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Terrestrial planets:

rocky 
(silicate + metal core)
few or no satellites
no ring systems

Gas/icy giants:

H/He rich
Icy (water rich)
Maybe a rocky core
Rings
Lots of  satellites (some 
with Earth’s-like 
structure - Ganymede)
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Structure:
Metallic core 

(liquid / solid)

Silicate mantle

Silicate crust

Chemical differences 
between these planets
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Enstatite chondrite
the one carry the same O 
isotope composition as the 
Earth

Carbonaceous chondrite
Most primitive in the solar 
system

Javoy et al. 2010 EPSL

Allègre et al.1995 EPSL
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One of  the most  important chemistry index - Mg:Si ratio

Chondritic meteorites: ~1.1

If  the Earth forms from the undifferentiated 
chondritic materials in the solar system, 
then the entire Earth should also have a 
Mg:Si =~1.1
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What do we know from rocks we see on the Earth?

Upper Mantle xenolith: 
Major minerals in the upper mantle of  the Earth

Olivine orthopyroxene clinopyroxene        Garnet

Mg2SiO4 MgSiO3 MgCaSi2O6 Mg3Al2Si3O12

2 1 0.5 1

Kilbourne Hole, NM (wikipedia)

Mg:Si ratio 7



Two compositional models for the bulk silicate Earth:

Pyrolite Piclogitic/Chondritic/Perovskitic

Mg:Si ratio ~1.3  Si poor          ~1.1 Si rich

Mineralogy Upper mantle    Olivine rich pyroxene/garnet  rich

Lower mantle    Ferropericlase rich Mg-perovskite (bridgmanite) rich

Where does the extra Si go? J We don’t need to put 
too much Si in the 
core… J

Chondritic 
meteorites: 

~1.1 –Si-rich core….

MgCaSi2O6 Mg3Al2Si3O12Mg2SiO4

MgO MgSiO3
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Layered structure revealed by seismic wave speeds traveling at different depth

10



http://scienceblogs.com/startswithabang/2011/09/28/why-does-the-earth-have-a-liqu/

Velocity = Distance/Time Get the best-fit Vp and Vs for each grid.

Assuming the Earth is homogeneous laterally at the same depth- Apply averaging: Vp or Vs as a function of  depth
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Seismology – how earthquake energy propagate through the earth
– Velocity of the Earth’s interior at different locations!

https://www.iris.edu
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Why P and S wave speeds show discontinuities?

• Abrupt change of  
chemistry (Moho; 
CMB)

• Structural phase 
transition of  
minerals (410 and 
660 discontinuity)

• Abrupt change of  
temperature  (CMB)

Abrupt change of  crustal rocks into garnet lherzolite
Structural transformation of  olivine(α-phase) to wadsleyite(β-phase)
Structural transformation of  wadsleyite(β-phase) to ringwoodite (γ-phase)
Structural transformation of  ringwoodite(γ-phase) and majoritic garnet into 
Bridgmanite(Mg,Fe-perovskite), Ca-perovskite and ferro-periclase.
Abrupt change of  bulk chemistry is possible, although still under debate.

Structural transformation from perovsite-structure minerals to post-
perovskite structure phases

Abrupt change of  silicate rocks to liquid Fe-Ni+light elements alloy
Abrupt change of  temperature is likely.

Structural transformation of  liquid Fe-Ni alloy +light elements to solid
Change of  light element composition is likely

D’’ layer (~300km thick above CMB) 

Sometimes: 520 discontinuity

5154km:

Abrupt change of  crustal rocks into garnet lherzolite
Structural transformation of  olivine(α-phase) to wadsleyite(β-phase)
Structural transformation of  wadsleyite(β-phase) to ringwoodite (γ-phase)
Structural transformation of  ringwoodite(γ-phase) and majoritic garnet into 
Bridgmanite(Mg,Fe-perovskite), Ca-perovskite and ferro-periclase.
Abrupt change of  bulk chemistry is possible, although still under debate.

Structural transformation from perovsite-structure minerals to post-
perovskite structure phases

Abrupt change of  silicate rocks to liquid Fe-Ni+light elements alloy
Abrupt change of  temperature is likely.

Structural transformation of  liquid Fe-Ni alloy +light elements to solid
Change of  light element composition is likely

D’’ layer (~300km thick above CMB) 

Sometimes: 520 discontinuity

5154km:
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Ballmer et al. (2015)

Earth: active Plate tectonics

https://athenaeyster.wordpress.com/earthdynamics/

Mars: Stagnant lid

Mixing of surficial materials in the mantle

Heterogeneously mixed layered Earth! 14
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https://www.scienceabc.c
om/pure-sciences/what-
would-happen-if-the-core-
of-earth-cooled-down.html

• World Record: < 8 miles

• 12.226 km Kola superdeep 
borehole in Russia!

• Record broken by Z44-
Cavyo well (12.376 km) for 
oil extraction – 2012 Exxon

• Drilling into the Earth is 10000 times 
more difficult than going to the space

• Too hot, Too dense, Pressure too high

fusilli

How do we know what materials made the deep Earth?



360 GPa

At the center of  the 
Earth: 360 GPa!

10,000 lb

1x1 inch2

Only 7*106 Pa!
Or 0.007 GPa!

NASA.gov
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Force
Area
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Infrared heater 
– long 
wavelength 
light 
absorption

Resistive heater – heating 
metal wires

Amazon.com

Amazon.com
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Demonstration of Laser heating

Laser heat Ice at 3.5 GPa in Diamond Anvil Cell
(different CO2 infrared laser power)

4% 6.5
%

7%

10%5%

(Zhang et al. 2015)
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Dubrovinsky et al. (2012) Nat Com ???630GPa
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Dynamic compression  - gas gun experiment! https://www.youtube.com/watch?v=wjBLFzPb9BQ

Dynamic compression  - others: Z-machine (high magnetic field); Omega (laser shock)
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Kilbourne Hole, New Mexico
Photo by Rob Lavinsky

Chemical equilibrium

Phase transformation

Seismic(acoustic) Velocities 
- elasticity

Viscosity Density
super conductivity

superionic
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Recognized the possibility of  such 
scattering as early as 1918 – but he 
published his idea only in 1926. 

Leonid Isaakovich Mandelstam 
1879-1944

Incoming light 
frequency (energy) fin

Scattered light frequency 
(energy) fout

fin ≠ fout
The frequency difference is 

linked to the velocities!

Discovered and published it in 1922. 

Léon Nicolas Brillouin
1889-1969

24



-a  -b     0     a    b
Frequency (GHz)

LASER
l = 514.5nm/532nm

Fabry-Perot
Interferometer

elasticseveral
frequencies

elasticBrillouin
shifted, 
VP and VS

DAC

CO2 laser

532 laser

50 degree 
symmetric 
scattering 
geometry

CO2 beam 
perpendicular to 
the DAC sample
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-a  -b     0     a    b
Frequency (GHz)

LASER
l = 514.5nm/532nm

Fabry-Perot
Interferometer

elasticseveral
frequencies

elasticBrillouin
shifted, 
VP and VS

DA
C

Acoustic velocities

Compare laboratorily measured Vp Vs 
of candidate mantle minerals with 
seismically observed Vp Vs – get 
mineralogical composition of Earth!
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Two compositional models for the bulk silicate Earth:

Pyrolite Piclogitic/Chondritic/Perovskitic

Mg:Si ratio ~1.3  Si poor          ~1.1 Si rich

Mineralogy Upper mantle    Olivine rich pyroxene/garnet  rich

Lower mantle    Ferropericlase rich Mg-perovskite (bridgmanite) rich

MgCaSi2O6 Mg3Al2Si3O12Mg2SiO4

MgO MgSiO3

Let’s measure the Vp Vs of all these minerals!!! Figure out what model we should use!
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Lower mantle minerals: (simplified end member composition)
Bridgmanite (MgSiO3)+ferropericlase (MgO)+Ca-pv(CaSiO3)

Fe-bearing Brg Vs

Brg Vs

Fp Vs
Measure the velocities of  relevant 
phases at the lower mantle 
conditions!

Murakami et al. (2012) Nature

Mashino et al. (2020) PNAS
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Conduct modeling to see with what kind of  relative phase proportion we can 
reproduce the seismic velocities of  lower mantle:

Ignoring the 5% Ca-pv, treat lower 
mantle as the binary mixing 
between bridgmanite (MgSiO3)+ 
and ferropericlase (MgO)

Lower mantle is almost pure bridgmanite!
Mg:Si ~1.11-1.14 – close to chondrite and 
far away from pyrolite (~1.3)!

If  pyrolite: 80% Bg + 15% Fp +5% Ca-pv

92%Bg+8%Fp….

Some arguments….
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Si poor Pyrolite: Mg:Si~1.3

Si poor Pyrolite 

+
Si

Si rich chondritic
Composition

No need to put a
lot of  Si in the core

Debatable lower mantle composition
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Minerals in Pyrolite as a 
function of  depth

(Mg,Fe)2SiO4 55%-60%

Get’s get back to the 
shallower part! (pyrolitic)

Wadsleyite

Ringwoodite

Olivine

Bridgmanite + Ferropericlase

410 km – 13.8 GPa

520 km – 17 GPa

660 km – 25 GPa
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Clapeyron slope & Clausius–Clapeyron relation

http://www.cefns.nau.edu/geology/naml/Meteorite/Book-
GlossaryH.html

The slope of the 2-phase coexisting curve 
is given by the Clausius–Clapeyron
relation:

Latent heat

Volume

Entropy

L>0 absorb energy

L<0 release energy

Different scenario: 

dP/dT >0 and dP/dT <0

Clapeyron
slope

∆S>0: system more disordered

∆S<0: system less disorderede.g. ice → water

SiO2
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Phase transitions in (Mg,Fe)2SiO4 & 410 / 520 / 660 topography

Hot

Cold

410 520 660

450 580 645

390 490 680

Ambient

TZ thickness: 195 km

TZ thickness: 250 km

TZ thickness: 290 km

Temperature indicator of the Earth’s interior!
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Winter (2010)

Based on AK135 1D model

36km: Moho (Mohorovicic discontinuity)
410km: 410 discontinuity

Some times: 520 discontinuity
660 km: 660 discontinuity

2891km: CMB (Core-Mantle-Boundary)

5154km: OIB
(Outer core-Inner core-Boundary)

Earth radius: 6371km

D’’ layer (~300km thick above CMB) 

LVZUppe mantle:  olivine +   pyroxenes +     garnet
Transition zone:  olivine high-pressure polymorphs 

(β + γ-phase) + majoritic garnet
Lower mantle:  

Bridgmanite
(Mg,Fe-perovskite)

Ca-perovskite 
Ferro-periclase

Fe-Ni + light elements Liquid 

Fe-Ni + light elements Solid

Bottom of  Lower mantle (D’’): post-perovskite phases
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1. Volatile storage and transport

“water” rich mantle transition zone
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2. Some interesting phase transitions

Ferroelastic Stishovite to post-stishovite transition: SiO2

Andrault et al. 1998 Science; Carpenter et al. 2000 JGR;  
Lakshtanov et al. 2007 PNAS; Zhang et al. 2021 PRL; 
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Spin transition of  Fe (electronic structure change at atomic level)

As P increase, the crystal 
field splitting energy is 
higher than the electron 
pairing energy. Fe change 
from high spin to low spin.

1. Reduction of  unit cell 
volume

2. Slightly larger 
softening of  Vp or K; 
change of  Vs or G is 
barely observed (still 
under debate)

3. Possible affect on 
melting T, viscosity

30-90 GPa, gradual
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MgSiO3: Pv(Bridgmanite) PPv

A site: Si B site: Mg

Lin et al. 2012

Whether spin transition would 
happen depend on the site and 
valance state of  Fe

Detection of  the spin transition:

XES, XANES, XAFS
Mossbauer
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3. Chemical reaction between mantle and core

Where does Fe go?

FIB SEM TEM (Ozawa et al. 2008 GRL)

CMB Fp:
Mg# > 95-97%!!!

Most of  the Fe in 
(Mg,Fe)O is sucked 
into the liquid Core!!!

Lower mantle Fp:
Mg0.8Fe0.2O
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How do we know we have a liquid and solid core made of  primarily Fe-Ni?

1. Propagation of  seismic waves

2. Geomagnetic field

3. Fe meteorites

Birch 1952

4. Birch’s law:
Approximate linear 
relationship between density 
and P-wave velocity
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Density and velocity deficit tells us that there are light elements in the core!

Important for the 
formation of  the inner 
core and driving the 
geodynamo
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Formation of  the inner core Light element concentration gradient

Buffet 2013 Physics Today
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Q. Williams (2018)
Annu. Rev. Earth Planet. Sci. 2018. 46:47–66

High heat flow – younger core

What controls the Core Heat Flow?
total amount of  heat conducted along an adiabat in a 
sphere:

- Thermal conductivity k!

Inner core Age 

New data 90-150 W/m/K
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