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The heat flux problem �1�

44 TW



44 TW~8 TW  from continents
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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
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Radiogenic

Primordial

5

13

13
Predicted 44He:
600 Mmol/yr

Observed:
100 Mmol/yr



cooling history

Abbott et al., JGR 1994



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 somewher�



The heat flux problem �2�

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� 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



Cross�correlation



Cross-correlation



Body wave cross-correlations

Sigloch & Nolet, GJI 2006



Hung et al., GJI 2001

The most dramatic
effects are at

later times in the
waveform!



Wave di�raction

Ch��aan Huy�ns (1629-1696)



Wave di�raction

Ch��aan Huy�ns (1629-1696)



Wavefront 
healing: 

time delays 
are slowly 
annealed
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Waves may take detours



Healing of cross-correlation delays 
(Period=2 s)
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by Hung et al.,  GJI 2001.
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A wavefront heals because energy diffracts
around the anomaly. Can we correct for it?



It is like adaptive optics



adaptive optics

Glen Herriot (NRC-CNRC)

Glen Herriot (NRC-CNRC)



Born theory = first order
perturbation of an early arrival



Scattered wave perturbs crosscorrelation

δT = −δγ̇(0)
γ̈(0)

= −
∫∞
−∞ u̇(t′)δu(t′)dt′∫∞
−∞ ü(t′)u(t′)dt′

.
δu(t′)

Born



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

kernels
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T=20s

T=2s

The period T
determines
the width of
the kernel



Amplitude kernels

31



modeling waveforms:
Single or multiple scattering?

(a) Diffusion simple (b) Diffusion multiple

Domitille Anache, 2008

Single=early Multiple =late



Forward scattering retains information



Multiple scattering: ill posed 
inverse problem

34



FINITE FREQUENCY
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RAY THEORY

Yue Tian,   AGU 2007

Resolutio� gai� �multiple frequency, delays & 
amplitudes�



Finite frequency P wave images and USArray
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Finite frequency P wave images and USArray

42ºN

S2
F2

F1S1

C

B
49ºN

42ºN

A

C
D

PA

F

glochhhhhhhhh et allllllllll.,,,,,,,,,,,,, NNNNNNNNNNNNNNNNNNattttttttttttttturrrrrrrrrrrrrrrreeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee GGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGeeeeeeeeeeeeeeeooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooossssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssscccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii..............,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 222222222222222222222222222222222222222222222222222222222222222222222222220



Farallon stuck in TZ
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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

Sigloch et al., Nature Geosci., 2008
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Slab tears
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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 

45



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

46



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

� 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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�T �K�
at 800 km



Inferred �T �K� from �VP at 800 km depth



31 TW across 660 ?

Classic view

slabs

plumes

unknown

New view
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ARGO
floats





Frederik Simons �pers. comm.�



Frederik Simons �pers. comm.�



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



noise level
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Stark & Nikolayev, JGR 1993

What is the sensitivity of a first break?
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Stark & Nikolayev, JGR 1993

What is the sensitivity of a first break?
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Uli Hansen (pers. comm. 2004)
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The earth likes � to be 

high
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Iceland   � T:  six models
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Born theory:     an experimental 
confirmation



Born theory:     an experimental 
confirmation



Born theory:     an experimental 
confirmation



Born theory:     an experimental 
confirmation



Travel time
observations



An experimental confirmation

Astrophys. J., 2006

Observed Predicted



Whole mantle convection?

Van der Hilst et al., Nature 1991



Or thermal coupling?



The Farallon: deep slabs are real

Van der Hilst et al., Nature 1997
Grand, JGR 1994



Van der Hilst et al., 1991

But do they imply ‘whole mantle’ 
convection?




