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The heat flux problem (1)
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GGetting 31 T'W across 660

e Whole-mantle convection
e Upward advection of hot rock (plumes)
e Downward advection of cold rock (labs)

e Conduction (thermal boundary layer or TBL)

Question: Does a TBL exclude advection??




Mantle heat flux

] Core
I Radiogenic
I Primordial

Predicted 4He:
600 Mmol/yr

Observed:
100 Mmol/yr




cooling history

Abbott et al., JGR 1994




Argon

o 410K — 40Ar
e 40Ar does not escape from the atmosphere

e Only about half the predicted 4°Ar is found in

the atmosphere

e The rest must be residing somewhere




Q[TW]

The heat flux problem (2)
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Ways to limit the heat flux

e 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)

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




TBL: what does PREM tell us?

Upper mantle potential temperature
range (Jaupart et al, 2008)
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Intermezzo: from onset times
to cross-correlations




Y(t) = / s(tu(t' — t)dt’

Crosscorrelation
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Body wave cross-correlations
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The most dramatic

effects are at

later t

in the

IMes

!

waveform

Hung et al., GJI 2001
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Wave diffract
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Waves may take detours




Distance to receiver

Healing of cross-correlation delays
(Period=2 s)

6000

4000

2000

2000 4000 6000 km

Distance from source Based on numerical simulations
by Hung et al, GJI 2001.




D

A wavefront heals because energy diffracts
around the anomaly. Can we correct for it!




It is like adaptive optics

Galactiec Center 2.2 microns

13"x13" Field. 10 minutes sxposure. -

Without Adaptive Optics compensation

057" Seeing

With Adaptive Optica compensation
0.13" Full Width at Half Maximum

Copyright CFHT. 1996,




adaptive optics

—i—H—H Wavefront at top of
atmosphere
e

Wavefront reaching
ground

Glen Herriot (NRC-CNRC)

Input

Wavefront
Corrected
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Glen Herriot (NRC-CNRC)




Born theory = first order

perturbation of an early arrival
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Scattered wave perturbs crosscorrelation

Born

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

cross-correlation maximum
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T=2s
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The period T
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the width of
— the kernel
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traveltime kernel K (1077 s/km®)




Amplitude kernels

(a) ray-plane cross section
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modeling waveforms:
Single or multiple scattering!?
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(a) Diffusion simple (b) Diffusion multiple

Single=early Multiple =late

Domitille Anache, 2008




Forward scattering retains information




Multiple scattering: 11l posed
inverse problem




Resolution.. gain. (multiple frequency, delays &
amplitudes)

FINITE FREQUENCY RAY THEORY
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Finite frequency P wave images and USArray




Finite frequency P wave images and USArray
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Farallon stuck in TZ
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Slabs do not go gently into that good night
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Slabs do not go gently into that good night
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Slab tears

UPPER MANTLE
LOWER MANTLE \’

Nolet, Science 2009
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return flow across a TBL?

Tonga-Kermadec
(Deal et al., 1999)

Japan 42° N
(Deal & Nolet, 1999)
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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

e Early estimates limit plume flux to ~3 TW
* Theory predicts narrow (<100 km) plumes
e But such plumes would not show up

e Plume width must be several hundred km

45




Can we estimate plume flux from

tomography?

e The honest answer 1s: barely

 But even a simplified treatment leads to
surprising lower limits in plume flux

Pressure

i
/

Resistance
to flow R
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tace ot rotation whose meridian section 18 a parabola. In ThIS Case
we speak of a parabolic velocity profile. The total volume W issuing
per second is obtained by taking the integral [ v dS over a cross-section.
In this case we have

(" PL—DPo2_ e =”(P1_Po)“4 74
W—./G o (a® — 72) 2nrdr &l . (74)

This is Poiseuille’s Formula, which states that the quantity of fluid
issuing each second is directly proportional to the pressure difference
and to the fourth power of the radius of the tube, and inversely pro-
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The method, step 1:
isolate a depth section from the

3D model of AVp/Vp

2800

‘depth scaling change

P —— P ———

15131108 07 05030101 03 0.5 07 09 11 13 15
fractional P wave velocity perturbation (3%)




step 2: from Vpanomaly to

dVp/dT x 10

0 1 OIOO 20|00 3000
Depth (km)

A 4

Temperature anomaly




3: from Temperature anomaly to Rise velocity

NV, = —apgAT + gApre

R (%)
n=ng -




4: from rise velocity to Heat flux

Qc = cp pAT v,




Sensitivity test: how good is the estimate?

=s Reunion
1100 km




Plumes are larger than we thought

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




Canary
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31 1'W across 660 ?

Classic view New view

[ slabs
[ slabs B olumes
u
[l plumes P
B return flow plumes
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Float Positions: 02-Apr-2008




Frederik Simons (pers. comm.)




Filtered Amplitude, 1.00 Hz

Near West Coast of Colombia Mw 5.95 at 46.5°
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Filtered Amplitude, 0.0500.50 Hz

Zooming in on the onset >
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Conclusion

e Slabs stalling at 660,

* Plumes widening below 660,

* Plume flux too large in lower mantle,
e [ .ow velocities below the slabs,

e TOMOGRAPHIC EVIDENCE
POINTS TO THE 660 BEING A
THERMAL BOUNDARY LAYER

* MASS EXCHANGE: ONLY SLABS
AND PLUMES




What is the sensitivity of a first break!?
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z (km)

What is the sensitivity of a first break!?

u(t) + du(t). B
(o) : l l
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T t :
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3He/*He (R/Ra)

Helium and hotspots
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force profile

prEeEssunre
~ viscous
- | oagpAT|
- I| |
||/
0 '|
I~ C:} — 2 I!
nvev, |
i) 1 1 i | 1 i | 1 1 I I III"J 1 1 1
~10° ~5x10* 5% 10" 10° 1.5%10
210 0.0073985

force

|. . "l-.

_-U_l_ifl_gig_nsen (pers. comm. 2004)




(a)

30°N

180" 160°'W 140°Wi80°
40'N He [] H

(b) (c)

160°'W  140°W180°

(d)

160°'W  140°W180°

160°'W 140V

PRI-PO4 Zhao

Hawaii
AT (K)




600 500 400 300 200 100 0

4

R. Allen

\

Galapagos




—h
N

—_—
o
|

o
03

Probability density

0.4
0.2
0.0 -
20 21 22 23
log Moo

The earth likes n to be
high

2¢




- T T

1"
.
lﬂ | s,

- . I. r ii‘l -. k
. ._ﬂ: u’ l }T'J Ill.ﬁulh'- i

Iceland




Iceland A T: six models Depth
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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

DUVALL, BIRCH, & GIZON Astrophys.].,2006
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Whole mantle convection?

_ Kamchatka—Kuril _arc Mariang arc

1

distance at Eorth’s surfoce (km) distance ol Eorth's surfoace (km) Ve (km/sec)

s 0x [T 50x

Van der Hilst et al., Nature 1991




Or thermal coupling?

Our images are consistent with a convection model that allows
local mass transport across the boundary between upper and
lower mantle. One should be cautious of such interpretations,
however: tomographic images depict variations in seismic
velocity, and from the images alone one can not unambiguously
discriminate between actual mass transport across the upper-
lower mantle boundary or velocity perturbations in the lower
mantle resulting from thermal coupling in layered convection™,

possibly combined with a locally depressed 670 km discon-
tinuity.




The Farallon: deep slabs are real

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




But do they imply ‘whole mantle

depth (km)

depth (km)

convection’

a Izu Bonin arc ; Centrol Jopon
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