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            Abstract
Plate tectonics successfully describes the surface of Earth as a mosaic of moving lithospheric plates. But it is not clear what happens at the base of the plates, the lithosphereâ€“asthenosphere boundary (LAB). The LAB has been well imaged with converted teleseismic waves1,2, whose 10â€“40-kilometre wavelength controls the structural resolution. Here we use explosion-generated seismic waves (of about 0.5-kilometre wavelength) to form a high-resolution image for the base of an oceanic plate that is subducting beneath North Island, New Zealand. Our 80-kilometre-wide image is based on P-wave reflections and shows an approximately 15Â° dipping, abrupt, seismic wave-speed transition (less than 1Â kilometre thick) at a depth of about 100Â kilometres. The boundary is parallel to the top of the plate and seismic attributes indicate a P-wave speed decrease of at least 8Â Â±Â 3 per cent across it. A parallel reflection event approximately 10Â kilometres deeper shows that the decrease in P-wave speed is confined to a channel at the base of the plate, which we interpret as a sheared zone of ponded partial melts or volatiles. This is independent, high-resolution evidence for a low-viscosity channel at the LAB that decouples plates from mantle flow beneath, and allows plate tectonics to work.
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                    Figure 1: Location map for SAHKE lines 01â€“04 and shot points for SAHKE04.[image: ]


Figure 2: Shot record for shot 11 and ray tracing model for arrivals from shots 11 and 4.[image: ]


Figure 3: A low-fold stack for the 12 shots recorded on 878 seismographs, with moderate and strong median filters.[image: ]


Figure 4: Calculated reflection coefficient (Cr) for R2 for Pâ€“P reflections plotted against incidence angle, and interpretation carton of the LAB.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Frequency spectra and analysis.
a, Frequency spectrum of the R2 reflection and the background noise. We only show frequencies above the 4.5-Hz cut-off frequency of the geophones used. b, Frequency spectrum of the R0 and R2 reflections. c, Table summarizing the frequency range for all events on the different shots; summaries of the geological conditions in each shot hole34 are also given. d, A spectral ratio analysis16 between R2 and R0 reflections that yields a least squares linear fit to the data to give a gradient of âˆ’0.0627. Theoretically this gradient value can be equated to Ï€Î”t/QP (ref. 16), where Î”t is the TWTT between the R0 and R2 reflectors. For Î”t = 20 s, we get an estimate of QP (inverse attenuation) of 1,002 with a standard error of Â±30 (based on least squares linear regression).


Extended Data Figure 2 Pick migration for R1 reflector and shot gathers.
a, Plan view of onshore and offshore SAHKE lines with shots 11 and 12 labelled. b, Pick migrations for R1 reflection for shot 11 based on a laterally varying velocity model, which is derived from earthquake and shot data10. We use the velocity model created by 3D tomography to carry out a migration of reflection picks10. Where the arcs converge to a constant solution gives the best structural interpretation of the reflector. We show the results for two shots (b, shot 11; c, shot 12) and the common solution. The solution (black bar) appears to be a reflector in the mantle of the Australian plate, which dips to the southeast and is located within the Taranaki Fault Zone. d, Shot gather for shot 11 with low band-pass filter of 5â€“10 Hz that brings out the low frequency, R1, southeast-dipping reflector (20 s depth at zero offset). It also shows the R0 reflector (âˆ¼9 s at zero offset) for the top of the plate that dips to the northwest. Vertical axis is travel time (s) and horizontal axis is shot offset in km. Sg is the crustal refracted S wave. e, Shot gather for shot 11 with band pass filter 16â€“30 Hz that shows up the R2 reflector with its broad frequency content, and suppresses the low frequency R1 reflection. Rsed and PmP represent reflections interpreted to come from the upper surface of the sediment channel on top of the oceanic crust, and from the Moho of the oceanic Pacific plate, respectively.


Extended Data Figure 3 Two shot gathers from each line end showing reflections R0 to R3.
a, Shot 12; b, shot 3. Both plots show data that have been band-passed between 8 and 25 Hz. The quality of the shots is highly dependent on the rock that the shot was placed in, with the drillersâ€™ logs34 showing basement rock for shots 9, 10 and 11, and the very bottom of shot hole 12.


Extended Data Figure 4 Stacking and model sensitivities.
a, Stacking chart for image shown in Fig. 3a. Colour scale shows magnitude of the fold, orange stars are shot points. Numbers on the grid are metres north and east from the New Zealand Map Grid. b, Plots of seismic velocity versus depth12 and of stacking velocity (the root-mean-squared average seismic velocity between the surface and a specific depth) versus depth used in the processing of the seismic section (Fig. 3). c, Plot of predicted plate thickness versus average vP for the oceanic mantle; four plots are shown, each one derived using a different value of average crust vP (labelled). Based on the position in travel time for the reflectors at zero offset on shot 11 (Extended Data Fig. 2c), we take the travel time in the oceanic crust to be 4 s and that in the oceanic mantle lid to be 14 s. The green dashed box represents the preferred range of solutions based on likely velocities for the oceanic crust and oceanic upper mantle19. Note that the uncertainty in the thickness of plate determination is < Â± 1 km.


Extended Data Figure 5 Stacking tests.
a, Stack as for Fig. 3a but without shot 11. This is a check to ascertain how much the high-quality, higher-frequency shot 11 dominated the stack. We still see the main features in this stack, suggesting that the other shots are making a significant contribution. Dashed line shows our interpreted position for the Moho of the oceanic Pacific plate (PmP reflection). b, A stack with no median filter applied.


Extended Data Figure 6 Wave-equation modelling for a dipping plate model.
a, A model that simulates a highly simplified (oceanic crust not included) SAHKE structure for input into wave equation modelling. A layer of low-wave-speed sediments is included at the base of the crust, so we can examine how multiples from this channel interfere with the proposed R2 and R3 reflections at the base of the plate. The simulation is based on e3d35 and is run with vS = 0, so no S-wave reflections are created. b, Synthetic shot gather for shot 11 geometry based on the model. Ra. M


Extended Data Figure 7 Pre-stack depth migration tests.
a, The two azimuths used for 3D Kirchoff-sum, pre-stack depth migration16 are in-line with the seismic line and at right angles to it (the cross-line). The velocity model used was an earlier version of that shown in Extended Data Fig. 5b with slightly lower velocities. The input shot gathers for 3D migration were the instantaneous amplitude-attribute traces, heavily smoothed by median filtering as in Fig. 3b, then bandpass filtered to produce an approximate zero-phase, low-frequency wavelet at each pre-stack reflection with strong amplitude. b, The in-line migration, showing coherency in the top 30 km with the dip of the top of the plate evident. Here constant travel-time diffraction arcs are created from each shot point. Where energy is enhanced we interpret there to be reflectors, and conversely if there is no enhancement, but just the diffraction arcs, we interpret this to be a lack of coherent structure. Coherent energy is seen at greater depths (90â€“100 km), which we ascribe to structure of the LAB. c, Here the data of each shot gather are randomized (jack-knife test16), and put through the same migration. Comparing the randomized with the correct data migration shows what are artefacts of the migration geometry, and what is signal. This confirms that images between 90 and 100 km depth seen in b are real. d, Result of migration in the cross-line direction; no coherent alignments are seen. e, Jack-knife test for the cross-line migration. Note that e looks similar to d, suggesting there is no alignment of structure in the cross-line direction, and that the reflections we are imaging are not side-swipe from out of plane structures. f, Schematic plot showing the relationship between the normalized thickness of the acoustic impedance transition zone, d/Î», and the relative (that is, normalized to the value for a vanishingly thin transition zone) reflection coefficient. Here d is the thickness of the zone, Î» is the seismic wavelength, and the reflection coefficient is normalized to that for a impedance contrast of zero thickness14. Inset, schematic of the transition zone d between two layers of different velocities, v1 and v2.


Extended Data Figure 8 Gathers for shot 11 where the offsets are plotted in-line and cross-line.
In a, the maximum offset from the shot is 70 km in a northwest to southeast azimuth (see Extended Data Fig. 7a). In b, the maximum offset of seismic receivers from shot 11, in a southwest to northeast azimuth, is 7.5 km. These are gathers of median filtered data (0.5 s by 41 traces), smoothed and passed through a 8â€“25 Hz bandpass filter, plotted in the 24â€“32 s range to bring out the R2 and R3 reflectors. Note the coherency in the in-line direction and lack of coherency in the cross-line gather. This further corroborates evidence from the pre-stack depth migration that the R2 and R3 reflections come from a surface below the northwestâ€“southeast striking SAHKE04 line and are not side-swipe from out of plane reflections.


Extended Data Figure 9 Models.
a, Model of the structure and seismic velocities just north of the SAHKE line based on receiver functions28. Note the proposed subduction channel of accreted sediments, in line with more recent work10, and the interpreted 13Â° dip, which is in the 12Â°â€“15Â° range proposed in this study. b, A simple horizontal-layered model which is used as input for the synthetic wave equation modelling using software e3d35 shown in c. This is a simplified approximation model for our observations beneath SAHKE04, although we ignore dip. c, Wave equation modelling35 based on input modelling shown in b for an input P wave and vertical geophones. No gain control is applied. Strong primary reflections and multiples from the top of the plate and oceanic Moho are shown. In reality, the surface multiples are not that strong because of scattering from topography. The R2 and R3 reflections can be seen as being weak events compared to R0. d, Wave equation modelling35 based on input modelling shown in b for a input S wave and vertical geophones. Here the S-wave reflections are more prominent and Sâ€“P converted phases of R2 and R3 are predicted at about 38 and 41 s. Note that the Sâ€“P and Sâ€“S reflections have no energy at zero incidence angle and significant energy only for offsets >30 km. As we are only stacking data with maximum offsets of 50 km, we expect that some, but limited, Sâ€“P energy is contributing to the R4 phase of Fig. 3a.
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        Editorial Summary
Images from beneath a tectonic plate
Tim Stern and co-authors use explosion-generated seismic waves to form a high-resolution image of the base of an oceanic plate that is subducting beneath North Island, New Zealand. They find an abrupt seismic wave-speed transition less than a kilometre thick at a depth of 100 km, dipping at an angle of 15Â°. The presence of a parallel, 10 km deeper, reflection event shows that the decrease in compressional wave speed is confined to a channel at the base of the plate, which the authors interpret as a sheared zone of ponded partial melts or volatiles. They conclude that this is independent evidence for a low-viscosity channel at the lithosphereâ€“asthenosphere boundary that decouples plates from mantle flow beneath, and allows plate tectonics to take place.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    The slippery base of a tectonic plate
                

                
	Catherine A. Rychert



                
    
        
            Nature
        
        News & Views
        
        
            04 Feb 2015
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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 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: ]
