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Most lunar meteorites have complex cosmic ray exposure histories [I, 21 having been exposed both at some 
depth on the moon (2n irradiation) before their ejection and as small bodies in space (4n irradiation) during transport 
from the moon to the earth. Finally, many lunar meteorites found in Antarctica have long terrestrial exposure ages, 
as is the case for many other meteorites found in Antarctica. A unique determination, in the best of cases, of the 
duration of each of these distinct epochs requires the measurement of four or more cosmogenic nuclides. We report 
here cosmogenic 1°Be (half-life = 1.5 My), 2 6 ~ 1  (0.705 My), and 3 6 ~ 1  (0.301 My) results for the new lunar 
meteorites Queen Alexandra Range 94281 (QUE94281) and Queen Alexandra Range 94269 (QUE94269). From 
these radionuclide measurements alone we cannot completely unravel the complex history of these objects however 
we can set meaningful limits on their irradiation histories. 
QUE94281: The lunar-basaltic breccia QUE94281 was collected in the Queen Alexandra Range, Antarctica. The 
recovered size is 4.0 x 3.1 x 1.0 cm and it weighs 23.4 g. The object has a thick fusion crust resembling shiny 
black glass on one side and an irregular, rough surface on the other. Some lunar meteorites, such as Calcalong 
Creek, Yamato 791 197, and Yamato 793169, contain SCR (solar cosmic ray) produced nuclides, indicative of low 
ablation during atmospheric entry. To investigate SCR effects in QUE94281, we measured cosmogenic nuclides in 
2 sub-samples having different shielding depths. The exterior sample, QUE94281,11, was taken from a depth of 0 - 
3 mm, and has as much as a 2 mrn rind of black glassy crust. The interior sample, QUE94281,15 originates 10 - 13 
mm from the surface. The separation between two sub-samples is 7 - 10 mm. Be, Al, and C1 were chemically 
separated from each sample and subsequently measured by AMS at Lawrence Livermore National Laboratory [3]. 
The results of the l%e, 2 6 ~ 1 ,  and 3 6 ~ 1  measurements in QUE94281 are shown in Table 1. 

If we first assume all cosmogenic nuclides were produced in a 4n exposure geometry, the l%e, 2 6 ~ 1 ,  and 
3 6 ~ 1  exposure ages (transition times) are 0.35, 0.14, and 0.10 My, respectively. The discordance of these ages 
cannot be eliminated by simply correcting for the terrestrial age. Therefore we must assume at least a two-stage 
exposure in which the first exposure occurred on the lunar surface (2n exposure geometry). The low activities 
measured in QUE94281 indicate a sub-surface exposure. Production rates as a function of depth on the Moon are 
well characterized as a result of studies of the Apollo 15 drill core [4, 51. The chemical composition of QUE94281 
is similar to that of the Apollo 15 drill core so the observed activities in QUE94281 are directly comparable to those 
activities in the Apollo 15 core with only minor corrections. The normalized activities are plotted in Fig 1 along 
with observed activities of ALHA81005, MAC88104188105, Yamato-791197 (after normalization) and the 
corresponding Apollo 15 depth profiles [2]. The activities of QUE94281 are shown with solid rectangles in the 
figure. The height of each box represents the range of activities in two sub-samples and the width indicates the 
allowable range in depth on the Moon consistent with the range of activities in two sub-samples. The observed 
spread in the derived depth from the activities in two sub-samples, especially 2 6 ~ 1  and 3 6 ~ 1 ,  is greater than can be 
accounted for by the distance between the two sub-samples. At the present time we don't understand the discrepancy. 
One possible explanation is an incorrect chemistry correction. We are obtaining more precise chemical analyses and 
will explore this possibility. From Fig. 1 it can be seen that the normalized activities of the three nuclides do not 
fall at the same depth, the short half-life nuclides showing greater depths. If we correct these activities for a 
terrestrial age of 0.15 - 0.20 My, the three nuclides plot at a similar ejection depth, 270 - 320 g/cm2, only slightly 
shallower than the ejection depth of MAC8810415. Alternatively, a terrestrial age of 0.35 My results in the best fit 
for 1°Be and 2 6 ~ 1  at depth of 270 - 290 g/cm2, but leaves the depth derived from 3 6 ~ 1  at 190 - 250 glcm2. This 
situation is similar to that observed in MAC8810415 [2]. If QUE94281 has a higher C1 concentration than the 
Apollo 15 core (-20 ppm) ~ l ( n , ~ ) 3 ~ ~ 1  contributions could explain the discrepancy. Based on the low 2 6 ~ 1  activity 
relative to the 1°Be and 3 6 ~ 1  activities we are assuming a short transition time, < 0.1 My, to Earth. More rigorous 
limits cannot be determined without the measurement of other cosmogenic nuclides such as 4 1 ~ a ,  5 3 ~ n ,  and noble 
gases. 
QUE94269: QUE94269 is a small lunar-anorthositic breccia and the recovered size is 1.9 x 1.4 x 1.3 cm and it 
weighs 3.2 g. QUE94269 is believed to be paired with QUE93069. 1 ° ~ e ,  2 6 ~ 1 ,  and 3 6 ~ 1  were measured in 
QUE94269,13 as follow up studies of QUE93069 [6]. The sample was chipped at 0 - 2 mm from surface and 
contained 0.3 - 0.5 mm thickness of fusion crust. The sample is located on the opposite side of its possible pair, 
QUE93069,14. The 1°Be, 2 6 ~ 1 ,  and 3 6 ~ 1  concentrations in QUE94269 are shown in Table 1 along with 
QUE93069 for reference. The three nuclide concentrations in QUE94269 are identical to those of QUE93069 and 
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confirm that the two samples are indeed a pair from the same fall. The 3 6 ~ 1  concentration in QUE94269 is slightly 
lower than the interior samples due to evaporative loss. This phenomenon was observed in another fusion crust 
from QUE93069,14 (0 - 1 mm). The normalized 3 6 ~ 1  activities in QUE93069 and QUE94269 are both 15.2 
dpmtkg (8Ca+Fe) and suggest a 27c exposure geometry on the Moon. Based on the cosmogenic nuclide 
concentrations, we conclude that the QUE93069 and QUE94269 pair were ejected from 10 - 50 g/cm2 of shielding 
from the lunar surface [7]. Somewhat elevated 2 6 ~ 1  concentrations in both exterior samples of the QUE94269 and 
QUE93069 pair indicate SCR bombardment during its short transition time and also exclude any possibility of SCR 
bombardment on the Moon. Although the ablation depth is not known, less than 40 ky transition time is sufficient 
to produce observed the 2 6 ~ 1  excess in the surface samples. 

The exposure histories of 15 lunar meteorites (1 1 independent cases) have now been studied. At least 7 out 
of the 11 lunar meteorites were ejected from shallow depths of the Moon. In contrast, none of the SNC meteorites 
studied to date show evidence of a 2n bombardment on their hypothesized Martian surface. Evidently, all SNC 
meteorites were ejected from a much deeper depth than most of lunar meteorites. 

Table 1. Cosmogenic radionuclide concentration in QUE9428 1, QUE94269, and QUE93069 
Sample Depth from l%e 2 6 ~ 1  3 6 ~  1 

surface (mrn) (dpm/kg meteorite) (dpm/kg meteorite) (dpm/kg meteorite) 

QUE9428 1,11 0 -  3 2.84 f 0.08 12.41 f 0.32 3.08 f 0.05 

Figure 1. Observed activities in four lunar meteorites. 
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