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Abstract. The bulk composition of the Moon was determined by the conditions in the solar nebula
during its formation, and may be quantitatively estimated from the premise that the terrestrial planets
were formed by cosmochemical processes similar to those recorded in the chondrites. The calculations
are based on the Ganapathy-Anders 7-component model using trace element indicators, but incorpor-
ate improved geophysical data and petrological constraints.

A model Moon with 40 ppb U, a core 2% by weight (1.8% metal with ~ 35% Ni and 0.2% FeS) and
Mg/(Fe?* + Mg)'1t ~ 0.75 meets the trace element restrictions, and has acceptable density, heat flow
and moment of inertia ratio. The high Ni content of the core permits low-Ti mare basalts to equilibrate
with metal, yet still retain substantial Ni. The silicate resembles the Taylor-Jaked composition (and in
some respects the waif Ganapathy-Anders Model 2a), but has lower SiO,.

Minor modifications of the model composition (U = 3035 ppb) yield a 50% melt approximating
Apollo 15 green glass and a residuum of olivine plus 3 to 4% spinel; the low SiO, favors spinel form-
ation, and, contrary to expectation, Cr is not depleted in the liquid. There may no longer be any
inconsistency between the cosmochemical approach and arguments based on experimental petrology.

1. Introduction

The bulk composition of the Moon remains controversial. Some authors (Taylor and
Jakes, 1974; Ganapathy and Anders, 1974; Winke ef al., 1974a) contend that the Moon
differs markedly from the Earth, which is consistent with simultaneous formation (Opik,
1972) or capture (Alfvén and Arrhenius, 1969, 1976, Kaula, 1977; Mitler, 1975; Singer
and Bandermann, 1970; Smith, 1977; Urey, 1972). Others (Ringwood, 1977a; Binder,
1974 ; Winke and Dreibus, 1977) maintain that the Moon matches the composition of the
Earth’s mantle, and consequently is of fission origin.

As a contribution to this problem, we shall attempt to determine the Moon’s compo-
sition by a cosmochemical model, first developed for the Earth and Moon (Ganapathy
and Anders, 1974), and later extended to Mars (Anders and Owen, 1977) and the eucrite
parent body (Hertogen ef al., 1977, Morgan et al., 1978). The model rests on the reason-
able premise that solar system material has undergone a limited number of fractionation

o Paper dedicated to Professor Hannes Alfvén on the occasion of his 70th birthday, 30 May, 1978.
*¥ Present address: Instituut voor Nucleaire Wetenschappen, Rijksuniversiteit Gent, Proeftuinstraat,
86, B-9000 Gent, Belgium.

¥ Unless otherwise stated, this ratio refers to the molar ratio throughout this paper.

The Moon and the Planets 18 (1978) 465~478. All Rights Reserved.
Copyright © 1978 by D. Reidel Publishing Company, Dordrecht, Holland.



466 JOHN W. MORGAN ET AL.

processes in the solar nebula; the chondrites, as primitive nebular condensates, record
these processes. The chemical elements show considerable internal coherence in these
fractionations, so that in principle abundances for 83 elements can be derived from few
geochemical and geophysical constraints. Bulk compositions derived for the Earth and
eucrite parent body seem consistent with petrological and geophysical data (Stolper,
1975, 1977; Smith, 1977, Ringwood, 1977b). This work presents calculations for the
bulk composition of the Moon, based upon improved geophysical and petrological data,
and using more explicit algebra.

2. The Model

2.1. PLANETARY COMPONENTS

Equilibrium condensation from solar gas produces three types of primordial dust: a
refractory-rich early condensate, metallic Ni-Fe, and Mg-silicates (Grossman and Larimer,
1974). Below about 700K, volatiles are collected; metal reacts with H,S to give FeS
(troilite) and with H,0 to give FeO (Larimer and Anders, 1967). The former becomes an
additional component, the latter combines with Mgsilicates. These 4 components may
not remain in original cosmic proportions, however. Early condensate may be gained or
lost by settling to the median plane before precipitation of the other components; the E-
chondrites, for example, show clear evidence of loss of refractory elements (Larimer and
Anders, 1970). Metallic Fe-Ni may be fractionated from other components, possibly by
ferromagnetic effects. This fractionation is most clearly seen in the depletion of total Fe
in the L- and LL-chondrites relative to H-chondrites, but all chondrite groups appear to
have lost metal relative to Cl-type composition (Larimer and Anders, 1970). Millimeter-
sized chondrules are formed just before or during accretion, perhaps by impact melting
of some portion of the original components (Whipple, 1972); volatiles are depleted and
FeS is reduced to metal. Chondrule formation is assumed to affect the same fraction of
all 3 components and provides 2 further components: temelted silicate and remelted
Fe-Ni. Elements condensing below 600K may be only partially condensed to a degree
which is unpredictable a priori but can be inferred from volatile patterns in planetary
rocks. A seventh volatile-rich component is therefore postulated, containing these
elements in proportions similar to those in C3V carbonaceous chondrites (Ganapathy and
Anders, 1974; Anders and Owen, 1977).

For a differentiated planet, the proportions of the various components can be esti-
mated from whole-planet abundances of a few “index elements”. The early condensate,
the sole source of U, can be directly calculated from the bulk U, which is in turn derived
from surface heat-flow measurements. The K abundance is a measure for the unremelted
silicates and the Tl abundance for the volatile-rich component. Given a value for bulk U,
planetary K and Tl contents can be determined from the K/U and Tl/U ratios in surface
rocks. These ratios are nearly constant in igneous rocks on 2 given planet and presumably
reflect the ratios in the bulk planet. The metal content is constrained by the oxidation
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state of iron [Mg/(Fe?* 4+ Mg) ratio in silicates] and the bulk Fe abundance, estimated
from geophysical measurements (e.g. seismic data) and planetary densities.

2.2. ABUNDANCE DATA

As a generally acceptable starting point we have used the cosmic abundance table of
Cameron (1973), to which the following modifications have been made: Ca/Al has been
adjusted to 1.08 (Ahrens, 1970); the abundance of Fe was raised to 8.9 x 10° (Mason,
1962); K was lowered from 4.2 x 10% to 3.79 x 10 (Nichiporuk and Moore, 1974); Th/U
was taken to be 3.6, B was lowered to 54 (Weller et al., 1977).

2.3. COMPOSITION OF COMPONENTS

The Si and Mg content of the early condensate (EC) was adjusted so as to satisfy two con-
straints: an average enrichment factor of 17.5 x Cl for the refractory elements (Ca, Al, U,
etc.) and a Si/Mg mass ratio equal to 2, closely resembling the Ca~Al rich inclusions in the
Allende meteorite (Clarke er al, 1970; Winke er al., 1974b; Grossman et al., 1977).

The remelted silicate component (RS) comprises the remaining Si and Mg, and those
lithophile elements that are not appreciably volatilized upon remelting. Addition of litho-
phile elements condensing between 1300 and 600°K (Na, K, etc.) to the remelted silicates
gives the unremelted silicate component (URS). And finally, the unremelted silicates plus
the highly volatile elements (C3V chondrite proportions, relative to Tl, for H, C, N, and
noble gases; cosmic proportions for all others) make up the volatile-rich component
(VRS).

The composition of the silicates was calculated on a FeO-, MnO- and Cr,05-free basis.
The formal treatment of these metal oxides as separate entities simplifies the calculations,
and obviates the need to tailor the composition of the silicate components to the oxi-
dation state and iron content of specific planets.

2.4. CALCULATIONS

Let us use the following symbols for the mass fraction of the various components:
¢ = early condensate, s = silicate, m = metal, ¢ = troilite. The remelted, unremelted, and
volatile-rich silicate components are desigﬁated by the subscripts 7, # and v; subscript p
refers to bulk planetary abundances. Greek letters are constants, whose numerical values
depend upon the input data.

Mass balance requires that

c+s,+s, +s, +m+t+FeO+MnO + Cr,0; = 1. )

The values of three of the parameters immediately follow from the index elements U, K,
and Tl as

c = U,/U,,
Sp = Tlp/Tlv,
Sy = (Kp — 5, Ko)/Ky;
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K, and Tl,, are found from (K/U),, (Tl/U), and U,.
The Mg/(Fe* + Mg) ratio, recast as FeO = aMg,, gives

FeO = o +§'s,, 2

since Mg, = cMg, + 5, Mg, +s5,Mg, +5,Mg,.

It is unlikely that Mn was completely lost upon remelting; therefore, MnO is tied to
FeO, assuming that the FeO/MnO ratio remained approximately constant at 85 in lunar
igneous processes. (Fe/Mn)-solid-liquid distribution coefficients actually vary from 0.8 to
1.3 (Stolper, 1977); but since Mn is not a critical element in the present calculations,
FeO/MnO may serve as an acceptable index of the Mn abundance.

Chromium requires a more elaborate treatment. We assume that 80% of cosmic Cr
condensed with metal, the remainder with Mg-silicates (Grossman and Olsen, 1974). Pre-
sumably, metallic Cr will react with H,0 to give chromite, which finds its way into the
silicates. Then

Cr, = 0.20 x 1.086(Cr/Si)sos(s,Si, + 5,81, + 5,5iy)
+ 0.80(Cr/Fe)osFey.

The factor 1.086 arises from the correction for Si present in the early condensate.
Equation (1) then reduces to

o +8"s, +y"Fep, +m+1 = 1. 3)

The metal and troilite mass fractions are fixed by the oxidation state of iron and the bulk
Fe content

Fe,[1 + (Ni + Co + P)eog/Fegos] = 0.7773Fe0 +m + 0.6353¢.

The two numerical coefficients are stoichiometric factors. With Equation (2) substituted
for FeO, we find that

1.065Fe, = & + es, +m + 0.6353t. 4)

For a given total Fe content, Equations (3) and (4) comprise a system of two equations
with three unknowns: s,, m and r. We obviously need a third equation or an additional
constraint to solve the problem in a straightforward way.

For want of a suitable index element for either troilite or metal, we will follow the
Ganapathy-Anders approach, and suppose that for a Fe-poor body, such as the Moon,
oxidation of primary metal went to completion prior to the remelting event, and that all
lunar metal was produced by remelting of troilite. (This is a postulate and does not
directly follow from the model.) The remelting process is assumed to be non-selective,
and the relative proportions of metal and troilite thus have to satisfy the constraint

m/(0.6353t) = /(1 —f), (%)

where [ is the remelted fraction, calculated from s,, s, and s, after normalization to an
involatile element, such as Si, by
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f = ,.Si./(s,Si, +5,Si, + 5,5i,).

Obviously. the troilite fraction is also limited by the available sulfur. Since it is rather
unlikely that S would be more abundant in the Moon than less volatile K, the troilite frac-
tion may be written as

t = Kp(8/K)eos x 2.7417 x p, 6)

where 2.7417 is the stoichiometric factor to convert S to FeS, and p is an adjustable
parameter (fudge factor) such that (0 <p < 1).

For a given total Fe content and a chosen value of p, Equations (3), (4) and (6) reduce
to a system of two equations with two unknowns, s, and m. However, the actual value of
p is not directly available, because we do not have any a priori knowledge about the
planetary S/K ratio, or about the fraction of total S present as troilite. In practice, the
appropriate value of p (and of s, and m) was found by iterating the calculations with dif-
ferent values of p, until the constraint expressed in Equation (5) was met.

The calculations involve 9 components, but it needs to be stressed that these compo-
nents are not completely independent. The bultk U content (derived from heat-flow
measurements) determines the EC contribution. This in turn fixes s, and s,, via K/U and
T1/U respectively, FeO, MnO and Cr,03, though formally treated as separate components,
are determined by the silicate components [(via Mg/(Fe?* + Mg)] and the total Fe con-
tent. They finally end up in the silicates, and the actual mass fractions of remelted,
unremelted and volatile-rich silicate components can readily be calculated from s,., 5,,, §,
and the FeO, MnO and Cr,0; abundances. Thus, the assertion that the model has 7 (or
more) degrees of freedom (Ringwood and Kesson, 1976) is clearly incorrect. In fact, once
planetary ratios are established there is very little flexibility. Accordingly, the model
makes rather specific predictions and is subject to rigorous testing; it is generally applic-
able to terrestrial planets and does not invoke different ad soc assumptions (i.e., volatile
loss in magmatic processes, unlikely geochemical behaviour, improbable dynamic heating)
to explain observed abundances.

3. Bulk Composition of the Moon: Model 4

3.1. INPUT PARAMETERS

There are two important reasons for recomputing the bulk composition of the Moon by
the Ganapathy-Anders model. Firstly, values of such geophysical parameters as heat-flow
and moment of inertia have been substantially revised and improved since 1974 (Langseth
et al., 1976; Blackshear and Gapcynski, 1977). Secondly, the determination of oxidized
metal, which was formerly based on FeO/MnO and total lunar Fe (Parkin ef al., 1973;
Reynolds and Summers, 1969) has been reconsidered. The new input data are summar-
ized in Table I, and are explained in more detail below.
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TABLE 1
Constraints on funar composition

Refractory fractionation Bulk U=40ppb
Oxidized Fe FeOQ/(FeO + Mg0) = 0.20
Remelting K/U = 1900

Voltatiles T1/U = 0.0023

Metal + Troilite ’ Geophysical data

3.2. HEAT FLOW AND BULK U CONTENT

Ganapathy and Anders (1974) adopted a lunar bulk U content of 59 ppb, derived from
Apollo 15 and 17 heat flow data (Langseth ef al., 1973). More recently, Keihm and
Langseth (1977) combined in situ geophysical data, orbiter geochemical measurements,
and chemical and physical sample measurements to derive an improved model for the
lunar thermal regime to 500 km. They conclude that bulk U content lies between 35 and
46 ppb; we have adopted 40 ppb U as a probable value for our calculations. Ringwood
(1976) suggests that even the lower limit of 35 ppb is still too high and considers an esti-
mate of 30 ppb U to be more acceptable. We will consider the relations between petrology
and the bulk U content in greater detail in a later section.

3.3. IRON IN THE MOON

Ganapathy and Anders (1974) used a value of 9 + 4% Fe derived from magnetometer data
{Parkin et al., 1973); this was preferred to, but not incompatible with, an earlier value of
13% (Reynolds and Summers, 1969). More recently, Sonett (private communication) has
pointed out some shortcomings of the Parkin et al. estimate; in particular, that the contri-
bution of ferromagnetic sub-curie point native Fe in the outer part of the Moon may com-
pletely swamp paramagnetic Fe in orthopyroxene and/or olivine, or super-curie point Fe
in a possible lunar core. Since native Fe observed in lunar rocks is either meteoritic in
origin (in breccias) or derived from surface desulfurization of sulfide (in basalts; Brett,
1976) the content of native Fe in the lunar mantle may not be enough to significantly
affect bulk lunar Fe estimates. Nevertheless, in the present work we have chosen to deter-
mine FeO, troilite and metallic Ni-Fe independently.

The abundance of FeO is derived from estimates of “Mg number” (Ringwood, 1976)
{i.e., [(MgO/(FeO + MgO)] x 100} as determined for the lunar mantle from experimental
petrology; the work of a number of authors suggests that values between 75 and 80 may
be appropriate, and we have therefore adopted a value of 80, which corresponds to
(FeO/Mg0)yeigns = 0.446.

The metal and troilite present a less accessible problem. We have assumed that these
two components occur predominantly in a possible lunar core. Since the size of the core
(or even its existence) is still hotly debated, three possible values have been adopted.

(1) 0 wt. %; this is clearly the absolute minimum value.

(2) 2 wt. %; this corresponds to a core radius of ~ 350km, the maximum size accept-
able to Nakamura er al. (1976), based on seismic data.
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(3) 3.9%; this value is based on a new determination of the lunar moment of inertia
ratio, 0.391 + 0.002 (Blackshear and Gapcynski, 1977). The core size was derived from
the curves of Dainty et al. (1974), assuming that the core contains 10% troilite.

3.4. RESULTS

Lunar compositions in terms of the “chondritic” components are listed in Table II for
three possible lunar core sizes: 0, 2 and 3.9%. These shall be referred to as models 4a, b
and ¢. The major element composition for Model 4b is given in Table III.

The abundances of silicate components are comparable with those of the Ganapathy-
Anders Model 2a (Anders, 1977). Model 2a was originally abjured by its creators, because
of an error in the U value for the early condensate, but has been partially rehabilitated
since this error fortuitously anticipated the new, lower U abundance of the Moon. More-
over, it is petrologically more acceptable than the previously favored Model 3a. The new
metal and troilite contents are lower and the FeO content is much higher. These were
independently derived from petrological and geophysical information, whereas those of
Ganapathy and Anders were based on the FeO/MnO ratio in lunar surface rocks. The cal-
culation of Fe®/FeO from FeQ/MnO critically depended upon the constancy of this ratio
in igneous processes and upon the ill-defined fraction of Mn lost during remelting. Our
approach does not require any a priori estimate of Mn loss. The resulting Mn abundance
corresponds to about 30% retention, similar to the value observed in chondrules from
carbonaceous chondrites (Schmitt ef al., 1965, 1967).

The total Fe content in our new estimates agree well with independent geophysical
estimates of 13% (Reynolds and Summers, 1969) and 9+ 4% (Parkin er al., 1973).

The model predicts ca. 11 wt. % troilite in the putative core, corresponding to p-values
— see Equation (6) — of 0.1 and 0.2 for a 2 and 3.9% core respectively. Taken at face
value, these low p-numbers suggest either that the bulk lunar S/K ratio is significantly
lower than the cosmic ratio, or that a major part of the total S is present in the mantle
and crust. The maximum allowed troilite content in our model (p = 1) is 2.25% by
weight. For most acceptable values of core size, this would imply that the lunar core con-
tains no metal, only FeS. Therefore, the low p-values do not appear to be implausible.

The high Ni content of the metal in the assumed core is a consequence of the low
Fe®/FeO ratio (as already pointed out by Kimura ef al., 1974), and is an obvious analogy
to Prior’s rules. This may have an important corollary. The Ni content of lunar low-Ti
basalts is quite high; 50ppm for the mean of 43 Apollo 12 and 15 basalts. The value
of 150 ppm given by Ringwood (1976) is clearly too high, since only 2 of the 43 basalts
listed in the references cited by Ringwood are as high as 150 ppm, and none exceed it.
Ringwood has argued that the Ni content of the low-Ti basalts shows categorically that
neither the primary low-Ti basalts nor their source material have been in equilibrium with
metallic Fe or Fe-rich alloys. This argument is not germane, because by Prior’s rules, the
lunar core should be Ni-rich, not Fe-rich (Kimura et al., 1974). From our model the Ni-
content of the lunar core (2% by weight) would be ~ 35%. Kimura ez al. (1974) have
equilibrated a Ni-free, synthetic lunar basalt with metal of 30% Ni, and found Ni contents
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TABLEII
Model compositions of the Moon
4a 4b 4c
Component Core, wt. %
0 2.0 3.9
Early condensate 0.252 0.252 0.252
Silicate, remelted 0.678 0.667 0.649
Silicate, unremelted 0.061 0.061 0.061
Volatile-rich material 0.0003 0.0003 0.0003
Metal 0 0.018 0.034
Troilite 0 0.002 0.005
Fraction remelted 0.919 0918 0915
FeO 0.129 0.127 0.124
Total Fe 0.100 0.111 0.125
TABLE III
Major element composition for Moon model 4b, assuming a core of 2% by weight
Bulk Moon Silicate only
Elements % Oxides % Oxides % Norm %
Silicate
Si 19.83 42.41 4329 Ab 0.88 2110
Ti 0.23 0.38 0.39 An 20.22 ’
Al 3.93 743 7.58 Di 8.16
Cr 0.20 0.29 0.30 Hy 13.10
Fe(oxide) 9.87 12.70 12.96 0Ol 5646
Mg 17.18 28.49 29.09 Hm 0.74
Mn 0.12 0.1s 0.15 Chr 0.44
Ca 4.29 6.01 6.13
Na 0.071 0.095 0.097
K 0.0076 0.009 0.009
0 42.24
Metal
Fe 1.09
Co 0.03
Ni 0.63
Troilite
Fe 0.14
S 0.08
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of 39 and 50 ppm after 24hr at 1500°C. These values happen to agree with the mean for
mare basalts, 50 ppm, and since the true equilibrium values may be even higher (Kimura
et al., 1974), mare basalts or their source region may well have equilibrated with Ni-rich
metal. Ringwood’s claim that they did not equilibrate with Fe-rich metal is irrelevant,
even if true.

The norm for the silicate composition is also shown in Table III. For the bulk Moon,
olivine (Fa,y) and plagioclase (Angs) are the predominant minerals. The 1 bar density for
the silicates calculated from the normative composition is 3.27, and the mean density at
STP of the model Moon is 3.31 gcm ™. This value is about 1% too low, since the actual
STP density is 3.343 +0.003 gcm™ (Dainty er al., 1974). Increasing the core size to
3.9 wt.% gives an almost perfect match to the bulk density and moment of inertia. This
may not be a completely satisfactory solution, however, since the seismic properties of
the mantle must also be satisfied. If we assume a 60 km anorthositic crust (0.100 total
lunar volume; density, 2.95 gcm™>) the STP density of the mantle becomes 3.31 gem™>; a
value which is within the range acceptable for a Moon with a core, but only just. An
increase of about 1% in the density would provide a somewhat more acceptable figure,
and corresponds approximately to MgO/MgO + FeO = 0.75. Whether we choose to
increase the core size or decrease MgO/MgO + FeO in our model to achieve a satisfactory
density, the total Fe content of the Moon will increase to correspond rather closely to the
value of 13% Fe estimated by Reynolds and Summers (1969).

A complete set of abundances for Model 4b is given in Table IV. It supersedes a similar
table for Model 3a (Ganapathy and Anders, 1974).

4. Two Alternative Compositions

The model lunar composition obtained here resembles that of Ganapathy and Anders
(1974) Model 2, except for the higher FeO, as well as that derived by Taylor and Jake§
(1974) from geochemical rather than cosmochemical arguments (Table V). Melting equi-
libria experiments by Ringwood (1976) on material of the Taylor-Jake§ model suggest
that such a composition is too high in (Ca + Al) relative to (Mg + Fe + Si) to be com-
patible with the petrology of lunar surface rocks, though other studies (Walter et al.,
1975; Weill and McKay, 1975; Longhi, 1977) show no such inconsistency. It is the pur-
pose of this section to lessen the apparent inconsistency between Ringwood’s petrological
results and the cosmochemical approach (Ganapathy and Anders, 1974; Anders, 1977).

The major discrepancy lies in the Ca and Al contents. These in turn depend upon the
bulk U content of the Moon; since this is derived from heat-flow measurements and is to
some extent model dependent, it is perhaps the major uncertainty in the composition
estimate. We feel that our adopted value of 40 ppb cannot be greatly in error because
Taylor (1976) arrived at the same value from geochemical arguments based on orbital
gamma-ray data. However, interpretation of orbital data in terms of bulk K and U is also
model dependent, and a reanalysis of the orbital data (Metzger et al., 1977) has apparently
relaxed the lower limit constraint on the bulk U abundance.
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TABLE IV
Elemental abundances® in Moon model 4b, with a 2 wt. % core

H 0.8 Ti 2300 Ru 33 Dy 1.01
He* 300 \Y 230 Rh 0.71 Ho 0.22
Li 2.4 Cr 1700 Pd 0.32 Er 0.65
Be, ppb 126 Mn 1140 Ag, ppb 8.9 Tm 0.098
B, ppb 1.5 Fe% 11.48 Cd, ppb 0.39 Yb 0.64
C 11 Co 300 In, ppb 0.051 Lu 1.08
N 0.10 Ni% 0.65 Sn, ppb 79 Hf 0.64
0% 42.0 Cu 6.4 Sb, ppb 7.0 Ta, ppb 65

F 24 Zn 3.1 Te, ppb 31 w 0.51
Ne?® 1.0 Ga 0.61 1, ppb 0.32 Re, ppb 169

Na 710 Ge 1.53 Xei3? 0.042 Os 24
Mg% 17.79 As 1.15 Cs, ppb 26 Ir 24
Al% 3.92 Se 0.20 Ba 114 Pt 4.7
Si% 19.22 Br, ppb 2.6 La 1.06 Au, ppb 92

P 690 Kr® 0.057 Ce 2.8 Hg, ppb 0.19
S 572 Rb 0.26 Pr 0.36 Ti, ppb 0.092
a 047 St 41 Nd 2.0 Pb2%*, ppb 0.037
Ar3 5.3 Y 7.4 Sm 0.58 Bi, ppb 0.070
K 76 Zr 44 Eu 0.22 Th, ppb 142
Ca% 28 Nb 2.2 Gd 0.80 U, ppb 40

Sc 27 Mo 6.6 Tb 0.15

2 Abundances in ppm unless otherwise marked; noble gases 107'°cc STP/g.

TABLE V
Comparison of model lunar compositions

wt. % (silicate only)

This work G & A (1974) Taylor and Taylor and Ringwood
Model 4b Model 2 Jake$ (1974) Bence (1975) (1976)
2% core
Sio, 43.29 42.7 44.0 45.9 44.6
TiO, 0.39 0.42 0.3 0.3 0.3
AlLO, 7.58 8.22 8.2 6.0 3.7
Ct,0, 0.30 0.16 - - 0.4
FeO 12.96 3.21 10.5 10.5 13.9
MgO 29.09 30.7 31.0 324 334
MnO 0.15 0.04 0.1 -~ -
Ca0O 6.13 7.68 6.0 49 34
Na,O 0.1 0.11 0.3 0.1 -
K,0 0.01 0.012 0.01 0.01 0.05

It would therefore add credence to our model if it could be tested independently of
the bulk lunar U content.

The Apollo 15 green glass may provide an independent check of our compositional
model if we accept provisionally the contention that it was derived by a large degree of
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TABLE VI
Large degree partial melts and Apollo 15 green glass
T-J comp. 20 kb Lunar composition 5% Lunar composition 6°
Olivine  Spinel  Bulk 50% melt®  Bulk 50% melt®  Green Glass
Si0, 40.6 1.2 42.34 464 42.86 48.3 45.5
TiO, 0.1 0.29 0.58 0.34 0.67 0.3
ALO, 61.9 5.68 7.7 6.63 8.3 7.6
Cr,0, 4.9 0.35 041 0.32 0.25 0.4
FeO 14.8 9.8 17.30 20.1 15.08 15.8 19.8
MnO 0.2 0.20 0.21 0.18 0.18 0.2
MgO 43.5 21.7 29.11 16.0 29.13 16.5 17.9
Ca0 0.4 0.2 4.60 8.8 5.36 10.3 8.6
Na,0 0.07 0.14 0.09 0.18 0.1

2 Lunar U = 30 ppb; MgO/(MgO + FeO) = 0.75; 2% core; total Fe = 14.2%.
Removal of 47% olivine and 3% spinel.

¢ Lunar U = 35 ppb; MgO/(MgO + FeO) = 0.775; 2% core; total Fe = 12.6%.

4 Removal of 46% olivine and 4% spinel.

partial melting of primitive lunar material. The fractionated REE pattern in at least some
samples (Ridley et al., 1972) and slight siderophile enrichment of probably predominantly
meteoritic origin (Ganapathy et al., 1973; Chou ef al., 1975) suggest that the actual his-
tory may be more checkered. The major assumption made is that 50% partial melting of
the primitive material takes place, leaving behind a residue of mainly olivine plus a few
per cent of spinel. The compositions of the residual phases are those determined by
Ringwood (1977a) for Taylor-Jake§ composition at 20 kb.

The test will be to produce green glass composition with minimal changes to our
model. Results for two possible compositions are given in Table VI. Both compositions
correspond to core sizes of 2% by weight.

4.1. COMPOSITION 5

The bulk U content was lowered to 30 ppb, the upper limit acceptable to Ringwood
(1976) and somewhat lower than the lowest value given by Keihim and Langseth (1977).
A value of 0.75 was taken for Mg/(Mg + Fe?"). Removal of 47% olivine and 3% spinel
results in a composition which matches green glass well in the two troublesome elements
Ca and Al; MgO is lower but only a slight change in (Mg/Mg + Fe?") would be required.
It has been suggested that Cr depletion would severely limit the amount of spinel removal;
yet in fact, for the chosen composition Cr is virtually identical in our 50% melt and in
green glass. The rather low SiO, content of our bulk composition would also favor the
formation of spinel (Longhi, 1977).

The total Fe content (14.2% for a 2% core) is on the high side, though probably still
acceptable, given the uncertainties in the estimates of total lunar Fe. A smaller core size
would obviously bring down the total Fe.
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4.2. COMPOSITION 6

We now assume 30ppb U and (Mg/Mg + Fe?*) = 0.775. The composition of a 50% melt,
in which A1,0; is close to that in green glass and the match for Cr still acceptable, corres-
ponds to the removal of 46% olivine and 4% spinel. The agreement for Ca0, FeO and
other elements is less good than for Composition 5. MgO remains low, but an increase in
Mg/(Mg + Fe?") would aggravate the situation for FeQ.
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