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The high-Ti basalts returned by the Apollo 11 and 17 missions place constraints on the composition of at least 
a portion of the lunar mantle since they require an ilmenite-bearing source. This source has been interpreted to 
represent cumulates formed late in the crystallization of the Lunar Magma Ocean (LMO)[l]. As part of our current 
isotopic study to characterize the source(s) of high-Ti mare basalts at Mare Tranquillitatis (e.g., [2]), we have 
obtained elemental compositions by INAA for 13 of the 19 Apollo 11 mare basalt rocks (Table 1). This permits 
comparison of such data from a single method and lab, reducing uncertainties due to variations in laboratory 
techniques and analytical methods. In addition, many of the earlier studies were directed at only particular elements, 
and incomplete analyses were reported. In order to suppress the effects of "short-range unmixing" all but two of our 
samples were > 0.95 g. However, one of the samples (10057) is significantly different from previous analyses, and 
this is interpreted to be the result of sample heterogeneity on the scale of centimeters. 

The mare basalts at the Apollo 11 site have been divided into 5 groups (A, B1, B2, B3, & D) based on 
compositional and textural characteristics [3,4]. Group A rocks are the high-K basalts (KzO -0.30%) and are the 
youngest (3.60 Ga; [5]) at the Apollo 11 site. These basalts form a coherent group, possibly representing a single 
flow (e.g., [6]). Groups B1 and B3 basalts (low-K) form a continuum in compositions and may be related by 
fractionation [7]. The B3 basalts are the most primitive at Apollo 11 and have an age of 3.76 Ga. The more 
evolved basalts belong to Group B 1 and have an age of 3.71 Ga [S]. Basalts of Group B2 are low-K basalts (c.f., 
Groups B1 and B3) and are the oldest at the Apollo 11 site (3.89 Ga; [3]). They show enrichments in the REE 
relative to other low-K (B3) samples. Group D is represented by only three small rocklets. These are also low-K 
basalts, but are greatly enriched in the REE. To date, no age determination has been made on Group D samples. 

To facilitate evaluation of our data, an exhaustive search of the literature was undertaken to locate and evaluate 
previous analyses of the 13 mare basalt rock samples from Apollo 11 which we analyzed. From these analyses, the 
widely deviant values for each element were excluded, and the remaining values were averaged for each element to 
obtain a best-estimate of the composition of each sample. If only 3 or 4 data points existed for a particular element, 
no exclusion was made unless it was shown by a Q outlier test to be significantly deviant. If 2 or less analyses 
exist, of course, no objective exclusion was possible. In this initial evaluation, no weighting factors (based on 
sample weights andor analytical method) have been applied to the literature data. In fact, with many of the initial 
studies no sample weights were stated, or only a range of weights given for a group of samples. 

The new analyses reported here for 13 of the rocks are in general agreement with previous data. There are several 
exceptions, however, and these are shown in Table 1, along with averages obtained from the literature search. 
Sample 10047 (Group B1) exhibits slightly elevated REE and some deviations from the average in the major 
elements. This variance is consistent with pyroxene enrichment of a few percent at the expense of ilmenite in our 
sample. The large disagreement in Ti is problematical. In previous studies (e.g., [8,9]) where a weight was given, 
nearly 1 gram was analyzed. The sample of 10047 we received for analysis was one of the smallest, only 0.243 g. 
As 10047 is mdum-grained, it is possible that our portion was unrepresentative. 

Sample 10058 (Group B1) shows deviations from the average only among the REE, which are lower in our 
analysis. Similarly, our sample of 10057 (Group A) is lower in REE relative to the average, but also shows 
variance in the major elements consistent with plagioclase enrichment. Both of our analyzed samples were in excess 
of 1 gram, and some previous analyses may be suspect. The original sample description of 10057 [lo] indicates that 
pyroxene aggregates are present near vesicles and that cavities are lined with pyroxene and opaques. The major 
elements in our 10057 sample are consistent with an enrichment in plagioclase of -10%. However, this cannot 
account for the REE in 10057, which are 30-35% lower in our analyses relative to the average (Table 1). If the REE 
are controlled largely by a minor phase (e.g., whitlockite), minute variations in the distribution of t h ~ s  phase could 
result in the variations observed. This could be the case for 10058 as well, as the amounts of whitlockite necessary 
would not greatly affect the major elements. Both of these basalts contain mesostasis with included whitlockite and 
Ca-phosphate [3]. 

Of all Apollo 11 basaltic rocks, 10057 has the greatest variability among analyses, so chemical heterogeneity is 
plausible. Large variations in sample weights used by various workers could generate the inconsistency seen in the 
literature for 10057, although several studies used masses up to 1 gram (e.g., [Ill). Serious consideration should be 
given to the possibility that some form of fundamental heterogeneity exists in 10057. Siderophile data [12] do not 
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show enrichment in 10057 over other Group A rocks, indicating no significant meteoritic component. Such a 
siderophile enrichment would be expected if 10057 were a "melt rock" akin to 143 10 of Apollo 14. Among the 19 
Apollo 1 1 rocks, 10057 is the second-largest, being 919 grams (only 10017 is larger at 973 grams [lo]). The large 
size increases the likelihood of observing sample heterogeneities and gives a crude indication of the scale on which 
such heterogeneities exist. In the original sample photo [lo], there is a prominent white patch -0.5 cm across 
which may be a xenocryst or phenocryst, and the surface appears somewhat knobby on the scale of a centimeter or 
so. These may reflect slight differences in mineralogy, resulting in the variation in chemistry. The other large rock, 
10017 appears more uniform [lo], thus the consistency in chemistry reported for this sample. 

General heterogeneity in Apollo 11 Group A basalts may be masked by the smallksize of most samples (the 
next largest rock after 10017 i d  10057 is 10072, which is lkss than 500 grams). Indeed, in no other samples are 
the elemental variations as great as those seen in 10057, for similar amounts of analyzed material. Some of the 
variability seen in the suite of Group A basalts 1131 possibly is due to this general heterogeneity, with most samples 
being small enough to individually appear homogeneous. 

A large number of Apollo 11 rocklets (54) have been analyzed [4,14], but an assessment of sample 
heterogeneity cannot be made on these because of the small sample sik. The rocks allow sample heterogeneiti&to 
be addressed, although such discussions must remain speculative because even the largest rock sample is not much 
more than 10 cm across. There is evidence that the Group A basalts may have originated far from the Apollo 11 
landing site [13], so the origin of heterogeneities may be a greater crystal fraction at distal portions of the flow, with 
flow differentiation causing uneven crystal distribution. 

Table 1. Composition of Apollo 11 rocks. 
..................... 

10017 10022 10024 10057 SIavg o 
Group A A A A 
Wt (g) 1.02 0.98 0.99 1.05 ..................... 
Ti& 11.10 11.90 12.60 8.20 11.51(.62) 
A1203 7.90 8.20 7.80 12.10 8.08(.47) 
FeO 18.80 19.40 19.50 16.30 19.13(.75) 
MnO 0.22 0.23 0.23 0.21 0.23(.01) 
MgO 7.90 8.30 9.00 8.70 7.16(.64) 
Cao 9.70 10.40 10.10 11.70 10.65(.59) 
Naz 0 0.49 0.49 0.49 0.46 0.54(.01) 
KzO 0.25 0.28 0.28 0.18 0.30(.03) 
CnOs  0.33 0.34 0.37 0.30 0.33(.02) 

Sc 78.8 80.4 80.7 63.7 87.4 (2.6) 80.1 79.6 91.8 94.7 96.3 (7.5) 91.9 87.5 (5.4) 84.5 95.1 80.5 91.2 
V 67 61 85 69 5 9  (10) 71 72 54 60 64 (1) 59 5 5  (20) 105 117 106 97 
Co 25.1 26.2 26.6 30.1 27.3 (2.2) 26.1 25.1 11.0 10.7 13.8 (2.3) 11.3 13.0 (1.4) 17.5 20.6 18.4 13.3 
Rb 7.4 7.7 4.1 5.1 5 .7(0 .7)  7.6 6.0 1 .1  (0.2) 1.0 (0.3) 
Sr 157 187 203 118 147 (35) 219 122 180 200 204 (12) 160 202 (21) 85 246 284 243 
gd 293 300 311 198 275 (44) 253 251 108 111 8 8  90 128 (12) 91 90 79 74 
La 23.3 25.5 25.2 18.1 25.9 (2.0) 25.0 24.7 11.9 13.8 12.9 (4.8) 9.70 12.4 (2.5) 7.20 6.90 6.90 8.40 
Ce 69.7 75.5 74.4 53.3 76.7 (5.0) 75.2 72.1 43.1 50.8 44.3 (4.7) 34.5 41.1 (2.7) 23.9 25.4 21.0 29.6 
M 50.8 50.8 53.3 36.2 64.5 (3.9) 47.1 53.6 40.3 51.2 36.0 32.1 41.2 21.8 22.6 17.7 31.9 
Sm 18.1 19.4 19.4 13.9 19.7 (3.4) 19.1 18.8 17.6 19.9 17.6 (1.62) 14.3 17.4 (335) 8.50 8.00 8.00 12.8 
Eu 2.10 2.15 2.08 1.82 2.14(.25) 2.15 2.05 2.71 3.12 2.59(.11) 2.30 2.20(.45) 1.49 1.57 1.46 2.18 
Tb 4.80 5.00 5.20 3.60 5.65(.94) 4.90 4.90 4.50 5.30 3.90(.28) 4.00 4.10(1.13) 2.40 2.30 2.40 3.30 
Dy 26.9 30.2 29.3 21.9 32.3 (5.4) 29.4 28.7 28.1 32.9 21.8 33.0 (8.5) 14.3 14.2 13.4 20.4 
Yb 15.3 16.5 16.1 11.2 17.6 (2.7) 16.0 15.9 14.4 16.2 16.3 (3.18) 12.3 14.3 (1.12) 7.90 7.70 7.70 10.4 
Lu 2.12 2.30 2.25 1.57 2.44(.25) 2.22 2.19 2.C1 2.26 2.59(.41) 1.68 2.07(.19) 1.17 1.15 1.10 1.47 
Hf 13.8 14.5 14.6 10.0 16.8 (1.3) 14.4 14.3 12.1 12.5 13.3 (2.10) 9.80 10.8 (1.92) 6.40 6.50 6.20 8.60 
Ta 1.70 1.82 1.89 1.42 1.63(.40) 1.83 1.89 1.81 1.80 2.40(.28) 1.54 1.70(.75) 1.10 1.21 1.08 1.35 
Th 2.62 2.90 2.82 2.24 3.49(.25) 3.03 2.75 0.71 0.71 0.71(.10) 0.61 1.15(.07) 0.61 0.60 0.49 0.45 ............................................................. 
Oxides are in percent, all others in ppm. Average compositions from the literature are in boldface. Standard deviations of the mean are in ( ). 
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