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The CMB is Ancient

Art by Don Dixon
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This Talk

• Driver of ∆T: Unequal release of gravitational and radioactive heat.

• Driver of ∆µ: Originally equilibrated* at conditions very different  

from later environments.

*In some cases only partially equilibrated



Core Formation (~4.5 Ga)

? ?



The Present System



Key Uncertainties in 
Original Context

• Conditions (possibly transient) in magma ocean(s) during 
metal-silicate equilibration (P, T, O & H fugacity, etc.). This 
establishes the initial difference in bulk composition between 
the mantle and core.


• Mechanism(s) of metal delivery to the core (ballistic/injection, 
conduits/jets, diapirs, percolation). This establishes the initial 
temperatures and states of the mantle and core, and extent 
of re-equilibration during core segregation.



Some Seismologically Inferred 
Features of the CMB Region

Hernlund & McNamara (2014)



Some Interpretations of 
Features in the CMB Region

Hernlund & McNamara (2014)



Mantle
•Light 
•Sticky

Core
•Heavy 
•Slippery

• Today’s core-mantle boundary 
is sharp (~1 km or less gradient 
thickness). 

• This sharpness reflects the 
density contrast (~4.4x water-
air) and rheological contrast 
(>20 orders of magnitude 
viscosity difference). 

• Viewed in this context, re-
entrainment of the core back 
into the mantle should be 
extremely difficult.

Stability of the CMB



Three Mechanisms for Significant 
Exchange Between Core and Mantle

1. Basal Magma Ocean: Large volume liquid-liquid 
exchange for several hundred Myrs


2. “Suction” Mechanism: Dipping the core into the mantle, 
soaking in metal, then subsequent drainage


3. Core “Exsolution”: Precipitation of solids/liquids from the 
core, upward compaction onto the mantle from below

Note: The 3 mechanisms I am discussing today are not exhaustive!



Nature finds a way…



1: Basal Magma Ocean

Labrosse et al., 2007

Liquid-Liquid Exchange

Products Returned to Shallow Mantle

Note 2: Compared to subduction, fractional crystallization of a large magma  
body is a FAR more effective way to increase H concentration at the CMB.

Solid/Melt Fractionation

Note 1: Crystallization with MgSiO  -Bridgmanite on the liquidus leads to 
residual liquid depleted in SiO  and enriched in FeO

3
2



2: “Suction?”



“Suction” Explained

} “Dynamic Topography”

Mantle
Core

Mantle Downwelling

“Decompaction”

Kanda & Stevenson (2006)



“Suction” Explained

Mantle
Core

Mantle Downwelling

“Compaction”
Grain-Scale 
Equilibration



ULVZ Scenario

} “Isostatic Topography”
Mantle
Core

} “Dense Rock (ULVZ)”

Mantle Flow

“Counter-Flow”

“Compaction”

“Decompaction”

“Compaction”

Hernlund & Tackley (2007), Hernlund & Jellinek (2010)



Size of Suctioned Region

• Dynamic Topography: ~100-1000 m variations produced 
by ~10-100 MPa viscous mantle stresses


• Isostatic Topography: hc ~ 1 km for 10 km thick ULVZ 
with 10% higher density than “normal” PREM mantle. 
Similar for LLSVP scale structures.


• Sum of Topography: CMB has both contributions, and 
also smaller scale variations. It is straightforward to dip ~1 
km of mantle into the core.



Time Scale for Equilibration?

L
DTime~

2
Grain Size

Diffusivity

Note: These are NOT generous parameters

For L~1 cm and D~1e-16 m /sec

Time~10,000 years

2



Gravitational Collapse of Mush 
Enhances CMCI

Lim et al., GRL (2021)



Mush Collapse Drives Small Scale 
Convection, Increases Core-Mantle Interaction

Lim et al., GRL (2021)



3: Core Sedimentation

Core

Mantle Flow

Mantle

e.g., Buffett et al., (2000); Helffrich et al., (2018)



Sediment Compaction

Buffett et al., (2000)

Note: This model only retains enough metal to explain core-mantle angular 
momentum exchange if the grain size is ~microns or smaller!



3 Mechanisms Summary
1. BMO 2. Suction 3. Sediments

Timing of 
Interaction

Melt: First~1 Gyr

Resid. Layers: Recent

Dynamic: Recent

Isostatic: Ancient Any time

Volume of 
Mantle Involved Up to ~1/4 mantle Up to ~1% of the mantle Up to ~1% of the mantle

3-He/4-He 
Issues

U+Th Enrichment

in BMO?

Small He concentration

in core?

Small He concentration

in core?

182-W 
Issues

Original Hf/W

in BMO?

Small Volumes? Small Volumes?

Excess 
Siderophiles?

Residual Metal

After Compaction?

Residual Metal

After Compaction?

No Residual

Metal Expected

D/H Issues Liquid-Liquid

Fractionation?

Solid-Liquid

Fractionation?

Solid-Liquid

Fractionation?

Lithophile 
Fractionation?

Additional Process

Needed to Explain

Can explain low

Nd/    Nd142 144

Additional Process

Needed to Explain



Core-Mantle Major Element Exchange

Mantle

Core

O+Si+Mg+Fe+Ca+Al+Na+K

Fe+Si+O+H+S+C+…



Core-Mantle Chemical Equilibria:

The Big Players

FeO Fe O+

SiO Si 2O+2

Mantle (Rock & Magma): Core (Metal Alloy):

Secular Cooling

Secular Cooling

Magma Fractionation

Magma Fractionation

Exsolution

Exsolution

Core Segregation

Core Segregation

Inner Core Crystallization

Inner Core Crystallization



Naha (Okinawa) Great “Tug of War” Festival

https://visitokinawajapan.com/discover/events/naha-tug-of-war-festival/

Core

Mantle
Secular Cooling

Magma Fractionation

Exsolution

Core Segregation

Inner Core Crystallization



Model of Frost et al., (JGR, 2010)

FeO Fe O+





Influence of Major Element 
Reactions on CMB Structure

Knittle & Jeanloz (1991)
Asahara et alia (2007)

Buffett, Garnero, & Jeanloz (2000)
Many Core Exsolution Papers

Problem: No FeO-rich ULVZ Problem: No Core Stratified Layer



Core-BMO Reaction Model

Ozawa et al., Phys. Chem. Minerals (2009)



Assume Stratification: Fick’s Law Diffusion...

Flux Modified for Baro-Diffusion Effects...

Alfé et al., J. Chem. Phys. (2002)
Gubbins et al., Geophys. J. Int. (2004)

Braginsky, EPSL (2006)

Ozawa et al., Phys. Chem. Minerals (2009)

Core-Side Transport



Example: Initially Si-Rich Core

Time Evolution: 4.5 Billion Years



Negative Velocity Anomaly in Core Stratified Layer

Helffrich and Kaneshima (2010)



Effect on Core Seismic Velocity?

Note: Assumes linear mixing of components, but this is probably 
not safe in the Fe-Si-O system (e.g., Hirose et al., 2017)

Hernlund & Geissman (2016)
Badro & Brodholt (2017)



Explains Low Velocity Atop Core?

Hernlund & Geissman (2016)
Badro & Brodholt (2017)

Maybe



What About Deep 
Mantle Structures?

Nomura et al., 2011 Wicks et al., 2010

Fractional crystallization models predict that the residue 
becomes increasingly rich in FeO. Mineral physics 
models suggest a very good agreement between FeO-
rich (wüstite) rocks and ULVZ properties.



Influence of Major Element 
Reactions on CMB Structure

Knittle & Jeanloz (1991)
Asahara et alia (2007)

Buffett, Garnero, & Jeanloz (2000)
Many Core Exsolution Papers

Problem: No FeO-rich ULVZ Problem: No Core Stratified Layer

• Due to its ability to enrich the CMB in Fe+O and its uniquely 
opposite influence on Si and O movement between the core and 
mantle, BMO fractionation is able to explain both the presence of 
FeO-rich material (ULVZ) at the base of the mantle and an Si-
depleted/O-enriched low velocity stratified layer atop the core.

No Problem!

Note: The BMO model itself doesn’t address the issue of the over all direction of core-mantle disequilibrium in major shared elements. 
However, it suggests that the process of fractional crystallization over-prints the signature.



ULVZs Everywhere?

Hansen et alia (2023)



ULVZs Everywhere?
Where should ULVZ be?

Anything existing in the lowermost mantle should be swept 
around by mantle flow, and be concentrated where the flow 
along the CMB converges…

Hernlund and Tackley (2007)



ULVZ in Downwelling Regions?

Hansen et alia (2023)



Lateral Core-Mantle Reactions?

Lim, Taylor, Matsunaga, Matsui, Hernlund (in progress)
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