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Following our discovery[l] of residual effects in distillation, where we demonstrated that 
mass dependent fractionation could be accompanied by residual "anomaliesn in Mg isotopes, closely 
mimicking those found in FUN inclusions, we have undertaken a search for similar effects in 
sputtering. The large heavy-isotope enrichments found in the surface layers of lunar soils in 
oxygen and silicon[2] have been attributed to vaporization by micrometeorite bombardment or to 
sputtering by the solar wind followed by preferential loss of the lighter isotopes in the weak 
lunar gravity field. Sputtering of grains in the evolving solar nebula and in the compressed and 
heated mixture of dust and gas following supernova shock waves in the interstellar medium is 
expected to occur due to large relative velocities between gas and dust grainsC31. The only 
previous precise and systematic study of isotope effects in laboratory sputtering was undertaken 
by Russell Papanastassiou and TombrelloC41 in the Ca isotopes. They measured 40Ca/**Ca in 
sputtered material and compared it with standards. They were able to measure a third isotope 
( "Ca/"Ca) only in one case and with a large uncertainty, presumably, due to the small amounts 
of material available. Thus the a priori assumption that sputtering produces strictly mass 
dependent isotopic fractionation rests on this single measurement. 

We have sputtered Me using a minature, cylindrical (33 mm dia. and 28 mm long) saddle field 
ion-source in a bell-jar in vacuum (-lo-' torr). Cold cathode discharge with Ar or N, gas within 
the source produces a 3 mm diameter bright central beam spot surrounded by -10 rmn halo of fringe 
beam at a distance of about 85 mm. A significant fraction of the beam is made up of neutrals; 
consequently it is difficult to estimate the beam intensity. However, the manufacturers quote an 
upper limit of 500 equivalent PA including the neutrals. Targets consisted of either a randomly 
oriented bunch of 10 to 15 pyroxene crystals from an eclogite sample from Yakutia (each .-500 p ~ )  
or a single (5 mm) chunk of MgF, crystal, placed on a carbon substrate at a distance of 85 mm 
from the ion-source. The incident beam was at an angle of 40° to the normal at the target. The 
sputtered material was collected by placing a 85 mm hemispherical teflon cup directly above the 
target with one edge resting on the target platform and the other lifted up to allow the passage 
of the beam. For some experiments the samples were placed in the fringe field in an attempt to 
reduce the dose rate. In three cases a teflon cup cut into three spherical sections was used to 
allow the collection of sputtered material within three angular ranges measured from the normal 
at the target: i) Bottom (90/70), ii) Middle (70/45), iii) Top (45/0) degrees. A longitudinal 
slit on one side of the cup allowed the passage of the beam. No effort was made to precisely 
align the cup with respect to the target so that the angles quoted above are only nominal values. 
The severity of the bombardment can only be judged qualitatively by the amount of Me collected. 
The Me concentration was measured, after dissolving the deposited layer with HF and HNO,, in an 
inductively coupled argon plasma optical spectrometer. The blank for the whole process was 
estimated to be about 10-30 ng and is negligible. The raw as well as the fractionation corrected 
Mg data are shown in Table 1. for various combinations of target and beam. For most previous 
cases reported in the literature, the ratio (25/24) has been chosen as the index ratio and used 
to remove machine induced as well as any inherent fractionation in the sample. Any difference 
between the unknown (sample) and the standards in the index ratio is attributed to mass dependent 
fractionation. We have reduced the raw data for all the three possible choices of the index 
ratio: (25/24), (26/24) and (26/25). The power law was used to remove fractionation. The use 
of either the Rayleigh or the exponential law does not significantly alter the results. We will 
fil'st discuss the data in the usual presentation with (25/24) chosen as the index ratio for 
fractionation and 6(26Mg/2*~g) for any residual efects. It can be seen from column 1 ,  Table I., 
of the "Fractionationn section that for most of the data the sputter induced fractionation is 
small (<1.5%,). Out of four samples, numbers 6, 7, 10 and 14, three show significant enrichment 
in the heavy isotopes. The only case showing a small enrichment in the light isotopes is in the 
angular distribution experiment 10. The enrichment in heavy Me isotopes is contrary to the 
expectation that light isotopes should be enriched in the sputtered material[5]. In contrast to 
the "smallw fractionation, 6(26Mg/24Mg) for most of the samples shows significant residual 
effects. With the exception of 7 all exhibit excesses in 26Mg. In particular, for two cases 1 
and 18, large residual excesses were obtained. The puzzling nature of these is that the 
accompanying fractionation effects are negligible. Residual unon-linearw effects in sputtering 
have previously been predicted on theoretical grounds[51. However, in all calculations, these 
were superimposed on large mass dependent isotopic fractionation. Physically, it does not seem 
plausible that sputtering should preferentially effect only one isotope out of three adjacent 
ones. However, the assignment of A(25/24) to fractionation is purely arbitrary. In fact, when 
the data is reduced by choosing (26/25) as the index ratio, we obtain large fractionation effects 
as well as large residual excesses in 6(24Mg/2'Mg) (Table 1. and Fig. 1). If the index ratio 
is chosen to be (26/24) then the residuals show up as depletions in "Mg. In fact, if there are 
superimposed mass-dependent (fractionation) as well as non-mass-dependent (residual anomaly) 
effects of similar magnitude, it is not possible to uniquely separate the two parts. Most 
plausibly, this is the situation for the sputtered Mg in the present experiments. 
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AS shown by Russell et. al[4], there are additional features of sputtering systematics such 
as variations in isotope ratios with angle and incident beam intensity as well as a dependence on 
the quality of the bombarded surfaces. In the present experiments, these various parameters are 
not well constrained to isolate their individual contributions. Nevertheless, there are hints in 
the present data indicating variations with angle and dose rate. The main contribution of the 
present experiments has been to show that large isotopic effects, both mass-dependent and non 
mass-dependent, can be induced in low-energy sputtering. This reinforces our contention[ll that 
physico-chemical effects, such as distillation and sputtering, could have played a significant 
role in affecting the isotopic abundance of various refractory elements. During the formation of 
the solar nebula and prior to that in the interstellar medium, physico-chemical processes may 
have been responsible for the synthesis of some of the isotopic anomalies discovered in 
meteorites. These variations have previously been attributed, almost exclusively, to 
nucleosynthesis. In this regard, using the standard normalization procedures, and choosing 
(25/24) as the index ratio the large excesses in for samples 1 and 18 would be 
indistinguishable from ''A1 decay in low Mg phases found in some calcium-aluminum-rich 
inclusions. 
~ e f .  :[I] T.M. Esat, R.H. Spear and S.R. Taylor, - 
LPS XVI(1985)219; [21 R.N. Clayton, 
T.K. Mayeda and J.M. Hurd, Proc. Lunar. Sci. 

5th(1974)1801 ; C31 D.D. Clayton, Conf. 
Astrophys. J. 251 (19811374; [ 4 1 
W. A. Russell, D. A. Papanastassiou and 
T.A. Tombrello, Radiat. Eff. 52(1980)41; [5] 
P.K. Haff, C.C. Watson and T.A. Tombrello, J. I Geophys. Res. 86(1981)9553. 
Fig. 1. If Mg isotopes initially had unity 
abundnces then sample 18 can be depicted as 
showing small fractionation (line labelled 
25/24) with an excess at mass 26. 
Equivalently, choosing 26/25 as the index 
isotope produces large fractionation and a 
large excess in mass 24. 2 4  25 26 

Table 1. Isotopic Composition of Sputtered Mg 

Sample No./Beam and (25/24)Raw (26/24IRaw Fractionation" (FMg)% fIesidualb MgO/, 

Hg Collected (pg) A(25/24) ~(26/24)/2 A(26/25) 6(26/24) 6(25/24) 6(24/25) 

1. pyx/Ar 
2. repeat of 1. 
3. pyx/Ar 
4. Pyx/Ar 
5. HgF,/N, 
6. Pyx/~r 
7. PYX/N, 
8. Mg€,/~r 

1:: {I:""" } 
13. distribution 

::: { HgF,/Nz ang. distr. 

top 2.9 
bottom 2.8 
middle 1 .O 

iz: {H~F~~A~} 1.4 0.124035 0.135408 1.5 1.6 1.7 0.20 -0.09 0.19 
Pyx/N, Fringe Beam 0.4 0.123916 0.135210 0.6 0.9 1.2 0.64 -0.32 0.63 

16. H~F,/N, Fringe Beam 2.0 0.123989 0.135418 1.1 1.7 2.1 1.01 -0.50 1 .00 

;;: {pyx/Nz } bottom 0.4 0.123959 0.135366 0.9 1.5 2.0 1.11 -0.55 1.10 
angular distr. middle 0.7 0.123910 0.136141 0.5 4.3 8.1 7.63 -3.80 7.65 

19. Fringe Beam repeat of 18 0.123918 0.136165 0.6 4.4 8.2 7.68 -3.82 7.69 

a Mean of the raw measured ratios relative to unprocessed standards in O/,. Repeat measurements are within *1.50/,. For 3 
isotopes there are 3 possible combinations of ratios: 25/24, 26/24 and 26/25 that can be used as the index ratio to be 
compared with standards. The grand mean values for 14 standards are 25/24 - 0.123848, 26/24 - 0.134977. 
Residual Hg after correcting for fractionation using the power law for each choice of the index ratio. Typical 2omean 

errors are i0.06a/, for the first and third row and about half this value for 6(25/24) due to the details of the 
normalization procedure. The fractionation corrected grand mean values for 14 standards are 26/24 = 0.141095, 
25/24 - 0.125829 and 24/25 - 7.99816. 
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