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P- & S-WAVE ANISOTROPY PYROLITE MORB SEDIMENTS
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Mantle Minerals and Hydrogen

Olivine polymorphs (Mg,Fe) ,SiO,
Forsterite (! )
Wadsleyite (")
Ringwoodite (#)

Other nominally anhydrous minerals (pyroxene, garnet)
Hydrous metamorphic minerals relevant to subducting slabs
Lawsonite
Zoisite (epidote)
Dense hydrous magnesian silicates (cold slab environments)
Phase A, B, E, superhydrous B, etc.
Lower mantle phases
(Mg,Fe)SiO, perovskite, (Mg,Fe)O, SiO, phases (stishovite, CaCl.,)



Hydrous wadsleyite (Mg, Fe) ,,SIO H,,

MgO, octahedra

Si,0O, tetrahedra

hydrogen

Hydrogen is incorporated into the crystal structure as defects



H in nominally anhydrous minerals

--Point defects with associated H*

--H* (proton) locations are not actually known
Vacant lattice sites, Vi, (M;, My), Vg
OH dipoles
Protonation of octahedral edges
Multiple sites

Disorder

Constraints obtained from:
IR spectroscopy OE O distance correlations
X-ray diffraction
Theoretical calculations

Neutron diffraction D should eventually be definitive



Olivine polymorphs (Mg,Fe) ,SiO,

(Mg.Fe),SiO, System
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Water storage capacity of olivine and wadsleyite at high
pressure and temperature
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The H,O storage capacity of olivine is much greater than previously thought. Under

conditions at ~400 km depth, olivine can store about 0.4 wt% H,O while wadsleyite can

store ~1 wt% H,0O.
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How does H ,O incorporation affect seismic velocities?

() Change of elastic moduli, density b anharmonic effect

(i) Change in elastic anisotropy

(i) Increased anelasticity (higher seismic wave attenuation)

(iv) Change in lattice preferred orientation
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Wadsleyite, Mg ,SiO,,, with 1.66 wt.% H ,O

Melocity (km/s)

Symbols: Measured
Solid Lines: Calculated
RMS deviation: 51 m/s
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Single-crystal elastic moduli of Mg,SiO, hydrous wadsleyite as a
function of water content.

400
:
E§507 —
o
e
¢$00-
;\\\\\\\\ Cas
2501 H \\M\\\\
—
0.0 0.5 1.0 1.5
110
é?oo i - C13
9] ' ’
80 -
Zol T A
.
60 ‘ | |
0.0 0.5 1.0 +

Water (wt%o)

120+ | )
110+
100 -
90 -
010 0.‘5 110 1.‘5
Water (Wt%)

hydrous wadsleyite: Mao et al, EPSL, 2008

anhydrous wadsleyite: Sawamoto et al.
1984; Zha et al, 1997



Elasticity of Isotropic solids

2 elastic moduli can fully describe an isotropic material or a randomly oriented
aggregates of anisotropic minerals

Bulk modulus (K) and Shear modulus (G)

Bounds: Voigt, Reuss

Aggregate seismic wave velocities:

Shear (*): V2 =G
* 7S

Compressional (! ):

IV2=K +%G

Bulk:

1v; =K




Aggregate bulk (Kg) and shear (G) moduli of hydrous wadsleyite compared
with static compression results and elasticity of anhydrous wadsleyite
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For wadsleyite, 1 wt% H,O corresponds to ~8% decrease in the bulk and shear modulus
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Hydrous forsterite, ! -Mg,SIO,, is much
less sensitive to H content:

~1 wt. % H,0 reduces Kg, G by ~2-3%
Jacobsen et al., 2008
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What is the Effect of Pressure on Single-Crystal Elasticity of Hydrous Wadsleyite?
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What is the Effect of Pressure on the Bulk and Shear Moduli of Hydrous Minerals?
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Application to Earth @ Mantle: |. Seismic Discontinuity at 410 km

(a) Pyrolite 1400 °C Adiabat
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Impedance contrast across the 410-km discontinuity from PP and SS Precursors
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Impedance contrast across the 410-km discontinuity from PP and SS Precursors

Chambers et al. 2005
0.053(5)
0.078(6)

P wave impedance

S wave impedance

Shearer and Flanagan, 1999
P wave impedance 0.085

S wave impedance 0.111

Pyrolite
P wave impedance 0.092

S wave impedance 0.114

Olivine depleted
P wave impedance 0.059

S wave impedance 0.071




Elastic Properties at deep mantle conditions
MotOfinite strain isotherms:
adiabatic

T compression
Vo(T) =V, (To)eprOt(T)dT

To /
T
!(T)=a+bT"TC—2 0

isobaric
heating

||IK

T

Kro(T) = KTO(TO)+?/(.)!—T?( (T $T,)

with a similar expression for K¢y(T), Go(T). (+ anelasticity) P

Third order finite strain equations:
K = (1+2f)° K, [L+ (3K, ! 5)f]

| n
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& G, '

. Iy
3K #841/'7/3 &V, by 3 A $o, S =10 = (1+21)?
P:%* ) +,f) Z@) KTO( ) e ! V ( /)

g)Vl oV 1 3% wV



Bulk sound velocities of hydrous olivine and
wadsleyite along 1400°C adiabat
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Estimates of mantle water content:
(Hirschmann et al 05)

Wadsleyite capacity 1-2 wt %

at 410 P-T

Upper mantle capacity >0.4 wt %
MORB source <0.1 wt %

OIB source <0.3 wt %
Width of 410 discontinuity 0.04-0.16 wt %

(Wood and Corgne, 07)

Transition zone conductivity 0.1-0.2 wt %
(Huang et al 05)

Partial melt?
(Bercovici and Karato 03)



Temperature, °C

Application to Earth @ Mantle: II. Transition zone velocity gradient
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Compressional and shear sound velocities and density of hydrous
olivine along 1400°C adiabat
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lll. A preliminary anelasticity model

Q$1
V(P,T,#,C,,)=V(P,T,C,,)[1$

2tan(" /2)

¥Effect of water on the attenuation factor Qg

. H, ,  Hoy
Q 1(T1P’COH)# [ 4, exp( R—;) + 4, Copy eXp( R—;V,)]

1 *
09 = ar-log ey -2 (L1,
QO COHO R T TO

¥unknown parameters in (1) and (2):

I 1 015t0 04

B
o and Cg,

Hy Hy,
H=E+PV
A, A, 1

@

(2)

Karato 2003



Wadsleyite w/ 0.8 wt % H ,O
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Summary

The elastic properties of mantle minerals have different sensitivity to H,O content
Wadsleyite, Ringwoodite -- Strong

Oliviine bWeak

Pyroxene?

Effects of H,O content
Seismic structure at 410 km: Thickness, depth and amplitude

Need ~0.6 -0.8 wt% to match amplitude, but less for thickness
Transition zone velocity gradient

Need H,O saturated transition zone

Anelasticity and depth dependence of H,O sensitivity:

0-150 km depth. Anharmonic (-) Anelastic (-) Moderate sensitivity to H,O
150-400 depth: Anharmonic (+) Anelastic (-) Low sensitivity to H,O
410-660 km depth Anharmonic (-) Anelastic (-) Strong sensitivity to H,O



