
LPSC X I X  563 

FRACTIONAL CRYSTALLIZATION OF THE LUNAR MAGMA OCEAN, THE 
BULK COMPOSITION OF THE M*OON, AND COMPARISON TO THE EAR% John H. 
  ones* and John W. ~ e l a n o * * ;  SN4, NASAIJSC, Houston, TX 77058; Dept. of 
Geological Sciences, SUNY, Albany, NY 12222. 

Earlier we presented a conceptual model for calculating bulk compositions for the silicate 
portion of the Moon [I] that assumed that the Moon could be thought of as a mixture of three 
components: (i) a residual magma ocean composition (PPG); (ii) earlier cumulates from the 
magma ocean; and (iii) the residue from the partial melting event that initially produced the 
magma ocean. Our previous set of models for lunar bulk composition, whose main 
compositional attribute was to span a wide range of Mg# [molar Mg/Wg+Fe)], did not take into 
account the possibility that the lunar magma ocean might have crystallized by fractional (as 
opposed to equilibrium) crystallization. Because some form of fractional crystallization is likely 
to be the best approximation to the origin of the lunar upper mantle, we have attempted to 
incorporate fractional crystallization into our three-component model. 

Method. The difficulty is that, within our scheme of calculation, the composition of the 
initial magma ocean is not known until the bulk composition of the Moon is known. Our 
solution to this problem has been to calculate bulk lunar compositions as before, but with the 
cumulate stage represented as a mean composition of a chemically heterogeneous layer. In detail, 
(i) we assume that the Rayleigh fractionation equation is a good approximation for describing the 
zoning within the cumulate; (ii) we integrate over the total compositional variation and then 
calculate the mean bulk composition of the cumulate; and (iii) we substitute this expression into 
our three-component model and solve much as before. The constraints that allow solution of the 
three-component equations are: (i) mass balance (X,e,idue+Xcumulate+XPPG=l); (ii) the 
requirement of (olivine/liquid) equilibrium during partial melting; and (iii) the assumption that the 
Moon has chondritic MgIAI. 

Thus, in principle, we may calculate bulk lunar silicate compositions as before. However, 
two further difficulties arise. The first is that the Rayleigh fractionation model requires that 
absolute mean D(olivinelliquid) values for Fe and Mg be known [as opposed to simply knowing a 
KD(Fe/Mg)]. The second is that that the set of equations is no longer analytically soluble. The 
solution to both of these difficulties is to solve by successive trial and error. Because we have no 
stoichiometry criterion for calculating our cumulate composition, if we use Fe and Mg ID values 
that are either too small or too large, then we calculate a composition that sums to either less than 
or greater than 100%, respectively. We find that, for a wide variety of values of KD, a mean 
M g ~  value of 2 results in solutions which deviate from 100% sums by - 4 % .  Only solutions 
which deviate by less than 3.5% are discussed here. Clearly, this is only an approximation to 
more detailed calculations, but we see no justification for further fine-tuning. The D values 
required by the fractional crystallization model are consistent with our earlier equilibrium 
crystallization calculations. For example, two magma ocean compositions, generated by 64% 
and 45% equilibirum partial melting had (olivinepiquid) M g ~ ' s  of 1.53 and 1.74, respectively. 

Results. We have investigated -80 different fractional crystallization models. Most of 
these have M g ~  values of 2. KD (olivinepiquid) was allowed to vary between 0.31 and 0.37, and 
cumulates were either pure olivine or 1:l mixtures of olivine/orthopyroxene. KD 
(olivine/orthopyroxene) was taken to be 1.17 [2]. Table 1 presents the results from a fractional 
crystallization model whose model parameters compare well to an "intermediate" equilibrium 
crystallization model [I] (i.e., 64% initial partial melting and very similar amounts of cumulate). 
The only appreciable difference between the equilibrium and fractional crystallization models is in 
the FeO contents. The FeO contents that we calculate from the fractional crystallization models 
are always lower than equivalent equilibrium models. Of particular interest is the observation 
that the FeO content of the fractional crystallization model in Table 1 begins to approach that of 
the Earth's upper mantle (8 wt.% FeO). Therefore, our earlier conclusion that the Moon is 
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enriched in FeO by 50- 100% over the Earth's upper mantle requires further evaluation. 
The FeO content of the Moon. Within our suite of calculations, not all solutions are 

acceptable. For example, not all give good sums. We demand that our models pass three tests: 
(i) sum to within -5% of 100%; (ii) possess a residuum capable of producing the highlands' 
Mg-rich suite (i.e., have an Mg# 2 89); and (iii) have a Mg/Si ratio similar to that of the Earth 
(1.1+ 0.05). The last requirement is reasonable in that we expect that, if the Earth and Moon 
formed separately, they probably formed from similar materials [3]. Alternatively, if the Moon 
formed from the Earth, then the similarity may be even more pronounced. Of our calculated 
models, only 12 (-15%) meet these requirements. None of the models with pyroxene in the 
cumulate were accepted. The FeO contents of the acceptable models range from 9 to 12 wt.%. 
None were as low in FeQ as the Earth's upper mantle, but certainly these models are lower in 
FeO than our previous estimates. 

Additionally, we find that the KD appropriate for the c~ystallization of the lunar magma 
ocean is - 0.34 -0.37 [4,5]. For example, the magma ocean compositions discussed above had 
KD's of 0.36 and 0.35 [4]. If we exclude those compositions which were calculated using KD1s 
< 0.34, then the range of FeO contents is further restricted to values between 10 and 12 wt.%. 
In fact, the FeO content reported in Table 1 is the lowest of all acceptable models, and we take 
this to be a reasonable lower limit to the FeO content of the Moon. Further, it is unclear how 
much of an equilibrium component there might have been during the crystallization of the lunar 
magma ocean. If olivine was important in early lunar processes, then partial equilibration might 
easily have modified the fractional crystallization process. Thus, we believe that the most 
probable values of bulk lunar FeO lie between 11 and 12 wt.%, -50% higher than the upper 
mantle of the Earth. 

Conclusions. Our new calculations do not change our earlier conlusions about either the 
abundances of refractory lithophile elements in the Moon or the relations between Taylor- and 
Ringwood-type models of lunar composition [I]. We have, however, lowered our estimate of 
bulk lunar FeO to values 25 - 50% higher than that of the Earth's upper mantle. Even lower 
values of lunar FeO, which have been advocated by some (e.g., [6]), cannot be supported within 
the framework of our model without resorting to either unreasonably low KD's or Mg/Si values. 
The Moon appears to be significantly enriched in FeO over the upper mantle of the Earth. 
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TABLE 1 
COMPAIRISON OF EQUILIBRIUM AND 

FRACTIONAL CRYSTALLIZATION MODELS 
FRACTIONAL 

EQUILIBRIUM CRYSTALLIZATiON 
ELEMENT MODEL * MODEL 

SiO, 42.6 44.0 

A403 
FeO 

*"Intermediate" model; **98% sum before conversion to wt.%. 
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