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Abstract-To determine the possible building blocks of the Earth and Mars, 225,792,840 possible
combinations of the bulk oxygen isotopic and chemical compositions of 13 chondritic groups at 5%
mass increments were examined. Only a very small percentage of the combinations match the oxygen
isotopic composition, the assumed bulk FeO concentration, and the assumed Fe/Al weight ratio for
the Earth. Since chondrites are enriched in silicon relative to estimates of the bulk Earth, none of the
combinations fall near the terrestrial magmatic fractionation trend line in Mg/Si-Al/Si space. More
combinations match the oxygen isotopic composition and the assumed bulk FeO concentration for
Mars. These combinations fall near the trend for shergottite meteorites in Mg/Si-Al/Si space. One
explanation for the difficulty in forming Earth out of known chondrites is that the Earth may be
composed predominately of material that did not survive to the present day as meteorites. Another
explanation could be that significant amounts of silicon are sequestered in the core and/or lower

mantle of the Earth.

INTRODUCTION

All the planets in the solar system formed out of material
from the solar nebula (e.g., O’Neill and Palme 1998). This
material is believed to have started out as dust and then later
coagulated to form planetesimals, which then accumulated
into planets through collisions (e.g., Weidenschilling 2000).
Chondrites appear to sample this primitive material and are
currently subdivided into 13 groups, which have a variety of
compositions (Table 1).

Detailed studies of the possible building blocks of the
terrestrial planets require samples that can be used to estimate
the bulk chemistry of the planets. This study will focus on
trying to determine the possible building blocks of the Earth
and Mars since samples of these two planets are available for
laboratory analysis.

One of the most important constraints on possible
building blocks for the Earth and Mars is their respective
oxygen isotopic compositions. Rocks from the Earth and
Moon fall along a line (called the terrestrial fractionation line)
in diagrams of 870 (%o relative to Standard Mean Ocean
Water or SMOW) versus 8'%0 (%o relative to SMOW)
(Fig. 1). Most chondrites do not plot on the terrestrial
fractionation line except for the EH and EL chondrites, which
have very similar oxygen isotopic values to the assumed value
for the bulk Earth. Distances from this line are given as A0
(%o0) (= 870 — 0.52 x §180). Samples from the same parent
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body tend to fall on a mass-fractionation line, such as the
terrestrial fractionation line, which has a slope of 0.52 (e.g.,
Clayton 1993). Martian meteorites have an average A!70O of
+0.32 £0.01%o (Franchi et al. 1999), which provides evidence
that the Earth and Mars formed from different materials.
Another constraint is the bulk FeO concentration of a
planet, which can be derived for any body if the concentration
of FeO for the basaltic surface and the partition coefficient of
FeO between solid and liquid phases are known (Robinson
and Taylor 2001). The composition of basalt is a function of
the composition of its mantle source as modified by element
partitioning during melting and crystallization (e.g., Treiman
2003). Robinson and Taylor (2001) estimate that the silicate
Earth has an average FeO concentration of ~8 wt%, while
silicate Mars has an average FeO concentration of ~18 wt%.
To determine what known chondritic material could
possibly be the building blocks of the Earth and Mars, over
225 million possible combinations of different chondritic
meteorites were examined to determine the best matches to
Earth’s and Mars’ oxygen isotopic and bulk chemical
compositions. Earlier studies (e.g., Lodders and Fegley 1997,
Sanloup et al. 1999; Lodders 2000) have tried to match the
Earth’s and Mars’ oxygen isotopic compositions and derive
these planets’ bulk chemical compositions, but these studies
looked at far fewer possible combinations of meteoritic
material. A similar type of “brute-force” analysis was done by
Korotev (1997) to find the minimum number of lithologic
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Fig. 1. Average oxygen isotopic values relative to Standard Mean Ocean Water (SMOW) are plotted for the chondritic meteorite groups
(Table 4), the Earth (Eiler et al. 2000; Eiler 2001), and Mars (Franchi et al. 1999). The terrestrial fractionation and the martian fractionation

lines are also plotted.

Table 1. Chondritic meteorite types.
Chondrites

Composition?

Carbonaceous
CH Pyroxene, metallic iron, olivine

CI Phyllosilicates, magnetite
CK Olivine, calcium-aluminum inclusions (CAIs)
CM Phyllosilicates, tochilinite, olivine
CO Olivine, pyroxene, CAls, metallic iron
CR Phyllosilicates, pyroxene, olivine, metallic iron
()% Olivine, pyroxene, CAls
Enstatite
EH Enstatite, metallic iron, sulfides, plagioclase, olivine
EL Enstatite, metallic iron, sulfides, plagioclase
Ordinary
H Olivine, pyroxene, metallic iron, plagioclase, sulfides
L Olivine, pyroxene, plagioclase, metallic iron, sulfides
LL Olivine, pyroxene, plagioclase, metallic iron, sulfides

R

2Minerals or components are listed, approximately, in decreasing order of
average abundance.

Olivine, pyroxene, plagioclase, sulfides

units that, when mixed, would account for the composition of
the Apollo 16 regolith. Korotev (1997) looked at over 3
million combinations.

COMPOSITIONAL INFORMATION FOR
EARTH AND MARS

The solid Earth can be divided into the crust, the mantle,
and the core. The crust is dominated by basalts on the ocean

floor plus granites on the continents (e.g., Ehlers and Blatt
1982). Peridotites, which are ultramafic rocks composed
predominately of olivine plus pyroxene, are samples of the
upper mantle (e.g., Jagoutz et al. 1979; Sun 1982; McDonough
and Sun 1995; McDonough and Rudnick 1998). The
composition of peridotites can be used to estimate the
composition of the primitive upper mantle (PUM). (PUM is the
hypothetical composition of the mantle before extraction of
continental and oceanic basaltic crusts but after the formation
of the core.) The core and lower mantle of the Earth cannot be
directly sampled. However, geophysical observations (e.g.,
Bina 1998) of seismic waves and electric fields at the surface
can be coupled with laboratory studies (e.g., Mao and Hemley
1998) to constrain the mineralogy and chemistry throughout
the Earth. There is considerable discussion on how
compositionally similar the PUM is to the lower mantle (e.g.,
Anderson 1981; Arculus et al. 1990; Helffrich and Wood 2001;
van Keken et al. 2002).

Seismic studies show that the basic subdivision of the
Earth is an upper mantle (down to a depth of ~410 km), a
transition zone (~410-660 km), and a lower mantle (~660—
2890 km) (e.g., Brown and Mussett 1993; Lodders and Fegley
1998; Agee 1998). At the boundaries of these transition
zones, there are steep density gradients, which are generally
believed to be due to the large number of high pressure phase
changes of silicate minerals.

One of the major questions concerning the bulk
composition of the Earth involves what elements, besides iron
and nickel, are the major constituents of the Earth’s core.
Seismic studies (e.g., Birch 1952, 1964) and laboratory work
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(e.g., Brown et al. 1984) indicate that the Earth’s core
contains ~10% by mass of an element (or elements) lighter
than Fe or Ni. A number of different elements (e.g., H, C, Mg,
Si, S) have been proposed as being this less-dense component
(e.g., Jeanloz 1990; Poirier 1994). Kilburn and Wood (1997),
Sherman (1997), and Gessman et al. (2001) have shown that
temperature and pressure constraints could allow the core to
contain concentrations of Si of 7-9 wt%.

Drake and Righter (2002) argue that the primary building
blocks of the Earth are some type of “Earth chondrite” or
“Earth achondrite” that is not currently found in our meteorite
collections. Estimates of the weight ratios of the Mg/Si and Al/
Si of the PUM (Fig. 2) are depleted in Si relative to the
chondrites (Table 2). The trend for differentiated terrestrial
rocks in Mg/Si and Al/Si falls approximately perpendicular to
the trend for chondritic meteorites. The trend for terrestrial
rocks (peridotites, komatiites, basalts) is due to magmatic
fractionation (differentiation) (e.g., Jagoutz et al. 1979; Drake
and Righter 2002), as the extraction of magma tends to increase
the Mg/Si ratio and decrease the Al/Si ratio in the mantle
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material. Possible solutions to the “apparent” depletion of Si in
the PUM include sequestering Si in the core and/or the lower
mantle.

As with the Earth, Mars can also be separated into
different units: a basaltic crust, an olivine-dominated mantle,
and an iron-rich core. Approximately 30 meteorites
(including paired samples) are believed to originate from the
martian surface. Martian meteorites are usually called SNCs
for the shergottite, nakhlite, and chassignite meteorites. A
number of spacecraft missions (e.g., the Viking landers, Mars
Pathfinder, 2001 Mars Odyssey, Spirit, Opportunity) have
visited Mars and have provided insight into this planet’s bulk
chemical and physical characteristics.

Shergottites include mafic and ultramafic rocks the
chemical compositions and mineralogies of which have been
used to constrain the composition of the martian mantle (e.g.,
Treiman 2003). The shergottite meteorites are separated
(Meyer 2003) into the basaltic shergottites, olivine-phyric
shergottites, and lherzolite shergottites. The olivine-phyric
and lherzolite shergottites have mineralogies similar to
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Fig. 2. Plot of Al/Si versus Mg/Si for the chondritic meteorites (average values), estimated values for the Earth’s primitive upper mantle
(PUM) (Al/Si = 0.08, Mg/Si = 1.09, Ringwood 1979; Al/Si =0.100, Mg/Si = 1.095, Jagoutz et al. 1979; Al/Si = 0.114, Mg/Si = 0.98, Palme
and Nickel 1995; Al/Si = 0.112, Mg/Si = 1.086, McDonough and Sun 1995) (black squares), estimated values for Mars (Al/Si = 0.077, Mg/
Si=0.88, Winke and Dreibus 1988; Al/Si=0.072, Mg/Si = 0.84, Fegley and Lodders 1997; Al/Si= 0.059, Mg/Si = 0.88, Sanloup et al. 1999;
Al/Si = 0.56, Mg/Si = 0.73, Mohapatra and Murty 2003) (open red squares), and values for shergottite meteorites (red diamonds) (Table 3).
The line is the trend for terrestrial rocks, which is taken from Dreibus et al. (1998).
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Table 2. Average Mg (wt%), Al (wt%), Si (wt%), Fe (wt%), Mg/Si (wt. ratio), Al/Si (wt. ratio), Fe/Si (wt. ratio), and Fe/

Al (wt. ratio) for the chondritic meteorite groups.

Mg? Al? Si? Feb Mg/Si Al/Si Fe/Si Fe/Al

(wt%) (wt%) (wWt%) (wt%) (wt. ratio) (wt. ratio) (wt. ratio) (wt. ratio)
CH 10.50¢ 0.97¢ 11.37¢ 45.09¢ 0.92 0.085 3.97 46.48
CI 10.324 0.97d 11.434 20.324 0.90 0.085 1.78 20.95
CK 15.05¢ 1.45¢ 15.37¢ 25.24¢ 0.98 0.094 1.64 17.41
CM 12.21F 1.17¢ 13.79F 22.04f 0.89 0.085 1.60 18.84
CO 14.468 1.638 16.21¢ 2491¢ 0.89 0.101 1.54 15.28
CR 14.05" 1.23h 15.51" 24.46" 091 0.079 1.58 19.89
Cv 14.86f 1.71f 15.93f 23.64f 0.93 0.107 1.48 13.82
EH 11.32 0.97! 17.08! 3131 0.66 0.057 1.83 32.28
EL 13.64 1.14 19.57i 25.881 0.70 0.058 1.32 22.70
H 14.09f 1.14f 17.19f 27.56f 0.82 0.066 1.60 24.18
L 14.99f 1.20f 18.66f 22.04f 0.80 0.064 1.18 18.37
LL 15.33f 1.19f 19.13f 19.79f 0.80 0.062 1.03 16.63
R 13.78% 1.07% 16.67% 24.80% 0.83 0.064 1.49 23.18

2Concentrations of Mg, Al, and Si, respectively, were converted from the weight percents of MgO, Al,O;, and SiO,. The only exceptions are the EH and EL

chondrites where the Si (Wt%) value includes Si in the metallic iron.

bThe concentrations of Fe are calculated from the concentrations of FeO, Fe,03, Fe (metal), and FeS.

¢Calculated from data for NWA 470 (CH) from Ivanova et al. (Forthcoming).
dCalculated from data for Orgueil (CI) from Jarosewich (1990).

¢Calculated from data for Karoonda (CK) from Mason and Wiik (1962b).
fCalculated from average value of falls from Jarosewich (1990).

¢Calculated from average of data (Jarosewich 1990) for CO chondrites ALH A77003 and ALH 82101.

hCalculated from data for Renazzo (CR) from Mason and Wiik (1962a).
iCalculated from data for ALH A77295 (EH4) from Jarosewich (1990).

iCalculated from average of data (Jarosewich 1990) for EL6 chondrites Eagle and Pillistfer.

kCalculated from data for Rumuruti (R) from Jarosewich (unpublished data).

terrestrial peridotites (Meyer 2003). Mg/Si and Al/Si values
for the shergottites are listed in Table 3. The Mg/Si-Al/Si
trend for the shergottites falls far below the trend for
terrestrial rocks, showing again that Mars is composed of
different materials than those of the Earth.

Estimates of the bulk composition of Mars are usually
derived from a cosmochemical model where the resulting
composition fits the density distribution constraints imposed
by the moment of inertia (e.g., Longhi et al. 1992).
Knowledge of high pressure mineral phase transitions is also
very important (e.g., Bertka and Fei 1998); however, since
Mars is approximately one-eighth the mass of Earth, these
high pressure phases will occur at deeper depths than they do
on Earth (e.g., Halliday et al. 2001). These models (e.g.,
Longhi et al. 1992; Lodders and Fegley 1997) use elemental
abundances in the SNCs and/or assumptions in the types of
chondritic material that formed Mars. A number of estimates
of the Mg/Si-Al/Si ratio for Mars are plotted in Fig. 2. The
estimates overlap the values for chondrites since these models
assume that they were formed on Mars from some mixture of
chondritic materials.

METEORITE DATA
The average oxygen isotopic data for chondrites used in

this study are listed in Table 4. Average A7O (%o), 8170 (%o),
and 880 (%o) for each meteorite type were compiled

primarily from the data of Clayton et al. (1991) and Clayton
and Mayeda (1999). The exceptions are values for the EH
and EL chondrites (Newton et al. 2000) and R chondrites
(Schulze et al. 1994). The oxygen isotope values for the CM
chondrites (Clayton and Mayeda 1999) do not include
measurements of metamorphosed CM chondrites. The
oxygen isotope values for the CV chondrites (Clayton and
Mayeda 1999) include duplicate measurements of the
meteorites Bali and Leoville since the oxygen isotopes of
samples of these two meteorites are very different, apparently
because these meteorites contain different abundances of
refractory inclusions.

The chemical data was primarily compiled from the work
of Jarosewich (1990) who did wet chemical analyses of ~200
bulk meteorite samples. Jarosewich (1990) measured the
concentrations of all major elements and reported the results
primarily as oxides. Other phases are presented as sulfides,
SO;, CO,, elemental sulfur, H,O, Fe (metal), and Fe,O3. For
this study, concentrations of Si, Al, Mg, Fe, O, FeO, Fe,03,
Fe;04, Fe (metal), C, and H,O for each meteorite type
(Table 2, Table 4, Table 5) were needed. Each of these
elements and compounds were determined by Jarosewich
(1990) or could be calculated from his data. The Appendix
describes the decisions made in choosing the compositional
data for each of the meteorite groups.

Compositional data for elements and compounds
(Table 2, Table 4, Table 5) are listed with a number of
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Table 3. Average Mg/Si and Al/Si weight ratios for shergottite meteorites. The classifications are based on those of Meyer

(2003).
Mg/Si Al/Si
Martian meteorite Classification (wt. ratio) (wt. ratio)
ALH A77005 Lherzolitic shergottite 0.86? 0.0772
Dar al Gani 476/489 Basaltic shergottite 0.54b 0.104°
Dhofar 019 Olivine-phyric shergottite 0.41¢ 0.167°
EET A79001A Olivine-phyric shergottite 0.422 0.1342
EET A79001B Basaltic shergottite 0.172 0.2582
LEW 88516 Lherzolitic shergottite 0.702 0.0812
Los Angeles 001/002 Basaltic shergottite 0.10d 0.2504
QUE 94201 Basaltic shergottite 0.172 0.2592
Sayh al Uhaymir 005 Olivine-phyric shergottite 0.56°¢ 0.109¢
Shergotty Basaltic shergottite 0.232 0.1522
Yamato-793605 Lherzolitic shergottite 0.752 0.0582
Zagami Basaltic shergottite 0.292 0.136?

aCalculated from data from Lodders (1998).

bCalculated from average of data for Dar al Gani 476 from Zipfel et al. (2000) and for Dar al Gani 489 from Folco et al. (2000).

¢Calculated from data of Taylor et al. (2002).
dCalculated from data of Rubin et al. (2000).
¢Calculated from data of Dreibus et al. (2000).

significant digits to attempt to get the most accurate results
from the computations. However, there are many
uncertainties in each calculated data value for each meteorite
group. These uncertainties include relatively small analytical
uncertainties in the measurements (Jarosewich 1990),
assumptions on the distribution of elements into different
oxides and compounds in the meteorites, corrections for
adsorbed water and bound water due to terrestrial
weathering, and possible problems with the use of one or
very few meteorites as the source of data for a whole
meteorite group. However, in the analysis of data from runs
(~60 runs for the Earth and ~20 runs for Mars) using slightly
different compositions for the meteorite groups, similar
results and conclusions are achieved for each of the runs.
Therefore, the results and conclusions appear to be relatively
insensitive to these uncertainties.

METHODS

The program was written in the ANSI C++
programming language. The program generates all possible
combinations of mass percentages for the chondritic groups
at a user-specifiable increment (in this case 5%) that equal a
total of 100%. The program was run on a 1.6 GHz Pentium
IV computer. For the Earth, the run time of the program
using 5% increments (225,792,840 possible combinations)
was ~123 sec. A run time of ~14 days using 2% increments
(over two trillion combinations) and a run time of ~76 yr
using 1% increments (over 4 quadrillion combinations) is
estimated. The use of a supercomputer, with appropriate
program  optimization, would shorten these times
considerably.

If the calculated oxygen isotopic and bulk chemical
values are within the tolerances (called a “match”), the results

are stored, and several counters are incremented. These
counters count the total number of matches and the total
number of each percentage of each meteorite type that has
been used in a match. The program also computes running
averages and running variances of the percentages of each
meteorite type that were used in matches. At the end of
program execution, final averages and standard deviations (c)
(square roots of the variances) are available as the final value
of these running values.

For each match for Earth, the distance to Earth’s
magmatic fractionation trend line in Mg/Si-Al/Si space is
calculated. Dreibus et al. (1998) plotted this trend for
terrestrial rocks, and this line is estimated to follow the
equation Mg/Si = —4.011 x Al/Si + 1.460. The program
calculates the distance that any generated Mg/Si and Al/Si
values calculated for a match falls from this line. The
distances (d) to this line from any Mg/Si and Al/Si values
calculated for a match were computed using the formula d =
Absolute Value[(ax + by + c)/(a® + b?)!?], where a is the
negative of the slope of the line, b is 1, c is the negative of the
y-intercept of the line, x is the Al/Si value, and y is the Mg/Si
value. It is possible to convert this distance to the percentage
of Si that needs to be removed from a combination for it to
intersect the line.

For each combination, the aggregate values of A17O (%),
370 (%o), and 8'80 (%o) are computed, along with weight
percents of Si, Al, Mg, Fe, FeO, Fe,03, Fe;04, Fe (metal), C,
and H,O. Weight ratios of Mg/Si, Al/Si, Fe/Si, and Fe/Al are
calculated as well. Elements and compounds are assumed to
add linearly according to the mass percentage of each
meteorite type in the combination except for the oxygen
isotopic values. The A'7O (%o), 870 (%o), and 3'80 (%o)
aggregate values are weighted by the oxygen concentration of
each meteorite type.
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Table 4. Average A0 (%o), 8170 (%o), 530 (%o), and O concentration (wt%) for the chondritic meteorite groups.

A0% (%) 3170 (%o) 3180 (%o) 0P (Wt%)
CH ~1.45 ~0.60° 1.64¢ 24.744
I +0.41 8.87¢ 16.26¢ 42.75¢
CK ~4.16 —4.34¢ ~0.35¢ 37.03f
CM -2.60 1.29¢ 7.49¢ 40.762
Co -4.28 —4.92¢ ~1.23¢ 35.70M
CR ~1.58 0.10¢ 3.24¢ 37.43i
cv -4.01 -3.60¢ 0.78¢ 36.86¢
EH +0.01 276 5.20i 28.84k
EL +0.01 2.90i 5.56i 32.92!
H +0.73 2.85m 4.08m 33.34¢
L +1.08 3.50m 4.70m 36.64¢
LL +1.26 3.88m 5.04m 38.09¢
R +2.70 5.28n 4,970 36.36°

2The A7O (%o) is calculated using the formula A'70 (%o0) = 870 — 0.52 x 3180.

bThe concentrations of oxygen are calculated from measured oxides excluding adsorbed water plus bound water in the EH, EL, H, L, LL, and R chondrites.

¢Average of whole rock analyses from Clayton and Mayeda (1999). The data for the CM chondrites does not contain measurements of metamorphosed CM
chondrites.

dCalculated from data for NWA 470 (CH) from Ivanova et al. (Forthcoming).

¢Calculated from data for Orgueil (CI) from Jarosewich (1990).

fCalculated from data for Karoonda (CK) from Mason and Wiik (1962b).

¢Calculated from average value of falls from Jarosewich (1990).

hCalculated from average of data (Jarosewich 1990) for CO chondrites ALH A77003 and ALH 82101.

iCalculated from data for Renazzo (CR) from Mason and Wiik (1962a).

Average values for enstatite chondrites from Newton et al. (2000).

kCalculated from data for ALH A77295 (EH4) from Jarosewich (1990).

!Calculated from average of data (Jarosewich 1990) for EL6 chondrites Eagle and Pillistfer.

mAverage values for equilibrated ordinary chondrite falls from Clayton et al. (1991).

" Average value for R chondrites from Schulze et al. (1994).

°Calculated from data for Rumuruti (R) from Jarosewich (unpublished data).

Table 5. Average FeO, Fe,03, Fe;0,4, Fe (metal), C, and H,O concentrations (wt%) for the chondritic meteorite groups.

FeO (wt%) Fe, 05 (wt%) Fe;0, (Wt%) Fe (metal) (wt%)  C (Wt%) H,0 (wt%)
CH 1.300 - - 42.942 0.532 2.962
CI 1.31° 6.43% 11.71° - 3.02b 11.64b
CK 29.00¢ - - - - 0.80¢
CM 22.50d - - 0.144 1.85¢ 8.89d
CcO 20.70¢ - - 4.43¢ 0.17¢ 0.51¢
CR 15.10F - - 10.52f 1.44f 5.56f
Ccv 26.90d - - 0.164 0.434 0.154
EH - - - 22.54¢ 0.43¢ -
EL - - - 20.39h 0.25h -
H 10.30¢ - - 16.05¢ 0.114 -
L 14.50d - - 7.074 0.124 -
LL 17.50d - - 2.464 0.224 -
R 27.401 - - - 0.08! -

aCalculated from data for NWA 470 (CH) from Ivanova et al. (Forthcoming).

bCalculated from data for Orgueil (CI) from Jarosewich (1990). The concentration of magnetite (Fe;0,) in Orgueil is assumed to be 11 wt% (Hyman and Rowe
1983) before adjusting for adsorbed water. The concentrations of FeO and Fe,O; not in the magnetite is then determined.

¢Calculated from data for Karoonda (CK) from Mason and Wiik (1962b).

dCalculated from average value of falls from Jarosewich (1990).

¢Calculated from average of data (Jarosewich 1990) for CO chondrites ALH A77003 and ALH 82101.

fCalculated from data for Renazzo (CR) from Mason and Wiik (1962a).

¢Calculated from data for ALH A77295 (EH4) from Jarosewich (1990).

hCalculated from average of data (Jarosewich 1990) for EL6 chondrites Eagle and Pillistfer.

iCalculated from data for Rumuruti (R) from Jarosewich (unpublished data).
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For Earth and Mars, respectively, the values of the
aggregate A'70 (%o), 870 (%o), 3'80 (%o) are first checked
against respective tolerances. Values falling within all of these
tolerances are then checked against some chemical
constraints for each planet. For Earth, the bulk Fe/Al ratio and
the bulk FeO (wt%) were used. For Mars, just the bulk FeO
(Wt%) was used.

REACTIONS

To calculate the “true” bulk FeO of the Earth and Mars, a
number of redox reactions that should occur due to heating
during planetary accretion need to be simulated. Three redox
reactions (Equations 3-5) from Lodders and Fegley (1997)
and two reactions (Equations 1 and 2) were used to account
for Fe3*. The ordering of the redox reactions is shown below:

6Fe,05 + C — 4Fe;04 + CO, 1)
2Fe;04 + C — 6FeO + CO, 2)
C +2H,0 —» CO, +2H, 3)
Fe (metal) + H,O — FeO + H, “4)
FeO + 0.5C — Fe (metal) + 0.5CO, &)
A sixth reaction from Lodders and Fegley (1997):
SO; + 1.5C + Fe (metal) — 1.5CO, + FeS (6)

never occurs in any of our model calculations for the Earth
and Mars. CI, CM, and CR chondrites, which are assumed to
be the only chondrites that contain SO; (Jarosewich 1990;
Burgess et al. 1991), have H,O concentrations (Table 5) large
enough to react with all of the bulk carbon (Equation 3) in any
possible combination of chondritic material containing these
meteorites.

As with the work of Lodders and Fegley (1997), it was
assumed that all excess carbon and H,O are converted to CO,
and H,, which escape. The calculated FeO was then
renormalized to account for these lost gases. Concentrations
of Mg, Al, Si, and Fe were also renormalized to account for
these lost gases.

It was found that the redox reactions do not significantly
change the concentrations of FeO for the combinations. For
the combinations that fall within the constraints set for Earth’s
oxygen isotopic and bulk chemical composition, the redox
reactions, on average, decrease the weight percent of FeO by
1.13 wt%. For the combinations that fall within the
constraints set for Mars’ oxygen isotopic composition, the
redox reactions, on average, increase the weight percent of
FeO by 0.50 wt%.

There was no attempt to model a number of
unconstrained factors that could possibly affect the calculated
FeO concentrations. Carbon possibly could be one of the light
elements in the core (e.g., Jeanloz 1990; Poirier 1994), which
would reduce the amount of carbon available for the
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reactions. Atmospheric equilibria could affect H,O/H, and
CO,/CO ratios (e.g., Arculus et al. 1990) and possibly not
allow the reactions to go to completion. Neither of these
effects is expected to significantly change the calculated
concentrations of FeO for the resulting combinations since
the change for the matching combinations for Earth using
reactions that went to completion was only ~1 wt%.

OXYGEN ISOTOPIC CONSTRAINTS

For the Earth, the oxygen isotopic constraints used were
A0 (%0) = 0.00 + 0.03, 870 (%0) = 2.81 £ 0.26, and 5'%0
(%0) = 5.40 + 0.50. The 3'80 (%o) value is an estimated value
for the PUM (Eiler et al. 2000; Eiler 2001). For Mars, the
oxygen isotopic constraints were A'7O (%o) = +0.32 + 0.03,
3170 (%) = 2.75 + 0.26, and 3'30 (%o) = 4.68 + 0.50. The
370 (%o) and 3'80 (%o) values are the average values from
the SNC meteorites from Franchi et al. (1999). The A7O (%o)
range was 0.03, which is approximately equal to a two-sigma
uncertainty for the terrestrial and martian fractionation lines
as calculated by Franchi et al. (1999). Ranges of £0.50%o for
the 8'80 values and +0.26%o for the 8'70 values were
assumed. The oxygen isotopic range chosen for Earth
encompasses measured mantle samples (e.g., Mattey et al.
1994; Deines and Haggerty 2000).

BULK CHEMICAL CONSTRAINTS

For Earth, the Fe/Al (weight ratio) is assumed to be
20 £ 2. McDonough and Sun (1995), Allégre et al. (1995),
and McDonough (2001) believe that one of the best-known
compositional characteristics of the bulk Earth is the Fe/Al
ratio, which they estimate as 20 + 2. This Fe/Al ratio is
derived by assuming that there is no Al in the core, the core
has 85% Fe, the Fe concentration of the silicate Earth is
known, and that the concentration of aluminum of the PUM
from peridotite samples can be accurately estimated.

The distance in Mg/Si-Al/Si space that any chondritic
mixture falls from the Earth’s magmatic fractionation trend is
also determined. Since chondrites have average Mg/Si and
Al/Si ratios that are enriched in Si relative to this trend line
(Fig. 2), no mixture of chondritic material will fall on or near
this line. No elemental ratio constraints are used for Mars.

The FeO constraint used for the Earth is 5.4 + 0.5 wt%.
This number is determined by assuming that the PUM has a
FeO concentration of 8.0 wt% (Robinson and Taylor 2001)
and assuming that the core is only 32.5 wt% of the mass of the
Earth. The range of +0.5 wt% is chosen to reflect a 10%
uncertainty range in the estimate of the bulk FeO
concentration of Earth.

The FeO constraint used for Mars was 14.4 + 1.4. This
number is determined by assuming that the martian mantle
has a concentration of FeO of 18.0 wt% (Robinson and
Taylor 2001) and assuming that the core is 20% of the mass
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of Mars. The range of +1.4 wt% is chosen to reflect a 10%
uncertainty range in the estimate of the bulk FeO
concentration of Mars.

RESULTS FOR EARTH

The run for Earth was done to find all of the possible
combinations of meteorites that had A'7O (%o) of 0.00 = 0.03,
3170 (%0) = 2.81 £ 0.26, 5'80 (%0) = 5.40 + 0.50, Fe/Al = 20
+ 2, and FeO (wt%) = 5.4 £ 0.5. For these constraints, there
were 514 matches out of 225,792,840 possible combinations
(0.00023%). Slight increases in the tolerances will increase
the number of matches, but they do not change the
fundamental results. The distribution of matching
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combinations for Earth for each percentage of the chondritic
groups is shown in Table 6. The average compositions of the
matches are shown in Table 7.

The matches, on average, contain ~55% EL chondritic
material. All other meteorite types have average abundances
in the matching combinations of 10% or less. The high
proportion of EL chondritic material in the matches is due to
the Earth’s very similar oxygen isotopic composition (Fig. 1)
and Fe/Al weight ratio to values for the EL chondrites and an
FeO concentration that is only slightly more oxidized than
EL chondrites. Winke (1981) has proposed in his
heterogeneous accretion model that the Earth was formed
primarily out of highly reduced material like enstatite
chondrites. Righter (2004) has also postulated that the Earth

Table 6. The distribution of matching combinations for Earth for each mass percentage of each chondritic meteorite type.?

% CH CI CK CM CO CR Ccv EH EL H L LL R
0 500 339 409 178 369 318 351 222 0 185 117 114 383
5 14 175 105 303 132 117 155 161 0 149 95 128 101
10 0 0 0 33 13 48 8 95 0 84 110 108 25
15 0 0 0 0 0 24 0 32 0 62 81 88 5
20 0 0 0 0 0 7 0 4 0 26 58 51 0
25 0 0 0 0 0 0 0 0 0 7 39 24 0
30 0 0 0 0 0 0 0 0 0 1 14 1 0
35 0 0 0 0 0 0 0 0 0 0 0 0 0
40 0 0 0 0 0 0 0 0 13 0 0 0 0
45 0 0 0 0 0 0 0 0 56 0 0 0 0
50 0 0 0 0 0 0 0 0 95 0 0 0 0
55 0 0 0 0 0 0 0 0 143 0 0 0 0
60 0 0 0 0 0 0 0 0 143 0 0 0 0
65 0 0 0 0 0 0 0 0 52 0 0 0 0
70 0 0 0 0 0 0 0 0 12 0 0 0 0
75 0 0 0 0 0 0 0 0 0 0 0 0 0
80 0 0 0 0 0 0 0 0 0 0 0 0 0
85 0 0 0 0 0 0 0 0 0 0 0 0 0
90 0 0 0 0 0 0 0 0 0 0 0 0 0
95 0 0 0 0 0 0 0 0 0 0 0 0 0
100 0 0 0 0 0 0 0 0 0 0 0 0 0
Average 0.14 1.70 1.02 3.59 1.54 3.05 1.66 4.50  55.36 6.30 10.40 9.13 1.62
c 0.81 237 2.02 2.88 2.57 4.66 2.52 4.81 6.59 6.44 8.39 7.29 3.06

aFor each chondritic group, we list the number of matching combinations for percentages from 0 to 100% at 5% mass intervals. The average mass percentage
for each group for a matching combination and the standard deviation (o) of the averages are also listed. The sum of each column is 514, which is the number

of matching combinations for Earth.

Table 7. Average and standard deviations (o) for the weight percents of Si, Mg, Al, Fe, and FeO plus the average Mg/Si,
Al/Si, Fe/Al, and Fe/Si weight ratios for matches for Earth and Mars.?

Si (wt%) Mg (wt%) Al (wt%) Fe (wt%) FeO (wt%) Mg/Si Al/Si Fe/Al Fe/Si
Earth
Average 18.76 14.01 1.18 25.31 5.42 0.75 0.063 21.46 1.35
c 0.17 0.12 0.01 0.36 0.29 0.01 0.001 0.39 0.03
Mars
Average 17.29 14.01 1.18 26.02 14.41 0.81 0.068 22.15 1.51
c 0.64 0.46 0.03 1.94 0.80 0.01 0.001 2.25 0.17

aThe given Mg/Si, Al/Si, Fe/Al, and Fe/Si weight ratios are the averages of the calculated weight ratios for matching combinations of Earth and Mars and not

the ratios of the averages of the individual elements.
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may have accreted out of reduced material similar in
composition to enstatite chondrites, and the current FeO
concentration of the Earth’s mantle was produced by the
reaction of metallic iron with water (Equation 4) brought by
bodies such as comets, water-bearing planetesimals, or
Kuiper Belt objects. Javoy (1995) and Lodders (2000) both
proposed that the Earth formed primarily out of EH
chondrites; however, EH chondrites are not a good match for
the bulk composition of the Earth since the Fe/Al ratio (~32)
of these meteorites is too high.

However, as expected, none of the 514 matches are
good compositional analogues for the Earth if Mg/Si and Al/
Si weight ratios are used. The positions of the matches in
Mg/Si-Al/Si space fall (Fig. 3) far from the Earth’s
magmatic fractionation trend line. For the average Mg/Si and
Al/Si values of the matches, 32% of the Si must be removed
to reach the Earth’s magmatic fractionation trend line, or the
Mg and Al concentrations must be increased by a similar
amount. Agee and Walker (1998) argue that the PUM was
Mg-rich due to olivine flotation in a magma ocean, but such
a mantle would not be expected to be enriched in Al..

The low number of matches is controlled by the assumed
low FeO concentration of the Earth compared to most
chondrites. There are 458,360 matches without the FeO
constraint. Only the CH, EH, and EL chondrites have lower
concentrations of oxidized iron (found in FeO, Fe,Os, and
Fe;0,) than the Earth. Increasing the assumed FeO
concentration of the Earth tends to increase the number of
matches. For example, increasing the possible FeO
concentration from 5.4 £ 0.5 wt% to 6.4 £ 0.5 wt% increases
the number of matches from 514 to 1033. This increase in the
FeO concentration also reduces the average abundance of EL
chondritic material in the matches to 48%.

A number of processes could affect the FeO
concentration of the Earth’s mantle over time. Kasting et al.
(1993) argue that the upper mantle was originally more
reduced than it is today and has become more oxidized,
possibly through the subduction of hydrated oceanic crust and
the loss of hydrogen to space. A lower FeO concentration for
the PUM will have less matching combinations and higher
proportions of EL chondritic material in the matches. Francis
et al. (1999) argues that the upper mantle has become depleted
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in iron over time through the analysis of Archean (rocks older
than 2.5 billion years) mantle samples, which are richer in
iron than “modern” mantle samples. Francis et al. (1999) infer
that the Archean mantle was up to 30% richer in iron. A
higher FeO concentration for the PUM will result in more
matching combinations and lower proportions of EL
chondritic material in the matches.

If runs are done that try to find matches that just fall on
the terrestrial fractionation line (no &'70 and &8!80
constraints) (Burbine and O’Brien 2003), the matches tend to
be dominated by CI chondrites since these meteorites have a
A'70 value and a Fe/Al weight ratio similar to the Earth.
However, such matches do not seem physically reasonable.
For a planet dominated by CI chondritic material to have
similar 8'70 and §'80 values to the Earth and fall lower on or
near the terrestrial fractionation line, a component with much
higher 3'70 and 8'30 values must be removed.

Therefore, for Earth, it is possible to match estimates of
Earth’s oxygen isotopic composition and its bulk Fe/Al
weight ratio and bulk weight percent of FeO using chondrites.
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. The EL chondrites best match
the Earth’s oxygen isotopic composition, Fe/Al weight ratio,
and FeO concentration.
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RESULTS FOR MARS

The run for Mars was done to find all possible
combinations of meteorites that had A0 (%o) of 0.32 = 0.03,
3170 (%o) = 2.75 £ 0.26, 880 (%0) = 4.68 + 0.50, and FeO
(wt%) = 14.4 + 1.4. For these constraints, there were 165,357
matches out of 225,792,840 possible combinations (0.073%).
Slight increases in the tolerances will increase the number of
matches, but they do not change the fundamental results. The
distribution of matching combinations for Mars for each
percentage of the chondritic groups is shown in Table 8. The
average compositions of the matches are shown in Table 7
with the data for Earth.

The matches for Mars tend to be heavily weighted toward
ordinary chondritic material. The H and LL chondrites,
respectively, can make up 80%, and the L chondrites make up
to 75% of a particular matching combination due to these
meteorites falling just above Mars in the oxygen isotopic plot
(Fig. 1) and having roughly similar weight percents of FeO.
Compared to Earth, there is a much wider range among
meteorite types for possible matches for Mars. Besides the
ordinary chondrites, the CH, CR, EH, EL, and R chondrites
are all part of matches with percentages of 40% or greater of
these particular meteorite types.

The matches in Mg/Si-Al/Si space (Fig. 3) fall near the
values for ordinary and R chondrites. Interestingly, the trend
for the martian basaltic meteorites (shergottites) falls near
where the matches for Mars plot. The matches appear

Table 8. The distribution of matching combinations for Mars for each mass percentage of each chondritic meteorite type.?

% CH CI CK CM CcO CR cv EH EL H L LL R
0 65619 82672 105220 84213 103414 70575 98804 51332 49310 42231 35455 31357 17892
5 42154 82473 46912 57309 45722 43154 46637 42505 41078 33003 29076 26727 24699
10 25570 212 12462 21586 14065 26015 16515 31427 31008 25394 23615 22710 29839
15 15270 0 763 2249 2152 14006 3340 20375 20894 19064 19156 19059 31055
20 8649 0 0 0 4 7442 61 11526 12487 14237 15146 15814 27374
25 4373 0 0 0 0 3020 0 5498 6548 10578 11917 12940 20086
30 2086 0 0 0 0 1059 0 2079 2855 7401 9151 10440 10941
35 1014 0 0 0 0 86 0 537 956 5164 6884 8263 3234
40 429 0 0 0 0 0 0 76 208 3495 5147 6301 237
45 122 0 0 0 0 0 0 2 13 2172 3671 4638 0
50 51 0 0 0 0 0 0 0 0 1284 2548 3205 0
55 20 0 0 0 0 0 0 0 0 731 1674 2055 0
60 0 0 0 0 0 0 0 0 0 356 1009 1166 0
65 0 0 0 0 0 0 0 0 0 158 548 502 0
70 0 0 0 0 0 0 0 0 0 68 256 167 0
75 0 0 0 0 0 0 0 0 0 19 84 13 0
80 0 0 0 0 0 0 0 0 0 2 20 0 0
85 0 0 0 0 0 0 0 0 0 0 0 0 0
90 0 0 0 0 0 0 0 0 0 0 0 0 0
95 0 0 0 0 0 0 0 0 0 0 0 0 0
100 0 0 0 0 0 0 0 0 0 0 0 0 0
Average 6.67 2.51 2.24 3.24 243 5.72 2.72 7.77 8.29 12.32 15.11 16.56 14.44
c 7.83 2.51 3.26 3.78 3.53 6.67 3.79 7.58 8.03 12.46 14.50 14.90 9.13

aFor each chondritic group, we list the number of matching combinations for percentages from 0 to 100% at 5% mass intervals. The average mass percentage
for each group for a matching combination and the standard deviation (o) of the averages are also listed. The sum of each column is 165357, which is the num-

ber of matching combinations for Mars.
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consistent with the martian magmatic fractionation trend line
as defined by the shergottite meteorites.

The average Fe/Si weight ratio (1.51) for the matches is
similar to theoretical values for Mars computed by Bertka and
Fei (1998) for core compositions of FeS and FeH,
respectively. However, the standard deviation for the average
Fe/Si weight ratio is 0.17, which means that the range of Fe/
Si values for the matches encompasses all of the Fe/Si values
calculated for Bertka and Frei (1998) for different core
compositions. Our analysis does not allow us to make any
determination of the light element in the core of Mars.

The results from this study are roughly consistent with
those determined for Mars by Lodders and Fegley (1997).
They found matches for Mars that were composed out of 85%
H chondritic, 11% CV chondritic, and 4% CI chondritic
material. Our matches for Mars overlap (Fig. 3) the Lodders
and Fegley (1997) value. Our matches for Mars are enriched
in silicon relative to the Wianke and Dreibus (1988) value
since they used a significant amount of CI material in their
model composition.

These matches for Mars are depleted in silicon relative to
the values of Sanloup et al. (1999) and Mohapatra and Murty
(2003). Sanloup et al. (1999) used oxygen isotopic values for
the EH and H chondrites and geophysical models of Mars to
fit Mars’ bulk composition. Sanloup et al. (1999) found their
best match for Mars used 55% H chondrite and 45% EH
chondrite material. Mohapatra and Murty (2003) used
nitrogen and oxygen isotopes in chondrites to compute
possible building blocks of Mars. Mohapatra and Murty
(2003) found matches for Mars that were composed out of
approximately three-quarters enstatite chondritic material and
one-quarter ordinary chondritic material. The primary reason
for the discrepancy between our results and these two results
is our use of the FeO constraint for Mars. Their mixtures
would have concentrations of FeO (<6 wt%) that are too low
to match the estimated value for Mars.

For Mars, it appears possible to match estimates of Mars’
oxygen isotopic composition and bulk weight percent of FeO
with known combinations of chondritic material. The
matches for Mars also plot very near the trend for the
shergottite meteorites in Mg/Si-Al/Si space, which seems to
approximate the martian magmatic fractionation trend line.

DISCUSSION

Two solutions are usually proposed for the lack of
mixtures of chondritic material that match the bulk chemical
composition of the PUM. Either the Earth formed out of
material that is not represented in meteorite collections and/or
some of the Earth’s Si is sequestered in the core and/or lower
mantle. Adding in the proposed formation of the Moon from
the impact of a “Mars-mass” body with the Earth (e.g., Canup
and Asphaug 2001) would not noticeably help to make the
bulk Earth out of chondrites. Since the Moon is only 1% of
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the mass of the Earth (Lodders and Fegley 1998) and
estimates of the Moon’s bulk Al/Si (0.099) and Mg/Si (1.02)
ratios (O’'Neill 1991a) fall only slightly closer to the
chondrites than the estimates of the Earth’s PUM, the bulk
composition of the Earth-Moon system can not be readily
matched by any mixture of chondritic material. O’Neill
(1991b) has investigated the geochemical implications of a
giant impact on the Earth to form the Moon and finds that the
Earth’s bulk composition before the impact still does not
match any known chondritic material.

As suggested by Drake and Righter (2002), the Earth
may have formed out of some unknown type of “Earth
chondrite” or “achondrite” that matches the oxygen isotopic
composition of the Earth and had Al/Si and Mg/Si ratios
similar to the PUM. This type of material could have been
totally consumed by the accreting Earth or exists today but
has not fallen to Earth in recent history. Mars could have
formed out of known chondritic material or an unknown type
of “Mars chondrite” or “achondrite” that has similar oxygen
isotopic values and bulk chemistries to known chondrites.

Wetherill (1994) argues that the idea of local feeding zones
for the terrestrial planets is not valid and that all these planets
received major contributions from bodies that were found
between 0.5 and 2.5 AU and beyond. However, he believes that
there is a correlation between the heliocentric distance of the
planet and the average location of the bodies that make up the
planet. More recent modeling (Chambers 2001) of the
formation of the terrestrial planets from material between 0.3
and 2.0 AU also has found a compositional gradient among
“produced” planets that preserves some memory of the initial
distribution of the building blocks. The location of Mars closer
to the asteroid belt could mean that Mars accumulated a higher
proportion of the material that formed asteroids and that is now
found in meteorite collections.

Some researchers (e.g., Gaffey 1990; Taylor and Norman
1990) believe that the Earth may have formed out of
achondritic (differentiated) material. If the differentiated
bodies have the same bulk composition as the chondritic
bodies in our analysis, then our results will not be affected.
Explosive volcanism, which has been proposed to eject
volatiles and basaltic material from small differentiated
bodies (e.g., Wilson and Keil 1991), could alter the bulk
composition of these differentiated bodies. For the
differentiated bodies to match the composition of the Earth,
the lost material would have to be significantly enriched in Si
relative to both Al and Mg in chondrites.

This hypothesis is tested by looking at the bulk
compositions (Jarosewich 1990) of the basaltic meteorites
known as the HEDs (howardites, eucrites, and diogenites),
which are believed to be fragments of the crust of the
differentiated asteroid 4 Vesta (e.g., Consolmagno and Drake
1977; Drake 2001). Among the HEDs, only the diogenites
have both Al/Si (0.03) and Mg/Si (0.64) weight ratios lower
than chondrites, indicating that they are enriched in Si relative
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to both Al and Mg in chondrites. The eucrites (Al/Si = 0.29,
Mg/Si = 0.19) and howardites (Al/Si = 0.24, Mg/Si = 0.32)
both have Mg/Si weight ratios lower than the chondrites, but
their Al/Si weight ratios are much higher than chondrites due
to the occurrence of high abundances of plagioclase in these
meteorites. An Earth that formed out of chondritic material
that differentiated and lost significant amounts of basaltic
material similar in composition to diogenites (predominately
orthopyroxene) could have a bulk composition similar to
estimates of the Earth’s PUM.

Sequestering Si in the Earth’s core and/or lower mantle
would also allow the Earth to be made out of known
chondrites. All of the “missing” Si cannot be in the core since
a “light” element or elements only make up 10 wt% of the
core’s mass. Assuming the bulk Earth contains 17.2 wt% Si
(Allegre et al. 1995), our calculated 32% loss of Si from the
PUM to intersect the Earth’s magmatic trend line corresponds
to 17.1 wt% Si in the core. Some but not all of the “missing”
Si could be in the core since the core contains only ~10 wt%
of a low-mass element. The rest of the Si would have to be
sequestered in the lower mantle. Many researchers (e.g.,
Jeanloz and Williams 1998; Bina 1998) argue that current
geophysical data appears consistent with a mantle with a
peridotite bulk composition after taking into consideration
increases in temperature and pressure with depth and
mineralogical changes induced by pressure and that the data
do not require significant enrichments of Si in the lower
mantle. However, other researchers (e.g., Stixrude et al. 1992;
Kellogg et al. 1999) argue that the geophysical data is
consistent with a compositionally stratified mantle that is
possibly enriched in Si in the lower mantle.

The most conclusive evidence for determining possible
building blocks of the Earth would be the identification of a
meteorite similar in composition to estimates of the bulk
Earth or a mission to the Earth’s core that can measure the
composition of the lower mantle (Stevenson 2003). But in the
near future, the most realistic method for gaining insights on
the answer is to determine the possible building blocks of as
many terrestrial planets as possible. Is Earth the only planet
that is not made out of chondritic material? Or, is Mars the
only planet that could be made out of chondritic material?
Asteroid 4 Vesta can be analyzed in a similar fashion
(Boesenberg and Delaney 1997; Burbine et al. 2003) as the
Earth and Mars for determining possible building blocks if
the HEDS are assumed to be fragments of asteroid 4 Vesta.
Meteorites from Mercury and Venus appear dynamically
possible (e.g., Gladman et al. 1996), but none have currently
been identified. Planned spacecraft missions to Mercury (e.g.,
Solomon et al. 2001; Anselmi and Scoon 2001) may make it
easier to identify mercurian meteorites on Earth.

CONCLUSIONS

This study’s rigorous modeling using over 225 million
possible combinations of chondritic material finds that it does
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not appear possible to match the Earth’s assumed bulk
chemical composition using known chondrites, but it is
possible to match Mars’ composition for our oxygen isotopic
and bulk chemical constraints. A large number of
combinations match Earth’s oxygen isotopic composition.
However, very few combinations match the Earth’s assumed
bulk FeO concentration, and none of the combinations fall
close to the magmatic fractionation trend line in Mg/Si-Al/Si
space for the Earth. Known chondrites are enriched in Si (or
depleted in Mg and Al) relative to estimates of the PUM made
from terrestrial rocks. Many matches can be found that match
Mars’ oxygen isotopic composition and bulk FeO
concentration and that fall near the trend for shergottite
meteorites in Mg/Si-Al/Si space.
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APPENDIX

For the CM, CV, H, L, and LL chondrites, average
chemical analyses (Jarosewich 1990) for falls, which should
be the least weathered samples of these meteorite groups,
were used. For the CO and EL chondrites, the average values
(Jarosewich 1990) for samples that did not appear
significantly weathered were used. For the EH chondrites,
only one sample (ALH A77295) was analyzed by Jarosewich
(1990), and that data is used here. Analyses of Orgueil
(Jarosewich 1990) were used for CI chondrites. Unpublished
analyses (Jarosewich, personal communication) for Rumuruti
were used for the R chondrites. For CR chondrites, analyses
for Renazzo (Mason and Wiik 1962a) were used. Data for CK
chondrites were from Karoonda (Mason and Wiik 1962b).
Data for CH chondrites were from analyses of NWA 470
(Ivanova et al. Forthcoming).

All data was renormalized so that the sums of all
measured elements equaled 100 wt% by dividing by the
calculated total after subtracting adsorbed water. Since it was
assumed that bound water is due primarily to a weathering
product in all meteorites except carbonaceous chondrites, it
was subtracted from the total for EH, EL, H, L, LL, and R
chondrites before renormalizing the data. Even samples of
falls of differentiated meteorites contain bound water
(Jarosewich 1990), even though they should contain no pre-
terrestrial hydrated minerals. Adsorbed water was measured
for all meteorite groups except for the CR (Mason and Wiik
1962a) and CK chondrites (Mason and Wiik 1962b). Average
values of Si in the metallic iron were assumed for the EH (3.2
wt%) and the EL (1.3 wt%) chondrites (Keil 1968) and then
weighted by the weight percent of metallic iron in these
respective meteorites.

The average weight percent of oxygen (Table 4) was
calculated from oxide measurements for each meteorite type

since each meteorite’s contribution to the oxygen isotopic
values was weighted by its oxygen concentrations. In wet
chemistry, oxygen concentrations are not measured directly
but can be inferred by determining which elements are present
as oxides and by proportioning oxygen to each of the
elements to balance charges. Table 2 compiles the average
weight percents of Mg, Al, Si, and Fe for each meteorite type.
Weight percents of Mg, Al, and Si, respectively, were
converted from the weight percents of MgO, Al,O3, and SiO,.
The only exceptions are the weight percents of Si for the EH
and EL chondrites where we also include Si that is contained
in the metallic iron. The weight percent of Fe was calculated
from the weight percents of FeO, Fe,03, Fe (metal), and FeS.
The values of Mg/Si, Al/Si, Fe/Si, and Fe/Al are listed for all
the meteorite groups.

Table 5 lists the weight percents of FeO, Fe,03, Fe;0,,
Fe (metal), C, and H,O that were needed for the redox
reactions. The EH and EL chondrites are assumed to contain
no FeO. The weight percent of magnetite in CI chondrites was
assumed to be 11 wt% (Hyman and Rowe 1983) before
adjusting for adsorbed water. Then, the FeO and Fe,O; not in
the magnetite was calculated. Only the CI chondrites are
assumed to contain Fe,05; and Fe;O4. Magnetite is found in
other carbonaceous chondrites but usually at concentrations
less than 2 wt% (Hyman and Rowe 1982). Also, as can be
seen in Equation 2, the assumption that some iron is found as
Fe;0, instead of FeO will not noticeably affect the bulk
composition of a planet after the redox reactions since very
little carbon is used in the reaction to convert Fe;0,4 to FeO.
Only the carbonaceous chondrites are assumed to contain
H,0. Values for SO; are not compiled since the reaction that
includes SO; (Equation 6) never occurred in any of the
preliminary runs for the Earth and Mars. Only the CI, CM,
and CR chondrites were assumed to contain SO; (Jarosewich
1990; Burgess et al. 1991) in these preliminary runs.



http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=1086-9379()35L.95[aid=5265917]

