
Distributions of ultra-low velocity zones (ULVZs) 

•  Slow 
~10 to 30% drop in VS 

~5 to 20% drop in VP 

McNamara et al. EPSL 2010 

•  Variable 
VP/VS range ~1 to 5 
Not well-constrained 

•  Density 
Constrained? 



Major minerals in Earth’s mantle 

0.05≤ x ≤ 0.35 Fe2+,3+ 

spin state 

(Mg1-xFex)(Si,Al)O3 

Stixrude & Lithgow-Bertelloni (2005) 



Partially Molten ULVZ 
•  Increased melt fraction  

à lower velocities 
•  How to make dense enough melts?  

–  Shock melting on Mg-Fe silicates 
indicate melts are not dense enough to 
stick around (Thomas et al. 2012) 

•  How to maintain enough melt 10s of 
km high? 

Solid ULVZ 

Wimert and Hier-Majumder, 2012 
CMB-1500 K CMB
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Explanations of low velocities in ULVZs 

•  Increased iron content  
à lower velocities 

•  Relationship between sound velocity 
and density? 
–  Iron-rich post-perovskite (Mao et al., 

2004) 
•  How to decrease velocities without 

making it too dense? 
–  Iron-rich (Mg,Fe)O (this study) 



Formation mechanisms suggested for ULVZs 

Dobson and Brodholt (2005) 

Dense, subducted material 

Manga and Jeanloz (1996) 
Otsuka & Karato (2012) 

Interaction with the core 

LETTERS

A crystallizing dense magma ocean at the base of the
Earth’s mantle
S. Labrosse1, J. W. Hernlund2{ & N. Coltice1,3

The distribution of geochemical species in the Earth’s interior is
largely controlled by fractional melting and crystallization pro-
cesses that are intimately linked to the thermal state and evolution
of the mantle. The existence of patches of dense partial melt at the
base of the Earth’s mantle1, together with estimates of melting
temperatures for deep mantle phases2 and the amount of cooling
of the underlying core required to maintain a geodynamo
throughout much of the Earth’s history3, suggest that more exten-
sive deep melting occurred in the past. Here we show that a stable
layer of dense melt formed at the base of the mantle early in the
Earth’s history would have undergone slow fractional crystalliza-
tion, and would be an ideal candidate for an unsampled geochem-
ical reservoir hosting a variety of incompatible species (most
notably the missing budget of heat-producing elements) for an
initial basal magma ocean thickness of about 1,000 km.
Differences in 142Nd/144Nd ratios between chondrites and terrest-
rial rocks4 can be explained by fractional crystallization with a
decay timescale of the order of 1 Gyr. These combined constraints
yield thermal evolution models in which radiogenic heat produc-
tion and latent heat exchange prevent early cooling of the core and
possibly delay the onset of the geodynamo to 3.4–4 Gyr ago5.

The survival of a layer of melt formed at the base of the Earth’s
mantle early in its history (Fig. 1a) will have depended on whether it
was both gravitationally and chemically stable. Gravitational stability

is satisfied if the melt formed in Earth’s deep mantle is more dense
than mantle solids on account of a modest enrichment in iron relative
to magnesium and a small6 or negative7 molar volume change for
silicate melting at high pressures. The low viscosity of such a melt
layer ensures vigorous convection and mixing that maintains nearly
isentropic conditions (Supplementary Information) and provides a
large effective volume for chemical interaction with the core. Thus
the chemical stability of a basal melt layer largely hinges on the
capacity of the core to come to equilibrium without entirely con-
suming the layer or removing those chemical components that allow
the layer to remain gravitationally stable.

Assuming stability of such a primordial basal melt layer, a simple
model for its evolution coupled to the core and the overlying solid
mantle can be constructed by assuming an isentropic temperature in
the melt layer, an isentropic core3, and a thermal boundary layer at
the base of the solid mantle in which the temperature varies linearly
with depth (Fig. 2a):
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with a the upper radius of the melt layer, TL its liquidus temperature,
TM the temperature above the solid mantle boundary layer, d the
thickness of the boundary layer (assumed constant; Supplementary
Information), Mm and MC the respective masses of the melt layer and
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a b c d

Figure 1 | Schematic illustration of the formation and evolution of a dense
basal magma ocean. a, Iron-rich liquid descends as a rain of droplets in the
shallower magma ocean, accumulates on top of the solid mantle and
undergoes diapiric instability and rapid transport to the core. b, The molten
layers formed at the top and bottom of the mantle crystallize, and deposit
material onto a solid mantle layer that grows upward at the top and
downward at the bottom at two vastly different rates. c, After the surface
magma ocean has fully crystallized, the slowly cooling basal melt layer
fractionally crystallizes increasingly Fe-enriched solids that are deposited
upwards onto the bottom of the solid mantle. d, After a substantial part of

the basal magma ocean has frozen, the solid that forms may itself contain
enough dense components to become stable against complete entrainment
in the solid mantle, hence forming piles under upwelling currents. The
remaining thin mushy layer of melt is thicker where mantle flow converges
along the core–mantle boundary, leading to seismically detectable ultralow-
velocity zones. Solid-state convection in the mantle (white arrows in
b, c, d) controls the rate of crystallization of the bottom magma ocean and
the possible entrainment of FeO-enriched dense material accumulating at
the base of the solid mantle (dark grey in c and d).
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Residues of a crystallizing magma ocean  

FeO-rich 



- VP:VS variable 
- Detects presence, absence 
- Constrains height, shape 

- Δρ/ρ up to about 10% to  
 produce low VS and VP 

- Density affects height, shape 

- Sound velocity determinations of 
iron-rich (Mg,Fe)O 
Nuclear resonant inelastic x-ray 
scattering experiments 
 

- Phase, density and compressibility 
of iron-rich (Mg,Fe)O  
High-PT x-ray diffraction 
experiments 
 

Approach to investigate ULVZs 

Seismic observations 

Geodynamic modeling 
Mineral physics 



Partial phonon density of states of (Mg0.16Fe0.84)O, “iron-rich” 

3
VD
3 =

1
VP
3 +

2
VS
3

KS

ρ
=VP

2 −
4
3
VS
2

D(E→ 0) = m
2π 23ρ

E 2

vD
3

300 K 

Software: 
www.nrixs.com, Sturhahn, 
Hyp. Int. 2000 

Wicks,	
  Jackson,	
  Sturhahn.	
  (GRL	
  2010)	
  



Iron-rich (Mg,Fe)O: Very low sound velocities 
at pressures approaching Earth’s CMB 

VP (PREM) 

VS (PREM) 

VP : (Mg0.16Fe0.84)O 

VS : (Mg0.16Fe0.84)O 

Revised from Wicks et al. GRL 2010  



Density of iron-rich (Mg,Fe)O-bearing chemical layer:  
Constrains buoyancy and shape of structures near Earth’s core-mantle 

boundary 

Bower, Wicks, Gurnis, and Jackson. EPSL 2011 

A few percent 
of iron-rich 
(Mg,Fe)O 

About 10% of  
iron-rich 
(Mg,Fe)O 
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Wave velocities and relief (shape) of iron-rich (Mg,Fe)O-
bearing layer near Earth’s core-mantle boundary 



densely packed 
iron-rich  

metallic alloy 

Accessing terrestrial planetary cores  

Image credit: Discovery Channel 
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Determination of the Debye sound velocity of hcp-iron 
from the measured phonon density of states 
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Debye sound velocities of hcp-iron and iron-alloys from 
nuclear resonant inelastic x-ray scattering measurements 

Murphy, Jackson, Sturhahn. JGR, 2013 
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Compressional wave velocities of hcp-iron and iron-
alloys from inelastic x-ray scattering measurements 

Murphy, Jackson, Sturhahn. JGR, 2013 
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Shear wave velocities of hcp-iron and iron-alloys from 
inelastic x-ray scattering measurements 
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Thermal pressure from the measured volume 
dependence of hcp-iron’s vibrational free energy 

Murphy et al. PEPI (2011) 

Pvib(V,T ) = −(∂Fvib /∂V )T

Pth = Pvib
h +Pvib

anh +Pel
Dewaele et al. PRL (2006) 

ρICB
hcp−Fe =13.50± 0.03 g / cm3

⇒ 5.5± 0.2%
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Combining density functional theory with measured data: 

Candidate core alloys 
²  Thermal equations of state 
Independent of theory: 
²  VP and VS 
²  Iron isotope β-factors 

Collaboration with R. Caracas (ENS Lyon) 

(Zhang, Jackson, Caracas, et al. 2013) 

(Mg0.98Fe0.02)(Mg0.76Fe0.24)Si2O6 
enstatite 
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Conclusions 
² Enstatite, an upper mantle mineral, 

exhibits shear softening near a 
pressure-induced phase transition 

² Sound velocities and density of iron-
rich (Mg,Fe)O provides a plausible 
explanation of heterogeneous 
patches at Earth’s core-mantle 
boundary 
²  Distinct, matches seismic 

observations 
²  Could be a residue of a deep 

magma ocean 

² Sound velocities of thermoelasticity 
of iron-alloys, together with seismic 
observations, will help constrain the 
composition of Earth’s core 
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