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KREEP is depleted in Ti relative to involatile, incompatible elements such 
as Sm and Zr, implying a history involving ilmenite extraction(l,2,3). How- 
ever, ilmenite is far from the liquidus of KREEP magmas, thus ilmenite must 
have been lost by the precursor of KREEP. Ti depletion was also shown to be 
manifest in the parent liquids of a pristine norite and a troctolite but not 
in anorthosites or dunite (4,5). These latter have Ti/Sm similar to 
chondri tes. 

To determine the extent and nature of Ti depletion in lunar rocks, we have 
compiled available data on all known anorthosites and members of the Mg-rich 
plutonic suite. These data are plotted on Figure 1 as Ti/Sm v. Mg* ( =  100 
Mg/(Flg+Fe) atomic) together with that from Apollo 15 and 17 KREEP basalts, the 
Apol lo 12 low-Ti mare basalt source regions (data from 6) and the Apollo 15 
Green Glass. It is apparent that the Ti/Sm depletion is a general feature of 
all pristine norites and troctolites as well as of KREEP. The parent liquids 
of these rocks must have also experienced ilmenite fractionation at some point 
in their evolution even though this phase is only a minor constituent of these 
rocks. (In fact, parent liquids of the norites and KREEP would have had lower 
Ti/Sm than that measured in the rocks due to the preferential partitioning of 
Ti over Sm into orthopyroxene). On the other hand the anorthosites, the 
dunite, the Apollo 15 Green Glass and the low-Ti mare basalt source regions 
all have Ti/Sm near the chondritic ratio, significantly above that of the 
pristine troctolites, norites and KREEP. It is concluded that the parent 
liquids of these rocks did not undergo ilmenite extraction and had chondritic 
Ti/Sm. Identical re1 ationscan be derived from Ti/Zr (not plotted). Neither 
the "feldspathic lherzolite" (67667) nor the sodic ferrogabbro clasts from 
67915 show Ti depletion, but since both of these lithologies may contain 
cumulus ilmenite, the Ti/Sm of their parent liquids are not readily determined. 

Figure 2 shows the Sc/Sm v. Mg* for the same set of rocks plotted on Figure 
1. The separation of the anorthosites from the norites, troctolites and KREEP 
is again apparent. The troctolites and norites have lower Sc/Sm despite their 
much greater percentage of mafic minerals compared to the anorthosites. To- 
gether with the subchondritic Ca/A1 of their parent liquid(s) (7) this implies 
that the norites and the troctolites must have seen clinopyroxene, as well as 
ilmenite fractionation, despite their high Mg*. KREEP basalts are depleted 
in Sc to about the same extent as the pristine troctolites and norites. The 
anorthosite data appear to form a trend which is consistent with the frac- 
tionation of pyroxene (i .e. decreasing Sc/Sm with decreasing Mg*) and which 
extrapolates to values occupied by the dunite, 67667, the Apollo 15 Green 
Glass and the low-Ti mare basalt source regions. The sodic ferrogabbro is 
depleted in Sc but its position vis-a-vis the anorthosite suite and the Mg- 
suite is equivocal. 
Implications and Conclusions: The data presented here almost duplicate the 
dichotomy between the Mg-rich plutonic rocks and the ferroan anorthosites that 
is shown by mineralogical data (Mg* in rnafics vs. An in plagioclase). The two 
exceptions, the dunite and 67667, are both mineralogically members of the Mg- 
rich suite yet neither display Ti or Sc depletions. 

Inspection of terrestrial data from mantle-derived volcanic and plutonic 
rock shows that (i) until an extremely late stage of crystallization, the 
Ti/Sm ratios of all rocks, including cumulate anorthosites and norites,are 
very similar and roughly reflect that of the parent liquid and (ii) most 
terrestri a1 rocl<s (except very a1 kal ine and 1 ate-stage differentiates) have 
near-chondritic Tj/Sm,(x3000) and Sc/Sm 2.5-20 (c.f. chondrites 36) even 
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though clinopyroxene and garnet have probably been involved in their petro- 
genesis. These features strongly support the contention that the lunar 
anorthosites and the Mg-suite(s) did not crystallize from the same or similar 
magmas. The very low Sc/Sm ( < 5 )  of the lunar norites, troctolites and KREEP 
imp1 ies a very effective depletion mechanism. The parent magma(s) of the 
norites and troctolites could not have been produced by melting of primitive, 
whole moon material as suggested by (8) unless the whole moon were depleted 
in Ti and Sc. If it were, then the anorthosites and the low-Ti mare basalt 
source regions must somehow be enriched in these elements, fortuitously to 
chondritic levels. 

Figures 1 and 2 show that typical, polymict highlands breccias also show 
the Ti and Sc depletions characteristic of troctolites, norites and KREEP. 
Therefore the bulk of the sampled lunar crust is depleted in Ti and Sc. Such 
rocks as 67667 (and SCCRV), sodic ferrogabbro and mare basalt cannot be of 
volumetric importance in the crust. Though undoubtedly of greater volumetric 
significance, pristine anorthosites simply do not have high enough trace 
element abundances (despite their hiqh ratios) to affect the trace element 
ratios of the mixed 'rocks. 

- 
If the pristine norites, troctolites and KREEP and indeed the bulk of the 

sampled lunar crust were affected by ilmenite and pyroxene extraction, such 
processes must have occurred very early in lunar history because (i ) norites, 
troctol ites and the KREEP sources are very old (4.4-4.6 b.y. ) and (ii ) it is 
unlikely that large volumes of the crust formed at much younger times. A 
rough estimate of how much ilrnenite and pyroxene extraction might be involved 
can be obtained by assuming a composition of the whole crust then adding 
enough of each phase to bring the ratio of interest up to chondritic levels. 
If the whole crust is similar to Apollo 16 soils, then 6-7% ilmenite extrac- 
tion is required. For a 60 km thick crust this is equivalent to a layer of 
ilmenite 3-4 km thick within the moon. If there is more LKFM in the average 
crust, more ilmenite extraction is required. Conversely, more anorthosite or 
norite in the crust would require somewhat less ilmenite extraction. 

The extraction of pyroxene is not as easy to model from Sc because the 
distribution coefficients of Sc into cl inopyroxene, orthopyroxene and 01 ivine 
are not well constrained and appear to vary significantly with temperature. 
Rather the Ca/A1 ratio can be used to estimate the amount of complimentary 
clinopyroxene required. If a whole crust of Apollo 16 soil composition is 
again assumed, then 30% clinopyroxene (augite) is required to make the Ca/A1 
ration of the whole crust chondritic. 

These calculations imply significant i lmenite and possibly cl inopyroxene in 
the lunar mantle. Experimental phase studies and geochemical modeling 
apparently require ilmenite in the high-Ti mare basalt source regions and this 
is an intuitively satisfying repository for this phase. Mare basalt source 
regions, particularly those of the high-Ti basal ts, also contain significant 
amounts of cl inopyroxene (6). 

These geochemical constraints are of fundamental importance. They imply 
'large scale differentiation of the outer part (200 km or more) of the Moon, 
supporting the magma ocean hypothesis. They also raise several paradoxes. For 
example, the anorthosites appear to be more primitive than the Mg-rich/KREEP 
suite as they have not seen ilmenite nor as much pyroxene separation, yet 
their mafics are much more ferroan. The anorthosites might be related to the 
same system that produced at least the low-Ti mare basalt source regions (a 
possibility underscored by the negative Eu anomaly of the basalts). 

The norites and troctolites cannot be simple differentiates of a magma 
ocean. A very early and large scale separation of ilmenite and clinopyroxene 
is apparently required with the resulting evolved material (cumulate? 1 iquid? ) 
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later modified (remelting? magma mixing or assimilation?) to give a norite/ 
troctolite parent liquid(s) at ~ 4 . 5  b.y. that is both very magnesian and un- 
saturated in both ilmenite and clinopyroxene. The volume of this "modified, 
evolved" liquid is substantial if cumulates from it gives rise to most of the 
lunar crust. A similar relationship must also be envisaged for producing 
KREEP basalts at 23.9-4.2 b.y. Trace element and Sm-Nd isotopic abundances 
seem consistent with a KREEP-troctolite connection, but-this connection, 
according to Sr-isotopes, must be very early in lunar evolution. A very tight 
time-frame for the bulk of lunar differentiation(s) is implied. 

Fig.. Ti/Sm v. Mg* of pristine 
anorthosites (open circles) , 
troctol i tes. (cl osed circles ) , 
nori tes (triangles ) , KREEP basal ts 
(hexagons), the duni te (square) 
and other data as labeled. The 
numbers by each point refer to a 
specific rock, legend available 
from the authors. 

Fig. 2. 
the same 

Sc/Sm 
as i'n 

v. Mg*. 
Fig. 1. 
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