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MOON; J.H. ~ o n e s l  and J.W. ~ e l a n o ~ ,  l ~ u n a r  and Planetary Laboratory, University of 
Arizona, Tucson, AZ 85721,2~ept. of Geological Sciences, State University of New York, 
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The early lunar differentiation events which led to the formation of the highlands and 
depleted the lunar mantle make reconstruction of the Moon's bulk chemical composition very 
difficult. Recent attempts to "see through" those early differentiations have typically arrived at 
two extreme bulk lunar compositions. Models such as that of W M e  (198 1) predict a Moon that 
is "Earthlike" in that the concentrations of refractory elements are very similar to those of the 
Earth's (-3X CI). Models such as that of Taylor (1982) predict that the Moon is enriched in 
refractory elements (5-6X CI) over the Earth. Both models predict that the Moon is enriched in 
FeO relative to the Earth's upper mantle. As discussed by Warren (1986), an FeO-rich Moon 
appears difficult to reconcile with the very magnesian olivines associated with the lunar 
highlands' Mg-rich suite. 

Here we present a simple model which may be able to reconcile the differences between the 
various calculations of lunar bulk composition and the apparent paradox of requiring that an 
FeO-rich Moon produce very MgO-rich olivines. The key assumptions of this model are: (i) that 
the composition of the postulated "lunar magma ocean" may be modeled as various mixtures of 
the most primitive mare glass composition ("Genesis"; Delano and Lindsley, 1983) and olivine in 
equilibrium with that composition; and (ii) that this magma ocean was produced by partial, as 
opposed to total, melting of the upper undifferentiated lunar mantle. The bulk composition of the 
undifferentiated lunar mantle may then be thought of as a mixture of Genesis glass, cumulus 
olivine from the magma ocean, and residual olivine, left over after an early partial melting event 
that produced the magma ocean (we neglect the contribution to the bulk composition of any small 
metallic core). These three components are mixed in varying proportions with the requirements: 
(i) that the Moon possess a chondritic MglAl ratio; and (ii) that, as the composition of the magma 
ocean changes, the composition of the residual olivine changes in response. We assume olivine 
to be the residual and cumulus phases because the most primitive lunar glass suites appear to 
have had only olivine as their liquidus phase; but we cannot rule out that our residual and 
cumulate reservoirs contained minor sub-calcic pyroxene. Obviously, this calculated bulk 
composition is rather model dependent. The utility of our approach is that: (i) our model is 
based on only the most primitive lunar magmas (Delano, 1986); (ii) we may explore the possible 
variation in calculated model-dependent compositions; and (iii) we note with hindsight that it may 
be possible, using this model, to relate our calculated compositions to both the Earth's upper 
mantle and Taylor's more refractory bulk Moon. 

Table 1 shows the variation in calculated bulk lunar composition which is possible using 
the three-component model -- our most FeO-rich composition, our most MgO-rich composition 
and an intermediate composition are tabulated. The variation in FeO between the extremes (-13 - 
17 wt.%) is appreciable. We have chosen to report here that intermediate composition which 
produces the most MgO-rich residuum. [Because K,(Fe/Mg) increases as the magma ocean - 
becomes more olivine-normative, the most MgO-rich bulk composition does not produce the 
most MgO-rich residuum.]. This intermediate model corresponds to a magma ocean which was 
produced by -64% partial melting of undifferentiated mantle, leaving a residuum of olivine of 
-Fogl. The composition of this residuum is very close to the Mg# required to produce the most 
magnesian olivines of the highlands. Remelting of residua (with the aid of trapped, interstitial 
materials?) could explain the very magnesian highland suite, while the more FeO-rich magma 
ocean and its crystallization products could be the source for the FeO-rich mare basalts. We will 
show below that adoption of the intermediate composition as that of the bulk Moon has additional 
interesting consequences. 

Table 2 shows that our intermediate composition can be related to both the Earth's upper 
mantle and to Taylor's bulk Moon composition by projection from FeO. Tabulated are: (i) our 
intermediate bulk Moon composition, (ii) two estimates of the composition of the Earth's upper 
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mantle, (iii) the magma ocean composition of our intermediate model, and (iv) the bulk lunar 
composition of Taylor (1982); all compositions are recast on an FeO-free basis. At least in terms 
of major elements, our intermediate bulk composition may be related to the upper mantle of the 
Earth by simple addition-subtraction of FeO. Because iron can be reduced and oxidized with 
relative ease, this projection is viable. Additionally, our intermediate magma ocean composition 
is in good agreement with the bulk lunar composition of Taylor (1982). Thus, it is possible, 
starting with an Earthlike composition, to generate a magma ocean (via partial melting) which is 
nearly indistinguishable from the bulk lunar composition of Taylor; the only major difference 
being in FeO, which was essentially a free parameter in Taylor's model. The converse is not 
true. Taylor's model composition cannot be simply related to the Earth by projection from FeO 
and has no ready explanation for the MgO-rich suite of the highlands. Thus, it is possible that 
Taylor's compositional model is more representative of a magma ocean than of the bulk Moon. 

This contribution is not necessarily one of advocacy. It is not yet possible to anive at a 
model-independent lunar composition. Our goal has been to find the simplest possible model 
which would relate the greatest number of observations, and we have had some apparent 
successes. Further constraints (such as minor and trace element abundances and geophysical 
considerations) should allow for either further refinement of or rejection of the model. If our 
model composition is even approximately correct, complex Fe-FeO redox processes and/or 
metal-silicate fractionations may be required at the time of the Moon's formation. In any 
event, it appears possible to reconcile two very different models of lunar composition within a 
single construct. 

TABLE 1 
BULK LUNAR COMPOSITIONS CALCULATED 

DIqTE 
Si02 42.0 43.0 42.5 

Ti02 

A1203 
FeO 
MnO 
MgO 
CaO 

TABLE 2 
COMPARISON OF CALCULATED COMPOSITIONS 

R COMF'OSlTIONAT, F.SlB&UES FOR AND MOON* 
INTERMEDIATE INTERMEDIATE TAYLOR 

O A h '  BULK MOON 
Si02 49.1 48.9 48.9 51.9 49.8 

Ti02 0.20 0.16 0.24 0.30 0.34 

A1203 4.3 3.6 4.5 6.7 7 .O 

MnO 0.19 0.14 0.14 0.24 0.17 
MgO 42.8 43.5 41.2 35.8 36.7 
CaO 3.4 2.9 3.8 5.4 5.2 

*all compositions FeO-free; EARTH(1) from Taylor (1982); EARTH(2) from W W  (1981) 
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