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Combined LulHf concentration and Hf isotopic data are powerful tools for determining the source 
region mineralogy from which basalts are derived. For example, Salters and Hart [ I ]  concluded that mid- 
ocean ridge basalts were derived with garnet as a residue phase, in order to explain the low LuIHf ratio 
measured in MORB relative to the high LuIHf ratio required in the source based on their high initial E,, 
values. Unruh et al. [2] conducted a similar type of analysis for lunar mare basalts and determined that 
mare basatts require residual ilmenite in the source. However, this analysis was conducted prior to many 
modern determinations for Lu and Hf mineral-melt partition coefficients [e.g., 3, 4, and references 
reported in 51 and re-interpretation of these data would seem timely. Mare basalts have high initial 
positive  values (+40 to -+5), but LuIHf ratios much less than chondrite ([LuIHfJ, 0.49 to 0.74; [2]). The 
high positive E,! values imply derivation from a source that had a LuIHf ratio greater than chondrite for 
a significant penod of time. To explain the low LuIHf ratio of mare basalts relative to the high LuIHf ratio 
required in their source, we suggest that there must be a Lu-retentive phase in the lunar mantle, such 
as garnet; ilmenite is Hf-retentive relative to Lu [3,4]. The presence of garnet in the source region of 
mare basalts implies that melting began at a minimum depth of 275 km. 

Calculations of the LuIHf ratio of liquids 
produced from melting different sources with 
varying modal and melting proportions indicate 
that a source similar to that proposed by Snyder u2.5 

et al. [6] for mare basalts, except with garnet o 
instead of plagioclase, can produce the required 3 
low LulHf ratios in liquids, given that their source 2 

must have a high LulHf ratio (Fig. 1). 1% MELT / ' PLAG.IN 
Considering the extremely low LuIHf D-value 2 
ratio of ilmenite (0.17; [3]) it is unlikely that t5 - 
ilmenite can be in the residue after partial 
melting unless garnet is in the residue as well PLAG. IN RESIDUE 

(Fig 1). In figure 1 the [LulHfJ, (chondrite 
normalized LuIHf) of the source (y-axis) is 0.5 1 1.5 

[LuIHfl, LAVA 
calculated assuming derivation from a 4.4 b.y. 
old source with an &,, value of 0 and the Figure 1 : Chondrite normalized LulHf ([LulHfJ, LAVA) 
cvstallization ages and EHf Of [21, ratio measured for mare basalts (x-axis) relative to 

if this 4.4 Ga source was assumed to have an the calculated [LulHfl, of the source based on the 

value Jess than 0 [e.g., 7, then the samples initial & ~ f  value of the lava see text for 

Plot at even higher [LulHfl, SOURCE calculation method). Melting fields calculated from 

values. Note that the sources used in these non-modal batch melting of 1% (left side) to 20% 

melting calculations only differ by the presence (right side) material with garnet in the residue (solid 

of garnet (solid lines) or plagioclase (dashed lines), and 1% (left side) to 20% (right side) material 

lines). Similar melting calculations preformed with plagioclase in the residue (dashed lines); modes 

using the Sm-Nd system are equivocal because and melting proportions and D-values for these 

the Sm-Nd system does not effectively calculations are in table 1. Ovals indicate, from left 

discriminate between these different source to right, 5%, lo%, and 15% partial melts. All mare 

mineralogies (Fig. 2). basalt data from Unruh et al. [2]. 

~ a r n e t  is not-required in the source if the LuIHf ratio of the lunar mantle was decreased just prior to 
melting by a metasomatic process. However, considering the relatively high SmJNd ratios of these mare 
basalts (all similar to or greater than chondrite), if this metasomatism occurred then it must have been 
accomplished by a fluid that had a low LuIHf ratio but a Sm/Nd ratio similar to chondrite. This 
requirement seems highly unlikely. 

Although the presence of garnet in the source region of mare basalts is speculative, garnet could be 
produced by subsolidus reactions involving plagioclase and pyroxene, if these phases are subjected to 
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the correct P and T conditions. Pressures >12 
kbar can stabilize garnet [8], which corresponds 
to a depth of approximately 275km [9]. If garnet 
in the upper mantle of the Moon was a result of 
phase transformations involving plagioclase, then 
it is interesting to speculate on how plagioclase 
was brought down to such depths. A likely 
scenario for bringing plagioclase into the deep 
lunar mantle is by convective overturn of the 
lunar magma ocean cumulate pile [e.g., 101. 
Such convection, however it occurred, does not 
require complete mixing of the cumulate pile. 
For example, the geochemical similarities of 
high-Ti mare basalts from different areas on the 
Moon point to source regions that have 
maintained their chemical integrity. Indeed, 
experimental models of convection reveal that 
complete homogenization is unlikely to occur 
unless convection is prolonged [ I  I ] .  

In any event, the low measured Lu/Hf ratio in 
mare basalts relative to the high Lu/Hf ratio of 
their source, calculated from the measured 
1 7 6 ~ f / ' 7 7 ~ f  of these basalts, requires a phase in 
the source that is Lu retentive relative to Hf. 
Garnet has the correct Lu and Hf partition 
coefficients to produce such a relationship. The 
presence of garnet in the source region of mare 
basalts requires that the initial minimum dept of 
melting began at 275 km. 

0.5 1 1.5 

[Sm/Nqn LAVA 

Figure 2: Chondrite normalized SmINd ([SmINd], 
LAVA) ratio measured for mare basalts (x-axis) 
relative to the calculated [Sm/Nd], of the source (y- 
axis) based on the initial E,, value of the lava. The 
[SmINd], of the source is calculated assuming 
derivation from a source with an ENd value of 0 at 
4.4 Ga and the crystallization ages and initial E,, 

values of [2]. Melting fields are as in Fig 1. All mare 
basalt data from Unruh et al. [2]. 

Table 1: D-values and melting and modal proportions used in calculating melting fields in figures 
D-values - Model 1 - - Model 2 - 

Mineral Sm Nd Lu Hf Mode Melt Mode Melt 
Olivine 0.0006 0.0001 0.03 0.013 0.40 0.25 0.40 0.25 
CPX 0.17 0.104 0.30 0.15 0.10 0.30 0.10 0.30 
Pigenite 0.01 1 0.0058 0.1 1 0.063 0.40 0.25 0.40 0.25 
llminite 0.0023 0.0012 0.070 0.406 0.05 0.10 0.05 0.10 
Plag 0.017 0.0236 0.0068 0.0128 - - 0.05 0.10 
Garnet 0.1225 0.0316 7.37 0.1908 0.05 0.10 - - 
D-values for olivine, pigenite, plagioclase (Plag), and ilmenite are from [6], garnet and clinopyroxene (cpx) 
D-values are from [5]. Model 1 modal and melting proportions are for the liquid field labeled garnet in 
residue and model 2 modal and melting proportions are for the liquid field labeled plagioclase in residue 
in figures 1 and 2. Note, melting proportions between these two mantle models only differ in if garnet 
or plagioclase is present. 
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