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PREM
Preliminary Reference
Earth Model

Dziewonski and Anderson [1981, PEPI]

The D” Region is likely to have a Thermal
Boundary Layer (TBL) due to flux of heat from the core:

From 2-15 TW may flux through CMB

If there are no mid-mantle TBLs, may have 1000+° C
temperature increase across TBL

May approach eutectic melting curve in hot boundary 
Layer

The D” Region is likely to have Chemical Heterogeneity
due to:

Huge density/composition contrast at CMB in a 
chemically stratified planet

Chemical flux into/out of core over Earth history
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Lay and Garnero [2004, AUG/IUGG Monograph in press]
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Lay and Garnero [2004, AGU/IUGG Monograph, in press]
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Vs models:
Scripps
Berkeley
Harvard
Caltech
Texas

Vp models:
Scripps
Harvard
Japan
MIT

Lay, Garnero, Williams [2004, PEPI]

Lay, Garnero, Williams [2004, PEPI]



Lead Review: Seismology: Processes at the Core Mantle Boundary

Thorne Lay, UC Santa Cruz (KITP CIDER 7/27/04) 5

Other important deep mantle findings/analyses:

• D” discontinuity from anomalous 
reflections

• Ultra-low velocity zones from
reflections, time and amplitude 
anomalies

• D” anisotropy from shear wave 
splitting

Lay, Garnero, Williams [2004, PEPI]
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D” discontinuities

MANTLE-CORE BOUNDARY LAYERING

200-300 km thick
0.5-3% velocity increase

Seismology:         Nataf & Houard [1993], 
Sidorin et al. [1999ab]

Mineral Physics: Murakami et al [2004], 
Shim et al [2004, in press]
Tsuchiya et al [2004, in press]; 
Iitaka et al [2004, in press]

Post-Perovskite phase change

Thorne and Garnero [JGR, 2004, in press]

MANTLE-CORE BOUNDARY LAYERING

Ultra-low velocity zones (ULVZ)

0.5-10’s km thick
10-30% velocity decrease
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Thorne and Garnero [2004, JGR, in press]
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Low Velocity Provinces
(LVP)

Shear velocity decreases of 3-12%, almost no P 
velocity decrease, sharp sided, 1000 km high?

Wen, 2004
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Garnero, McNamara, Lay [ in prep, 2004]

0.4-2.0% Anisotropy. Azimuthal anisotropy required in Pacific 
and under Caribbean. Radial anisotropy viable other places.

Deep mantle observables from regional studies Deep mantle observables from regional studies 

Lay, Garnero, Williams [PEPI, 2004, in press]

Ultra-low velocity zones
D” anisotropy
Scatterers

D” discontinuity
D” anisotropy

“Super plume”
Large low velocity zone

Weak or no
anisotropy
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Regional Case StudiesRegional Case Studies

A:    Beneath the Caribbean/Central America

B:    Beneath the central Pacific

C:    Beneath the southwest Pacific

D:    Beneath the central Atlantic

E: Beneath South Africa, S. Atlantic, S. 
Indian Ocean

A:    Beneath the Caribbean/Central America

B:    Beneath the central Pacific

C:    Beneath the southwest Pacific

D:    Beneath the central Atlantic

E: Beneath South Africa, S. Atlantic, S. 
Indian Ocean

Region A: Beneath the Caribbean and Central AmericaRegion A: Beneath the Caribbean and Central America

Strong h eterogeneity
D” discontinu ity
D” anisotropy

E
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Region A: Beneath the Caribbean and Central AmericaRegion A: Beneath the Caribbean and Central America

Regional finite frequency 
deep mantle tomography

Hung, Garnero, Chiao, Kuo, Lay [2004, in prep]

Region A: Beneath the Caribbean and Central AmericaRegion A: Beneath the Caribbean and Central America
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Regional finite frequency 
deep mantle tomography

DATA: Differential Travel Times:

327 S-SKS

297 ScS-S

98 Scd-S

98 ScS-Scd

Hung, Garnero, Chiao, Kuo, Lay [2004, in prep]

Region A: Beneath the Caribbean and Central AmericaRegion A: Beneath the Caribbean and Central America

Array Processing: Source 
Removal

Lay, Garnero, 
Russell, 2004
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Vespagrams: 2 eventsVespagrams: 2 events

Data and processingData and processing

Thomas, Garnero, Lay, 2004 JGR, in press

Thomas, Garnero, Lay [JGR, 2004, in press]

Region A: Beneath the Caribbean and Central AmericaRegion A: Beneath the Caribbean and Central America
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Waveform Stacking in Small 
Bins

Lay, Garnero, Russell, GRL 2004

Waveform Stacking in Small 
Bins

Lay, Garnero, Russell, GRL, 2004
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1 deg 1 deg

10 km

3D grid of migration 
reflectors
3D grid of migration 
reflectors

Latitude: -2 to 18 deg
Longitude: -100 to –80 deg
Depth: 2200 to 2888 km

Data and p rocess ing

Thomas, Garnero, Lay [JGR, 2004, in press]

Region A: Beneath the Caribbean and Central AmericaRegion A: Beneath the Caribbean and Central America

Migration: D” reflectance exampleMigration: D” reflectance example

Migration ResultsMigration Results

Thomas, Garnero, 
Lay [JGR, 2004]
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D” high-velocity reflector beneath the Cocos plate:

From wavefield migration

Highly variable topography

Also seen beneath Eurasia (Thomas, Kendall, Lowman, EPSL, 2004)

Thomas, Garnero, Lay [JGR, 2004, in press]

Region A: Beneath the Caribbean and Central AmericaRegion A: Beneath the Caribbean and Central America

Thomas, Garnero, Lay [JGR, 2004, in press]

Region A: Beneath the Caribbean and Central AmericaRegion A: Beneath the Caribbean and Central America
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Thomas, Garnero, Lay [JGR, 2004, in press]

Region A: Beneath the Caribbean and Central AmericaRegion A: Beneath the Caribbean and Central America

Region A: Beneath the Caribbean and Central AmericaRegion A: Beneath the Caribbean and Central America
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Rokosky, Lay, Garnero [GRL, 2004]

Region A: Beneath the Caribbean and Central AmericaRegion A: Beneath the Caribbean and Central America

Garnero and Lay [PEPI, 2003]
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Garnero,Maupin, Lay, Fouch  [2004, in prep]

Broadband data
89 high quality SV-SH pairs
Past studies indicate strong 
anisotropy (VTI)

Model SV and SH shape,    
polarity, and amplitude

Region A: Beneath the Caribbean and Central AmericaRegion A: Beneath the Caribbean and Central America

Full-waveform modeling of D” anisotropy 
beneath the Caribbean

Garnero,Maupin, Lay, Fouch  [2004, in prep]

Region A: Beneath the Caribbean and Central AmericaRegion A: Beneath the Caribbean and Central America
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Garnero,Maupin, Lay, Fouch  [2004, in prep]

Region A: Beneath the Caribbean and Central AmericaRegion A: Beneath the Caribbean and Central America

Tilting the axis of symmetry
of transverse isotropy

Garnero,Maupin, Lay, Fouch  [2004, in prep]

Region A: Beneath the Caribbean and Central AmericaRegion A: Beneath the Caribbean and Central America
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Garnero,Maupin, Lay, Fouch  [2004, in prep]

Region A: Beneath the Caribbean and Central AmericaRegion A: Beneath the Caribbean and Central America
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Regional Case StudiesRegional Case Studies

A:    Beneath the Caribbean/Central America

B:    Beneath the central Pacific

C:    Beneath the southwest Pacific

D:    Beneath the central Atlantic

E: Beneath South Africa, S. Atlantic, S. 
Indian Ocean

A:    Beneath the Caribbean/Central America

B:    Beneath the central Pacific

C:    Beneath the southwest Pacific

D:    Beneath the central Atlantic

E: Beneath South Africa, S. Atlantic, S. 
Indian Ocean

Region B: Beneath the Central PacificRegion B: Beneath the Central Pacific

Strong heterogeneity
D” discontinuity
D” anisotropy
Ultra-low velocity zone

E
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Montelli, Nolet, Dahlen,Masters, Engdahl, Hung [Science, 2004]

Region B: Beneath the Central PacificRegion B: Beneath the Central Pacific

Avants, Lay, Russell [JGR, 2004, submitted.]

Region B: Waveform Stacking
Beneath the Central Pacific
Region B: Waveform Stacking
Beneath the Central Pacific
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Regional Case StudiesRegional Case Studies

A:    Beneath the Caribbean/Central America

B:    Beneath the central Pacific

C:    Beneath the southwest Pacific

D:    Beneath the central Atlantic

E: Beneath South Africa, S. Atlantic, S.       
Indian Ocean

A:    Beneath the Caribbean/Central America

B:    Beneath the central Pacific

C:    Beneath the southwest Pacific

D:    Beneath the central Atlantic

E: Beneath South Africa, S. Atlantic, S.       
Indian Ocean

Region C: Beneath the Southwest PacificRegion C: Beneath the Southwest Pacific

Strong heterogeneity
Ultra-low velocity zone

E
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Region C: Beneath the Southwest PacificRegion C: Beneath the Southwest Pacific

(Rost, Garnero, Williams, Manga, submitted to Science, 2004)
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Regional Case StudiesRegional Case Studies

A:    Beneath the Caribbean/Central America

B:    Beneath the central Pacific

C:    Beneath the southwest Pacific

D:    Beneath the central Atlantic

E: Beneath South Africa, S. Atlantic, S. 
Indian Ocean

A:    Beneath the Caribbean/Central America

B:    Beneath the central Pacific

C:    Beneath the southwest Pacific

D:    Beneath the central Atlantic

E: Beneath South Africa, S. Atlantic, S. 
Indian Ocean

Region C: Beneath the Central AtlanticRegion C: Beneath the Central Atlantic

Weak heterogeneity
Weak or absent anisotropy

E
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Garnero, Moore, Lay, Fouch  [2004, JGR, in press]

Region D: Beneath the Central AtlanticRegion D: Beneath the Central Atlantic

Little/No Shear Wave Splitting 
Seen Under Atlantic

Garnero, Moore, Lay, Fouch  [2004, JGR, in press]
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Regional Case StudiesRegional Case Studies

A:    Beneath the Caribbean/Central America

B:    Beneath the central Pacific

C:    Beneath the southwest Pacific

D:    Beneath the central Atlantic

E: Beneath South Africa, S. Atlantic, S. 
Indian Ocean

A:    Beneath the Caribbean/Central America

B:    Beneath the central Pacific

C:    Beneath the southwest Pacific

D:    Beneath the central Atlantic

E: Beneath South Africa, S. Atlantic, S. 
Indian Ocean

Region E: Southern 
Africa/Atlantic/Indian Ocean LVP

Ni and Helmberger, 2004
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LVP has Strong Lateral Edges

Ni and Helmberger, 2004

Azimuthal Patterns Dominate

Ni and Helmberger, 2004
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Deep mantle observables from Atlantic/Africa Deep mantle observables from Atlantic/Africa 

Lay, Garnero, Williams [PEPI, 2004, in press]

“Super plume”
Large low velocity zone

Weak or no
anisotropy

Summing up….Summing up….

D” and the CMB are as s tructurally and 

dynamically complex as the Earth’s 

surface bou ndary layer.

D” and the CMB are as s tructurally and 

dynamically complex as the Earth’s 

surface bou ndary layer.



Lead Review: Seismology: Processes at the Core Mantle Boundary

Thorne Lay, UC Santa Cruz (KITP CIDER 7/27/04) 30

Some specifics:Some specifics:
Deep mantle heterogeneity is strong at 
short scales of 50-100 km

D” discontinuity has highly variable 
topography on large and small scales 

Strong evidence for D” azimuthal
anisotropy over large regions (close to VTI)
in some cases, far from it in others

Ultra-low velocity zones may be extremely 
localized, and could involve local boundary
layer instabilities
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Next Steps…Next Steps…
Better seismic wavefield characterization

- more array analysis methods
- shorter wavelengths
- frequency dependence
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Rost and Garnero [in prep]
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Evidence for a Thermal Boundary Layer
in D”

¾P and S velocity gradient decreases in the lowermost
200 km of the mantle - this was basis of defining
D” in the first place (weak constraint)

¾ Geodynamo energetics require 2-10 TW/yr heat 
flowing from core into mantle (strong constraint)

¾ Extrapolations of temperature estimates along
adiabats upward from inner core boundary and
downward from 410-km/660-km phase transitions
in (Mg,Fe)2SiO4 predict 1000-1500K superadiabatic
temperature increase across D” (moderate constraint)

Evidence for chemical heterogeneity in D”

�
Rapid P and S velocity increases at top of D” in high velocity regions

(moderate constraint)

�
Rapid P and S velocity decreases at top of D” in low velocity regions

(moderate constraint)

�
Short and large scale topography of these increases/decreases (strong

constraint)

�
Intense lateral velocity gradients into low velocity regions (strong constraint)

�
S wave velocity heterogeneity disproportionate to P (strong constraint)

�
Ultralow velocity zones at CMB - likely melt/chemical differentiation
expected (moderate constraint)

�
Seismic wave scattering at short scales (strong constraint)
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(Garnero, Science, 2004)


