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WAS THE MOON FORMED FROM THE MANTLE 
OF A MARTIAN-SIZED PUNETESIMAL? 

T. Kato and A.E. Ringwood, Research School of Earth Sciences, Australian National University, 
Canberra, 2601 Australia 

In recent years, the "giant impact" hypothesis of lunar origin has achieved considerable 
popularity. However, there are divergent views as to the size of the impacting planetesimal, 
whether the material in the Moon was derived mainly from the Earth's mantle or from the 
mantle of the impactor, and whether one or more impactors were involved. Wiinke and Dreibus 
(1) have shown that the abundances of vanadium, chromium and manganese in the mantles of 
planetary bodies may provide important evidence on these points. These elements are present in 
near-chondritic abundances (Mg-normalized) in the mantle of the eucrite parent body (EPB) and 
the shergottite parent body (Mn, Cr), believed to be Mars (1,2,3). However, V, Cr and Mn are 
substantially depleted in the mantles of the Moon and Earth. The depletion factors are 
remarkably similar (V: .Oh-0.7; Cr: 0.4-0.5; Mn: 0.25-0.35) in both these bodies (1,2,3). It is 
difficult to explain all three depletions by processes occuning in the nebula prior to accretion. 

The condensation temperature of V is -110 K higher than that of Mg and Cr condenses 
only 35 K below Mg at 10-3 atrn (4). Moreover the Mg/Cr ratio is near-constant in chondrite 
groups (Cl-36, CM-38, CO-41, CV-41, OL-40, OH-42, E(av)-4l, and uncorrelated with Si/AI 
ratios in these groups which range from 9 to 20 and have probably been fractionated by processes 
involving selective volatility. Thus, the depletions of V and Cr in Earth's mantle and moon 
cannot reasonably be attributed to volatility-controlled fractionations in the solar nebula prior 
to accretion. The condensation temperature of M n  is - 150 K below that of Mg and it is possible 
that the Mn depletions were caused by its higher volatility. However, this interpretation is not 
supported by the observation that Mn is undepleted in the mantle of the eucrite parent body 
which experienced much stronger depletions of many other volatile elements than did the 
Earth's mantle (1). Moreover, manganese seems to be slightly more abundant in the lunar mantle 
than the terrestrial mantle (I), despite much greater depletion of most other volatiles in the 
Moon. 

The depletions of Cr, V and Mn(?) in the Earth's mantle could be explained if they were 
sigxuficantly siderophile under the conditions of core-formation, possibly because of a change in 
their metal/silicate partition behaviour under the high pressures and temperatures prevailing 
during core-formation in the interior of a planet (5). 

Cameron (6) has modelled the formation of the Moon in terms of an impact between a 
Martian-sized planetesimal with the proto-earth. A characteristic of his model is that the 
material from which the Moon formed was derived mainly from the mantle of the impador and 
not from the Earth's mantle. The model would seem to imply, therefore, that V, Cr and possibly 
M n  were depleted in the mantle of the impactor by core-formation. It should be a matter of some 
concern that these elements are not depleted in the mantle of Mars which provides the only 
known example of a planetesimal of the size postulated by Cameron. 

We are conducting an experimental investigation of the core-formation process in a 
Martian-sized planetesimal. Geophysical modelling (7) shows that this would consist of an 
upper mantle comprised of olivine + clinopyroxene + garnet extending to a depth of about 1200 km 
and a lower mantle of y or p (Mg,Fe),SiOq + majorite garnet extending to 1800-2000 km. Below 
this depth and extending to the centre is an iron-rich core. The field of MgSi03 perovskite + 
(Mg,Fe)O rnagnesiowiistite characteristic of Earth's lower mantle is not encountered in a 
Martian-sized planet. We are currently measuring partition coefficients for V, Cr and Mn, 
between silicate minerals present in a Martian-sized planetesimal and crystalline metallic iron 
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in the range 10 - 25 GPa, 1650 - 2000°C, using an MA-8 apparatus. A preliminary set of silicate- 
metal partition coefficients for V, Cr and Mn obtained under these conditions is given in Table 1. 

The results show that V and Mn would be preferentially partitioned into all of the major 
phases which would occur in the interior of a Martian-sized planetesimal. Chromium is 
preferentially partitioned into garnet, clinopyroxene, silicate spinel and magnesiowiistite, and 
displays partition coefficients close to unity in the cases of olivine and P (Mg,Fe),SiOq. When 
the bulk partition coeffficients between crystalline iron and silicate mantle are considered, it is 
seen that separation of a metallic iron core in a Martian-sized planetesimal would not. cause 
marked depletions of V, Mn and G abundances in its mantle. The results are entirely consistent 
with the observations that these elements are not depleted in Mars (Cr, Mn) or in the EPB. 
Although the experiments relate to partitions between crystalline iron and silicate mantle, 
literature data for partitions of V, Cr and Mn between crystalline and molten iron show that the 
above conclusion is applicable to the separation of a molten iron core. Newsom and Drake (3) 
have shown that it applies also in the case of separation of a molten Fe-S core. 

We are currently determining partition coefficients for V, Cr, and Mn under P,T conditions 
appropriate to the Earth's lower mantle to see whether they are affected by the increasing 
solubility of oxygen in molten iron that occurs under these condititons. 

REFERENCES (1) Dreibus, G. and H. WZnke (1979) Lunar Planet. Sci. 10.315. (2) Seifert, S. 
and A.E. Ringwood (1988) Earth, Moon and Planets 40.45. (3) Newsom, I-L and M. Drake (1987) 
Lunar Planet. Sci. 18,716. (4) Grossman, L. and E. Olson (1974) Geochim. Cosmochim Acta. 3& 
173. (5) W&, H. and G. Dreibus (1986) in Origin of the Moon eds W. Hartman, R. Phillips and 
G. Taylor. Lunar Planet. Inst., Houston. (6) Cameron, A.G.W. (1986) Icarus 66.515. (7) Clark, S. 
and A.E. Ringwood (1971) Nature 234.89. 

TABLE 1 Partition coefficients (D) for V, Cr and Mn between silicates, 
magnesiowiistite and crystalline metallic iron at 10-25 GPa and 1650 - 2000°C. 

phase 100Mg/(Mg+Fe) DV wk DM. 

Garnet 70 - 85 7 4 12 

Olivine 86-90 1.6 1 .O 2.0 

Clinopyroxene 76 3.2 1.7 20 
(5% CaO) 

* Reversed experiments. 
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