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INHERITANCE OF MAGMA OCEAN DlFFERENllATlON THROUGH LUNAR ORIGIN BY GIANT IMPACT 

Paul H. Warren 
Institute of Geophysics and Planetary Physics, University of California, Los Angeles, CA 90024 

The giant impact model for the origin of the Moon has won widespread, almost consensus, support 
[I-31. It seems to satisfactorily explain the high angular momentum of the Earth-Moon system, and the 
strong depletion of FeNi in the Moon. This model is usually assumed to entail no signir~cant fractionation 
of nonvolatile lithophile elements relative to a simple binary mixture of impactor silicates plus protoearth 
silicates. If anything, the most refractory elements (Al, Ca, Sc, Ti, V, Y, Zr, Nb, REE, Hf, Ta, Th and U) 
are sometimes assumed to be enriched as a cohesive group. However, the mechanism of giant impact 
seems likely to derive the Moon selectively from the peripheral portions of the impactor and the Earth. If 
so, then unless both the Earth and impactor were fully molten at the time of the impact, which seems 
implausible for the smaller impactor, vertical differentiation within the noncore portion of the impactor 
would have been largely inherited by the Moon. 

In a typical model of Melosh and Sonett [2] (their Fig. 5), the innermost 40 vol% of the noncore 
portion of the impactor contributes only 5 vol% to the jetted matter that eventually forms the Moon. The 
smoothed particle hydrodynamic (SPH) models of Benz et al. [1,4] yield more complex relationships 
between depth in the impactor and final disposition of the material [A. G. W. Cameron, pers. comm., 
19911, but in at least some of their models the Moon is derived almost entirely from a single quadrant of 
the impactor [I], and yet no core matter gets included. The jetting model [2] is more depth-selective than 
any variant of the SPH model. However, this difference is effectively offset by the higher ratio of 
protoearth-derived vs. impactor-derived matter in the jetted matter (typically about 1:l) than in the 
protolunar matter of the SPH models (typically about 16%). 

Only a few impacts capable of fully melting the Mars-sized impactor could have occurred during its 
entire history. The mass spectrum of planetesimals is commonly assumed to follow a power law of the 
form N(m) = C mq, where N(m)dm is the number of planetesimals with masses between m and m + dm, 
and C and q are constants. It seems probable [e.g., 31 that q falls between 513 and 2. Given this mass 
spectrum, the expected, or most likely, number of impacts large enough to engender total melting in the 
history of a 1.5-Mars-sized impactor body is between 2 and 8. The time before the Earth collides with a 
1.5-Mars-sized body is generally expected to be of the order 5-50 Ma [3]. However, the impact that forms 
the Moon must occur relatively late, when the Earth is almost fully grown. Thus, the prehistory of the 
Moon-forming impactor probably spanned >>20 Ma, and most plausibly >40 Ma [3]. If there were 2-8 
events in this prehistory that engendered total melting of the impactor, then the average interval between 
such events was probably of the order 1-10 Ma. A few tens of percent of the impactor's magma ocean 
(MO) probably would have crystallized over such an interval, because in the early stages of MO evolution 
plagioclase would not be stable. Thus, only a thin "chill" cmst, denser than the underlying melt and 
constantly being ruptured by impacts [5 ] ,  would insulate the MO. The minimum degree of crystallization 
at first plag saturation qps is given by +ps = 1 - [%OJBSP /(f [A120JPS), where BSP stands for bulk 
silicate planet, PS stands for plag saturation, and f is the degree of BSP melting during genesis of the MO. 
Assuming f = 1.0, [A1203]BSP -4 wt%, and [+o3lPS -12 wt%, the implied +p, is 0.67. This formula 
assumes that Al is perfectly incompatible, whereas in fact A1 is compatible with high-P phases such as 
majorite. This conservative aspect of the model probably approximately offsets the likelihood that 
appreciable plag would form by disequilibrium mechanisms, when the MO [A120,] was still e l 2  wt%. 

I assume that the bulk composition of the putative impactor resembled chondritic silicates; and 
therefore also the Earth, which is in most respects chondritic, and precisely overlaps the Moon in oxygen 
isotopic composition. If the impactor was appreciably bigger than Mars, perovskite probably crystallized 
along the base of its MO. Other crystals formed in the early and middle stages of MO crystallization 
probably included majorite and B-spinel. Calculations, using crystal/melt distribution coefficients mostly 
from [6] and [7], indicate that even if only 10% of the impactor MO had crystallized prior to the collision, 
significant fractionations of ratios such as Hf/Yb, ITEM, lTEITE/Zr, ITE/Yb, ITE/ri, WAl,  and Ti/Al 
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would have been inherited by the Moon (where JTEi stands for incompatible trace elements, most notably 
U, Th and La). Models without perovskite engender relatively slight fractionation of HflLu, ITE/Hf, 
ITEjTi, etc., but lead to relatively extensive fractionation of ITEfAl and CaIA1. A typical model (Fig. I), 
assuming 25% fractional crystallization of the noncore portion of the impactor, in the form of 10% 
perovskite followed by 15% of a 2:l mixture of majorite + B-spinel, yields for the bulk composition of the 
Moon in comparison to the bu& composition of the Earth: a Ca/AI ratio enhanced by 1.28 x, an ITE/Al 
ratio enhanced by 1.35 x, a Yb/Hf ratio enhanced by 2.0 x ,  an ITE/Hf ratio enhanced by 2.7 x, etc. 

The bulk-Moon compositional quirk most firmly implied as a byproduct of the giant impact is 
enhancement of Th and U over less ideally incompatible refractory elements, such as heavy REE, Zr, Hf, 
and especially the major elements Al and Ca. Thus, if the giant impact model is still deemed plausible, 
heat flow should only be used to derive upper limits for most of the refractory lithophile elements in the 
bulk composition of the Moon. An enhanced Ca/Al ratio also seems nearly unavoidable. 

These models involve great uncertainties, in the thermal state of the impactor prior to the collision, 
in the model for "sampling" the impactor as a function of depth, and in the high-pressure phase equilibria, 
including crystal/melt distribution coefficients, used to model MO differentiation. Most of these 
uncertainties could be reduced through a variety of further studies. Nonetheless, even in this preliminary 
form, the results indicate that the giant impact hypothesis implies a rather peculiar composition for the 
refractory lithophile component of the Moon. The Moon has until now generally been assumed to contain 
refractory lithophile elements in chondritic proportion to one another. For some ratios such as Hf/Yb 181, 
Sm/Al [9], and Ba/Al [lo] geochemical observations appear to confirm this assumption. Unless my 
models grossly overestimate the magnitude of the fractionations associated with lunar origin by giant 
impact, the chondritic-refractory Moon hypothesis and the giant impact hypothesis cannot both be correct. 
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