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In a companion paper (1) we have considered the implications of a model 
whereby solar wind species are accumulated by implantation into lunar grains 
which are concurrently being sputtered. Here we consider the chemical 
changes which can be wrought in the target materials by collisions between 
the incoming ions and the target atoms. Initially we were attempting to 
rationalise the formation of free metallic iron in lunar fines. However, we 
now believe that sputtering and knock-on implantation could be responsible 
for many of the surficial element enrichments found in lunar soil. 

Although the solar wind contains a complete spectrum of elements, the 
effects described here are probably caused predominently by H and He, the 
species most Llkety to contribute to the sputter erosion of the lunar 
surface (2). Mass considerations suggest that He may be the major species 
involved (3). An important factor in our model is that light atoms have 
sputter yields of less than 1 atomlincident atom. 

A solar wind atom entering a target loses its energy by inelastic 
collisions with electrons or by sharing energy as a result of elastic collis- 
ions with target atoms. The energy transferred to a target atom (ET) = 
constant x mlm2 - EI (ml and m2 are the masses of the incident and target 
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atoms respectively and EI is incident ion energy; the constant decides how 
energy is shared between the incident and target atoms and depends on the 
angle of incidence). Elastic collisions will initiate collision cascades 
which transfer their energy as above . For every incident atom many 
target atoms will be displaced in all three dimensions. When collision 
cascades intersect the surface, a target atom will be lost or sputtered. 
Where sputtering efficiency is less than 1, for every atom lost there will be 
many rearrangements of atoms in the target in all directions but the net 
overall effect must be to knock atoms forward. 

In the first few collisions after an atom enters a target there is a 
vast excess of energy available. At the end of a collision cascade there 
will be a great many more collisions of the type where the energy available 
approximates to the energy required to move atoms and break bonds. There- 
fore, in polyatomic targets some atoms will be moved preferentially. The 
same atoms which are preferentially sputtered will be preferentially knocked- 
on and precipitated. Chemical changes at bombarded surfaces will be due to 
the sum of the two effects. Little is known about sputtering yields from 
polyatomic materials, however a number of investigations of diatomic 
compounds have been performed. From these data two rules governing non- 
stoich iometric processes can be inferred. (i) A low mass target atom will 
be displaced more easily than a heavy one. (ii) It will be easier to over- 
come the lattice energy of a monovalent atom less strongly bonded into the 
matrix than to eject one which has multiple valency. There will be a 
threshold mass and lattice energy above which atoms cannot be knocked-on or 
sputtered by H or He. The threshold for sputtering will be lower than for 
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knock-on (except in the case of low angle of incidence) because multiple 
energy sharing collisions are necessary to overcome the forward velocity 
vector. A third and very useful rule can be established by considering 
sputtering of metal oxides as a two step process, i.e. the breaking of a 
metal to oxygen bond is followed by vapourisation of the metal, Then, if 
the heat of sublimation of metal (AH,(M)) 

heat of dissociation of the oxide/oxygen atom (AHD(0)/O) 
> 1 

preferential loss of oxygen will occur. The ratio of the two thermodynamic 
quantities may be considered as the preferential sputtering factor (PSF). 
Application of the rules governing non-~toich~iometric processes to lunar 
samples : 
(i) Major elements: Table 1 lists the PSF's for oxides of six major lunar 
elements. If the lunar soil can be considered as a mixture of oxides then 
ferrous iron could be reduced to free metal by solar wind sputtering. 
Sputtering may be the predominent mechanism giving rise to the ubiquitous 
finely-divided iron metal in lunar soil (3). The process can be efficient 
enough to produce the observed quantities of metal, provided fresh surfaces 
are continually exposed by impact (3). Titanium could also be enriched by 
preferential sputtering; the PSF's for the conversion of Ti02 to Ti203 or 
Ti 0 are greater than unity. The PSF's in Table I are in the order 
FePT?bSi>A1>Ca2Mg which is the order of major element enrichments observed 
by ESCA for lunar particle surfaces relative to interiors (4). 
(ii) Trace elements: Many investigators have reported trace elements enrich- 
ments in soils relative to rocks, in fine soil fractions relative to coarse 
ones and in surfaces relative to interiors. The elements studied have 
widely different properties and the mechanisms proposed to account for the 
data include partial melting, condensation, exotic components and atmospheric 
reimplantation. We suggest many of these enrichments (particularly increases 
of only 2 or 3 fold) maydbe a result of preferential sputtering of light 
elements or accumulation~target atoms in a manner analogous to solar wind 
atoms but as a result of knock-on implantation(1). The excess abundances 
observed are residual atoms left over from the surface layers which have been 
sputtered away and are indigenous to the samples. 

Table 2 lists elements enriched in lunar samples that have masses 
possibly above the threshold mass for loss by sputtering. Also in Table 2, 
are univalent elements having reduced lattice energy in silicates and which 
may have been enriched in lunar samples by knock-on. In addition, Sc and 
Cr which have high valency (high lattice energy) and should be difficult to 
sputter, Ni and Co both have PSF's greater than one. Rubidium&bst.cb in 
both columns of Table 2. therefore it may be enriched relative to Sr, 

Table 1. Preferential s p ~ t t i r i n g  Factors Table 2. Mechanisms of trace element enrichment 

Procerr PSF 

s i l s i o ,  0.84 Elenents above threshold Univalent elements 
CalCaC 0 . 2 4  ' 

~ 1 ~ 2 0 3  0.57 mass for sputtering preferentially precipitated 
wglngo 0.23 
I i l I i O z  0.93 
Ti203/Ti02 1.08 Pb, Hg, Th, TR, Ba, Sr, Li, K, Na, Rb, Cs, CR, Br 
Ti205/Ii02 1.03 
Pe/FeO 1.31 

Cs, Rb, La, REE, Ga, Zn, Cu. 
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explaining the observed increase in 8 7 ~ r / 8 6 ~ r  ratios (5). A syngenetic 
origin for lead excess and Fe metal formation would very adequately explain 
their co-existence (6). Enrichment of Cu and Zn by a conjoint mechanism 
would explain the correlation between these elements (7). A solar wind 
effect is more suitable than volatilisation since Cu and Zn have similar 
masses but widely different boiling points. 
(iii) Glassy agglutinates: Glassy agglutinates are enriched in ferro- 
magnesium elements (Fe, 'Yi, Mg, Mn, Cr, Sc) and lithophiles (K, REE, Th, Ta) 
(8). The mechanism postulated for this fractionation is that a multi-stage 
partial melting results in a selective incorporation of lower melting 
materials. It is difficult to envisage an agglutination process which can 
physically sort grains. The elemental fractionation observed in complex 
particles could be explained if surfaces of the constituent fine grained 
material had been enriched by preferential sputtering and precipitation. 
The only element whose enrichment cannot be directly accounted for on this 
basis is magnesium. It undergoes an apparent increase in polyatomic 
material (by what we term the band-wagon effect (3)) because it co-exists 
with iron. Although Pb will be enriched on the very surfaces of grains 
incorporated into agglutinates, one might expect it to be lost during the 
thermal process. Fractionation of Pb relative to U and Th (both of which 
are enriched relative to bulk soil) has been observed in agglutinates (9). 
Other volatiles enriched by the sputtering process (i.e. Zn) might be lost 
similarly. Volatile elements increased in abundance at some depth by the 
precipitation mechanism (e.g. K), nlt.l~.nu~h vaporised during agglutination, 
may be lost to a lesser extent. 
(iv) The 40~r problem (10) : Preferential precipitation provides a 
means of overcoming the criticism levelled against the transient potassium 
hypothesis proposed as source of parentless 4 0 ~ r  (11). If, due to its 
decreased lattice energy, K is enriched by knock-on collisions, then 40~r 
produced by radioactive decay could be transported further and faster into 
the interior because it has no lattice energy at all. Once the 40~r and 
its parent are separated, potassium could be removed by shallow angle 
sputtering or thermal mechanisms. Our mechanism suggests that 40~r/36~r 
ratios would depend on the K concentration (11) and the age of the soil (12). 
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