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Abstract—Five high-Ti basalts from the Apollo 11 and 17 landing sites have been analyzed for their hafnium
isotope composition. These data serve to better constrain the hafnium isotope variation of the Moon’s mantle.
Variations in initial €, and €y, values of low- and high-Ti basalts imply that the source region mineral
assemblages of these lunar magma types are distinct. Low-Ti basalts have higher initial ey, values, at a given
€ng value, than high-Ti basalts. The differences in the hafnium and neodymium isotopic composition of low-
and high-Ti basalts reflect the fact that the source of low-Ti basalts had a [Lu/Hf], ratio approximately four
times greater than its [Sm/Nd], ratio. In contrast, the high-Ti source region had subequal [Lu/Hf], and
[Sm/Nd],, ratios. If it is assumed that mare basalts are partial melts of the Moon’s cumulate mantle, the
differences between low- and high-Ti basalts can only be explained by these mare magma types being
generated from melting sources with distinctly different mineral assemblages. The large Lu/Hf fractionations,
relative to Sm/Nd fractionations, of low-Ti basalts can best be produced by an assemblage of olivine and
orthopyroxene with trace amount of clinopyroxene that crystallized early in the history of the Lunar Magma
Ocean (LMO). The subequal [Lu/Hf], and [Sm/Nd],, fractionations of high-Ti basalts can be produced from
a variety of ilmenite-bearing mineral assemblages.

Low- and high-Ti basalts have similar Lu/Hf ratios, approximately 0.6 times chondrite. The low Lu/Hf
ratios measured for these mare magmas contrast sharply with the high Lu/Hf ratios (greater than chondritic)
calculated for their sources from initial €, values and an assumed chondritic bulk moon initial €, value. The
difference between the measured Lu/Hf of a lava, vs. the calculated Lu/Hf of its source, implies that during
partial melting, Lu was preferentially retained in the residual source, relative to Hf. In order to explain the
extreme fractionation of measured Lu/Hf ratios we suggest mare basalts can best be explained using a
polybaric melting model. Initial melting of a garnet bearing source followed by continued melting in the spinel
stability field can produce the required Lu/Hf fractionations and produce a liquid that last equilibrated with a
residuum of olivine and orthopyroxene. Copyright © 1998 Elsevier Science Ltd

1. INTRODUCTION petrology to determine the sequence and proportion of minerals
that would crystallize from the magma ocean (e.g., Taylor,
1978; Hughes et al., 1988: Snyder et al., 1992). The major and
trace element compositions of these crystallizing cumulates are
then calculated to determine the composition of different cu-
mulate horizons in the Moon’s mantle. Based on comparisons
between the composition of different mare basalt magma types

Two approaches have been taken to infer the mineralogy of
mare basalt source regions. One approach uses experimental
studies to determine the pressure at which a mare magma type
is multiply saturated (e.g., Longhi, 1992a, and references there-
in). These experimental studies assume that the pressure of
multiple-mineral saturation is the depth at which the magma

separated from its residuum and that the multiple-saturation
phases represent the residual mineralogy. This experimental
approach is useful but there are important limitations. First, if
the investigated composition is not a primary magma, the
multiple-saturation experiment will only produce a minimum
depth estimate. Second, multiple-saturation experiments can
only determine which phases last equilibrated with a magma. If
melting was polybaric (i.e., occurred over a depth interval), the
initial high-pressure history cannot be determined. Finally,
source phases that were completely consumed during melting
cannot be identified.

A second approach to evaluating the mineralogy of the
Moon’s mantle is a forward modeling technique. This method
assumes a bulk magma ocean composition and uses phase
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and the calculated composition of cumulate layers in the man-
tle, it is possible to infer the mineralogy and depth of magma
generation. Like the experimental method, this forward mod-
eling method has its own pitfalls. The choice of the initial
magma composition has an influence on crystallization se-
quence. Calculated trace element compositions are model-
driven and depend on the type of crystallization model that is
assumed (e.g., fractional or equilibrium), the degree of mineral-
melt separation, and the mineral-melt distribution coefficients
that are assumed. Moreover, inferring the cumulate horizon
from which a mare magma is generated also requires assump-
tions to be made concerning the degree of melting, the melting
proportions of different phases, and the type of melting that
occurred (e.g., fractional vs. equilibrium fusion).

Our approach, based on hafnium isotopes and the unique
sensitivity of Lu/Hf ratios to mineralogy, does not involve the
same assumptions and uncertainties noted above and 1s distinct






