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Outline

1) Factors Leading to Lunar Magma Ocean Model for 
Planetary Differentiation

2) Rationale for Magma Oceans on Other Planets
Means for early efficient differentiation
(Works on Moon why not here?)

3) Some Inconsistencies between the Lunar Magma 
Ocean Model and Observations



Factors Leading to Lunar Magma Ocean Model

1) Role of Plagioclase
Large amounts of plagioclase-rich crust
Eu anomalies in basalt source regions

2) Role of KREEP
Mechanism to produce large volume evolved component

3) Role of Experimental Petrology
Permits predictions (E.g., ilmenite in high Ti sources
Low pressure, volatile depleted, limited fO2

4) Ability to account for observed compositional variations
by mixing experimentally produced sources with observed
(KREEPy) materials



MAGMA OCEAN MODEL
Early, Rapid, & Extensive Differentiation on a Planetary Scale
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Magma Oceans on Other Planets

Little strong evidence that requires differentiation by  
magma ocean solidification
No Plagioclase-rich crust, KREEP, or high Ti sources

Instead differentiation by magma ocean solidification 
simplifies differentiation models
Examples:

(1) Core formation on large bodies
(2) Satisfies criteria for rapid and extensive 

differentiation



Examples From My Research on Martian Meteorites

-20

0

20

40

60

-0.5 0 0.5 1 1.5

0.250

0.300

4.
3 

Ga

4.
0 

Ga
4.

2 
Ga

4.
4 

Ga

4.
5 
Ga

QUE

EET B
ALH

Zagami
Shergotty

Present-day εNd
142

4.5
58

 Ga
In

it
ia
l 
ε N

d14
3
at

 1
75

 M
a

DaG

0.150

NC

EET A

0.1967 

4.
52

4 
   

Ga

+2
2

-1
7

Model Isochron 
suggesting 

differentiation
of Mars occurred

at ~4.52 Ga



0.01 0.03 0.05 0.07

KREEP

Lunar mafic 
cumulates

QUE

EETA/B
ALHZag

Sher

0.1

0.3

0.5

1
2410

176Lu/177Hf source

4

0.15

0.20

0.25

0.30

0.35

14
7 S

m
/1

44
N
d 

so
ur

ce

KREEP

Lunar mafic cumulates

0.1

0.3

0.5

1 4

10

QUE
DaG

NC

LA1, Zag Sher

ALH/LEW

EETA/B

147Sm
/
144N

d source

0

200

400

600

18
0 H

f/
18

3 W
 s

ou
rc

e

EETA/B

Zagami
Shergotty

ALH77005
KREEP

87Rb/86Sr source
0.0 0.2 0.4 0.6

NC
0.3

1
2 4

0.1

Lunar mafic cumulates

0.5

10

Mixing of Martian Basalt Sources 

2

KREEP from Warren & Wasson (1979)

Mafic cumulates calculated by Snyder 
et al. (1992)



0

5

10

15

20

25

30

3500 4000 4500 4558

Hf-W model
KREEP model 1

142Nd All
Selected 

Model Ages
KREEP model 2

67016
FAN mafics

60025
67215c

62236
15445 ,17

78236 1
77215

78236 2
78238

15445 ,247
76535

76335
73255

67667
15405 ,57

73217
14303 ,205

73235 ,60
14321 ,1062

12033 ,507

Sm-Nd
FANs

Sm-Nd
Mg-rich
plutonic

Sm-Nd
Alkali

plutonic

Signifies positive initial Nd

Age (Ga)

Inconsistencies Between LMO Model and 
Ages of Lunar Differentiation and Crust Formation 



Olivine-plagioclase cumulate
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Conclusions

1) Differentiation via solidification of a magma ocean is
derived from geologic observations of the Moon

2) Although geologic observations on other bodies are
often consistent with differentiation via magma ocean
solidification, it is not generally required.

3) There are some fundamental inconsistencies between
observed lunar data and the model, that will require 
this model to be modified

4) Nevertheless, the Moon is the only location we know
of to study magma ocean process in detail


