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Introduction:  One of the fundamental questions 

concerning planetary formation is exactly what mate-
rial did the planets form from?  All the planets in our 
solar system are believed to have formed out of mate-
rial from the solar nebula.  Chondritic meteorites ap-
pear to sample this primitive material.  Chondritic me-
teorites are generally classified into 13 major groups, 
which have a variety of compositions. 

Detailed studies of possible building blocks of the 
terrestrial planets require samples that can be used to 
estimate the bulk chemistry of these bodies.  This 
study will focus on trying to determine possible build-
ing blocks of Earth and Mars since samples of these 
two planets can be studied in detail in the laboratory. 

Program:  The program takes as input the total 
number of chondritic meteorite types and the values of 
 17O (‰),  17O (‰), and  18O (‰) plus weight per-
cents of O, Si, Al, Mg, Fe, FeO, Fe2O3, Fe3O4, Fe 
(metal), C, and H2O for each meteorite type.  The pro-
gram then generates all possible combinations of me-
teorite percentages, at a user-specifiable increment (in 
this case 5%) that equal a total of 100%.  The total 
number of combinations at 5% mass increments is over 
225 million. 

For each combination, the aggregate values of 
 17O (‰), 17O (‰), and  18O (‰) plus weight per-
cents of Si, Al, Mg, Fe, FeO, Fe2O3, Fe3O4, Fe (metal), 
C, and H2O are determined.  Concentrations of ele-
ments and compounds are assumed to add linearly 
according to the percentage of each meteorite type in 
the combination except for the oxygen isotopic values.  
The  17O (‰),  17O (‰), and  18O (‰) aggregate 
values are weighted by the oxygen concentration of 
each meteorite type.   

For Earth and Mars, respectively, the values of the 
aggregate  17O (‰),  17O (‰), and  18O (‰) are first 
checked against respective tolerances.  Values falling 
within all of these tolerances are then checked against 
chemical constraints for each planet.  For Earth, the 
bulk FeO (wt.%) and the bulk Fe/Al ratio were used.  
For Mars, just the bulk FeO (wt.%) was used.  If the 
values are within the tolerances (called a "match"), the 
results are stored, and several counters are incre-
mented.   

To calculate the “true” bulk FeO of Earth and 
Mars, the effects of a number of redox reactions that 
should occur due to heating during planetary accretion 

need to be included in our analysis.  Three redox reac-
tions (equations 3-5) from Lodders and Fegley [1] and 
two reactions (equations 1 and 2) to account for Fe3+ 
were used.  The ordering of the redox reactions is 
shown below: 

(1) 6Fe2O3 + C → 4Fe3O4 + CO2 
(2) 2Fe3O4 + C → 6FeO + CO2 

(3) C + 2H2O → CO2 + 2H2 
(4) Fe (metal) + H2O → FeO + H2 

(5) FeO + 0.5C → Fe (metal) + 0.5CO2. 
A sixth reaction from Lodders and Fegley [1]  

(6) SO3 + 1.5C + Fe (metal) → 1.5CO2 + FeS 
never occurs in our runs for Earth and Mars since car-
bon tends to be consumed in earlier reactions.  Reac-
tion 4 never occurs in our runs for Earth.  As with 
Lodders and Fegley [1], it was assumed that all excess 
carbon and H2O are converted to CO2 and H2, which 
escape.  The calculated FeO was then renormalized to 
account for these lost gases.  The redox reactions do 
not significantly change the concentrations of FeO for 
the matching combinations. 

Data:  We compiled average  17O (‰),  17O (‰), 
and  18O (‰) for each meteorite type primarily from 
data of Clayton et al. [2] and Clayton and Mayeda [3].  
Our chemical data was primarily compiled from the 
work of Jarosewich [4] who did wet chemical analyses 
of ~200 bulk meteorite samples.  Jarosewich measured 
all major elements and reported the results primarily as 
oxides.  Other phases are presented as sulfides, SO3, 
CO2, elemental sulfur, H2O, Fe (metal), and Fe2O3.  

Constraints:  For the Earth, the oxygen isotopic 
constraints are  17O (‰) = 0.00 + 0.03,  17O (‰) = 
2.81 + 0.26, and  18O (‰) = 5.40 + 0.50.  The  18O 
(‰) value is an estimate for the PUM (primitive upper 
mantle) [5].  For Mars, the oxygen isotopic constraints 
are  17O (‰) = 0.32 + 0.02,  17O (‰) = 2.75 + 0.26, 
and  18O (‰) = 4.68 + 0.50.  The  17O (‰) and  18O 
(‰) values are the average values from the SNC mete-
orites from Franchi et al [6]. 

For Earth, the Fe/Al (wt. ratio) is assumed to be 20 
+ 2 [7].  We also determine how far any chondritic 
mixture falls from the Earth’s magmatic fractionation 
trend.  Since chondritic meteorites have average Mg/Si 
and Al/Si ratios that are enriched in Si relative to this 
trend line, no mixture of chondritic material will fall 
on or near this line.  No elemental ratio constraints are 
used for Mars. 
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The FeO constraint used for the Earth is 5.4 + 0.5.  
This number is taken by assuming that the PUM has a 
FeO concentration of 8.0 wt.% [8] and assuming that 
the core is 32.5 wt.% of the mass of the Earth.  The 
FeO constraint used for Mars is 14.4 + 1.4.  This num-
ber is taken by assuming the Martian mantle has a FeO 
concentration of 18.0 wt.% [8] and assuming that the 
core is 20% of the mass of Mars. 

Results:  For the constraints for Earth, there were 
514 matches out of 225,792,840 possible combinations 
(0.00023%).  The matches on average contain ~55% 
EL chondritic material.  The high proportion of EL 
chondritic material in the matches is due to the Earth 
having similar oxygen isotopic properties and similar 
Fe/Al weight ratios to the EL chondrites and the Earth 
having a concentration of FeO intermediate between 
EL chondrites and most other chondritic meteorites.  
All other meteorite types have average abundances in 
the matching combinations of 10% or less. 

However, as expected, none of our matches are 
good compositional analogs for the Earth if we use 
Mg/Si and Al/Si weight ratios.  We plot the position of 
the matches in Mg/Si-Al/Si space (Fig. 1) and can see 
that the matches plot far away from the Earth’s mag-
matic fractionation trend line.  For the average Mg/Si 
and Al/Si values of the matches, ~32% of the Si needs 
to be removed to reach the Earth’s magmatic fractiona-
tion trend line or the Mg and Al concentrations must 
be increased by a similar amount. 

 
Fig. 1.  Plot of Al/Si versus Mg/Si for average values 
of the chondritic meteorites, estimated values for the 
primitive upper mantle (black squares), and shergottite 
meteorites (pink diamonds).  The black dots are the 
matches for the Earth and the red dots are matches for 
Mars. 
 

The low number of matches is controlled by the 
low FeO concentration of the Earth compared to chon-
dritic meteorites.  There are 458,360 matches without 
the FeO constraint. 

It is possible to match estimates of Earth's oxygen 
isotopic composition and its bulk Fe/Al weight ratio 
and FeO concentration using chondritic meteorites.  
However, as expected, the resulting bulk compositions 
calculated for the Earth plot far away from the Earth's 
magmatic fractionation trend line in Mg/Si-Al/Si 
space.  Assuming the composition of the PUM falls on 
the Earth’s fractionation trend line, it does not appear 
possible to make Earth out of known chondrites. 

For the constraints for Mars, there were 165,357 
matches out of 225,792,840 possible combinations 
(0.073%).  The matches for Mars tend to be heavily 
weighted towards ordinary chondritic material.  The H 
and LL chondrites, respectively, can make up to 80% 
and the L chondrites up to 75% of a particular match-
ing combination due to these meteorites having 
roughly similar oxygen isotopic values and FeO con-
centrations as Mars. 

We plot the position of the matches for Mars in 
Mg/Si-Al/Si space (Fig. 1) and, as expected, the 
matches for Mars plot near the points for ordinary and 
R chondrites.  Interestingly, the trend for the Martian 
basaltic meteorites (shergottites) falls near where the 
matches for Mars plot.  Our matches appear roughly 
consistent with the Martian magmatic fractionation 
trend line as defined by the shergottite meteorites. 

Conclusions:  Our rigorous modeling using hun-
dreds of millions of possible combinations of chon-
dritic material finds that it does not appear possible to 
match the Earth’s assumed bulk chemical composition 
using known chondritic meteorites, but it is possible to 
match Mars’ composition.  Possible solutions [9] to 
this conundrum include forming the Earth out of mate-
rial that is not currently found in our meteorite collec-
tions or sequestering some of the Earth's Si in the core 
and/or lower mantle. 
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