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A least squares component analysis (mixing model) was performed on data from (1) 
and this work for a suite of mafic-rich lunar highlands samples. Three of the four 
components used by the original workers were retained: anorthosite, KREEP, and an 
extra-lunar component. The SCCRV component from (1) was divided into a mantle component 
and an Fe-rich component postulated to be the liquid upon which ferroan anorthosites 
floated called the liquid component. The liquid component is rich in the seven SCCRVy 
elements, Sc, Ti, V, Cr, Mn, Fe, and Mg, at concentrations that are matched reasonably 
well by those expected for the liquid layer in the partially molten magma ocean model of 
(2). This suggests an explanation for the origin of "SCCRV" and provides support for 

-the hypothesis that the magma ocean was partially molten rather than fully molten. 

~ S n k e  a. (3,4) used mixing calculations on soils and breccias to demonstrate 
the presence of a mafic component in lunar highlands samples. They estimated its 
composition to be rich in Sc, Ti, V, Cr, Mn, Fe, and Mg and suggested that it was 
"primary mattern accreted after formation of the moon's anorthositic crust. Wasson g.L 
dl. (1) limited their mixing calculations to mafic-rich breccias and melt rocks, mostly 
from Apollo-16. They named their mafic component SCCRV (because it is enriched in .&r 

, Y, Fe, Mg, Ti, and Mn). The composition of SCCRV determined was similar to wankegs 
primary matter except that Ti was almost 10X higher and Sc about 1.7X higher. 

These high abundance6 are inconsistent with the mafic matter being "primary," i.e. 
chondritic. Wasson g.L d. (1) showed that the high Ti concentration could not be 
explained as having come from KREEP because the incompatible elements and Ti are not 
strongly correlated (La/Ti varied over a factor of 2.5). Another possibility considered 
(1) is that there is a high-Ti basalt component in the SCCRV-rich rocks. Clasts from 
73215 which is rich in SCCRV have ages in the range 4.04-4.28 Ga (5) suggesting that 
SCCRV formed >4.3 Ga ago, 0.4 Ga before any known mare basalts formed (3.9 Ga). 
Although the possibility that there were some high-Ti basalts present before 3.9 Ga 
can't be ruled out, it seems safe to assume that there were not significant amounts 
present at 4.3 Gar thus it appears unlikely that high-Ti basalts were components of 
SCCRV. 

Besides anorthosite, KREEP and an extra lunar component, the only materials 
definitely present in the outer layers of the Moon at >4.3 Ga were the 'magma ocean' and 
some ot the Mg-rich rocks. Although the Mg-rich rocks probably contributed slightly to 
breccias formed at >4.3 Ga, their contribution to SCCRV is probably limited because the 
bulk of Mg-rich rocks do not closely approach SCCRV in their concentrations of Ti and 
Sc, the two elements that are by far the most enriched in SCCRV (a noteworthy exception 
is 67667 which is within 15% of SCCRV for SCCRVy elements except Ti which is 0.36X SCCRV 
(6)). A component corresponding to Mg-rich rocks was not included chiefly because the 
composition of any such component(s) is highly uncertain due to the great variety of 
Mg-rich rocks. 

The original SCCRV component (1) was broken down into a mantle component and a 
liquid component. The mantle component composition was set equal to the metal and 
sulfide free portion of H chondrites ( 7 )  and the liquid component composition was 
initially set to the SCCRV component of (1) with a mg of 40 rather than 76. The 
concentrations of the seven SCCRV elements and Co in the mantle and liquid layer 
components were varied by the computer until the fit to the 13 Apollo-16 samples was 
optimized. The concentrations of these elert~ents before and after the adjustments by the 
computer are shown in Table 1. 

The Apollo-16 samples were first run separately to define the compositions of the 
components. The components thus defined were then run on the Apollo-17 samples to 
verify that the same components could be used for both sites. The components fit the 4 
Apollo 17 samples well in all elements except Ti, V, and Eu which are systematically 
high at Apollo-17 by factors of 1.8, 1.2, and 1.4 respectively. These differences 
cannot be explained by contamination by high-Ti mare basalt because its V/Ti ratio is 
much too high. 

The apparent discrepancy between the measured and fitted concentrations of Ti, V, 
and Eu can be simply explained in terms of different KREEP components at the two sites. 
During the last stages of the evolution of the KREEPy magma, when ilmenite was 
crystallizing along with plagioclase and 2 pyroxenes (8), the concentrations of V and, 
especially, Ti should have decreased rapidly; Ti dropped because of ilmenite 
crystallization and V because D = 12 for ilmenite and D = 3 for clinopyroxene (9). Note 
also that Eu dropped relative to incompatibles as KREEP evolved because Eu was 
incorporated preferentially into plagioclase relative to incompatible elements. The 
observed differences between the Apollo-17 and -16 samples are consistent with Apollo-16 
KREEP being more evolved than Apollo-17 KREEP. This is also consistent with the 
observation that the KREEPiest Apollo-16 samples are about 1.5X richer in incompatibles 
than the KREEPiest Apollo-17 samples. It is concluded that the differences between the 
two sites can be explained in terms of the KREEP component being different. This in 
turn implies that the final KREEPy liquid evolved from the same large magma body, which 
is consistent with the body being of global extent. 

The ratio of the SCCRVy elements between the liquid and mantle components can be 

O Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 



SCCRV REVISITED 

Shirley, D. N. 

compared with those expected for a partially molten magma ocean model. The theoretical 
ratios are the "steady state' values calculated according to the method outlined in 
(2). The basic model and the method of calculation of the steady state liquid are 
outlined briefly below. 

In the partially molten magma ocean model (2), the upper 300-400 km of the lunar 
mantle was initially partially molten. The anorthosite crust then formed by floatation 
over a layer of magma formed above the partial melt, region; this layer was replenished 
by magma segregated from the partial melt (by compaction). Figure 1 shows the basic 
structure or the near surface region at that time. The fraction of melt originally 
present at the top of the partially molten mantle was approximately .0.20 and the 
thickness of the liquid layer <10 km. 

Although the thickness of the liquid layer was not constant, a good approximation 
of its composition is obtained by assuming that the composition of magma added to the 
layer was the same as the composition of material crystallized from it. The ratio of 
the concentration of an element in the liquid layer to its concentration in the mantle 
is then given by, 

'iiq-lay = 'klk . 
i 

'mantle f + (1-f)'il 
where f is the fiaction of liquid, D~ is the olivine/liquid distribution coefficient 
for element i and D is the distribution coefficient for minerals crystallizing from 
the liquid. It is BBBbmed that the solid part of the partially molten mantle is olivine 
and the mineralogy of material crystallizing from the liquid layer is 10% olivine, 20% 
orthopyroxene, 30% clinopyroxene, and 40% plagioclase. Individual D's (9) and Dbulk 
values are listed in Table 2. 

Figure 2 shows the liquid layer/mantle concentration ratios calculated by the 
components analysis and, for comparison, the ratios calculated based on the above 
equation. Note that these are the only 5 elements other than Mg and Fe we can constrain 
with a mixing calculation approach because only these elements have >5% of their 
contribution from the mantle or liquid component. The theoretical mg values are 34 and 
81 compared with 32 and 84 from the component analysis (note, however, that these values 
are near the assumed values). Even so, the generally good agreement in all the elements 
suggests that the components determined did in fact come from a partially molten magma 
ocean. 

References: (1) Wasson pt a. (1977) PLSC 8th, 2237. (2) Shirley (1983) PLPSC 14th, 
in press. (3) wanke pt a. (1974) PLSC 5th, 1307. (4) ~ a n k e  pt a. (1976) PLSC 7th, 
3479. (5) Jessberger pt a. (1976) PLSC +th, 2201. (6) Warren & &. (1979) PLPSC 
loth, 583. (7) Mason (1971) Handbook of Elemental Abundance6 in Meteorites. (8) 
Shirley pt a. (1982) PLPSC 13th, 965. (9) Irving (1978) GCA 42, 743. 

Table 2. Crystal/liauid distrubution coefficients for basaltic 
compositions at 1200 C and liquid layer/mantle (LL/U) values 
Blt D ~ l  D ~ x  D~lag D~ulk wntheo wnreal 

Sc 0.3 (2) (1.4) 0.065 0.88 2.6 4.3 
Ti 0.07 0.5 0.3 0.045 0.22 18.2 27.8 

F i q .  1 

V (1.3) (5) 3.1 [0.11 2.1 0.39 0.51 
C r 0.9 1.5 2.0 LO.11 0.99 1.1 
Mn 1.3 1.2 0.7 0.05 0.60 1.34 !:62: anorthosite crust . .~.. 

Data are from (9) for low oxygen fugacity, nominally IW 
0 indicate uncertain values. [I indicate estimated values. magma layer 
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28. - Figure t .  L l q u l d / m ~ t l e  
concentrat Ion r a t  ioa to r  (partial melt) 
SCCRl t race eleacnts. 

Calculated from equation 
i n  t e x t  for  p a r t i a l l y  
9 
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x From f ~ t t i n g  proccedure 
i Table 1. Mantle composition before and 
- after fitting proceedure and calculated 

liquid layer composition for SCCRV elts. 

2. - Elt Chondritic Hantle ~iquid - 
Hantle fit layer 

Mg (mg/g) 190 190 31.5 
Sc (ug/g) 10 13.9 59.7 
Ti (rng/g) 0.83 0.63 17.6 
V (ug/g) . 99.7 71.9 36.6 
Cr (mg/g) 4.54 2.61 1.80 
Un (ug/g) 2.99 1.56 1.99 
Pe (mg/g) 76.9 86.4 15.0 
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