are shown for H2O (a) and CO2 (b). The different coloured lines in each panel indicate different analytical sessions.

                          Source Data
                        


Extended Data Fig. 7 Plagioclase-hosted melt-inclusion PEC correction.
Plagioclase-hosted melt-inclusion compositions were empirically corrected for PEC (b). Host plagioclase compositions were added to the melt inclusions iteratively until the melt inclusions met the Al2O3 content (at a given Mg#) of the pseudo-liquid line of descent. The pseudo-liquid line of descent comprises two parts. First, a regression through Gakkel glass data36,37 (black line), and second, a line hand-picked to run along the top of the olivine-hosted melt inclusions2,3 and Gakkel glass data (red line) (a). A second PEC correction was undertaken using a different pseudo-liquid line of descent (green line) (c) that resulted in lower corrections. A comparison of pressures calculated following each of these PEC corrections shows that there is negligible difference between pressures calculated from the resulting melt compositions (d). Gakkel glass data were downloaded from the PetDB36 database (http://www.earthchem.org/petdb) on 15 July 2016.

                          Source Data
                        


Extended Data Fig. 8 Relationship between PEC correction and crystallization depths.
There is no relationship between the magnitude of PEC correction and crystallization depth.

                          Source Data
                        


Extended Data Fig. 9 Comparison between VolatileCalc and MagmaSat H2O-CO2 models.
The majority of melt inclusions have SiO2Â >Â 49 wt%, hence VolatileCalc pressures were calculated using a default SiO2 value (49 wt%; orange points). Where SiO2Â <Â 49 wt%, specific VolatileCalc pressures were calculated (blue points); blue points correspond to orange points with no outline calculated with the default SiO2 content. VolatileCalc pressures are lower when the specific SiO2 (not the default 49 wt% SiO2) content of the melt inclusion is used.

                          Source Data
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Source data
Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Fig. 5

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 6

Source Data Extended Data Fig. 7

Source Data Extended Data Fig. 8

Source Data Extended Data Fig. 9




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Bennett, E.N., Jenner, F.E., Millet, MA. et al. Deep roots for mid-ocean-ridge volcanoes revealed by plagioclase-hosted melt inclusions.
                    Nature 572, 235â€“239 (2019). https://doi.org/10.1038/s41586-019-1448-0
Download citation
	Received: 20 December 2018

	Accepted: 28 May 2019

	Published: 07 August 2019

	Issue Date: 08 August 2019

	DOI: https://doi.org/10.1038/s41586-019-1448-0


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

                
                    	
                            
                                
                                    
                                        Magmatic processes within the plumbing system of the ultraslow-spreading southwest Indian ridge: constraints from olivine, plagioclase and melt inclusions
                                    
                                

                            
                                
                                    	Quan Ou
	Sheng-Ping Qian
	Jia Liao


                                
                                Contributions to Mineralogy and Petrology (2024)

                            
	
                            
                                
                                    
                                        Deep sourced magma and ore-metal mobility in the D. JoÃ£o de Castro submarine volcano (Azores): a mineral chemistry and melt inclusion study
                                    
                                

                            
                                
                                    	Ana Filipa A. Marques
	Pedro Madureira
	LuÃsa P. Ribeiro


                                
                                Contributions to Mineralogy and Petrology (2022)

                            
	
                            
                                
                                    
                                        Competing effects of spreading rate, crystal fractionation and source variability on Fe isotope systematics in mid-ocean ridge lavas
                                    
                                

                            
                                
                                    	Marianne Richter
	Oliver Nebel
	Henry J. B. Dick


                                
                                Scientific Reports (2021)

                            
	
                            
                                
                                    
                                        A role for subducted albite in the water cycle and alkalinity of subduction fluids
                                    
                                

                            
                                
                                    	Gil Chan Hwang
	Huijeong Hwang
	Yongjae Lee


                                
                                Nature Communications (2021)

                            
	
                            
                                
                                    
                                        The significance of plagioclase textures in mid-ocean ridge basalt (Gakkel Ridge, Arctic Ocean)
                                    
                                

                            
                                
                                    	Emma N. Bennett
	C. Johan Lissenberg
	Katharine V. Cashman


                                
                                Contributions to Mineralogy and Petrology (2019)

                            


                

            

        
    

            
                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

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                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
            
        


    









    








