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The moon is the only solar system body other than the Earth for which geophysically meaningful seismic 
data are available and for which the moment of inertia has been observationally determined. At present, only one 
inversion study of the complete Apollo arrival time data set has been reported--that by Nakamura who derived a 
3-layer velocity model with one-standard-deviation error limits to a depth of 1000 km [I]. In this paper, we report a 
comparison of the Nakamura velocity model with theoretical velocity models calculated for specific lunar bulk 
composition and evolution models. The latter are selected and converted into modal mineralogy profiles using 
procedures described in an accompanying paper [2]. 

Method. The primary improvements over previous preliminary work [3,4] are that four specific bulk 
composition models are considered and modal rnineralogies are explicitly calculated as functions of pressure and 
temperature. In addition, three extremal models for the thermal state of the lunar interior and four models of lunar 
differentiation and internal evolution are separately investigated. The bulk composition models are arranged in order 
of decreasing Al content (1= [ref. 51; 2= [ref. 61; 3= [ref. 71; 4= [ref. 81). The thermal models are those of refs. [9], 
[lo] and [Ill .  In evolutionary model I, the Moon is assumed to be chemically homogeneous beneath the crust; for 
example, it may be hypothesized that subsolidus convection has homogenized the lunar interior--regardless of the 
initial depth of differentiation. In evolutionary model 11, the Moon is assumed to have differentiated to 500 km 
depth (corresponding to an approximate depth for a transition to higher seismic velocities in Nakarnura's model) and 
to have a composition equal to the bulk composition below 500 km. In model IIt, the Moon is assumed to have 
differentiated to the depth necessary to remove sufficient Al to make the crust; beneath that depth the Moon is 
undifferentiated and homogeneous. Evolutionary model IV is identical to model III except that the Moon is assumed 
to have been chemically homogenized below some convectively unstable depth which we take as 500 km In all 
cases, the mean crustal composition is assumed to be that of Taylor [6] and mean crustal thickness is taken to be 70 
krn [121. We divide the mantle into three mineralogically distinct regions of plagioclase, spinel and garnet stability 
with the plagioclase-spinel and spinel-garnet transitions occurring at approximately 200 km (-10 kb) and 500 km 
(-23 kb), respectively. After computing the mineralogy as a function of depth for a given compositional, thermal 
and evolutionary model, approximate seismic velocities were calculated from compilations of experimental data on 
velocities of constituent minerals and their temperature and pressure derivatives [131. Extrapolations of 
experimental data to the lunar interior are necessarily not as large as similar calculations for the Earth, and, thus, 
may be more valid. Still, we emphasize the need for more experimental data on the elastic properties of geologic 
materials. 

Results. Calculated S-wave velocity profiles as a function of depth are shown in Fig. la,b,c for the case 
of evolutionary model IV, with a, b and c referring to the thermal models of [9], [lo] and [ll] ,  respectively. 
Observational estimates and one-sigma uncertainties of Nakamura [I] are also given for comparison. Although 
results for other evolutionary models are not shown (to save space), they are qualitatively similar. It is evident from 
the figure that the resulting velocity models are significantly dependent on the assumed thermal model as well as on 
assumed chemical composition. However, two general characteristics of most of our theoretical velocity models are 
in qualitative agreement with the Nakamura velocity model. First, there is a quasi-continuous velocity decrease 
with increasing depth in the plagioclase and spinel stability zones. This general decrease is primarily due to the 
strong temperature gradients that characterize all three thermal models at these depths. Second, there is a 
discontinuous increase in velocities occurring at the spinel-to-garnet transition due mainly to the higher garnet 
seismic velocities (as compared to olivine and pyroxene). Because the garnet content is largely a function of A1 
abundance, the more aluminous bulk compositions (1&2) are more successful in matching the observed S-wave 
velocities below 500 km For at least one proposed thermal model (c;[ll]), the theoretical velocity profiles for 
more aluminous compositions are very near to being in agreement with the one-sigma uncertainties of Nakarnura's 
a priori velocity model. For all evolutionary and thermal models investigated, bulk composition model 4 [ref. 83 
produces velocity profdes which are in least agreement below 500 km (and which are typically in best agreement 
above 500 km) with the Nakamura velocity estimates. Compositional model 4 is the most similar to estimates of 
the composition of the terrestrial mantle [8]. If the Nakamura limits are accepted as precise, then it would follow 
that a radially inhomogeneous compositional model involving a more aluminous and magnesian (more garnet-rich) 
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middle mantle would provide an optimal fit to the data. Conversely, the upper mantle is best fit by a composition 
which is less aluminous and less magnesian on which a steep thermal gradient is superimposed. 

Conclusions. We conclude that qualitative agreement of the observational model of Nakarnura [I] with 
velocity profiles calculated from plausible bulk composition and thermal models is possible, although none of our 
combinations of compositional, thermal and evolutionary models gives an optimal fit to Nakamura's results. 
Further work to confum and refine the Nakamura seismic velocity model is needed to allow more complete 
conclusions to be drawn. Our preliminary results favor a model of early whole-Moon differentiation which resulted 
in a magnesianlaluminous middle--lower mantle, a comparatively iron-rich upper mantle and an alurninous crust. 
The steep thermal profiles necessary to best fit Nakamura's upper mantle seismic velocities may require significant 
convective heat transport at depths greater than 500 km. Finally, we note that an optimal composition requiring a 
high concentration of garnet in the middle mantle (500 - 1000 krn) makes less probable those bulk lunar 
compositions which are similar in composition to the Earth. 
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Figure 1 
Comparison of Theoretical Seismic Velocity Models with Lunar Mantle S-Wave Measurements 
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