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The Earth:

Internal structure and composition

from the web e e
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Seismology:

1D structure

1-D seismic velocity
1

and density in the Earth
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Seismology:

3D structure, heterogeneity
SB10L18

vp = [(K + 4/3G/p)]"?
Ve = (GIp)'™2
Ve = (Kip)'2

Mote: the scale for Ve is the same as for Wp

SB10L18 3D mantle model, Scripps UCSD PR
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Mineralogical model of the deep Earth:

The role of mineral physics
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Accessing extreme conditions:

Experimental methods
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Linear elastic solid

Hooke’s law

Gii = Cijk €«

€ij = Sijki Ok
Ciiki Skimn = Oim Ojn

e; = 1/2(ou/ox; + ou/ox)




The symmetry of the elastic tensor

o, €; Symmetric — 6 independent components
Cij> Sj (|n matrix form) — 6x6 components

TETRAGONAL

Classes 4, 4, djm Clasues dnom, $2m,1 422, d/mmm
*—o components numerically equal, but opposite in sign

|

q I - - I q I - - .

s @ twice the numerical squal of the heavy dot component to which it is o T

joined s s s ® . o« s

Fore @ the numerical squal of the heavy dot component to which it is joined . . -

e R ey —ay) .\. . \ .
Fore X  doy—reu) 8
All the matrices are symmetrical about the leading diagonal. ®

T cmaa- 3, i

from Nye (1958) B o
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Elastic moduli of isotropic media

K (Bulk modulus) = (c,, + 2¢,,)/3
P=-3Keg,

61_

€2=€3

G (Shear modulus) = (c,, — ¢,,)/2

c,=2G ¢,

€4

€; = 1/2(ou/ox; + ou;/ox;)
ij— a

e
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Dynamic behavior of elastic media:

Equations of motion




Eulerian finite strain

Anisotropic case

E, = 1/2[8; — (OX{/0%;)(OX/%;)]

Isotropic case




Strain dependence of C;;:

Free energy

Fro = Fo + 1/2a8,EE; + 1/6a, EEE, + 1/245, EEE.E, + ...

I

Elastic constants

Cijki, T0™ (1+ 2f)7/2{Cuklo +byf+1/2bf2 + ...} - PAijkI

from Stixrude and Lithgow-Bertelloni (2005)
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Temperature dependence of C;,;:

Quasi-harmonic approximation

F(V!T) = I:O + |:TO(\/’TO) + [Fq(V’T) o Fq(V’TO)]

Fo(V,T) = pokTD In{1 — exp[-hv, (E,)/KT]}

from Stixrude and Lithgow-Bertelloni (2005)




Temperature dependence of C;

Cii = Ciii.to T PIC1AU, — CLA(CT)]

Cq = F(yij’nijkl)v Cr = F(Vij)

vi = -olnv, /OB myy = Oy, OB

from Stixrude and Lithgow-Bertelloni (2005)




Aggregate properties

Voigt: uniform e;

Reuss: uniform o;;




Aggregate properties

My = Zfi M;
1/Mg = D f IM

f: volume fraction
M: elastic modulus




Aggregate properties

1304km 1764km

100....

<Cijk|> = Igipgqukrgls C,pqrsﬂg)dg

from Wenk et al. (2005) —
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Limitations




Anharmonicity

I
Harmonic 1

Distance

(OMIAT)p = (AMIET), + (OM/EV)(OVIET),

e —
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Anelasticity

T, = 1o eXP[E*/(KT)]




Minerals of the crust

Contir/l/ental crust

Granite

F
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Elasticity of crustal minerals:

Impulsively stimulated light scattering

“probe. Albite (NaAlSi,Oy)
excltation , 0 ~ éxcitation
pulse \ ? pulse «o ¥ &

Bragg-scattered probe
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from Brown et al. (1997, 2006) |

Helmholtz Centre
PoTsDaAnmm




Elasticity of crustal minerals:

Albite (NaAISi,0,)
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Elasticity of crustal minerals:
Diopside [CaMgSiO,] at high temperature

Resonant ultrasound spectroscopy

Frequency (kHz)

from Isaak et al. (2006) ——
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Elasticity of crustal minerals:

Diopside [CaMgSiO,] at high temperature

.‘!.I-iln‘illﬁllﬂlllﬂll =

= current result

O Saxena et al. (1993)

200 400 600 800 1000 1200 1400
Temperature (K)

Y1 = VKson/Cp

from Isaak et al. (2006) R e
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The upper mantle
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Elasticity of upper mantle minerals:

Brillouin scattering

A
=
©

—
>

2yt
/)]
=
O

-

<

L)

Frequency shift (cm’ )

lq| = 2k, sin (o_/2)

from Speziale et al. (2005) pp——
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Elasticity of upper mantle minerals:
Effect of Mg-Fe substitution in olivine [(Mg,Fe),SiO,]
Brillouin scattering -0.30

-0.35
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from Speziale et al. (2005) pp——
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Elasticity of upper mantle minerals:
Effect of Ca-Mg-Fe substitution in garnet [(Mg,Fe,Ca);Al,Si;O,,]

Brillouin scattering

O Ca/Mg = constant
B Ca/Fe=1
A Fe/Mg = constant

2|v|=Feg

l | l | ]
4 6 8 10 12

Pressure (GPa)

from Speziale et al. (2005) ST
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Transition zone
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- H incorporation

from the web




Elasticity of transition zone minerals:

Ultrasonic interferometry

Pulse ‘ ‘ ‘ F‘ulse 1
H Pulse 2
PUIEE 1+.2 Pulse 1

Sample
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from Angel et al. (2009) e
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Elasticity of transition zone minerals:

SSD/CCD

CCD
Camera Transducer

Ultrasonic Control

Ultrasonic interferometry in
the Large Volume Press

from Li et al. (2004) ——
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Elasticity of transition zone minerals:
Majorite garnets [(Mg,Fe);AlLSi;O,, — (Mg,Fe),Si,O,,]

_—Brass

Ultrasonic interferometry
In the Large Volume Press
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Elasticity of transition zone mlnerals
Wadsleyite [B-(Mg,Fe),SiO,]

Ultrasonic interferometry
In the Large Volume Press
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Elasticity of transition zone minerals:
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Single-crystal elastic anisotropy by Brillouin scattering

from Marquardt et al. (2009) .
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Elasticity of transition zone minerals:
OH in wadsleyite [3-Mg,SiO,]
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Elasticity of transition zone minerals:
OH in ringwoodite [y-(Mg,Fe),SiO,]
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Lower mantle

L

PostPerovskite
+ (Mg,Fe)O

" 24GPa &

- Perovskite / Postperovskite
- Effect of Spin transition of Fe in (Mg,Fe)O

from the web

e —

Helmholtz Centre
PoTsDaAnmm




Elasticity of lower mantle minerals:
Perovskite-postperovskite [(Mg,Fe)SiO,]
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Elasticity of lower mantle minerals:

Sound velocity of perovskite (MgSiO,)

Brillouin scattering
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from Murakami et al. (2007) ST 5.
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Elasticity of lower mantle minerals:

Sound velocity of postperovskite (MgSiO,)

Brillouin scattering
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Elasticity of lower mantle minerals:

Effects of Fe spin-transition on ferropericlase [(Mg,Fe)O]

Nuclear resonant X-ray inelastic Rttt sample

scattering

Jackson and
Sturhahn (2007)
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from Sturhahn et al. (2009) ST 5.
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Elasticity of lower mantle minerals:

Low sound velocity in Fe-rich postperovskite [(Mg, sFe; 4)SiO;]

Nuclear resonant inelastic X-ray scattering
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Elasticity of lower mantle minerals:

Effects of Fe spin-transition on ferropericlase [(Mg,Fe)O]

high-spin

VELOCITY (km/s)
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Impulsively stimulated light scattering

from Crowhurst et al. (2008) .
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Elasticity of lower mantle minerals:

Effects of Fe spin-transition on ferropericlase [(Mg,Fe)O]

Nuclear resonant X-ray inelastic scattering
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Elasticity of lower mantle minerals:

Effects of Fe spin-transition on ferropericlase [(Mg,Fe)O]
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Single-crystal MgO at 81 GPa:

Shear elastic anisotropy
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Velocity anisotropy (measurements):
(Mg, oFey4)O to 81 GPa
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Elasticity of lower mantle minerals:

Effects of Fe spin-transition on ferropericlase [(Mg,Fe)O]

(Mg, oFe, 1)O to 80 GPa
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Elasticity of lower mantle minerals:

Effects of Fe spin-transition on ferropericlase [(Mg,Fe)O]

Upper mantle
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Elasticity of lower mantle minerals:

Effects of Fe spin-transition on ferropericlase [(Mg,Fe)O]
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Elasticity of lower mantle minerals:

Effects of Fe spin-transition on ferropericlase [(Mg,Fe)O]

Mineral physics models (no spin transition)
_—" (Matas et al.2007; Xu et al., 2008)

| Same model (Matas et al., 2007), but with spin transition

A thermochemical transition ??

— Seismic data (PREM, ak135)

Model composition
| 80% (Mg,Fe)SiO,

1.5 2 20% (Mg,Fe)O

de/dz (102 s

from Cammarano et al. (submitted 2009) ST 5.
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Out r core

- Sound velocity of liquid Fe at core conditions

from the web e
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Elasticity of the outer core

Shock wave velocity measurements

HUJEETIIE Hﬁ'lful:; Coben—up

& rtdAualien

Pressure

Distance or Time

PoUs = p4(Us — Up)
P = pyUsup
E, — E, = 1/2pUgup?
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Elasticity of the outer core

Computational and experimental constraints on sound velocity of liquid Fe

Speed of sound (m/s)

200 300
Pressure (GPa Pressure (GPa)

from Laio et al. (2000) from Alfe et al. (2002) g ————
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Elasticity of the outer core

New experimental results on sound velocity of liquid Fe
Shock wave velocity measurements

<—Solid iron

— Laio et al (2000)
=—= Alfé et al. (2002)

s <—1VLiquid iron

250
Pressure (GPa

from Nguyen et al. (2004) Ep——.
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Inner core

Solid Fe + alloying
elements

Uchida et al. (2001)
. Fe Shen et al. [1998]
- Sound velocity of e-Fe

- Elastic anisotropy of ¢-Fe
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Elasticity of Fe in the inner core

Momentum resolved inelastic X-ray scattering
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Elasticity of Fe in the inner core

Momentum resolved inelastic X-ray scattering
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Elasticity of Fe in the inner core

Momentum resolved inelastic X-ray scattering
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Elasticity of single-crystal hcp Co:

Structural proxy for e-Fe
Momentum resolved inelastic X-ray scattering
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Elasticity of Fe in the inner core

Impulsively stimulated light scattering
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Elasticity of Fe in the inner core

High P-T average velocity for isotropic aggregates

Nuclear resonant X-ray inelastic scattering
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from Lin et al. (2005)
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Elasticity of Fe in the inner core

Seismic anisotropy of the inner core
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Elasticity of Fe in the inner core

Radial X-ray diffraction
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Boron Gasket

03, =1,

-ray source 7/

Au flake L T

S. Merkel

d. (hkl) + dp(hkl) [1 + (1-cos?d) Q(hkI)]
Q(hkl) = F(o44 - 633, Sjj)

7 8 9 1011121314
2=Thata Angla {Dagreeas)

from Wenk et al. (2004) K —

Helmholtz Centre
PoTsDaAnmm




Elasticity of Fe in the inner core

Single-crystal anisotropy of e-Fe: a combined approach
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Elasticity of the inner core

More complex picture from seismology
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New

perspectives

(my personal view)




Experiments at simultaneous
high-pressure and high-temperature

P =49 GPa: T =2000C (Mg, Fe, ()0 at 12 GPa
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