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• Lithophile (rock loving) elements  remain on or close to the surface because they combine 
readily with oxygen, forming compounds that do not sink into the core.

• Siderophile (iron loving) elements are the high-density transition metals which tend to sink 
into the core because they dissolve readily in iron.

• Chalcophile (ore loving) elements that combine readily with sulfur and/or some other 
chalcogen other than oxygen.

• Atmophile (atmosphere loving) elements are either gases or form volatile hydrides.



Meteorite Groups

≈ 46 Groups…..



But not many have significant 
carbon



From Goodrich et al., 2014

Carbon in Meteorites



Carbon in Ureilites
• Oddly, the most carbon-rich meteorites are 

Ureilites
• They are carbonaceous olivine-pyroxene 

achondrites. Contain up to 7 wt.% carbon as 
graphite, diamond, and lonsdaleite. 

• The carbon is entirely in the matrix between 
the olivine and pyroxene grains

• They are believed to represent mantle residues 
from a single planetary body known as the ureilite 
parent body.



From Warren and Huber, 2006

Carbon in Ureilites



Carbon in Ordinary Chondrites



Carbon in Iron Meteorites 

From Mittlefehldt et al.,1998



Carbon in Carbonaceous 
Chondrites

But….some have no chondrules, some 
have (almost) no carbon



Volatile Rich Carbonaceous 
Chondrites

• CI, CM, C2, CR types…some 
essentially soggy dirt clods

• Mineralogy includes:
– Hydrated clays (some ~80%)

– Iron Oxides, Iron Sulfides

– Olivine

– Organics (carbon compounds)
– Ice

• Weakest meteorites, some very 
weak ~1-50 MPs.  



Anhydrous Carbonaceous 
Chondrites

• CV, CO, CR, CK, CH
• Mineralogy much like ordinary 

chondrites (with chondrules)
• Mineralogy: olivine, pyroxene, 

metal, sulfides.  
• Very strong (range up to 200 

Mpa).  Tough to break up.
• Highly depleted in volatiles.



But not many have significant 
carbon

Wt. %, From Hutchison 2004





y = 0.18x
R2 = 0.90

0

5

10

15

20

25

0 20 40 60 80 100
vol% matrix

w
t%

 H
2O

+ CI

CM

CO

CV

CR

H

L

LL

The water (and carbon) is in the matrix

Bonal et al.



The water (and carbon) is in the matrix

Bonal et al.
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Other things in the matrix

Bonal et al.
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R2 = 0.91
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Very fine-grained material
• In physical and chemical 

disequilibrium (Mg#, crystals and 
amorphous grains…)

• Rich in volatile elements, water, 
OH, clays

• Containing presolar grains and 
primitive organic compounds

• Low-temperature materials

What is Matrix?



Water in Volatile-Rich 

Carbonaceous Chondrites

• The “water” is in the form of OH (hydroxyl) in the crystal 

structure of phyllosilicates.  

– The high-temperature silicates (olivine) interact with melting 

ice and form alteration products (phyllosilicates).  

– Some CC’s (i.e. CMs, CIs) are mostly alteration products.

• How does that work?  

– In the outer solar system things accrete as intimate 

mixtures of silicate dust, organics, and various ices.

– These things are in huge chemical disequilibrium

– If the ice melts then the silicates will react.

– The amount of alteration depends on the original 

amount of water incorporated from the solar nebula
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Mineralogy of Volatile-Rich CC’s (wt.%)
(Red are alteration minerals)

CI-type CM-type CR-type C2-type CV-type

Olivine 7 11 32 25 80

Troilite 6.5 2.5 4 8.5 11

Pyroxene 28 7

Vermiculite 9
Magnetite 13.5 1 14 22 1

Mg Serpentine 48 22 15 30.5

Smectite 5 8

Epsomite 6
Kerogen 5 3.5 2 5
Fe Serpentine 57
Fe-Ni Metal 5 1

Total Alteration 
Products

81.5 80 29 60.5 0
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CM Carbonaceous Chondrites 

• Hydrated carbonaceous 
chondrites (CI, CM, C2, CR) are 
rich in phyllosilicates….i.e. 
hydrated layered silicates.

From Howard et al, 2011Sutters Mill (CM)

Alteration 
Products



Alteration in CR chondrites (modified from Howard et al. 2015 – LPSC)

Estimated water (wt.%) calculated from data in Alexander et al. (2013) – GCA,*
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Fe-rich amorphous 

Phyllosilicate 

Magnetite 

Metal  

Sulfide 

Calcite 

Enstatite 

Fo90 olivine

Alteration Products

Weakly altered since accretion Moderately altered Extensively

3.5 3.2 2.9 2.7 4.5 6.5n.m. 10.9n.m.

*assuming all H in H2O



The amount of original water can 
be highly variable…..
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Comet 67P Initial Water/Rock Ratio

Water ≈ Rock
Water << Rock
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Pizzarello and Shock, 2010

The Form of Carbon Compounds



The Form of Carbon Compounds
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Pizzarello and Shock, 2010



The Form of 
Carbon 

Compounds

• There are some 
distinct differences 
in organic 
abundances within 
carbonaceous 
chondrites.
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Pizzarello and Shock, 2010



To Wrap Up 

• Carbon in meteorites is generally a very minor 
component….

• Essentially limited to two groups, volatile rich 
carbonaceous chondrites and Ureilites.  

• In Ureilites carbon is in the matrix in the form 
of graphite and diamonds.

• In Carbonaceous Chondrites the carbon is in 
the matrix in the form of organics and graphite
– Strongly correlated with water
– Strongly correlated with pre-solar grains
– Organics are highly variable and complex


