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The heat flux problem (1)
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Getting 31 TW across 660

• Whole-mantle convection

• Upward advection of hot rock (plumes)

• Downward advection of cold rock (slabs)

• Conduction (thermal boundary layer or TBL)

Question: Does a TBL exclude advection??



 

Mantle heat flux

Core

Radiogenic

Primordial

5

13

13
Predicted 4He:
600 Mmol/yr

Observed:
100 Mmol/yr



Argon

• 40K ➞ 40Ar

• 40Ar does not escape from the atmosphere

• Only about half the predicted 40Ar is found in 
the atmosphere

• The rest must be residing somewhere



        

 

 

 

 

 

 

   

  

  

  

 

    

   

 

 

 

     

   
    

   

    

   

          
         

          

          
         

          
        

         
     

         

     

           

           

   

   
             

            
        

             

          
               

      

           
   

         

          
            

           
  

      
     

 

 

 

 

     

  

         

           
        

         
          

            

        
          

           
  

          

          

            
             

         
         

       

            

           

         

           

           

        

          
           

       

      

    

  

  

  

  

  

    

        
           

          
     

cooling history

Abbott et al., JGR 1994



The heat flux problem (2)

        
         
      

        
         

          
   

       
         
         

     
      

     
  1993]  W   e  ation  
 o  n rgy fo  o linear (dislo n) c e p is

  a f cto  o  ~2 hr st ns n  1 84  hus  egard
       

      
     

     

         
       

           
        

       
         

      
        

          
       
       
        

         
         

        
          

         
  co g    i   h   

emperatur  b ck in t me  Hi h r mp r tu e,   
pon s  h gher conv ctive h  flux (  

      
       

       
    

     
          

        
          

        
      

        
        

        

        

Korenaga, Geophys. Monogr. 2006



Ways to limit the heat flux
• Plates resist convection (Conrad & Hager, 

1999, Korenaga 2006 )

• Q is not a simple function of T but depends 
also on plate configuration (Labrosse & Jaupart, 
2007)

• Upper and lower mantle convect separately 
(McKenzie & Richter, 1981) 



Ways to limit the heat flux
• Plates resist convection (Conrad & Hager, 

1999, Korenaga 2006 )

• Q is not a simple function of T but depends 
also on plate configuration (Labrosse & Jaupart, 
2007)

• Upper and lower mantle convect separately 
(McKenzie & Richter, 1981) This would imply a 
thermal boundary layer (TBL) at 660 km.



TBL: what does PREM tell us?

Deschamps & Trampert, EPSL 2004

Upper mantle potential temperature  
range (Jaupart et al, 2008)



Albarède & Van der Hilst, 2002



Intermezzo: from onset times 
to cross-correlations

60 s



Hung et al., GJI 2001

The most dramatic
effects are at

later times in the
waveform!



Wave diffraction

Ch!"aan Huy#ns (1629-1696)



Wave diffraction

Ch!"aan Huy#ns (1629-1696)



Waves may take detours



Body wave cross-correlations

Sigloch & Nolet, GJI 2006



Cross-correlation



Healing of cross-correlation delays 
(Period=2 s)
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Born theory = first order
perturbation of an early arrival



Scattered wave perturbs crosscorrelationot p g

δT = −δγ̇(0)
γ̈(0)

= −
∫∞
−∞ u̇(t′)δu(t′)dt′
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−∞ ü(t′)u(t′)dt′
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Scattered waves + delay from cross-
correlation          “banana-doughnut” 

kernels
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Scattered waves + delay from cross-
correlation          “banana-doughnut” 

kernels

cross-correlation maximum
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T=20s

T=2s

The period T
determines
the width of
the kernel



Amplitude kernels
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modeling waveforms:
Single or multiple scattering?

di p n
l pro ag tion ecti ne des ray ns

lum x f e .

(a) Diffusion simple (b) Diffusion multiple

Domitille Anache, 2008

Single=early Multiple =late



Forward scattering retains information



Multiple scattering: ill posed 
inverse problem



FINITE FREQUENCY
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Resolution gain (multiple frequency, delays & 
amplitudes)



Early surface wave images: 
Farallon stuck in the TZ

Van der Lee & Nolet, Nature 1997

dlnVs



Finite frequency P wave images and USArray
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Slabs do not go gently into that good night

Sigloch et al., Nature Geosci., 2008
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Slabs do not go gently into that good night
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 return flow across a TBL?

Tonga-Kermadec
(Deal et al., 1999)

Japan 42o N
(Deal & Nolet, 1999)
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Easter island
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Thin plumes are not resolved
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Plumes are larger than we thought

• Buoyancy flux indicates weak plume flux
• Early estimates limit plume flux to ~ 3 TW
• Theory predicts narrow (<100 km) plumes
• But such plumes would not show up
• Plume width must be several hundred km 

39



Can we estimate plume flux from 
tomography?

• The honest answer is: barely
• But even a simplified treatment leads to 

surprising lower limits in plume flux

40



The method, step 1:
isolate a depth section from the 
3D model of ΔVp/Vp



step 2:  from VP anomaly                to              Temperature anomaly



3:  from Temperature anomaly    to            Rise velocity



4: from rise velocity    to                           Heat flux



Sensitivity test: how good is the estimate?

in:

out:

Δ T vz Qc

0.10 TW

0.12 TW

Reunion
1100 km



Plumes are larger than we thought

Tahiti plume at 1600 km depth     (Nolet, EPSL 2006)

Total
flux

0.5 TW



(Some) plumes 
broaden below 
660 km depth
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ΔT (K)
at 800 km



Inferred ΔT (K) from ΔVP at 800 km depth



31 TW across 660 ?

 

Classic view
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New view

slabs
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return flow plumes

return flow slabs
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ARGO
floats





Frederik Simons (pers. comm.)
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Frederik Simons (pers. comm.)



Conclusion
• Slabs stalling at 660,
• Plumes widening below 660,
• Plume flux too large in lower mantle,
• Low velocities below the slabs,

• TOMOGRAPHIC EVIDENCE 
POINTS TO THE 660 BEING A 
THERMAL BOUNDARY LAYER
• MASS EXCHANGE: ONLY SLABS 
AND PLUMES




