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High-Ti basalts, such as returned by the Apollo 11 and 17 missions, provide important constraints on the composition of the lunar upper 
mantle. Such basalts require Ti-rich cumulates in their source region(s), which were produced late in the crystallization of the Lunar Magma 
Ocean (LMO). Six principal groups of high-Ti basalts have been described from the returned samples, three of which are at Apollo 11 (A, B, 
and D). Among these, only the Group A basalts are high-K and are enriched in incompatible elements relative to the bulk of the other, low-K, 
samples from Apollo 11. The Group A basalts form a coherent compositional array and may represent a single flow [I]. Uk have suggested 
that these high-K basalts may not be indigenous to the Apollo 11 site [2]. If this is the case, the low-K basalts (Groups B and D) could be 
considered the "typical" basalts of Apollo 11. 

The Apollo 11 low-K mare basalts are represented mainly by the Group B basalts, which are divided into subgroups 1, 2, and 3 based on 
chemistry and texture [3,4]. Groups B1 and B3 form a continuum of whole-rock compositions and share many of the same textural features 
[3], with B3 basalts displaying the most primitive compositions among the Apollo 11 samples. Group B2 basalts are enriched in incompatible 
trace elements and show higher Al and lower Ti relative to B1 and B3 basalts. The B2 basalts yield the oldest age, 3.89 * .O1 Ga, for mare 
samples from Apollo 11 and 17 [S]. Groups B1 and B3 yield ages of 3.71 * .03 and 3.76 * .02 Ga, respectively and can be considered 
consanguineous [S]. The least-represented low-K basalts are from Group D, with only three described examples [3]. These minute rocklets 
(two are 4 0  mg, the third is 187 mg) are rich in incompatible trace elements such as rare-earths, comparable to the high-K (Group A) basalts, 

Though all of the groups are too variable in both chemical composition and age to be related by simple Tabk 1. F r a c t i m t i o n d d a t i o m .  
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fractionation, such a mechanism can be used to relate Groups B3 and BI. The MAGFOX program (Longhi, o kb 
B 3 4C% xtallzd B 1 

pen .  comm.) was used to model fractionation of a composition taken as the "most primitive" Group B3 --------------- 
SiO, 42.22 44  12 42.89 

basalt (Table 1). Fractionation of this composition with approximately 40% crystallization produces a R4 9,03 8,47 

composition similar to the "most evolved" B1 basalt Assuming Rayleigh fractionation and a bulk D of 0.01, 4 4 9.45 9.65 10.49 
C s q  0.41 0.08 018  

40% fractionation will increase the abundance of an incompatible element such as La from the levels of B3 17.65 19.85 18 46 

basalts to those of Group B1, consistent with the major-element modelling. The results of these calculations Md) 0.25 0.30 0.28 
MgO 8 . 9  5.73 5.98 

are shown in Table 1. Relating these two groups to a single magma system is consistent with their similar cao 11.25 10.59 1 2 . 4  
ages, (3.71k.03 - 3 . 7 6 ~ 0 2  Ga; [S]). Although the ages overlap slightly, the two may be separated by -20 N40 0.34 0.44 0.38 

K 2 0  0.05 0.08 0.11 
Myr [S]. REE ratios in these two basalt groups are nearly identical and cannot be resolved by the modelling P 2 0 ,  0.07 0.12 o. 12 

here. However, S d N d  appears to be slightly higher in B1 basalts relative to Group B3 [6], precluding an L, 5,7 9,5 9.9 
origin of B1 basalts through fractionation of B3 magmas. Indeed, the isotopic systematics indicate that these 23.0 38 1 38.0 

Eu 1.5 2.5 2.3 
minor source differences for the B3 and B1 basalts are consistent with fractionation of magmas generated 7.65 12,7 13,0 

through melting of the Apollo 11 B3 source region at a later time, resulting in an B3-like parent for the B1 F- _ _ ' - I 4  I 89 

basalts of Apollo 11 [6]. 
GROUPS B2 AND D BASALTS: EVIDENCE OF REEP CONTAMINATION 

Other low-K basalts are those of Groups B2 and D. The B2 basalts are the oldest from Apollo 11 at 3.89 2 0.01 Ga [S]. No Group D 

but are low in K, like Group B samples. Such a signature is unusual for lunar rocks, which generally display a close correspondence between 
K and the REE (the so-called KREEP signature). 
RELATIONSHIPS BETWEEN APOLLO 11 BASALT GROUPS 

basalts have been dated. These basalt compositions form an array characterized by variation in REE content, but with little change in K (Fig. 

The Apollo 11 basalt groups are delineated most clearly using a 
La vs. K 2 0  variation diagram (Fig. I), where the continuum between 

35 ;  B3 and B1 is well displayed. The three Group D samples occupy a 
region of similar La content as  the Group A basalts, but contain 3 0  

<0.1% K 2 0 ,  whereas the members of Group A are in excess of 
0.2% K 2 0  . The B2 samples are in a somewhat diffuse region of L, 25 
K 2 0  /La space between the D and B3IBl ranges. If other REE are 
substituted for La in Fig. 1, the relative relations between B3IB1 and 

( P P ~ )  20 
15 

B2 & D remain consistent; however, the magnitude of the separations 
decreases with increasing atomic number. For example, Tb shows 10 
less of a separation between Groups B2 & D and B3IB1, and Yb 
displays much less of a separation, with many of the B2 samples 
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showing virtually no enrichment over that of B3IBl. Other 

1). This apparent decoupling of K and the REE is of interest, as this is comparatively rare in lunar basalts. The "KREEP" signature is 
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ubiquitous on the Moon; samples enriched in REE generally are enriched also in K (and other incompatible trace elements). In addition to the 

0 

- 

incompatible trace elements (e.g., Hf, Ta) are like those of the heavy 0.05 0 . 1  0.15 
REE and show little enrichment in the B2 and D samples relative to KzO 
B3IB1. 
RELATING GROUPS B1 AND B3 BY FRACTIONAL CRYSTALLIZATION 
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lack of K enrichment in the B2 and D basalts, Hf and Ta show little or no enrichment over more primitive Apollo 11 basalts (namely, the B3 
basalts). This lack of coherence among the incompatible trace elements argues against processes such as partial melting or fractionation in the 
formation of these samples, as this would affect all incompatibles similarly. Indeed, the selective enrichment of the REE suggests some other 
source. 

Neal and Taylor [7] postulated that after extensive fractionation of the LMO leading to a KREEPy residue, portions of this residual liquid 
unmixed due to silicate-liquid immiscibility resulting in a "K-fraction" and "REEP-fraction". These fractions are represented ostensibly by 
lunar granite (K-fraction) and phosphate phases (REEP). The REEP fraction is the logical source of the chemical signature found in the 
Group D basalts. Evidence of this signature is found in the presence of whitlockite, a REE-rich phosphate seen in a wide variety of mare and 
non-mare rocks (e.g., [8,9]). Many incompatible trace elements are partitioned strongly into whitlockite, though the large +4  and +5 Group 
IV-A and V-A ions (which include Hf and Ta) are notable exceptions [lo]; these are precisely the elements not enriched in the Apollo 11 
Groups B2 and D basalts. Indeed, this suggests the possibility of silicate-liquid immiscibility being involved in the decoupling of potassium from 
P and the REE in the Apollo 11 basalts, as originally suggested by Beaty et al. [3]. 

To examine the potential that whitlockite may be the cause of the REE signature present in the Groups B2 ~nbk z.whirl~clrire c a l ~ ~ 1 2 n i o n ~  

and D basalts, mass-balance calculations were performed. For the purposes of calculation, compositions of the ~ ~ - ~ 2 - - ~ ~ - - ~ - -  

Apollo 11 B3IB1 rocks were used to estimate original "inherent" trace-element abundances. If the K values in 10004, 10004. 10085. 
208 204 808 

the B2 and D basalts (ranging from 0.03 - 0.09%) are taken to be entirely inherent, not due to any ------------- 
w e - r o c k  c m p i t i o n r  

contamination, the variation in K (Fig. 1) suggests that some fractionation is represented between the two 
K20 0,08 0,08 0,09 

groups. Fractionation would lead to a variance in the inherent amount of a trace element such as La, as seen in 
Groups B3 and B1. For this reason, a baseline (corresponding to the fractionation trend) for trace-element 2:.6 z7 :i 
abundances was constructed through the Groups B3 and B1 data for elements plotted against K (Fig. 1 shows F: :' g.6 
this baseline for La). This trace-element baseline was taken to represent the inherent amount of an element 

2:6 i .28 t,? 
(plotted on the y-axis) in the original magma. For each of the B2 and D samples, the displacement from this Yb 15.3 17 17 

Lu 2.2 2.43 248  
baseline was determined and attributed to the presence of whitlockite in the basalts. The modal abundances of 
phosphate observed in five B2 and the three D samples average 0.27% and 0.54% for B2 and D, respectively c ~ ,  mitlockitcccerqadti- 

[3,4]. Using the baseline abundances of the trace elements and the average modal abundances of phosphate, it sPlit 0,27 0,27 54 

is possible to calculate the amount of an element that is present in the phosphate mineral. The results of these La 4m 5371 4231 
calculations are shown in Table 2. A perusal of these calculated phosphate compositions shows that they are I$g \Is 
similar in composition to known lunar whitlockites from mare basalts (i.e., [ll]). This indicates that the army Sm ~u 2852 n 3741 117 1971 

of compositbm among the Apollo 11 B2 and D bnsalts is due solely to Ule abundance of whiilockjfe. ~b 453 638 325 
Yb 1665 2295 578 

A single magma may have been responsible for the B2 and D basalts, the principal difference between L, 234 320 14s 

the two arrays being the amount of whitlockite present in the samples accompanied by minor fractionation. ~ ~ ~ > - ~ ~ ~ & ~ ~ - ~  
This implies that the ages of the D basalts should be identical with those of the B2 basalts, namely 3.89 Ga. ohwtiL=dObw'tlochtc 

Unfortunately, the age of the Group D basalts is unknown. The use of Group B3 and B1 basalts as parent 
compositions in the calculations was for modelling purposes only; this does not imply that they are genetically related to the B2 and D 
basalts. The 150 Myr difference between the B3IBl basalts and those of Group B2 precludes a direct connection. However, it is possible that 
the parent for the B2 & D basalts formed through melting of the same (or similar) source that later melted to form the B3IB1 basalts. Early 
melting would have removed the bulk of the trace elements and any REEF'y material, which is now seen in the whitlockite component. The 
major-element compositions of the B2 and D samples are not significantly different from each other, but they are higher in alumina, lower in 
titania, and possess a lower mg than the B3 basalts, consistent with prior melting of the B3IB1 basalt source. The implication is that all of the 
low-K basal& ofApdlo 11 may have the same u h u &  source, which underwent m e f i g  at vmious intervals in lunar history. 
SUMMARY 

It is suggested that the low-K basalts of Apollo 11 represent two principal magmatic groups, B31B1 and B21D, with ages of -3.73 and 
3.89, Ga respectively The B3IBl basalt association represent a magma of B3 composition which underwent fractionation, producing the B1 
compositions. The presence of a continuum of compositions spanning perhaps 20 Myr is evidence that a number of individual flows have been 
sampled, which represent an extended melting episode. This melting was responsible for replenishing a periodically tapped crustal magma 
chamber. The B2 and D basalts represent an early melt of LMO cumulates, resulting in a magma slightly more aluminous, less titaniferous, 
and possessing a lower mg than the later B3 basalts. This magma contains a "REEP component, resulting in elevated incompatible trace 
elements (save Hf, Ta, and K). The possibility exists that low-K basalts at the Apollo 11 site were generated by a single source beneath Mare 
Tranquillitatis. This would simplify modelling of the high-Ti basalts, providing tighter constraints on the composition of the lunar upper mantle. 
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