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Moon Formation



Magma Ocean Hypothesis

4.52 Ga: Moon formation and magma ocean

61 My later: Formation of most of anorthosite 
crust

39 My later: End of crystallization

~4.4 Ga: Crust and mantle separation complete



Differentiation

Separation of constituents following accretion

Based on density of materials

Results in layers



Differentiation: Earth



Important Minerals

plagioclase 
feldspar

pyroxene olivine

pyroxene and olivine: rich in Mg 
and Fe

plagioclase feldspar: rich in Ca, 
Na, and Al 



anorthite

Feldspar Phase Diagram



Fractional Crystallization

green = olivine | brown = pyroxene | white = plagioclase 



Magma Ocean Concept



Apollo Landing Sites



Anorthosite



Anorthosite

Almost all plagioclase feldspar

Found in highlands

Makes up ancient crust

Oldest dated to be 4.29 Ga



Mare Basalt



Mare Basalt

High in mafic minerals

Indicative of mantle composition

Dated to be 4.3 to 3.1 Ga

Range in TiO2 and Al2O3 concentrations

Very low viscosity





Fire fountain source

Ubiquitous

Ultramafic

Color based on TiO2 
content

Evidence for varied 
mantle composition

Volcanic Deposits

Apollo 17 orange glass
Horizontal width is 0.5 mm



Rare Earth Elements (REE)

Predictable behavior in terrestrial rocks 
Usually trivalent
Mare basalts surprisingly enriched



Depleted in mare lavas

Divalent under reducing 
conditions

Substitution for Ca in 
plagioclase

Europium



Europium Anomaly



Early Crystallization

grey = plagioclase | tan = magma ocean
green = olivine and pyroxene 

Cumulate Model



Late Crystallization

grey = plagioclase | orange = TiO2-rich magma
green = olivine and pyroxene 

Cumulate Model



Summary

Post-accretion magma ocean

Ancient anorthosite crust

Evidence from basalts
Mineral distribution
TiO2 and Al2O3 concentration range
Europium depletion

Cumulate model
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Questions?

Jack Schmitt, the only 
geologist to walk on 

the Moon


