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Introduction: It is widely accepted that lunar an-
orthosite crust was formed by flotation of anorthite in
the magma ocean. However, there are large uncertain-
ties in physical and chemical conditions of the lunar
magma ocean (LMO) such as scale, composition, and
cooling history. Here we report our attempts to con-
strain bulk chemical compositions of LMO based on
critical conditions that anorthite can float in LMO,
which are determined by experimental constraints for
physical properties of magma combining with observa-
tions of lunar samples, and geophysical and geochemi-
cal data obtained by lunar explorations. The critical
conditions for flotation of anorthite are: (1) there still
remained enough fractionated melt to match the thick-
ness of the crust, (2) the melt had larger density than
anorthite, and (3) the viscosity of the melt was small
enough to float anorthite even at the final stage of
magma ocean crystallization. The critical observations
are: (a) 45+10 km for the average thickness of lunar
crust [1-5], (b) ~2743 wt% for Al,O; content in the
crust [6-9], and (c) <1.8 cm for the grain size of pla-
gioclase from the anorthosite 15415 [10-11]. In this
study, in order to estimate plausible range of the bulk
composition of the initial LMO under the constraints
listed above, we experimentally determined the viscos-
ity and density of melts derived from several composi-
tions assumed for the initial magma ocean.

Initial LMO and its evolution: Initial bulk LMO
compositions were assumed to be BSE (bulk silicate
Earth) and to be the compositions which have BSE
ratios of Si, Al, Mg, and Ca with varying Fe contents
(BSE4, BSE6, and BSE13). BSE4, BSE6, and BSE13
were assumed to contain FeO of 4, 6, or 13 wt%, re-
spectively. We assumed that the initial LMO differen-
tiated at a low pressure (~0.5 GPa) and the evolution of
magma composition due to maximum fractionation
was evaluated using the MELTS algorithms[12] until
the first appearance of anorthite. Note that we added
minimal amounts of Na,O and TiO, to the initial LMO
compositions with which MELTS could calculate dif-
ferentiation of LMO. We call each calculated compo-
sition of the melts at the first appearance of anorthite
as BSE*, BSE4*, BSE6*, and BSE13* (Table 1). We
also calculated the evolution of LMO as a result of
separation of minerals at every 60% crystallization, for
comparison.

Experiments: High pressure experiments were
done with a piston-cylinder apparatus to determine
magma properties. Synthetic glasses for BSE*, BSE4*,
BSE6*, and BSE13* were used as starting materials.

The experimental conditions were within the plausible
range of anorthite stability; the temperature is near or
above the liquidus of anorthite (1275-1350°C), and the
pressure (0.5-1.0 GPa) corresponds to the depth of
100-200 km from the surface of the moon.

We first carried out experiments for density com-
parison between anorthite and the melts at 0.5 and 1.0
GPa. A few chips of natural anorthite were placed at
the middle of the Pt capsule, and the capsule was heat-
ed at 1300 or 1350°C at a certain pressure for 5 min.
The run products were checked whether anorthite
floated or sank from the original position.

The falling-sphere method [13]_was applied to
measure viscosities of BSE*, BSE6* and BSE13*
melts. Spheres of San Carlos olivine (Fo.q;), located
near the top of a Pt capsule, was held at ~0.5-1.0 GPa
and 1275-1350°C for 3-5 min. The sank distance of
the sphere in a run product was measured under an
optical microscope, from which the viscosity of the
melt could be determined [13].

Results:  Floatation experiments of anorthite
showed that anorthite floated in BSE*, BSE6*, and
BSE13* melts at 0.5 GPa and in all the melts at 1.0
GPa. For BSE4* at 0.5 GPa, anorthite did not float but
stayed close to the original position, suggesting that the
density of BSE4* at 0.5 GPa at a temperature close to
the anorthite liquidus is close to the density of anor-
thite.

We found that viscosities of melts have little (or
slightly negative) dependence on pressure (Fig. 1) and
that the viscosity show a clear negative dependence on
FeO contents (Fig. 1).

The activation energy of viscosity at 0.5 GPa was
estimated to be 317 and 227 kJ/mol for BSE6* and
BSE13*, respectively, at ~0.5 GPa (Fig. 2).

Discussion: The floatation experiments of anor-
thite indicates that anorthite does not float in the LMO
of BSE4* at a depth of 100 km (~0.5 GPa). We thus
conclude that BSE4, which has the lowest FeO content
(4 wt%), is not a plausible composition for LMO be-
cause anorthotire crust of ~45 km in thickness cannot
form from BSE4.

The LMO would have been highly convective even
in the stage of anorthite crystallization. Thus the con-
dition of anorthite flotation in the LMO should not be
dependent only on density difference, but anorthite
should have a terminal velocity large enough to float in
a convective magma. Based on experimentally deter-
mined viscosities, we calculated both terminal veloci-
ties (Vterm) Of anorthite grains in the melts of BSE*,
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BSE6*, and BSE13* and convective velocities (Veony)
of the melts at the temperature conditions where anor-
thite starts to crystallize. Separation of solid from the
convective melt occurs effectively when viem and vieony
satisfies the relation of S = b(Vierm/Vicony) > 1, where S is
called as the Rouse number and b is 42 [14]. Figure 3
shows the size of anorthite grains satisfying the condi-
tion of § > 1 in the melts with various FeO contents.
Because the melt with higher FeO content has higher
density and smaller viscosity (Fig. 1), the critical size
of anorthite that can float in the LMO is smaller for the
FeO-rich melts, i.e., anorthite could float easily. When
we apply the maximum grain size of anorthite in the
Apollo sample 15415 (1.8 cm), the LMO should have
FeO higher than or similar to BSE* when anorthite
started to crystallize. This implies that the initial
magma ocean should have contained FeO comparable
to or richer than BSE, i.e., the redox state of bulk sili-
cate Moon should have been comparable to or more
oxidizing than the bulk silicate Earth. If the LMO dif-
ferentiates by separation of minerals after 60% crystal-
lization, the LMO at the first appearance of anorthite
tends to have less FeO than that for maximum frac-
tionation (Table 1), which leads to less effective floata-
tion of anorthite. The initial LMO should thus contain
more FeO than BSE in this case.
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Table 1. Calculated composition of LMO at the first
appearance of anorthite in each LMO model (wt%).
See details in the text.

BSE* BSE4*  BSE6* BSE13*
Si0, 43.8 47.5 45.4 40.0
ALO; 17.2 19.8 18.6 14.5
FeO 153 59 10.8 25.0
MgO 10.1 11.8 10.9 8.9
CaO 13.4 143 14.1 11.4
TiO, 0.04 0.05 0.05 0.04

Na,O 0.17 0.18 0.18 0.15
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Fig. 1. Viscosities of the melt BSE*, BSE6* and
BSE13*plotted against pressure.
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Fig. 2. Temperature dependence of viscosity for the
melt BSE6* and BSE13*.
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Fig.3. The size of anorthite grains that can float in the
convective LMO during the stage of anorthite crystal-
lization. The critical size of anorthite requires for floa-
tation (S=1; see details in the text) is smaller for the
melt with higher FeO content.



