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SOLAR WIND GASES IN A METAL SEPARATE FROM LUNAR SOIL 68501: A F O L L O W  
STUDY; R. H. Becker and R. 0. Pepin, School of Physics and Astronomy, University of Minnesota, 
Minneapolis, MN 55455. 

Noble gases and nitrogen were analyzed in a 90-95% pure metal separate from lunar soil 68501 by step- 
wise combustion and pyrolysis. Helium and neon appear essentially unfractionated with respect to one another, 
yielding the solar Heme ratio in the total gas and in all but the highest temperature steps. However, they are 
depleted relative to Ar by a factor of 5. Argon, krypton and xenon exhibit mass-dependent htionation relative to 
solar abundance ratios, but appear unfractionated, both in bulk and in early temperature steps, when compared to 
abundance ratios in 71501 ilmenite, derived by chemical etching and suggested to represent abundance ratios in 
solar wind. Total spallation-corrected Kr and Xe show no isotopic fractionation relative to SW Kr and Xe 
compositions derived from this same 71501 ilmenite, supporting the idea that these gases may m have 
undergone a mass-dependent fractionation. The depletion of He and Ne in the lunar metal is in contrast to what 
has been seen in analyses of metal separates from meteorites. Nitrogen has a 6 1 5 ~  value of 480% in the bulk 
sample, with the solar N component considerably heavier than that but difficult to determine accurately. 

We originally undertook analysis of lunar regolith metal [I] with the expectation that step-wise 
combustive release would not lead to elemental or isotopic fractionation of the implanted solar noble gases in the 
metal, for reasons having to do with the properties of noble gas diffusion in metal [1,2]. We also expected the 
implanted noble gases to have undergone little or no fractionation while on the moon, for the same reasons. 
Extraction of apparently unfractionated solar He, Ne and Ar from metal from the gas-rich Weston meteorite [21 
supported these expectations. The results h m  an impure metal separate from 68501 [I], however, suggested the 
presence of fractionated heavy noble gases overprinting a solar He, Ne and Ar component, even for the lowest 
temperature steps. We pointed out that the fractionated gases might be due to the fairly large silicate component 
(20-25%) in that sample, but also considered that they might reside in the metal [I]. Results of step-wise 
combustion of a cleaner separate (5-10% silicate content) of 68501 metal are presented here. They conf i i  the 
pattem of relative abundance ratios seen in El], and that the gases are almost certainly present in the metal rather 
than the silicates. They turn out to be open to two very different interpretations, however. 

One possibility is that only He and Ne in the metal are unfractionated, with the remaining noble gases 
dominated by the overprint of a strongly mass-fractionated component. These is illustrated by the conventional 
normalization of the bulk sample data shown in Table 1. He/& and Ne/Ar are normalized to solar ratios from 
[3], Kr/Ar and Xe/Ar to ratios from [4]. In the first three steps, from 330'-41OoC, where laboratory-induced 
diffusion should be at a minimum, HelAr and Ne/Ar are within 15% of the solar values, yet Kr/Ar and XeIAr 
ratios are 1.8 and 3 times their solar values even in this relatively low-temperature regime [5]. The presence of a 
strongly fractionated solar component would account for the elemental abundance patterns seen in the total gas 
and most individual steps. It would also explain why spallation-corrected 36~r138~r ratios (assuming a uniform 
distribution of spallogenic Ar in the metal [5]) are well below 36~r/38Ar in solar wind (SW) as determined from 
other samples [6], even in the earliest steps where solar energetic-particle (SEP) Ar should not be a factor. 
However, we see no significant mass-dependent isotopic fractionation in Kr and Xe in the metal sample [5]. One 
could argue that all elemental fractionation occurred relative to Xe, with little or no actual Xe loss, but if 
elemental abundances require that a mass-fractionated heavy gas component be present, the Kr isotopic pattern at 
least should reflect a mass fractionation due to Kr loss. Yet the total metal Kr isotopic pattem is within error that 
of the unfractionated SW component determined by Wieler and Baur [7l. 

Table 1. Atom ratios relative to Ar in total metal. normalized to solar rahos. It It  . 
4 ~ e / 3 6 ~ r  2 2 ~ ~ / 3 6 ~ r  3 6 ~ ~ / 3 6 ~ r  8 4 ~ ~ / 3 6 ~ r  132xe/36& 

Conventional normalization 0.205 0.227 1 .OO 2.06 3.83 
Alternate normalization 0.205 0.227 1.00 1.01 1.09 
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The alternative interpretation assumes that the Ar:Kr:Xe elemental abundance pattern seen in lunar 
ilmenite 71501 represents the actual flux ratios of these elements in the recent solar wind [8]. With this 
assumption, Ar, Kr and Xe in the 68501 metal are essentially unfractionated (see Alternative normalization in 
Table 1, which assumes "solar" Ar:Kr:Xe ratios of 16730:8.97:1 from [9]). In this normalization, it is 
reasonable to find that Kr and Xe isotopic ratios have not suffered mass fractionation effects. The argon isotopic 
result mentioned above can be m u t e d  for by a spahtion-correction using N G ~  amounts derived on a step-by- 
step basis, rather than assuming a uniform ArSp distribution [5]. This interpretation of the data is more in 
keeping with our original expectations of fmding unfmctionated solar gases in lunar metal. 

Note, however, that He and Ne are depleted in the metal in this second interpretation by a factor of 5 
relative to the other gases. It is generally considered that loss of solar wind gases occurs either by processes such 
as sputtering, flaking and abrasion which don't significantly differentiate among gases or isotopes of a gas, but 
may enrich the more deeply-implanted SEP component over SW, or by diffusion, which leads to elemental and 
isotopic fr-actionations as well as enhancement of SEP (see, for example, [10,11]). It would appear that in metal 
there is a third possible process, presumably diffusion without fractionation. He/Ar and NeIAr ratios in our 
individual steps vary from initially solar values to about a factor of 50 lower at the highest temperatures, 
representing either a lunar or laboratory-induced separation. However, HefNe varies hardly at all except at the 
highest temperatures. This depletion process is evident in our lunar metal, but does not appear to have occurred 
in meteoritic metal samples [2,10,111, for reasons we don't yet understand. SEP accounts for about 40% of the 
He and Ne now in the lunar metal, but could have been as low as 8% in the originally implanted gas, if the 
depletions of He and Ne seen are primarily due to loss of the SW component. This is consistent with the Kr 
isotopic composition in the metal, which yields an upper limit of 15% SEP in the Kr as measured [5]. 

Nitrogen in the metal, as with the other gases measured, can be interpreted in more than one way. There 
is undoubtedly a meteoritic component in the nitrogen, which is almost certainly lighter [12,13] than the total 
nitrogen and therefore lighter than the solar N component. Because we do not know the average 6 1 5 ~  value of 
the meteoritic component, or its abundance, we cannot subtract it out accurately enough to determine the 6 1 5 ~  
value of the solar component. Additionally, since we don't know how much solar N should even be in the 
sample, because the primary flux ratio of N/Ar in the solar wind is not known, we could not determine whether 
there have been significant losses of the solar component with associated fractionation of isotopes, even if the 
meteoritic component were well determined. However, it is possible to make educated guesses with regard to 
these unknown quantities. Our best estimates lead us to believe that the primary flux ratio of N/Ar is likely to be 
an order of magnitude or more above the Cameron solar value 141, and that the 6 1 5 ~  of recent solar wind is 
around +200%0 or higher. If we are wrong about the degree of retention of Ar, Kr and Xe in the sample, the fist 
of these two conclusions may be incorrect. The second conclusion however is not very sensitive to this particular 
assumption, and should still be pretty much valid. 
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