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APOLLO 11 HIGH-K BASALTS: AN APOLLO 17 CONNECTION AND EVIDENCE FOR neoKREEP 
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Tennessee, Knoxville, Tennessee 37996-1410 

Attention has been given recently to the origins of lunar high-Ti basalts (e.g., [1,2]) as they are recognized as having 
important implications on the composition of the lunar mantle. These basalts require ilmenite-bearing source regions, 
interpreted as late-stage cumulates formed during crystallization of the Lunar Magma Ocean (LMO). There have been 
analyses of a total of 73 mare basalt rocks and rocklets from Apollo 11, and three principal groups are observed (A, B, and 

D). Group A basalts are unique among high-Ti basalts (from both Apollo 11 & 17) as the only high-K rocks and are 
enriched in incompatible trace elements relative to other basalts from Apollo 11. We propose that this enrichment is due to 
a combination of fractionation and assimilation (i.e., AFC) of a young (i.e., -3.75 Ga), incompatible-element-rich material 
("neoKREEP) formed during lunar magmatism. Group A basalts are the youngest high-Ti basalts (3.60 Ga), while basalts 
of Groups B3 and B1 yield ages of 3.71 and 3.76 Ga, respectively [3]. 
GROUP A: UNIQUE AMONG APOLLO 11 BASALTS 

The Apollo 11 basalt groups are most clearly delineated 40 t c 8 3 ~ 8 1 1 r ~ 1 8 8 r ~ 8 1 8 t  

" 
mixing (as by assimilation). If assimilation was responsible 0 0.1 0.2 0.3 0.4 
for the array of these three groups, a linear progression in the KzO (%I 
major elements should be evident in going from B3 through 
B1 to A; such a progression is not seen (Table 1). Nor can the Group A basalt5 be related to B31B1 basalts by fractional 
crystallization. The incompatible trace elements are enriched relative to those of the B3IB1 rocks (26.5 ppm La vs. 9.9 
ppm La. in Bl). This could be accounted for through a large amount of fractionation (-65%), but mg in the Group A basalts 
is higher than in the B1 basalts. Furthermore, after 65% fractionation from a parent of B1 composition, the Ti content of 
the resultant liquid would be considerably less than the starting composition, whereas the Group A basalts have the highest 
Ti contents of all the Apollo 11 basalts. Perhaps the strongest evidence that the Group A basalts are not related to those of 
Groups B3 and B1 are the ages. While B3 and B1 basalts yield similar ages, the Group A samples are considerably younger 
(3.61 Ga vs. -3.73 Ga). Such a time span is far too great for a localized magma system to remain active. 
APOLLO 11 HIGH-K BASALTS: THE DISTAL PORTION OF A FLOW FROM TAURUS-LITTROW? 

In an attempt to discern a parental magma composition for Group A FractiorratimcalculatiaB, 

basalts, various compositions were used in fractionation calculations. With .......................... X%xtallzd avg cvoL prim 
A17 OC Okb 5kb A l l - A  B1 B 3  such a trial-and-error method, the solutions are non-unique, but it is clear ------- --- 

using a La. vs. K 2 0  variation diagram (Fig. 1). The Group A 
basalts are distinct from other basalts at the site, defining a 
coherent population. The continuum between Groups B3 and 30 
B l  is apparent. It has been suggested that the basalt groups 
of Apollo 11 each represent individual units in a "stacked" 

La 20 configuration [4]. However, the Apollo 11 basalts are too 
variable in both chemical composition and age to be related 
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by simple fractionation. 
The high-K basalts (Group A) plot along an extension of 

the trend shown by the B3 and B1 basalts in Fig. 1. However, 
the three groups B3, B1, and A are not related by simple n 

S i 4  38.6 40.06 40.51 40.66 42.89 4222 
that the Group A parent must be low-Al and have high-Ti and-Mg n4 8.8 11,40 11 ,00  11,02 847 

abundances. The best results were obtained with a moderately magnesian : : , :::! 1:::; i::: 
composition (mg - 53). Upon inspection of the literature for likely Fco 22.0 22.08 21.77 20.23 18.45 17.65 

W 0.27 0.28 0.27 0.23 0.28 0.25 
matches among the known lunar materials, the Apollo 17 orange volcanic 14.4 7.M 7.01 8.01 5.98 8.50 

glass (74220; [5 ] )  was found to strongly resemble the candidate parental E0 : , : 'i:: 

Fig. 1 
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composition obtained in the original search. The age of the orange ~ 2 %  0.09 0.12 0.12 0.30 0.11 0.05 
P 2 q  0.06 0.10 0.10 0.19 0 . 1 2 0 . 0 7  

volcanic glass is approximately 3.60 Ga [6], exactly the same as that for 
La 6 .2  8.9 8.9 26.7 9.9 5.7 the Apollo 11 Group A basalts and distinct from the ages of other Apollo 17 19,0 27,1 27,1 80,1 38,0 23,0 

basalts (e.g., [I]). Indeed, there is photographic evidence for a single flow :z7 ;:& 2::i6 1::; ::: 
unit of contemporaneous age spanning the distance between the two sites Yb 4.43 6.33 6.33 17.0 13.0 7.65 

Lu 0.61 0.87 0.87 2.45 1.86 1.14 
[7,8]. The cluster of Group A compositions is consistent with this group .......................... 

Oxides arc in %. REE in ppm 
representing a single flow, and this material may represent the product of a E V ~ V C ~ B ~  is IM)44frcmRbodssandBla~.hard(1980). 

Rimitivc 8 3  is an average d 10004.218 and 10085.775 from 
small, short-lived system. Bcaty ct al. (1979) aml Ma ct aL (1980). 

A17 03 is from BVSP (1981). 
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The 74220 orange volcanic glass composition [5] was fractionated in the pressure range 0-5 kb utilizing the MAGFOX 
program developed by Longhi [pers. comm.]. After 2530% crystallization (Table 1). the major-element compositions 
closely resemble those of average Apollo 11 Group A basalts. This is consistent with the suggestion of Longhi [9] that the 
Apollo 11 high-K basalts could have been generated by fractionation of picritic lunar glasses, unlike the basalts of other 
landing sites. 
EVIDENCE O F  neoKREEP CONTAMINATION 

The incompatible-element abundances in Group A basalts are much too high to be explained by simple Rayleigh 
fractionation of Apollo 17 orange volcanic glass. The fact that Y P, and the REE are low in the calculated liquids suggests 
involvement of a KREEP component. In order to match the trace elements, -20% of this 4.4 Ga component (the high-K 
KREEP of Warren [lo]) must be added, which would indicate that the Apollo 11 Group A basalts are a young type of KREEP 
basalt. While this works chemically, isotopic considerations preclude it. 

The Apollo 11 Group A basalts have ENd= +3, while 4.4 Ga KREEP (at 3.6 Ga) has ENd = -2 to -3 [ l l ] .  Assimilation of 
an amount equal to 20% of the original liquid would swamp the isotopic signature of the melt (since the bulk of the REE 
would be from the KREEP), and the Apollo 11 high-K basalts would be expected to have much lower ENd (i.e., <O), as 
observed in KREEP basalts [12]. In fact, any evolved material generated at the time of LMO crystallization ( 4 . 4  Ga), as 
was KREEP, has a chondrite-normalized SmlNd ratio il, which would lead to ENd significantly <O by 3.6 Ga; the 
assimilation of such material would produce the same result as KREEP assimilation in the high-K basalts of Apollo 11. 

The only way to enrich the Group A basaltic melt in trace elements, yet not significantly affect the isotopes, is 
through assimilation of incompatible-element-rich material much younger  than the 4.4 G a  KREEP. 
Apollo 11 high-K basalt is the youngest high-Ti basalt, and there was considerable magmatic activity in the region prior to 
its formation (e.g., at -3.75 Ga  [I]). These magma holding chambers would be expected to generate incompatible-element- 
rich caps (i.e., KREEPy) during late-stage fractionation. Such regions could provide the source of contamination in the 
high-K material. If the Group A basalts are the result of a small system, it is plausible that this "neoKREEP would be 
present in sufficient amounts to severely affect the Group A liquid trace-element contents. 

The actual REE composition of this neoKREEP component cannot be determined 
Tnbk 2. Possible neoKREEP cornpDsitions 

uniquely, since the exact extent of assimilation by the high-K basalts is unknown. ------------------- 
A- ot ncoKREEP high-K 

Compositions for a few elements, assuming various amounts of assimilation, are 10% 15% 20% KREEP 
------------------- 

given in Table 2, along with the high-K KREEP composition of Warren [lo]. While La ~ W I W  98 110 
Cs 56i) 380 290 280 

the calculated compositions are highly variable, it is readily seen that REE ratios are sm 19 8/ 68 4s 

not sensitive to the amount of assimilation. The REE slope, shown by the chondrite- EU .... 0.5 1.0 3.3 
yb 110 n 60 36 

normalized ratios in Table 2, is significantly less than that exhibited by high-K LU 17 11.5 8.8 5.0 

KREEP. This shallower REE slope is consistent with the formation of mare basalts ( W S ~ ) ~  0.93 0.92 0 9 1  1.45 

from the maf'c cumulate portion of the LMO, which is already depleted in LREE. For ( C C N ~ ) ~  1.27 1 2 7  1.26 201  
------------------- 

the same percentage of melting, this material would generate liquids with LREWHREE Elcmnts arc in ppn 
High-K K r q  is from Warren (1989). 

less than that seen in the late-stage LMO liquids. 
S U M M A R Y  

It is suggested that the high-K basalts of Apollo 11 represent a fractionated product of a parental magma with Apollo 
17 orange volcanic glass composition. Contamination by an incompatible-element-rich material is indicated by the trace 
elements, although this material must have formed at a time significantly after the final stage of the LMO. We call this 
neoKREEP, or new-KREEF? This neoKREEP component could have formed as an evolved cap of a relatively young crustal 
magma chamber (e.g., -3.75 Ga) subsequent to the crystallization of the LMO. Since no samples of this or a similar 
parental composition are found at the Apollo 11 site, the Group A basalt may represent a flow which has considerable 
lateral extent. If the Apollo 17 orange volcanic glass is parental to the Group A basalts and a flow exists between the A-17 
and A-11 sites, an interesting problem is the lack of basalts similar to those of Apollo 11 Group A from the Apollo 17  site. 
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