Distributions of ultra-low velocity zones (ULVZs)
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Mineral Fraction

Major minerals in Earth’'s mantle
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Explanations of low velocities in ULVZs

Partially Molten ULVZ Solid ULVZ

* Increased melt fraction * Increased iron content
> lower velocities - lower velocities

 How to make dense enough melts? : : :
_ Shock melting on Mg-Fe silicates « Relationship between sound velocity

indicate melts are not dense enough to and density?

stick around (Thomas et al. 2012) | oh t cite (M  al
« How to maintain enough melt 10s of — Iron-rich post-perovskite (Mao et al.,

km high? 2004)
« How to decrease velocities without

making it too dense?
— lron-rich (Mg,Fe)O (this study)
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Formation mechanisms suggested for ULVZs

Dense, subducted material Interaction with th

e core

lower mantle: (Mg, FC)SIO3 + (Mg, Fe)O
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metal-rich chemical boundary
layer (0-300 km thick)

MgSiO;— * /‘

outer core: liquid Fe-alloy

L—— Fe-alloy layer (0-40km thick)

Dobson and Brodholt (2005) Manga and Jeanloz (1996)

Otsuka & Karato (2012)

Residues of a crystallizing magma ocean

Labrosse et al. (2007)




Approach to investigate ULVZs

Seismic observations

-Vp:Vg variable
- Detects presence, absence
- Constrains height, shape

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

- Ap/p up to about 10% to
produce low Vg and Vp
- Density affects height, shape
- Phase, density and compressibility
of iron-rich (Mg,Fe)O
High-PT x-ray diffraction
experiments



Partial phonon density of states of (Mg, 1sF€.54)O, “iron-rich”
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Iron-rich (Mg,Fe)O: Very low sound velocities
at pressures approaching Earth’'s CMB
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Density of iron-rich (Mg,Fe)O-bearing chemical layer:
Constrains buoyancy and shape of structures near Earth’s core-mantle
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Wave velocities and relief (shape) of iron-rich (Mg,Fe)O-
bearing layer near Earth’s core-mantle boundary
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densely packed
iIron-rich
metallic alloy
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Determination of the Debye sound velocity of hcp-iron

from the measured phonon density of states
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Sound Velocities (km/s)
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Sound velocities 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
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Compressional wave velocities of hcp-iron and iron-
alloys from inelastic x-ray scattering measurements
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Compressional wave velocities of hcp-iron and iron-
alloys from inelastic x-ray scattering measurements
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Shear wave velocities of hcp-iron and iron-alloys from
Inelastic x-ray scattering measurements
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Thermal expansion of hcp-iron from the measured
volume-dependence of vibrational entropy
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Thermal pressure from the measured volume
dependence of hep-iron’s vibrational free energy
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Isotope fractionation factors of hcp-iron from the
measured force constants

600_I Ihl/ll I Itlll (Iz(l)oll)l II;I 1 I]S(I)SI 1 I LI I rrri I I_
[« Mao et al. , phonon i
 x Mao et al. (2001), moments :$: 7] k2 3
5000 phonon DOS 4 9 D= f (E-E,) S(E)dE
O moments :§>- ] 2 E2 R
N o i R
E 400F o 1 -
Z [ s .
& 3001 ¢ -
- . T (K)
_ - 2000 1414 1155 1000 894 815
200_— — N N N I O O O I
C ] 3| — 30GPa -
N 300K - | — 36 GPa -
loo_ll|||||||||||||||||||||||||||||||_ _—53GPa _]
25 50 75 100 125 150 175 e L 69 GPa
Pressure (GPa) L e
=21~ — 106 GPa
o I — 121 GPa
E [ — 133GPa
= [ — 151GPa =
S 171 GPa =
2 = I 7
Amh " d(V,T) i i
In BV, T)=-2"2 2 : :
mmS(kT) L T T T O A A
B 0.25 0.5 075 1 1.25 1.5
10°/T” (K™

Murphy, Jackson, Sturhahn. JGR, 2013



Combining density functional theory with measured data:

vibrational density of states

o NRIXS: 171 GPa, 300 K hcp-Fe
— DFT: 160 GPa, 0 K

energy (meV)
Collaboration with R. Caracas (ENS Lyon)

Candidate core alloys

< Thermal equations of state
Independent of theory:

< Vpand Vg

< Iron isotope p-factors

400

W
(o
o

300

250

—
(o)
o

Partial phonon density of states (1/eV)

(o
o

(Mgg.0sF€0.02)(Mgg 76F € 24)Si,0¢

enstatite

DFT 50% M1, |
50% M2 (0K)

DFT M1 only (OK)

DFT M2 only (OK)

Experiment
(Jackson et al., 2009)

20 30 40 50 60 70 80 90

Energy (meV)

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



Conclusions

<> Enstatite, an upper mantle mineral,
exhibits shear softening near a
pressure-induced phase transition

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

<> Distinct, matches seismic
observations

<> Could be a residue of a deep
magma ocean

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