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Variations in isotopic compositions in lunar soils have been reported
for several light elements: H, C, N, O, Si, S, K. Of these, hydrogen, car-
bon and nitrogen are clearly dominated by the effects of addition of material
to the soils from extralunmar sources, as indicated by the much higher concen-
trations of these elements in the soils relative to igneous rocks. Several
mechanisms have been proposed to account for the isotopic variability in the
remaining four elements. It is the aim of this paper to present a unified
model to account for all of the observations.

Oxygen, silicon, sulfur and pota531um all have three or more isotopes in
nature (all stable except for K4 ), so that measurements of two independent
isotope ratios can be made for each element to determine whether the observed
fractionations are due to mass—-dependent processes, such as chemical reac-
tions or diffusion, or to some other processes specific to particular nu-
clides, such as nuclear reactions. Epstein and Taylor(l) reported that vari-
ations in $i29/8i28 were 1{2 as great as those in 5i30/8i28 in the same
samples. Rees and Thode showed that analogous mass—-dependent relations
hold for variations in 833/8 2, 53”/532 and S 5/832 ratios. In the present
work, measurements of 017/0'6 and 018/0'® on partially reacted portions of
soil 14163 also indicate a 1l:2 relationship in magnitude of the isotope
effects. A similar test for potassium can be made in prinelple(3), but it is
very d%fgicult due to the low abundance of K*0. At least in the case of
oxygen the mass—~dependent relationships probably rule out significant com-
plication of the isotope effects by addition of extralunar material. All of
the data on these four elements can be understood in terms of processes
acting on indigenous lunar materials.

Other general observations of isotopic wvariability im O, Si, S, and K
are as follows:

(1) All have very uniform composition in lunar crystalline rocks, indicating
no earlier low-temperature processing.

(2) All show enrichments of the heavy isotopes in soils relative to rocks.

(3) The magnitude of heavy isotope enrichment in O and Si are c?rrelaged
with one another and with various measures of soil maturity 1,5,6 , such
as noble gas content, metallic iron, particle tracks, etc.

(4) ?re is sgme evidence for surface correlation for the effects in O and

and S

(5) There is no heavy—lso ope enrichment in O, Si and K in Elasses, such as

Apollo 15 green glass 3,9) and Apollo 17 orange glass( » 9), which

appear to have been exposed, while molten, to the lunar vacuum, but

which have not been exposed for a long time on the surface.

Various models have been proposed to account for some of these obser-
vations, involving thermal volatilization or reaction with solar wind pro-
tons at high or low temperatures. It has not been established which mech-
anisms are dominant. The key to understanding the effects observed in these
four elements may lie in the recent observations of sizable isotope effects
in potassium ). In this case, the chemistry of the element involved seems
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to allow no reasonable mechanism other than thermal volatilizat:ioni a proc-—
ess observed to occur in the laboratory under moderate conditions How-
ever, observation 5 above implies that significant volatile loss with con-
comitant isotopic fractionation requires temperatures in excess of liquidus
temperatures, Such temperatures are locally attainable in the regolith in
micrometeorite impacts l) Laboratory studies have shown that Bot3531um
and sulfur have rather 31m11ar volatilities in lunar materials(l » SO
that processes vaporizing significant amounts of potassium should also
vaporize some sulfur.

Since there is a net enrichment of K*! and S3% in soils relative to
crystalline rocks, material balance requires a depletion somewhere else.
Analyses of K“/K59 are too few to rule out the possible existence of a low-
K*1 reservoir on the moon, but such a possibility seems much less likely for
sulfur, A more probable explanatlon is that the $32-rich and K3%-rich mate-
rial has been lost from the moon, presumably in the same high-temperature
event which vaporized these elements. An estimate of the minimum loss of
material can be made, assuming isotopic fractionations given by the ?nverSE
square root of the mass ratio, and assuming a Rayleigh fractionation in
the vaporization process. The isotopic enrichments, for various values of
the residual fraction f are given in Table 1.

Table 1
Isotopic Enrichments in Vaporization Residues,
f = Wt-fraction of residual element

1.0 0.9 0.8 0.7 0.6 0.5
Sk*1(9/00) 0 2.6 5.5 8.8 12.7 174
§53%(°/00) 0 3.2 6.7 10.7 15.4 20.9
§5130(%/00) 0 3.6 7.6 18,2 17.5 23.8
§018(°/00) 0 6.0 12.8 20.6 29.6 40.4

Typical values of 8K*! for Apollo 15, 16 and 17 soils are +5to +8°foo(3)
implying p%t3351um 1o§ses on the order of 20-30%. Values of 86532 range up
to +10°/o0 2,14,1 implying sulfur losses in this same range. It is
difficult to demonstrate losses of this magnitude from available elemental
analyses of rocks and soils, particularly for potassium, due to ubiquitous
admixture of a potassium-rich KREEP component to the soils.

Loss of oxygen and silicon by volatilization in micrometeorite impacts

s %lso feasible, as shown by the vapor pressure measurements of DeMaria et
A net loss of about 1% would account for the observed overall en-
richments of about 0.5°/oo in 8018 and 0.3%/00 in 88130, The experiments of
Epstein & Taylor 1,5,6) have shown that these overall enrichments are due to
very much larger enrichments located in some small part of the soil which is
especially reactive with fluorine. It is not easy to see how such isotopic
enrichments could occur in thin surface films as a residue of a vaporization
process. Furthermore, measurements in the present work of §0!8 in separated
glassy agglutinates from 50115 14163, 15270 and 66081 show that the agglu-
tinates are no richer in 0!8 than the whole soil from which they came. It
is therefore proposed that these highly fractionated materials have been

deposited on the soil grains from a vapor which was derived by micrometeorite
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impact, the fractionation having taken place in the lunar "atmosphere'.

Most aspects of the model presented here are in accord with the dis-
cussion of Gibson et al.10) and Barnes et al.(3) in emphasizing the loss of
portions of some elements from the soils and from the moon by impact vapori-
zation. In this model, no significant role is seen for low-temperature
chemical interactions with solar wind-derived material in producing the
isotopic variations.
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