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7/25/04 CIDER/ITP Short Course

Mineral Physics

Questions…

Boundaries

• Transition zone
• Core-Mantle
• Hydrosphere-Solid Earth
• Asthenosphere
• Defined by

– Phase
– Composition
– Rheology

• Barriers?
– Mass
– Heat
– Momentum
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Transition Zone

• Velocity variations
– Phase
– Pressure
– Temperature
– Composition

• Discontinuities
– Sharpness
– Amplitude
– Fine structure
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Equilibrium Problem

• Bulk composition
• Pressure
• Temperature

• →
• Phase Equilibria
• Physical Properties
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Fundamental Thermodynamic 
Relation

G(P,T,ni) = niGi(P,T) + niRT lna i
i=1

s

∑
Gi(P,T) = Fi(V,T) + PV

F (V,T) = F0 + af 2 + bf 3 + 9nRT(T /θ)3 ln(1− e t )t 2dt
0

θ /T

∫

θ = θ0 exp
γ 0 − γ

q0
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c ijkl (V,T) = (1+ 2 f )5 / 2(c ijkl 0 + (3K0 ′ c ijkl 0 − 5c ijkl 0) f +!)

+(γδijδkl + γ ijγ kl −ηijkl )
∆UTH (V,T)

V

ηijkl ≈ γqδijδkl + ηS δikδ jl + δilδ jk − 2

3
δijδkl

 
 
 

 
 
 

Compute all equilibrium properties from
strain/temperature derivatives, e.g.

Elastic constants at elevated P/T

• Static compression
� ω~0

• Dynamic compression
� ω~MHz-GHz

• Brillouin spectroscopy
� ω∼THz, λ=500 nm, k→0

• Ultrasonic
� ω∼MHz-GHz
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Shear modulus

Mantle Species: Parameters
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Origin of Lateral 
Heterogeneity

• How does velocity 
depend on temperature 
at constant depth 
(pressure)?

• Assume fixed 
composition

• Temperature influences
– Properties of phases

– Proportions of phases

f ∆ lnVΓeff ∆P

Velocity vs. Temperature

• Start with tomographic 
model

• Convert
– Seismic wave velocity at a 

point to
– Temperature
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New phases?
• Velocity contrast associated with phase 

changes are large compared with other 
sources of lateral heterogeneity

• Heat, volume of transformation may 
influence dynamics

• Are Mg-pv forming reactions the last?

Kendall & Shearer (1994) JGR 

Post-perovskite phase

• Starting material
– MgSiO3+Pt

• Laser heated 
diamond anvil cell
– Pressure: Pt 

equation of state
– Temperature: 

spectroradiometry

• Probe
– X-ray diffraction

Murakami et al., Science, 304, 855, 2004
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Phase transition

• Pressure ~ 120 Gpa
• Depth ~ 2600 km
• Density contrast=1 %
• Unconstrained by 

experiment
– Clapeyron slope
– Effect of other elements
– Seismic wave velocities

Structure

• Cmcm structure
• Layered

– Anisotropic
– Strongly preferred glide plane (010)
– Flexible: Ca incorporation?

• Edge sharing octahedra
– Lower entropy: positive Clapeyron slope

Pbnm Cmcm
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Elasticity

• Theory
• P,S azimuthal 

anisotropy ~ 20%
• Shear-wave splitting 

~ 20%

V
el

oc
ity

 (
km

 s
-1

)
Propagation direction

Stackhouse et al., EPSL, submitted

New Physics

• High spin to low spin transition in 
(Mg,Fe)SiO3 perovskite?

Badro et al., Science, 305, 383, 2004
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3dxy

3dxz

3dyz

3dx2-y2

3d3z2-r2

m=-2

m=-1

m=0

m=+1

m=+2

Multi-electron atom
in a crystal field

Fe2+

High
Spin

Low
Spin

Spin transition in perovskite
• Energy of satellite 

changes with pressure
• Expect no change in 

absence of change in 
local electronic 
structure

• Compare energies with 
other high spin and low 
spin compounds

• Intermediate state?
– Fe3+?
– A and B site occupancy?

• Cmcm?
– Possibly at highest 

pressure
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Heat transport

• Convection
– Mass

• Conduction
– Phonons

• Radiation
– Photons

– Black body radiation
– Requires transparency, 

i.e. limited absorportion, 
scattering of light in BB 
spectrum 

New Chemistry

• Upper mantle minerals
– Fe2+

– Olivine (Mg,Fe)2SiO4

• Lower mantle minerals?
• Fe2+, Fe3+, Fe±x?
• Issues

– Crystal chemistry
– Mass balance
– Chemical potential of 

oxygen (oxygen fugacity)
– Meaning of valence at 

high pressure

Frost et al., Nature, 428, 409, 2004
Lauterbach et al., CMP, 138, 17, 2000
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How to make Fe3+?

• Three possibilities
• Preferred by authors

– 3Fe2+O=Fe3+
2O3+Fe0

– May require vacancies

• Reaction with air
– 2Fe2+O+1/2O2=Fe3+

2O3

– May not account for Fe metal

• Metallization?
– Fe2+O=Fe3+O + e-

– What would this look like to 
Mossbauer?

Mossbauer spectrum

Water in the Earth’s Interior
• How much?
• What is the capacity (solubility)?
• How is it incorporated in crystal 

structures?
• Hydrous phases vs. nominally 

anhydrous phases
• High pressure physics of hydrogen 

bond
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Hydrous phases
• Transport of water to 

deep mantle in 
subduction zones?

• 10 Å Phase
• Hydroxyl and water 

molecules
• Variable amounts of 

water

Fumagalli et al. (2002) EPSL

Nominally anhydrous phases
• Primary reservoir of 

water in mantle?
• Incorporation of H 

requires charge 
balance

• Investigate Al+H for Si 
in stishovite

• End-member (AlOOH) 
is a stable isomorph

• Enthalpy and entropy 
of solution
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Physics of hydrogen bond at 
high pressure

• Low pressure asymmetric O-H…O
• High pressure symmetric O-H-O
• Implications for

– Elasticity, transport, strength, melting
Panero & Stixrude 
(2004) EPSL

“Asthenosphere”

• Attenuation is an activated 
process

• Arrhenius relation
– Q=Q0exp[-(∆E+P∆V)/RT]

• Weertman relation
– Q=Q0exp(-βTm/T)

• Homologous temperature
– T/Tm
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